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Abstract

The growing demand for energy has an impact on the development of environmentally friendly renewable energy. The sun
is energy that has the potential to be used as electrical energy through light energy and heat energy. Recently, research
interest related to photovoltaic performance has increased. Several studies have investigated the effect of panel cooling on
photovoltaic performance. In this study, the use of exergy solar panels is considered to improve performance by adding a
thermoelectric system. Research work related to photovoltaic testing with thermoelectrics at low temperatures has not been
carried out. Therefore, experimental methods to obtain temperature profiles and simulation methods to see the power
potential generated from thermoelectrics have been carried out. The experimental method is carried out using mono-
crystalline panels with type K sensors to retrieve temperature data and data acquisition as deviations from the current,
voltage, and temperature results of the panel. The simulation model was carried out using the ANSY'S software. Tests are
carried out, taking into account the effect of back panel temperature on system performance. The results showed that the
photovoltaic temperature fluctuated due to the influence of cloud cover, the highest photovoltaic temperature was 57°C,
and the lowest temperature was 30°C. The maximum power produced by photovoltaic is 39.8W. It is then applied to the
thermoelectric simulation based on the highest temperature, and the maximum power value is 1673.4 mW. This
photovoltaic-thermoelectric generator system produces a 4.2% increase in power value over conventional photovoltaic
systems. The findings in this study can be used as a reference for all types of low-temperature photovoltaic-thermoelectric systems.

Keywords: Photovoltaic-Thermoelectric Generator; FEM; Renewable Energy; Heat Potential.

1. Introduction

The increasing energy demand impacts the development of renewable energy, green energy, and environmentally
friendly energy due to the depletion of natural resources. Several renewable energy sources, such as wind energy and
hydro energy, have also been used [1-3]. Solar energy has a very large energy source. The potential forms of energy to
be used as electrical energy from the sun are light energy and heat energy. Solar panel devices can directly generate
electrical power by converting sunlight energy into electricity. The heat energy that arises affects the efficiency of the
solar panels and is the main weakness of this device. An increasing solar panel temperature can reduce its performance.

The waste heat from the solar panel module can be used as an energy source without mechanical components using
a thermoelectric generator. This thermoelectric generator has many advantages because it has advantages as a
photovoltaic system with a static thermal structure, lasts for years, and is completely quiet and clean [4]. A thermoelectric
generator is a solid-state device that utilizes the Seebeck Effect to generate electrical energy from thermal energy due to
the difference in temperature on both sides [5-7]. A study related to the utilization of waste energy with a TEG system
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has been carried out. The heat energy in the vehicle exhaust is utilized by adding thermoelectric devices, some even add
a cooling system to maximize output performance [8]. Three-dimensional numerical studies on thermoelectrics have
been carried out to determine the temperature profile and determine the performance of the thermoelectric [9]. Suzuki
also investigated the combination of heat transfer from thermoelectric to free fluid to see the phenomenon that occurred
[10]. In addition, the application of thermoelectrics is also commonly combined with other systems, which are
commonly referred to as hybrid systems. The hybrid system is one solution to increase the efficiency of solar panels.
Several hybrid systems have been studied recently [11-13].

The discussion related to the combination of Photovoltaic-Thermoelectric generator technology has been carried out
critically and has proven to be an alternative energy source through light energy and solar thermal energy, which results
in increased output efficiency. Thermoelectric generators have been reviewed in recent years [14—16]. This combined
system has been implemented with many configurations, physically integrated or separate. In general, the combination
is done by placing or attaching the TEG to the back of the PV panel by separating the solar photon energy that cannot
be absorbed by the PVV-TEG using a spectrum splitter. [17-19]. This system has the advantage of having two systems
combining the output power produced will be greater. The addition of the system or modification of the PV-TEG
configuration is carried out to optimize the output power. The total output power of this hybrid system is the sum of the
power of the PV module and TEG module. Hybrid systems have also been applied to vehicle exhausts [8] and
telecommunications systems [20].

This study aimed to verify the daily heat potential generated from solar panels to generate electricity using a
thermoelectric module. This Hybrid Photovoltaic with a thermoelectric generator utilizes excessive heat in the solar
panel by connecting a thermoelectric generator on the bottom side of the panel. Furthermore, this heat distribution
characteristic is used as a reference for laying the thermoelectric position to produce maximum power. The electric
power potential on the thermoelectric is applied to a 3D simulation and solved using the finite element method. The
results show that photovoltaic heat can be used as a thermoelectric input and increase power in a hybrid system.

2. Methods

This study used experimental methods to produce the temperature distribution at the top and bottom of the panel,
then used as heat input for the simulated thermoelectric generator module. The solar panels are conditioned to resemble
the roof of a house with a slope of 20 degrees [21]. This replica of the roof of this house is placed in an open rooftop
area close to the six engineering faculties building, Universitas Sebelas Maret (7°33'49.1"S 110°51'19.0"E), Indonesia
(Figure 1). Figure 2 shows the flowchart of the research methodology and Figure 3 shows the experimental
configuration.
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Figure 1. Location of the study area

The solar panel used in this research is Mono-crystalline type, with dimensions 540x670x30mm, Rated Maximum
Power (Pm) = 50W, Voltage (Vmp) = 18V, Current (Imp) = 2.78A, Open-Circuit Voltage (Voc) = 22.4V, Short-Circuit
Current (Isc) = 3.24A. Above and below the panel, ambient temperature data were taken using a K-type thermocouple
sensor attached to the surface. Solar radiation is measured using a solar power meter (Lutron SPM-1116SD).

The absorption of solar energy and temperature distribution on the solar panels installed on the house’s roof was
analyzed. The characteristics of the heat generated at the bottom of the panel are then used as a heat source for the
thermoelectric generator. The potential of electrical energy generated by the thermoelectric generator is simulated with
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ANSYS software. The schematic diagram of the thermoelectric generator can be seen in Figure 4. The size of the
thermoelectric generator used is 40x40 mm in length, with material properties shown in Table 1 [10, 22, 23]. While the
value of Thermal Conductivity (k) and Seebeck Coefficient (S) in Bi2Te3 is determined using the formula below.

k = 4E-05T2- 0.0233T + 4.4964
S = 2E-09T? - 2E-06T + 6E-05

o = (1.56E-02T%-15.708T+4466.38)x 10>
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Figure 2. Flowchart of the research methodology
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Figure 1. Schematic diagram of the thermoelectric generator
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Table 1. Material properties

Material k (W/m K) S (nVIK) o (S/m)
Al203 36
Bi2Te3- -(1) 2 (3)
Bi2Te3+ ) 2 ©)
Cu 398 1.83 640
SnPb 20

2.1. Modeling of Thermoelectric Generator

Modeling of thermoelectric using ANSY'S software. Modeling and analyzing the thermoelectric characteristics of
the generator is simplified. The thermoelectric module is composed of 4-legs. Figure 5 shows the characteristics of the
thermoelectric elements used for the simulation. The p-type elements are shown in green and the n-type elements are in
red, both connected together with a 0.3 mm series connector. The splicing material between copper and p-type/n-type
elements is SnPb. The top and bottom surfaces are covered with 0.8mm thick Al,O3 ceramic. The single element size of
the thermoelectric is 10x10x10 mm with a distance between elements of 5 mm. The size of the thermoelectric module
is 30x30%13 mm. Modeling and analyzing the thermoelectric characteristics of the generator is simplified. The boundary
conditions in the FEA modeling are determined by considering the TE power plant utilizing PV panel heat. In this paper,
the photovoltaic bottom temperature data is used as a thermoelectric numerical evaluation. These data are assumed to
be on the hot side and on the cold side is 24°C which is the ambient temperature. The convection coefficient is assumed
to be 1E-6 W/m?°C as the TE surface insulation condition. The electric potentials of 0.087V (P-leg side) and 0V (N-leg
side) are applied to analyze the power plant. This boundary condition is shown in Figure 6.

2.2. Validation

In every numerical modeling used in system analysis, validation is always conducted. It is a traditional practice to
remove all doubts about the accuracy of the results obtained. The validation method used is the current numerical model
approach to reproduce the results of previous research works. As proof that the model made is indeed accurate, validation
tests were conducted with a 4-leg model which is similar to the following dimensions: leg height 3mm; leg width 1.4mm;
leg length 1.4mm; spacing between legs 1mm; conductor thickness 0.15; substrate thickness 0.8mm; and solder
thickness 0.1mm [24]. The accuracy of the resulting numerical modeling depends on the validation process, the
validation process is said to be accurate if it produces a value similar to the results of a verified paper published. This
model can be used as a basis for predicting thermoelectric performance with different leg sizes. The results of the
validation test are shown in Table 2. The validation results show a slight difference but have a minimal error value below
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0.5%. Based on the validation results, it can be concluded that there is a similarity between the results obtained from
this numerical modeling and the paper previously published by Erturun 2012. So it can be concluded that the model
used in this study is considered accurate and reliable for predicting numerical modeling of photovoltaic-thermoelectric
generator performance. In the validation section, the meshing adjustment used also affect the results of parametric
solving using ANSYS software. This adjustment involves increasing the size of the mesh elements until the output
matches the previous paper. This test states that the results obtained are appropriate with the very fine meshing size. The
meshing results are shown in Figure 7, where meshing uses the hexagonal method 5 by making more detailed settings
on parts that have a small size to get the distribution results.

Materials
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Figure 2. Thermoelectric model
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Figure 3. Boundary condition

1332



Civil Engineering Journal Vol. 8, No. 07, July, 2022

Table 2. Simulation Validation

Variable Erturun 2012 Validation Error (%0)
Current Generated (mA) 328 326.85 0.35%
Heat Absorbed (mW) 673 672.95 0.01%
Power Output (mW) 28.5 28.4 0.22%
Efficiency 4.24 4.23 0.34%

0 0.0 0.02(m)
I ...
0.005 0.015

Figure 4. Meshing Model

3. Result

This section presents and discusses the experimental results and numerical analysis resulting from the proposed
modeling. Photovoltaic performance is monitored for one full day to get the average energy produced. Furthermore, the
thermoelectric performance is modeled at low temperatures as a result of experimental monitoring analysis. The
evaluated thermoelectric performance is the distribution of temperature, electric voltage, and power generator.

3.1. Photovoltaic Power Generator

Monitoring of daily temperature and light intensity is provided in a time range of 7.30-16.00 (GMT+7) every 15
minutes. These results are shown to see the potential heat that occurs in the hybrid solar panel and thermoelectric
generator system as the maximum utilization of solar energy. The monitoring results are selected at certain times with a
time range of 7.30-16.00 (GMT+7) with 15-minute intervals, and the light intensity is presented in Figure 8. Panel
bottom temperature (Tb) increases with time and decreases after 13.00 (GMT+7). The highest temperature obtained was
57°C at 13.00 (GMT+7), and the lowest temperature was 30°C at 7.30 (GMT+7). During the data collection range, the
bottom panel temperature fluctuated. The temperature dropped at 10.15 (GMT+7), then rose gradually and decreased at
10.45 (GMT+7), rising again at 12.30 (GMT+7). This increase and decrease are influenced by white clouds covering
the panel (shadow). This also occurs at the maximum temperature of the solar panels (Ta). Meanwhile, the temperature
under the panel (ceiling) is considered constant, then used as an input parameter for the thermoelectric generator. The
effect of fluctuations in temperature readings caused by changes in the weather is proportional to fluctuations in the
sun’s intensity [19, 25]. This fluctuation also affects the output voltage generated by the thermoelectric generator.

Figure 9 shows the electrical power monitoring from Photovoltaic taken for four days, from 7.30 to 16.00. The value
of the resulting power fluctuates according to the intensity and the existing temperature. The maximum power value is
obtained at 39.8W
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Figure 6. The power generator of Photovoltaic

3.2. Thermoelectric Power Generation

After doing the finite element method analysis, the results of the temperature distribution on the thermoelectric model
are shown in Figure 10. Some experimental data are used as input. In this case, the thermoelectric top heat simulation is
the daily bottom panel temperature data. The temperature on the top surface of the copper showed a homogeneous result,
namely 56.4°C. The more homogeneous surface temperature of the copper electrode shows that the ceramics layer with
a thickness of 0.8 mm at the top has a high effectiveness as a conductor of heat along the horizontal direction, this result
is in line with articles published in previous journals.
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Figure 7. Temperature distribution on maximum output power generated

Linear temperature changes are seen in the thermoelectric leg area due to steady-state conditions. According to the
literature, the temperature distribution on this thermoelectric leg experiences linearly [26, 27]. The cold side surface
temperature shows a value of 34°C; the cold side is kept constant to extract the input heat effectively. The low-
temperature difference on both sides of the thermoelectric does not affect the distribution of the leg material. This linear
temperature profile was obtained due to the homogeneous temperature distribution in the hot ceramics layer. The
assumption of the SnPb adhesive layer does not have a big impact on the difference in the effectiveness of the
temperature distribution, because the temperature difference between the hot and cold side shows small results.

The thermoelectric output is obtained by connecting an external load. VVoltage and power values can be generated
by clicking an external load to the thermoelectric circuit. Multiplication of the current and the voltage across the two
external terminals gives the power value. The distribution of electric voltage output at the highest value of 0.115V at
12.30 PM. The distribution profile of the electric potential increases linearly as shown Figure 101, and this potential is
independent of the temperature generated in this test. This electric potential distribution profile is due to the Seebeck
Effect. In addition, the effect of the adhesive layer does not significantly reduce the current in the circuit due to its low
electrical resistivity.

Electric Voltage
Type: Electric Voltage
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Time: 34

5/17/2022 11:34 AM

0.095491 Max
% 0.094719
— 0.093947
0.093174
— 0.092402
0.091629
. 0.090857
0.090085
o 0089312
0.08854
I 0.087767

0.086995 Min

0 0.01 0.02 (m)
N 2 .
0.005 0.015

Figure 8. Electric Voltage
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3.3. Photovoltaic-Thermoelectric Generator

The electricity potential generated by the thermoelectric for eight hours is described in this section. All-day
simulations were applied to the thermoelectric using the ANSY'S software. Figure 12 shows the simulation results of 8
hours Photovoltaic-Thermoelectric Generator system. The input temperature on the thermoelectric is the temperature
value under the panel. The output power results show the maximum value at 12.30 PM, a common phenomenon in
thermoelectric power generation systems. The results show that the power value increases at 10.45 and decreases when
the panel temperature decreases at 01.00 AM, with the highest value of 1673.4 mW. In actual conditions, the value of
the photovoltaic-thermoelectric generator is the result of the sum of the photovoltaic power values with the
thermoelectric generator installed according to the photovoltaic area. The Photovoltaic Thermoelectric Generator system
produces a value of 41.4734 W, an increase of 4.2% over conventional photovoltaic systems.
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Figure 9. Output power and Voltage Thermoelectric

4. Conclusion

This paper describes the results of the investigation into the power output of the photovoltaic-thermoelectric
generator. The combined system analysis of the two systems was conducted to increase the yield of electrical energy.
Experimental studies are applied to the analysis of the output power and temperature distribution of photovoltaic
systems. Exergy analysis is used to predict the performance of the combined system at low temperatures. The
implementation of numerical analysis using software is applied to the generator thermoelectric model to determine
system performance. This study shows the impact of the intensity of sunlight hitting the photovoltaic surface so that the
surface of the panel experiences an increase in temperature and that affects energy efficiency. In addition, parametric
studies on the effect of solar panel temperature on power in photovoltaic-thermoelectric systems have also been
conducted. Based on the results and discussion, it can be concluded that thermoelectric can be used as a heat sink for
photovoltaic by utilizing panel heat and increasing exergy efficiency due to the increased cooling effect. The results
show that the highest temperature under the panel is 57°C at 1.00 PM. At 1.00 PM, the resulting power value is 39.8 W.
Based on the bottom temperature of this panel, the Thermoelectric Generator can produce 1673.4 mW. The Photovoltaic-
Thermoelectric Generator hybrid system resulted in a 4.2% increase. This system can be used in low-temperature
conditions, but its performance needs improvement. Some of the findings in this study still have a lot of room for
improvement. Therefore, future studies will attempt to investigate the effects of the shape of the thermoelectric leg,
increasing the temperature difference on the thermoelectric, the use of hano-composites on the thermoelectric leg, and
adding the cooling effect to the photovoltaic-thermoelectric system.
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