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Abstract - Solar cells are devices that generate energy from the sun. Solar radiation strikes a photovoltaic (PV) panel capable
of collecting and converting the light it receives into electrical energy. In this study, the hybrid's output power equals the total
maximum output power produced by the PV module and the thermoelectric (TE) generator devices. It has been researched
that there will be an unusable waste of energy from the heat. Furthermore, the solar radiation can also cause the PV panel to
warm up, reducing its production efficiency. Hence, to improve the effectiveness of the system's energy harvesting, this heat
production was utilised using a TE generator. This study aims to develop a hybrid PV-TE generator for electrical energy
harvesting and compare the efficiency of energy harvesting by individual solar panels and hybrid PV-TE generators. Three
types of PV modules are used: PV Standalone, PV-TE Generator and PV-TE Generator with the heat sink. When the
thermoelectric generator's body reacts with heat, it generates current and voltage, as shown on the digital multimeter and the
digital temperature sensor. The output voltage and current are measured based on the total output of the solar panel and TEG

module. In this study, the TEG produced more voltages as the temperature rose. Compared to stand-alone solar PV, the total

efficiency of combining TEG with solar PV is improved.

Keywords - Solar panel, TEG module, Heat sink, Energy Harvesting.

|. Introduction

The majority of countries are currently undergoing fast
urbanization and population growth. The emerging world is
seeing rapid expansion [1]. Over the last few decades, the use
of solar power in residential buildings has increased
dramatically following the developing world. Due to rising
energy demand, fossil fuels are being replaced by renewable
energy sources such as solar energy [2-4]. Solar cells are
solar energy-generating devices. The solar radiations fall on
a photovoltaic (PV) panel capable of collecting and
converting the light radiations that fall on it into electrical

energy [5].

The possibility of merging a photovoltaic (PV) system
with a thermoelectric (TE) generator to boost power
generation is investigated in this study. To capture electrical
energy from both light and heat, this invention combines a
PV panel and a TE generator [6]. In this study, the hybrid's
output power is equal to the total maximum output power
generated by the PV module and the TE generator devices
individually. In each case, the maximum output power that

could be generated was 90 watts. Overall, the output
provided by a hybrid PV-TE generator system is better than
the single system.

This study combines a PV panel and a TE generator to
utilize light and heat to harvest electrical energy. In this
study, the hybrid's output power is equal to the total
maximum output power produced by the PV module and the
TE generator devices individually. It has been investigated
that there will be an unusable waste of energy from the heat.
Furthermore, the solar radiation can also cause the PV panel
to warm up, reducing its production efficiency [7]. This
project will solve all the problems by inventing a new device
that will consume all the waste energy released. Hence, to
improve the effectiveness of the system's energy harvesting,
this heat production is utilised using a TE generator.

This project aims to develop a hybrid photovoltaic and
thermoelectric (PV-TE) generator for electrical energy
harvesting. By developing the Hybrid PV-TE system, the
relationship between temperature gradient and efficiency of
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output energy on hybrid PV-TE generator can be analysed.
This project compares energy harvesting efficiency by
individual solar panels and hybrid PV-TE generators.

This project focuses on developing and building a hybrid
solar panel and thermoelectric to harvest the solar energy the
electrical energy. Firstly, the solar panel used in this project
has rated power and voltage of 10 W and 16 V, respectively.
TEC1-12706 Thermoelectric Peltier will be used as a
thermoelectric (TE) generator. Then, the output voltage and
current will be measured based on the total output of the
solar panel and Peltier module.

2. Materials and Methods

The project design development depends on the
knowledge received throughout the execution phase. All
necessary operations were examined and recorded. The
project's final phase is the project closure, which tests and
debugs all issues to ensure the goals are met.

2.1. Design Phase

The hybrid system combines a solar PV system with a
TE generator's reliability and heating capacity [8,9]. The
block diagram of a hybrid system combining TE and PV
power generation is shown in Fig. 1. The energy deficit is
defined as the TE and PV module's inability to supply
electricity to the load at a certain time. Meanwhile, Fig. 2
shows the process of this project from the start to the end.
Three types of PV modules are used: PV Standalone, PV-TE
Generator and PV-TE Generator with Heat Sink. Firstly, as
stated, all types of PV modules are placed under sunlight at a
specific time. The thermoelectric generator then got heat
energy from the solar panel. When the thermoelectric
generator's body reacts with heat, it generates current and
voltage, as shown on the digital multimeter and the digital
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temperature sensor. The output voltage and current are
measured based on the solar panel's total output and TEG.
All connections for this project are connected in series for
voltage measurement and parallel for the current
measurement. The energy harvesting efficiency of individual
solar panels and hybrid PV-TE generators are compared to
all the data collected.

PV Module TE Generator Load

[\

Heat Sink

Fig. 1 Block Diagram of Hybrid Photovoltaic and Thermoelectric (PV-
TE) Generator for electrical energy harvesting

Fig. 2 shows the process of this project from the start to
the end. Three types of PV modules are used: PV
Standalone, PV-TE Generator and PV-TE Generator with
Heat Sink. Firstly, as stated, all types of PV modules are
placed under sunlight at a specific time. The thermoelectric
generator then got heat energy from the solar panel. When
the thermoelectric generator's body reacts with heat, it
generates current and voltage, as shown on the digital
multimeter and the digital temperature sensor. The output
voltage and current are measured based on the solar panel's
total output and TEG. All connections for this project are
connected in series for voltage measurement and parallel for
the current measurement. The energy harvesting efficiency of
individual solar panels and hybrid PV-TE generators is
compared to all the data collected.
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Fig. 2 Flowchart of the Project

This project setup consists of PV Standalone, PV-TE
Generator and PV-TE Generator with heat sink, respectively.
This setup aims to analyse the relationship between
temperature gradient and output energy efficiency on hybrid
PV-TE generators and compare energy harvesting efficiency
by individual solar panels and hybrid PV-TE generators.

2.2. Placement and Concept of TEG

The TEG is located in the middle of the back of the solar
panel. As for the PV-TE generator without a heat sink, the
placement of TEG for a PV-TE generator with a heat sink
acts as a cooler to reduce the temperature of the solar panel
and TEG. Even for small changes, the average temperature
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of the PV panel decreases when a heat sink is used. For the
development of this project, this placement configuration is
tested to decide the perfect position for the TEG to be placed.

One of the most significant aspects of the TE module
design is determining the ideal geometry module to get the
best performance out of the TEG. The major indications of a
TE module's generating performance are the conversion
efficiency and power per unit area. The thermo-element
length influences these performance indications of a TE
module for a certain figure of merit, contact characteristics,
and operating temperature differential. Thermoelectric
materials convert temperature differences into electric
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voltage, allowing power to be generated directly from heat.
Good thermoelectric materials must have high electrical
conductivity and low heat conductivity. Low thermal

P
N

ay

Semiconductor

p-Type
Semiconductor
n-Type

Electrical Insulator
(Ceramic)

Rejected
(Hot Side)

conductivity ensures that one side remains cool. At the same
time, the other is heated, creating a significant voltage in a
temperature gradient, as shown in Fig. 3.

Heat
Absorbed
(Cold Side)
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Electrical
Conductor

. (Copper)

Negative (-)

Fig. 3 Design of Thermoelectric Generator[6]

2.3. Complete setup of the proposed development of hybrid
PV-TE generator for energy harvesting

Fig. 4 shows the complete setup of experiment rigs for
this study and how the data is taken. All three types of PV
cells are placed under the sunlight at 45°, leaning to the back
and supported by the solar panel stand. The temperature
LCDs are attached to the PV-TE generator's solar panels and
the TEG module except PV stand-alone. All the data are
recorded simultaneously to ensure that the outputs
comparisons are valid as the solar panel temperature is the
same by the time the experiment starts. All connections for
this project are connected in parallel for voltage

measurement and series for the current measurement. In this
study, the TEG harvested more voltages as the temperature
rises.

Hybrid PV-TE Generator
without Heat sink

Hybrid PV-TE Generator
with Heat sink

PV Standalone

Fig. 4 Completed setup for experiment rigs
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3. Results and Discussion

The relationship between temperature gradient and
output energy efficiency on the hybrid PV-TE generator is
discussed. The analysis of each solar panel will be presented
to compare the energy harvesting efficiency of individual
solar panels and hybrid PV-TE generators.

3.1. Analysis of PV Standalone

PV cell is employed without using the TEG module and
the heat sink. The results are shown in Table 1. The voltage
and current generated at 0900 hours is 20.6 V and 10.8 mA
with a temperature of 28.5 °C after half an hour of operation.
It shows that the voltage and current outputs produced by the
solar panel are directly proportional to the temperature. The
power out was computed from the corresponding voltage and
current outputs, as shown in Table 1 and Fig. 5.
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Table 1. Outputs for PV stand-alone

Table 2. Outputs for PV-TE without the Heat sink

Time | Temperature | Output Output | Output Time | Tem | Temp | Temp. | Output | Output | Outpu
(Hours) (°C) Voltage | Current | Power p.T; | .T, AT Voltag | Curren t
V) (mA) (W) (°C) | (°C) | (°C) | e(V) | t(mA) | Powe
0900 28.5 20.6 10.8 0.22 r (W)
0930 31.9 21.2 11.7 0.25 0900 | 28.5 27.8 0.7 20.8 12.0 0.23
1000 516 213 11.6 0.25 0930 | 32.4 | 317 0.7 21.9 131 | 0.29
1030 54.7 21.1 115 0.24
1100 299 214 118 0.25 1000 | 54.9 | 53.7 1.2 214 12.6 0.27
1130 57.8 21.3 11.7 0.25 1030 | 55.1 53.6 15 214 12.6 0.27
1200 54.7 21.2 11.6 0.25 1100 | 525 | 515 1.0 21.6 12.8 0.28
1230 47.5 20.5 109 | 022 1130 | 55.1 | 543 | 08 | 213 | 125 | 0.27
1300 53.3 20.5 10.9 0.22
1330 281 20.7 111 0.23 1200 | 58.1 | 56.9 1.2 21.3 125 0.27
25 70 1230 | 49.6 | 48.9 0.7 20.7 119 0.25
[ output Voltage (V)
IR Cutput Curremt (A 1300 | 55.6 | 54.8 0.8 21.2 124 0.26
— — - -1 60
o] | CNE [ 1330 | 488 | 481 | 0.7 | 206 | 118 | 024
|
< - 50
% / ] L/ o The temperature gradient at 0930 hours is slightly lower
2 157 lawo than the gradient at 1030 hours. The highest output voltage
3 % was observed at 0930 hours, producing 13.1 mA output
; 1 ] 1305 current. The result shows thatthe PV-TE generator
g i § combination is valid when the temperature gradient and
o) 420 output voltage are larger, as the total summation reading can
5 affect the output generated by the PV.
<10 25 1.6
[ ] Output Voltage (V)
[ Output Current (mA)
0 0 - — _|[®— Temperature, AT (°C)| |- 1.4
900 1000 1100 1200 1300 1400 20 4 M ™ =
Time (Hours) < k rizg
Fig. 5 Graph analysis of the outputs and temperature versus time of PV o L 10 :
stand-alone with the time interval of 30 minutes 2 151 \ ' Z
| _ | . S W lhe (% L AsL fosE
3.2. Analysis for Hybrid PV-TEG without the Heat sink = 5 'rg \' g
The same data collection method is applied for this g i 0.6 g2
configuration except for adding a TEG module at the back of e} os B
the solar panel. The results as shown in Table 2. After half an 5 [
hour of operation, the voltage output is 20.8 V, with the L 0.2
temperature of the solar panel (T;), 28.5 °C while the
temperature of the TEG module (T,) is 27.8 °C. The 000 1000 1100 1200 1300 12000

produced current is 12.0 mA. However, there is considerable
variation in the findings due to the wind and overcast season.
The function of the TEG module in operation is to increase
the efficiency of the solar panel and the output generated.
The power was determined after measuring the hot and cold
junction temperatures. Table 2 and Fig. 6 shows the result of
the analysis.

288

Time (Hours)

Fig. 6 Graph analysis of the outputs and temperature versus time
of PV-TE generator without heat sink with the time interval of 30
minutes

3.3. Analysis for Hybrid PV-TEG with Heat sink

The third configuration adds and positions the heat sink
beneath the TEG module. The outputs' results are shown in
Table 3. After half an hour of operation, the output voltage is
21.0 V, with the solar panel temperature (T;) at 28.7 °C
while the TEG module (T,) temperature is at 24.0 °C. The
current produced is 13.3 mA. When the temperature gradient
increases, the solar panels' outputs increase, which will cause
the total summation increases. Due to the wind and overcast
season, the findings have significant variance. The heat sink
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will help the TEG module improve the solar panel's
efficiency while increasing the output generated. It is
because the TEG with heat sink produces higher output
voltage due to the higher temperature gradient of the
thermoelectric. The power was determined after measuring
the hot and cold junction temperatures. The results are
depicted in Table 3 and Fig. 7.

Table 3. Outputs for PV-TE with Heat sink

Time | Temp. | Temp. | Temp. | Output | Outpu | Outp
T, T, AT Voltag t ut
(°C) (°C) (°C) e (V) | Curre | Powe
nt r (W)
(mA)
0900 28.7 24.0 4, 21.0 13.3 0.27
7
0930 32.8 27.8 5. 21.6 13.9 0.30
0
1000 54.2 49.2 5. 21.6 13.9 0.30
0
1030 57.6 52.9 4, 215 13.8 0.30
7
1100 54.3 49.2 5. 21.6 14.0 0.30
1
1130 56.8 52.2 4, 215 13.8 0.29
6
1200 60.0 55.3 4, 215 13.8 0.30
7
1230 51.7 47.5 4, 21.0 134 0.28
2
1300 56.6 52.0 4, 211 135 0.28
6
1330 50.4 46.1 4, 21.0 13.3 0.28
3
25 [__Joutput Voltage (V) 6
[ output Current (mA)
—8— Temperature, AT (°C))
— T T = m — 15
20 [ |/ . | .
o~ L/ ] 0
b 14 :
§ 15 - <
= W u u M - g
(o] .
: °3
S 101 Ea_
5 12 €
o P
5 -
q1
0 0
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Time (Hours)

Fig. 7 Graph analysis of the outputs and temperature versus time of
PV-TE generator with a heat sink with the time interval of 30 minutes
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3.4. Comparisons Analysis of PV Standalone, Hybrid PV-
TE generator without a Heat sink and Hybrid PV-TE
generator with the Heat sink.

Figures 8 and 9 show the output voltage and current
comparison between the hybrid PV-TE generator and the PV
stand-alone. It shows that the operating temperature is
directly proportional to the output. As the temperature rise,
the voltage and current output will increase. As a result, the
efficiency of the solar panel decreased. Theoretically, as the
sun irradiation increases, the output will increase. However,
in real situations, a PV cell's power is occasionally affected
by temperature and solar radiation levels. PV cells convert
energy directly into electricity based on solar radiation and
temperature, resulting in both I-V and P-V output
characteristics. Overall, the output generated utilising a
hybrid PV-TE generating system is higher than the output
power of the individual experiment

0.32 T T T T T T T T T

—l— PV standalone 1
0.31 —@— PV-TE without Heat sink | ]
—A— PV-TE with Heat sink

0.30
0.29
0.28
0.27
0.26
0.25

PV standalone

0.24
0.23

0.22
0.21 —

0.20

T T T T T T T T T T
900 1000 1100 1200 1300 1400
Time (Hours)
Fig. 8 The output voltage comparison

140 A 4 8-S,
4 A PV-TE with Heat sink
e m
13.0
12.5

12.0

PV standalone

11.5

11.0

10.5 T T T T T T T T T T
900 1000 1100 1200 1300 1400
Time (Hours)
Fig. 9 The output current comparison
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Based on Fig. 10, the experiment shows that the output
generated by utilising a hybrid PV-TE generating system is
higher than the output power of PV stand-alone. However,
the output produced by PV-TE generator with heat sink is the
highest as the system efficiency increases. It indicates that
when there is a temperature difference between hot and cold
sides, the TEG system increases, and the output also rises.

junction of two conductors due to the Seebeck effect. Using a
TE generator to gather diverse waste heat sources and
convert them to electricity has a large potential.

4. Conclusion

Based on the findings and analysis of the hybrid
system's development between PV and TE power generation,
it was discovered that the system is the potential to generate

0.34 1 — more electricity. It was stated that When_the temperature
] e o sk difference between the hot and cold sides of the TE
0.32 —A— PV-TE with Heat sink generating system increased, the output would grow. The
. results illustrate the system's capacity to deliver required
0.30 4 output under specific testing conditions, demonstrating its
® 028_‘ reliability. Howeve_r, more testing is reguired to quqnstrate
s ] the system's potential to generate sufficient electricity in real-
T (.26 world weather situations. Several parameters, such as
g : ambient temperature and sun irradiation, change with the
> 0.24 4 weather throughout the year, resulting in an output that
] differs from the expected results. By developing the Hybrid
0'22'_ PV-TE system, the study of the relationship between
0.20 4 temperature gradient and efficiency of output energy on
] hybrid PV-TE generator is analyzed as when the temperature

0.18 gradient increases, output energy efficiency also increases.

T T T T
900 1000 1100 1200 1300

Time (Hours)
Fig. 10 The output power comparison

A thermoelectric device is a solid-state semiconductor
component that may generate electricity when a temperature
differential exists between its connections and vice versa.
They were invented from many thermocouples that are
thermally and electrically coupled in series. The temperature
gradient affected the energy produced by TEG. When a
temperature difference arises across a thermoelectric device,
electrons transfer from the low-temperature to the high-
temperature side owing to density differences, resulting in a
potential difference that generates the current. Furthermore,
two sources of energy are used to convert solar and heat
energy into electricity. PV turns sunshine (solar radiation)
directly into electricity, whereas TE generator generates
electricity when a temperature difference develops at the
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