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Increasing the ability to harvest thermal energy on the hot-side of the thermoelectric
generator (TEG) module is a challenge for researchers to increase the electrical
conductivity of the module. This study aims to increase the absorption of solar heat on
the TEG module by adding carbon and copper layers with the electroforming method.
The ultimate goal is to increase the electrical energy generated by TEG. The process of
adding carbon by painting, while the copper layer by dyeing. The voltage during
immersion varied from 2.5, 3, and 3.5 Volt with copper plating durations of 30, 45, and
60 minutes. The results show an increasing trend of solar thermal absorption during
testing under the hot sun. The longer it is immersed in the copper layer, the greater the
output power of the TEG module. The safe immersion of the module for 45 minutes in
Cu solution brought the best positive effect. As a comparison, the output power produced
by the TEG module without copper coating is only about 0.000025 Watt for a light
intensity of 881.67 Watt/m?. After coating, the power generated was increased by 25.1
times at the same intensity. Measurements of temperature and power generated are

measured by applying the LabVIEW software application from National Instrument.

1. INTRODUCTION

The demand for energy around the world is increasing
rapidly due to the growth of industrialization and urbanization.
Due to this increase in energy demand, economic policy must
change from conventional mechanisms to energy-saving
machines or in the form of energy recovery or using green
energy technology [1-4]. For energy recovery, example, the
smoke or flue gas coming out of the chimney can be used for
heat energy by a thermoelectric generator (TEG) to produce
electrical energy, thereby increasing system efficiency. TEG
is a simple module that has 2 different sides, a hot-side and a
cold side. The hot-side that gets heat or thermal energy from
the outside causes a temperature difference on both sides,
resulting in an electric voltage at the positive and negative
poles of the semiconductor module circuit. This voltage
difference indicates that there is an electric current (Seebeck
effect) flowing. The regulation of heat energy for the needs of
TEG and photons for PV has been well simulated in research
[5] using a light spectrum separator called a hot mirror and
research [6] which compares hot and cold mirrors with the
help of the LabVIEW simulator. Unfortunately, the simulation
results show that the temperature difference on both sides of
the TEG is very small, so the output power of the module is
still low. The same was done in experiments [7, 8] which
placed the TEG modules in series and stacked which received
heat radiation from sunlight or light bulbs. The output power
is also still low even though a copper plate absorber is installed
above the hot-side of the TEG. One of the reasons is because
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the copper plate with the hot surface of the TEG does not blend
perfectly, so there is a heat loss between the TEG and the plate.
As a result, the thermal absorber power of TEG is still low.
Another interesting research is the placing of TEG modules in
series and parallel on the lower surface of the PV [9]. The heat
received by TEG relies on conduction heat transfer from the
top surface of the PV, without modification of the hot side of
the module.

So in TEG research, the problem lies in the temperature
difference between the two sides of the TEG which is still low,
so the figure of merit (ZT) is also relatively small. The
dimensionless figure of merit (ZT) is used to express the
performance of TE materials, and is expressed as where and
are the Seebeck coefficient, electrical conductivity, the
absolute temperature, and total thermal conductivity,
respectively [10, 11]. To improve the performance of TEG
materials either the power factor of the material has to be
increased or the thermal conductivity has to be decreased
using various methods. The method that can be done is using
TEG material from oxide perovskites (ATiO3), carbon
nanotubes, graphene [12, 13]. Unfortunately, oxide
perovskites have high thermal conductivity and low electrical
conductivity, so they need to be doped or hybridized with
other elements such as alkaline earth metals, Sr, and become
SrTiOs [14] specifically carried out simulations aimed at
lowering the thermal conductivity value of TEG with the so-
called phonon technique on semiconductor nanostructures.
Another technique to increase the temperature difference
between the cold side and the hot-side of the TEG is to


https://crossmark.crossref.org/dialog/?doi=10.18280/ijdne.170602&domain=pdf

maintain the temperature of the cold side of the TEG using a
heat pipe [15], so that the temperature difference between the
two sides increases with the thermal reception on the hot-side
[16].

Several studies aimed at increasing the absorption of TEG
thermal energy by treating the electrical conductivity
improvement on p and n type TEG materials were carried out
[17-20]. This means that it is necessary to modify the TEG
module material to produce a better TEG module electrical
conductivity [21]. Another method that also aims to improve
the ZT TEG module is by using certain treatments on the top
surface of the module which is more practical. This aims to
increase heat absorption on the hot-side of TEG [22]. This
method is better known as electroplating or electroforming.
Utaminingrat and Eskani [23] conducted a quite unique study
by adding a carbon layer (coated carbon) to the TEG module
by exposure to the heat of a candle flame until it turned black
(Figure 1). This was carried out on several modules with
variations in carbon layer thickness from 3, 3.5, 4.5 and 6 um
which were pressed using a special camera. After that just
tested under the hot sun. In the test, the exposure to sunlight is
set in such a way as to focus the light using a Fresnel lens. To
maintain the temperature difference in the TEG module, a
circulating water block is used in the aluminum block. The test
results show that there is an increase in TEG output power six
times greater than without wax heat treatment. From this test,
it is not reported what the surface temperature of TEG is at
each thickness of the carbon after heating the candle flame.
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Figure 1. Candle-soot Method Coating system [22]

In a slightly similar way to studies [22, 23], in this study,
the hot-side of the TEG module was painted with conductive
carbon graphite. After that, the electroforming process was
continued by adding a layer of copper to the immersion
process in copper solution.

2. EXPERIMENTAL METHODS
2.1 Electroforming process on the TEG module

The electroforming method adopted in this study was
inspired by research conducted by Utamaningrat and Eskani
[23] using copper coatings on metal ceramic items. The stages
begin with sample preparation and pretreatment of the TEG
module. The module is cleaned of impurities, such as dust and
oil. Then it is marked for further weighing which aims to
determine the initial mass (W1) of the module. The second
stage, the module is coated with a conductive paint made of
graphite (carbon) and re-weighed to measure the change in the
mass of the sample (W2), The obtained weight gain is used to
calculate the obtained layer thickness. As a final step, the
module is again coated with copper metal using the
electroforming method. The test parameters are three
variations of input voltage and three variations of copper
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plating duration. The voltage variations given are 2.5V, 3.0V,
and 3.5V with variations in the duration of the immersion
process for 1800 seconds (30 minutes), 2700 seconds (45
minutes), and 3600 seconds (60 minutes). The process of
dyeing the module with a copper layer is shown in Figure 2.

Power Supply DC

- |t

Copper coating

Figure 2. Electroforming process on the TEG modules

The module that has been removed from the electroforming
container is rinsed using distilled water to clean the sample
from the electrolyte solution. The weighing of the module is
carried out again to determine the mass of the copper layer
formed. After being coated with copper, the thermal resistance
of TEG was measured using a digital multimeter and then
tested under the hot sun, with a module tilt of 10=to the
horizontal plane.

2.2 Data collection process

After the electroforming process, nine (9) variations of the
types of TEG modules were obtained that received the
electroforming coating, and each type contained four TEG
modules. As a comparison, one type of TEG module was also
prepared which was not given an electroforming (No
Coating/NC) coating. So the test samples can be described as
follows: code numbers 1, 2 and 3 are electroforming for 2.5V
input voltage with three variations of immersion duration 1800
seconds/30 minutes, 2700 seconds/45 minutes, 3600
seconds/60 minutes; for code numbers 4, 5 and 6 are
electroforming for 3.0V input voltage with three variations of
immersion duration 1800 seconds/30 minutes, 2700
seconds/45 minutes, 3600 seconds/60 minutes; and for code
numbers 7, 8 and 9 are electroforming for 3.5V input voltage
with three variations of immersion duration 1800 seconds/30
minutes, 2700 seconds/45 minutes, 3600 seconds/60 minutes.
For the test sample No Coating (NC) where NC1 as a
comparison against the module which is electroformed the
input voltage is 2.5V; NC2 for 3.0V; and NC3 for 3.5V.

Figure 3. Observation of the TEG module in the sun with the
measuring tool LabVIEW application
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Figure 4. The electrical connection diagram of TEG modules
for data acquisition experiment

In data collection, the four modules are assembled in series
and placed on the base surface of the heatsinks as shown in
Figure 3. Schematically, the series circuit of the thermoelectric
generator module can be seen in Figure 4.

All test parameters to be measured such as temperature,
current and voltage of the module are connected to a laptop
using the LabVIEW software application from National
Instrument.

In analyzing the performance of the TEG module, the
Seebeck coefficient which  describes the voltage
(electromotive force) arising due to the temperature difference
becomes very important. Seebeck coefficient can be expressed
by the following equation [24].

AV

-1 M

where, AV is Voltage Difference; is the Seebeck Coefficient
between two Semiconductor Materials; Th is Module Hot-side
Temperature (°C); Tc is Module Cold Side Temperature (°C).
And the resulting electric current uses the following equation:

< AT o (T, —T.)
" R;+R, R/ +R,

2

where, | is the Electric Current in the Circuit (Amperes); Ri is
the Internal Resistance of the Thermoelectric Generator
Module (Q2); RL is External Resistance (Q2); and Temperature
Difference AT=T-T..
The rate of heat transfer (Qn) from the heat source on the
hot-side surface (Th) to the cold side surface (T.) is:
Qn = (< ITy) + k(T = T) X A (3)
where, k is the thermal conductivity of the module which is
0.9977 (W/m°C). The cross-sectional area (A) is the surface
area of the TEG module which is directly exposed to the sun's
heat, which is the area of the hot-side multiplied by 4, because
in this study the TEG modules are connected in series.

2.3 Output power (P) generated and efficiency (n) TEG
modules

P=1IV 4

P 100%
= —X 0
=0

©)
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3. RESULTS AND DISCUSSION

3.1 Intensity of solar (1) and output Voltage (V) for 2.5V
electroforming immersion

Figure 5 shows the effect of the immersion duration of the
TEG module on the electroforming voltage of 2.5 Volt. The
focus of observation is the change in module voltage as the
intensity of solar light increases. The intensity of light reaches
a peak at 898.67 Watt/m the average temperature at 12.00-
12.15 is 898.67 Watt/m? and produces the highest voltage of
0.428 Volt for variations of immersion for 45 minutes (2700
seconds) while for immersion for 30 minutes the voltage is
obtained at 0.35 Volt, for 60 minutes of immersion a voltage
of 0.412 Volt is obtained and for variations no coating it
produces a voltage of 0.0966 Volt.
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Figure 5. History of | & V for 2.5V electroforming
immersion to Time observation

3.2 Temperature difference (AT) of two sides and Output
Voltage (V) of the TEG modules

Figure 6 shows the difference in temperature on the hot-side
and cold side of TEG which increases with the increase in the
intensity of the sun and decreases again towards the afternoon.
Similarly, what happened to the module's ability to absorb heat
in Figure 7. Air velocity also affects changes in module
temperature.
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Figure 6. History of AT & V for 2.5V electroforming to time
observation



3.3 Hot-side Temperature (Th) and heat absorption (Qn) of

the TEG modules
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Figure 7. History of Th & Qh to Time observation
3.4 Power (P) and efficiency (n) of the TEG module

Figure 8 shows a comparison of the power of each variation.
The data was taken based on the intensity of the sun of 881.67
Watt/m?. Coating has a significant impact on the increase in
power generated. Power-1 produces 18.76 times greater power
than the variation without coating, while power-2 produces
21.58 times greater power than the variation without coating.
The power-3 produces 20.05 times greater power than the
variation without coating. Based on the overall results, the
largest power was produced by power-2 in immersion for 45
minutes, then variation 3 (60 minutes) and variation 1 (30
minutes). Therefore, at the same coating thickness, the
immersion time has a significant effect on the electrical energy
produced.
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Figure 8. History of P & # to time observation

3.5 Intensity of solar (I) and output voltage (V) for
electroforming 3.0v immersion voltage

The thermoelectric generator (TEG) module was coated
with the electroforming method with an immersion voltage of
3 Volt for 30, 45 and 60 minutes. The results will be compared
with the uncoated TEG module (NC) (Figure 9). It can be seen
that the maximum voltage of 0.417 VVolt module is obtained at
a time of immersion for 45 minutes with a solar intensity of
898.67 Watt/m? in the hours of observation between 12.00 to
12.15. The module voltage is very low without immersion
(plain voltage) of the module in the copper (Cu) layer.
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3.6 Temperature difference (AT) and output voltage (V) of
two sides of TEG module

Figure 10 shows T and voltage VS Time. Based on the
figure, it is found that the temperature difference is fluctuating.
This is caused by natural factors, namely the wind speed that
hits the thermoelectric module and the thermocouple which is
not fixed, causing the temperature reading to be less than
optimal. But overall, the temperature difference increases
when the sun is hot and decreases as the sun goes down. This
has an impact on the average voltage that arises. The higher
and hotter the position of the sun, the greater the voltage that
arises. Vice versa.
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Figure 10. History AT & V to time

3.7 Hot-side Temperature (Tn) and heat absorption (Qn) of
the TEG modules

Meanwhile, Figure 11 shows the temperature on the hot-
side and the heat absorbed by the TEG module. It can be seen
that the higher the position of the sun, the overall temperature
of the hot-side increases. Meanwhile, the heat absorbed by the
object is fluctuating from 09.00 to 17.00 hours. This is due to
unavoidable natural factors such as wind hitting the TEG
module and the temperature sensor on the hot-side of the TEG
which causes fluctuations. But overall still follow the intensity
of the sun where if the sun is getting hotter, the heat absorbed
is getting bigger. And vice versa, as the sun goes down, the
heat absorbed decreases.
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3.8 Power (P) and efficiency (n) of the TEG module

In Figure 12 is a comparison between the power and
efficiency of the thermoelectric generator module. From the
figure, it can be seen that the power generated is also directly
proportional to the voltage generated by the thermoelectric
module. So the power depends on the intensity of sunlight on
the TEG module. Meanwhile, efficiency also still depends on
the power generated, so that the efficiency is proportional to
the power of the TEG module.
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3.9 Intensity of solar (1) and output voltage (V) for 3.5V
electroforming immersion

The Figure 13 shows the characteristics of the TEG module
which was coated with the electroforming method at 3.5 volt
immersion with the same variation of immersion time with 2.5
and 3.0 volt of immersion voltage and without Cu coating.

Data collection starts at 09.00-17.00 local time. It can be
seen based on the picture above that the intensity of light
greatly determines the stress that arises because the higher the
intensity of sunlight, the higher the surface temperature that
hits the hot-side of the TEG, so that the voltage rises. The
intensity of light reaches its peak at the average temperature at
11.00-11.15. which is 935 Watt/m2 and the highest voltage is
0.464 Volt for variations of immersion for 45 minutes (2700
seconds) while for 30 minutes of immersion a voltage of 0.35
Volt arises, for 60 minutes of immersion there is a voltage of
0.412 Volt and for variations without coating it produces
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voltage of 0.0966 Volt. Based on the graph below, it can be
seen that the coating is very influential on the stress that arises.
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Figure 13. History of I & V for 3.0V electroforming to time

3.10 Temperature difference (AT) and output Voltage (V)
of two sides of TEG module
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The Figure 14 shows a fluctuating temperature difference.
This is caused by natural factors, namely the wind speed that
hits the TEG module is not fixed so that it hits the hot-side of
the TEG and also the thermocouple so that the temperature
measurement readings on the hot-side are less than optimal.
But overall, the temperature difference increases when the sun
is hot and decreases as the sun goes down. This has an impact
on the magnitude of the voltage that occurs.

3.11 Hot-side temperature (Tn) and heat absorption (Qr)
of the TEG modules

The Figure 15 shows the temperature on the hot-side and
the heat absorbed by the TEG module. It can be seen that the
higher the position of the sun, the overall temperature of the
hot-side increases. Meanwhile, the heat absorbed by the object
is fluctuating from 09.00 to 17.00 hours. This is due to
unavoidable natural factors such as wind hitting the TEG
module and temperature sensor readings on the hot-side of the
TEG which cause fluctuations. But overall, still follow the
intensity of the sun where if the sun is getting hotter, the heat
absorbed is getting bigger. Vice versa, as the sun goes down,
the heat absorbed decreases.
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3.12 The power (P) and efficiency (n) of the TEG module

The Figure 16 shows the power and efficiency of the TEG.
Based on the graph, the resulting power still follows the
resulting voltage. So that the power generated is also
proportional to the intensity of the sun hitting the TEG. It is
also proportional to the efficiency of the module because the
efficiency depends on the power generated by the TEG
module.
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3.13 Output voltage of copper-coated TEG module for any
variation of immersion voltage
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Figure 17. The ratio of the output power of the TEG module
to the variation of the Cu solution immersion voltage
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Figure 17 illustrates the output power of the TEG module
which is immersed in voltages of 2.5V, 3.0V and 3.5V and
without copper plating. The result is almost the same output
power at various immersion voltages, whose values are 19.16,
19.22 and 19.27 times greater than without Cu coating and
immersion at 2.5, 3.0 and 3.5 Volt immersion voltages,
respectively. This figure indicates that the difference in
immersion voltage does not have much effect on the energy
generated by the TEG module, except when compared to the
module without coating and immersion, the energy produced
is very significant.

The duration of immersion in Cu solution gives a quite
different effect of increasing the output power of the TEG
module. In the Figure 18, this can be seen between the
immersion time of 30, 45 and 60 minutes, where the
immersion time of 45 minutes resulted in an 18.16 times
greater percentage increase in the power output of the TEG
module when compared to the module without coating. That
is, immersion for 45 minutes shows the best TEG electrical
energy output symptoms. The results of this study are in line
with the objectives of the studies conducted in research [17,
25] which added a layer on the hot-side of the TEG module as
a thermal energy absorber.
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4. CONCLUSION

Coating on the TEG module gives a significant increase in
voltage effect and has an impact on increasing the power and
efficiency of the TEG module. This is because the copper
coating can be a good heat collector of solar radiation. Coating
on immersion with a voltage of 3.0 Volt is able to increase the
largest output power compared to the voltage of 2.5 Volt and
3.5 Volt. This indicates that at a certain immersion voltage
with a copper layer, it will provide the best solar energy
harvesting capability. The duration of immersion in Cu
solution at a certain time has a significant impact on increasing
the electrical energy output of the TEG module. The best
immersion duration is 45 minutes.
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NOMENCLATURE

I

P
Ri
RL
AT
AV
\%

Qh

Electric Current, A

Output power of TEG, W

Internal resistance of TEG, Q

External resistance of TEG, Q
Temperature Difference, Celsius degree
Voltage difference, Volt

Output Voltage, Volt

Rate of heat transfer, W

Greek symbols

a
n

Seebeck Coefficient
TEG efficiency, %

830

k
Subscripts

TEG

w1

W2

Is

Cu

NC

NC1

NC2

NC3
Number-1
Number-2
Number-3
Number-4
Number-5
Number-6
Number-7
Number-8
Number-9

Thermal Conductivity, W. m?, K

Thermoelectric Generator

Initial mass

Mass of sample

Solar Intensity

Copper

No Coating

No Coating for Voltage immersion 2.5 Volt
No Coating for Voltage immersion 3.0 Volt
No Coating for Voltage immersion 3.5 Volt
Immersion duration 30 minutes of the 2.5 Volt
Immersion duration 45 minutes of the 2.5 Volt
Immersion duration 60 minutes of the 2.5 Volt
Immersion duration 30 minutes of the 3.0 Volt
Immersion duration 45 minutes of the 3.0 Volt
Immersion duration 60 minutes of the 3.0 Volt
Immersion duration 30 minutes of the 3.5 Volt
Immersion duration 45 minutes of the 3.5 Volt
Immersion duration 60 minutes of the 3.5 Volt
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