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Abstract: Indonesia is still heavily reliant on fossil fuels, which has become an obstacle to integrating renewable
energy into the national energy supply. This dependency also slows down the achievement of the NDC target
to reduce emissions by 26%. Meanwhile, renewable energy continues to grow rapidly worldwide, with
consumption increasing by around 3% per year. The purpose of this study is to maximize the conversion of heat
energy from candle flames into electrical energy using thermoelectric generators (TEG). TEG works by utilizing
the temperature difference between the hot side and the cold side to generate electricity through the Seebeck
effect. In this research, four TEG modules were installed on candles and arranged in series to test the
effectiveness of two types of cooling systems: a heatsink with a fan and a heatsink with water. Data collection
was carried out by measuring the temperature and the performance of the cooling systems in generating
electricity, which was evaluated based on the voltage, current, and power produced during the candle-burning
process. The results showed that the water-cooled heatsink produced higher voltage and power compared to the
fan-cooled heatsink. However, the fan-cooled heatsink was more effective in maintaining a stable temperature
difference between the hot and cold sides, making it more suitable for long-term use. This study highlights the
significant potential of TEG as an environmentally friendly and cost-effective alternative energy solution,
particularly in utilizing everyday waste heat.
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1. INTRODUCTION

Electrical energy in Indonesia continues to experience rapid development, in line with significant
economic growth and increasing industrial activity [1][2]. Currently, Indonesia faces at least two main
challenges in providing electricity. The first challenge is to balance between optimizing commercial
objectives while still supporting development [3]. Despite efforts to address energy poverty, about 25
million people in Indonesia still do not have access to electricity, which shows that energy justice has
not been fully achieved [4]. The second challenge is Indonesia's dependence on fossil fuels, which
hinders the integration of renewable energy into the energy supply, thus hindering the achievement of
the NDC target to reduce emissions by 26% [5]. Meanwhile, renewable energy is now the fastest-
growing energy source in the world, with consumption increasing by around 3% per year [6].

To address this problem, scientists are focusing on the development of alternative energy sources,
such as thermoelectric generators (TEGs) capable of converting direct heat energy into electricity
through the Seebeck effect [7][8][9][10]. The working principle of TEG is to generate electricity from
the temperature difference on the two sides of the device [11][12][13][14]. One of the main advantages
of TEG is the absence of pollution, parts that need to be replaced, low maintenance costs, as well as
long service life [15]. TEG has been used in a variety of applications, but the use of heat from a candle
flame to generate electricity is still rare, although it is potentially environmentally friendly and cost-
effective [16][17]. The electrical power generated by the TEG depends on the amount of heat absorbed
and the temperature difference on both sides of the device [18]. To maintain an optimal temperature
difference, an effective cooling method is required, as the heat on one side of the TEG can affect the
temperature on the other. Two main cooling methods can be used in TEG technology, namely: forced
air cooling system, and water cooling system [19][20].
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This study aims to evaluate the performance of TEG that utilizes heat from candle flames and
determine the most effective cooling system for maintaining the stability of TEG output, specifically
voltage, current, and power [21]. In addition, this research also designs a device in the form of a candle
tube that can be used as an alternative energy source for daily needs, such as lighting lights. Previously,
there was no research on the use of waste heat from candle flames with thermoelectric generator type
SP 1848 27145 SA that was commercially available in Indonesia.

2. METHOD

This study applies a conversion system that utilizes wax as a heat source for the TEG module, with
a candle tube design as shown in Figure 1. The design was carried out by making a candle tube followed
by the installation of a plate made of copper right above the surrounding fire source, namely one candle
as a conductor of waste heat that can be converted into electrical energy using a TEG module. The
installation of four TEGs are assembled in series and placed on the outside of the copper plate. In this
study, the TEG module used type SP 1848 27145 SA. Table 1 shows the specifications and dimensions
of the TEG module type SP 1848 27145 SA. On TEG surfaces that are cold to the environment two
methods are used: heatsink with fan, heatsink with water. The method of the heatsink cooling system
with a fan, a DC fan with a voltage of 12 Volt with 0.18 Ampere is used to dissipate heat from the TEG,
while in the heatsink cooling system with water, a volume of 600 ml water is used. The process of
collecting data for this research was carried out at the working temperature of the output of the TEG
module in the form of voltage, current, and electrical power.

-

(A) (B)

Figure 1. A) Installation of TEG, and B) Installation of cooling system on candle tubes

The thermoelectric generator module made of bismuth telluride (Bi2Te3) type SP 1848 27145 SA
was used as the research subject shown in Figure 2. This TEG has an operating temperature of 150°C
and a maximum temperature of up to 300°C, however for continuous use, the recommended maximum
temperature is 135°C. The TEG module has been modified to generate DC power while retaining the
cable, where the increased temperature difference between the two sides of the module will result in
greater DC power, as well as improve the efficiency of thermoelectric conversion. The full specifications
of thermoelectric type SP 1848 27145 SA can be shown in Table 1.
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Figure 2. Thermoelectric generator [22].
Table 1. Specification of TEG SP 1848 27145 SA module [23][24][25].

No. Parameters Specifications
1.  Dimension:

a. Long 40 mm

b. Wide 40 mm

c. Thick 3.9 mm
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No. Parameters Specifications
d. Heavy 25 grams
2. Composition Material:
a. TEG hot side and cold side material Ceramic
b. Positive conductor (p-leg) Bi2Te3
c. Negative semi-conductor (n-leg) Bi2Te3
3. Physical parameters:
a. Seebeck coefficient 0.054 V/IK
b. Electric conductivity 0.6 W/m.K
c. Number of semiconductor materials 220
d. Operating temperature 150°C
e. Maximum operating temperature 300°C
4.  Manufacturing by SRT (Shenzen Ruised
Technology Co., Ltd)

The research scheme for data collection is shown in Figure 4. The data collection process is carried
out in stages. In the first stage, the data was taken using a candle flame with a heatsink cooling method
equipped with a fan. In the second stage, the data was obtained by cooling the heatsink with water.

Data collection begins when the candle is lit, with a copper plate used to transfer and flatten the
heat from the energy source to the hot side of the TEG. The cold side of TEG uses a heatsink to absorb
heat, which is then released into the surrounding air, with the addition of a cooling system in the form
of a fan and water. At each measurement point, a type K thermocouple cable is used to measure TEG
hot surface temperature, TEG cold surface temperature, ambient temperature, heatsink temperature, and
water temperature. Temperature measurement is carried out with a data acquisition tool in the form of
an Arduino MEGA2560 microcontroller connected to the Max6675 sensor so that the temperature data
(°C) is immediately read digitally. The results of signal processing by the Arduino MEGA2560 are
displayed in real time on the laptop. The block diagram of the measurement system can be seen in Figure
3.

Temperature Y% digital digital

P> Thermocouple K t==> Max6675 == Atmega2560 ;=== PC i

Figure 3. Temperature measurement system block diagram

Subsequently, the data is collected by applying the same load to each predetermined cooling
method, using LED lights. This load aims to measure the output of the TEG, including voltage, current,
and power generated, using ¢ USB multimeter and also connected to a laptop. The results of the TEG
are analyzed through this process.

Naotes: R "
Notes
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2. Fm &, Megative TEG wire (-} L0 Ardwue data logzer 2 Fin 6. Posi 3 wire (+] 10. USE Multimeter
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Figure 4. Research scheme of TEG cooling system. A) heatsink with fan, B) heatsink with water
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3. RESULTS AND DISCUSSION
TEG hot side and cold side temperature profiles

Temperature measurements on the hot and cold sides of the TEG are taken during candle lighting.
This measurement aims to evaluate the impact of changes in the cooling system on the heat absorbed
and the performance of TEG electrical output.

Figure 5. shows the results of the temperature measurements of the hot side and the cold side during
the ignition time of one candle with two types of cooling systems tested: a heatsink with a fan and a
heatsink with water. The results show that the temperature profile of the hot side and the cold side of
TEG with two types of coolers shows the same tendency where at the beginning of the candle ignition,
the temperature will rise rapidly until a certain time and then the temperature tends to be stable both on
the hot side temperature and the cold side temperature.

The second period of change, the temperature is called the initial phase of warming and the stable
phase. Temperature changes in the stable phase for cooling system variations show a different pattern
where the heatsink cooling system with a temperature fan will tend to slope, while in the heatsink cooling
system with water, the temperature increases slowly. The difference can be seen in Table 2.

The cold side temperature profile of a flat fan heatsink cooling system indicates that the airflow
from the fan can cool or absorb the heat in the heatsink stably. Meanwhile, the temperature profile of
the heatsink cooling system with water indicates that the water temperature is not able to absorb heat
from the increase in the heatsink temperature.

Data for the heating rate in the initial heating phase and the stable phase, the average temperature
of the hot side and the cold side of TEG, and the difference between the average temperature in the
stable phase can be seen in Table 2. It can be seen that the TEG cooling system using a heatsink with
water is 29°C will produce a higher temperature difference between the hot and cold sides of TEG than
using a TEG heatsink cooling system with a fan which is 27°C. A higher TEG temperature difference
in the heatsink cooling system with a fan will result in higher electrical output. This is because the
heatsink cooling system with water can produce higher electrical output than the heatsink cooling system
with a fan. But by looking at the temperature curve of the cold side of the heatsink cooling system with
rising water, it can reduce the TEG temperature difference for longer candle lighting so that it will reduce
the output of the voltage difference produced. Thus, a heatsink cooling system with a fan is
recommended because it produces a flat temperature cold side profile.
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Figure 5. TEG hot side and cold side temperature profiles with cooling system; A) heatsink with fan,
B) heatsink with water.
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Figure 6. Temperature difference profile on hot and cold surface TEG modules.

Table 2. Heat energy flow rate, average hot and cold surface temperature, TEG surface temperature
difference.

Heating rate Stable Average Average Average
of the phase temperature of  temperature of temperature
TEG cooling beginning of  heating rate  the hot side the cold side difference AT
system heating (C/s) (C/ls) (°O) (°O) (°C)
Heatsink + fan 2.7 7.6 79 52 27
Heatsink + water 2.8 0.61 75 46 29

TEG module performance

Voltage measurement: Voltage measurements are needed to determine the potential difference
produced by the temperature difference between the hot and cold sides of the TEG system. Figure 7.
shows the results of voltage measurements during the ignition time of one candle, each with two types
of cooling systems, namely a heatsink with a fan and a heatsink with water.

The results of the study show that the voltage profile on the ignition of one candle with two types
of cooling systems shows the same tendency where the beginning of the ignition of the candle the
voltage will rise rapidly until a certain time, then the voltage shows a stable tendency until the candle
goes out. For different cooling system methods, the change in the steady and horizontal phases reveals
a different curve pattern for candle ignition with a heatsink cooling system with higher water voltage
generated by the TEG output.

The difference in data can be seen in Table 3. This is possible because the voltage profile generated
by the TEG output is directly related to the TEG temperature difference in Figure 6. previously. Where
is Figure 6. The highest temperature difference between the candle lighting and the water heatsink
cooling system. This is appropriate if the higher the heat absorbed by the hot side of the TEG and
conversely the lower the temperature of the cold side of the TEG, the difference in TEG temperature
will be larger so that the output of the TEG will also be larger.

The data for the average voltage in the stable phase in Table 3 can be seen that the ignition of the
candle with the heatsink cooling system with water produces a voltage of 2.74 Volt and the heatsink
cooling system with a fan of 2.82 Volt. The average output data of the thermoelectric generator in the

form of voltage can be seen in Table 3.
3,00

/\

C /

!\)
(S
o

!

2,00

Voltage (V) - Heatsink + Fan

Voltage Output TEG
i
o

0,50 — Voltage (V) - Heatsink + Water

0 200 400 600 800 1000
Time (s)

Figure 7. The electrical voltage generated by TEG
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Current measurement.

Current measurements are carried out to determine the flow of electricity in a closed-circuit system
when two LED lights are installed. Figure 8. It shows the results of current measurements during the
ignition time of one candle using the method of two different types of cooling systems, namely heatsink
with fan and heatsink with water.

The results showed that the current profile fluctuated during candle ignition, with the current
increasing slowly, steadily, then decreasing, and again increasing. The rise and fall of the current in the
ignition of the candle with different cooling methods is influenced by the resistant load of the lamp while
the highest current is reached when using the heatsink cooling system with water. This is by the voltage
profile where at the ignition of this candle the voltage is higher with the heatsink cooling system with
water. The data for the average current in the stable phase is in Table 3. It can be seen that lighting one

candle using a heatsink cooling system with water produces a current of 0.11 A.
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Figure 8. The electrical current generated by TEG.

Power measurement.

Power calculations are used to determine the electrical output of the TEG system Figure 9. It shows
the results of power measurement during the ignition time of one candle using different cooling system
methods, namely a heatsink cooling system with a fan and a heatsink with water. The results show that
the power produced also fluctuates, with the highest power being generated when using a heatsink
cooling system with water. This is by the voltage and current profile where at the ignition of one higher
voltage candle with a heatsink cooling system with water. The average data of stable phase power is in
Table 3. It is known that lighting one candle with a heatsink cooling system with water produces a power
of 0.32 Watts. The average data of TEG output in the form of power can be seen in Table 3.
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Figure 9. Electrical power generated by TEG.

Table 3. TEG output in the form of voltage, current, and power.
TEG cooling system Average voltage (V) Average current (A)  Average power (W)

Heatsink + fan 2.74 0.09 0.25
Heatsink + water 2.82 0.11 0.32
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4. CONCLUSION

This research proves that a thermoelectric generator (TEG) can be used effectively to convert heat
from candle flames into electrical energy. The two cooling systems tested, the fanned heatsink system
proved to be more stable in maintaining the temperature difference between the hot and cold sides of
the TEG, although the heatsink with water was able to produce higher voltages. However, the less stable
temperature profile of the heatsink with water indicates that the system is less efficient for long-term
applications. Therefore, heatsinks with fans are more recommended for optimizing TEG performance
in generating electricity from low-heat sources such as candle flames. This research shows the potential
of TEG as an environmentally friendly and cost-effective alternative energy solution, especially in
utilizing daily waste heat sources.
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