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Abstract- One of the excess energies in the environment is motorcycle exhaust gas. Motorcycles with
internal combustion engines produce energy waste where around 40% of the fuel energy is wasted in the
form of heat energy through the exhaust to the environment. Various research studies to utilize the heat of
motorcycle exhaust have been conducted, but the electric voltage generated is still below 5V. Therefore,
it is not enough to be used as a power source for electronic devices using Universal Serial Bus (USB).
This study aims to design an energy harvesting system using two modules of TEG TE-MOD-10W4V-40
that are organized in series and mounted on a motorcycle exhaust. The design of the device includes the
construction of the heat exchanger, the boost converter circuit, and the charger box. The test results show
that the maximum electrical voltage is successfully generated in a no-load condition of 4.2V with a
temperature difference of 57°C. The design of the device is able to charge electronic devices such as
speakers, smartphones, and tablets with an output voltage of 5.2V. The time needed since the motorcycle
engine started to reach a constant voltage was 3 minutes.

Keywords Energy harvesters, thermoelectric generator, boost converter, Seebeck voltage.

1. Introduction effect. By maintaining temperature differences on both sides,
TEG will convert directly from heat energy into electrical
This transportation sector is a sector that produces energy. The higher temperature difference among two sides,
substantial heat waste. Data of the Central Statistics Agency  the higher difference in the potential for electricity produced.
in 2017 show that the number of motorcycle ownership in
Indonesia has reached more than 113 million units [1].
However, behind the big number of motorcycles, there is a
potential for harveflhg energy produced by internal
combustion engines, where around 40% of fuel energy is
wasted in the form of heat energy to the environment [2].

TEG has some advantages such as environmentally safe,
simple, concise, lightweight and noiseless [3]. The
disadvantage of TEG is its efficiency, which is still relatively
low. However, if the energy source used is heat waste such
as in motorcycle exhaust, then efficiency is not a problem
anymore.

Diverse technologies for utilizing waste heat in
motorcycles have been applied, such as a thermoelectric
generator (TEG). This technology works based on Seebeck

Based on the several studiefJhat have been conducted
previously [4-7], the value of the electric voltage generated is
still below 5V. Therefore, it is not enough to be used as a
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resource for electronic devices using Universal Serial Bus
(USB). Some factors tfflt cause the small voltage generated
are the TEG module used in the experiments is far from
optimized. The module that was used is #§f the most
advanced module commercially available. The heat sink was
not optimized for this application, and there was no hot-side
heat sink present [8]. Another cause is cooling bfffluminum
fins is not optimal, so that it affects the temperature
difference between the hot side and the cold side of the
module. As a result, the voltage generated still low [9]. In
addition, the boost converter technology is not yet
implemented, resulted in the inability of the device to
provide the voltage level required by a USB-based electronic
device, which is equal to 5V.

Harvesting energy is defined as an effort to collect
energy that has relatively small value and then stored in a
storage medium to accumulate into higher energy and is used
as a power provider [10, 11]. Energy sources that can be
utilized in the form of ambient sources, including
temperature gradients, light, electromagnetic radiation,
chemical energy and motion [12]. These various forms of
energy are converted into more useful forms of energy,
which is electrical energy. Energy harvesting systems, in

general, are shown in Fig. 1.
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Fig. 1.Block diagram of energy harvesters 13].

The internal combustion engine (ICE) is the result of an
engineered mechanism of the energy conversion process
which is widely used nowadays, particularly in the
transportation, agriculture, and industrial sectors. Sankey
diagram explains the balance of heat in, heat out, and heat
that is used when combustion occurs at ICE. In vehicles that
use gasoline-fueled ICE, approximately 40% of the energy
generated from the fuel is moved by exhaust gas in the
exhaust, 30% is transferred to coolant, 5% is wasted as
harvester losses and only 25% is converted into effective
work. Fig. 2 shows the energy distribution of a gasoline-
fueled ICE.

Typical Energy Split in Gasoline Intemal Combustion Engines

100%
Applied Fuel

Enevay
[Cambastion]

A0% Exhaust Gas

Fig. 2. Diagram Sankey of ICE [14].

The tifZnoelectric effect was revealed from nearly 200
years ago by the Estonian-Gemman physicist Thomas Johann
Seebeck in 1821. He observed that when two different
conductors are comnected by two sides with different
temperatures, an electromotive force (EMF) will appear on
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the end of the terminal, known as the Seebeck voltage. The
voltage is expressed in Eq. (1) :

U=a-AT=0a" (Th—Ty) (1)
Notes:
8] = Seebeck Voltage (V)
o = Seebeck Coefficient (V/°C)
él' = Temperature Difference (°C)
Th = Hot Side Temperature (°C)
Te = Cool Side Temperature (°C)

The TEG module is armanged @ one or more
thermoelectric pairs which consists of p-type and n-type
semiconductor material pairs forming a thermocouple. The
material pair is in the form of electrically connected and
thermally parallel legs. The pair of materials that make up
this connection is flanked by two ceramic plates.

Heat Absorbed (Cold Side)

9

Positive (+)
—~—

P-Type Semiconducior
Electrical Conductor (Coppar)
n-Type Semiconductor

Electrical Insulator

{caramc 9

Heat Rejected (Hot Side)

Megative (-}

Fig. 3. TEG module [15].

The boost converter is a series of power electronics that
produces an output voltage higher than the input one. It is
classified as a DC-DC converter class of Switch-Mode
Power Supply (SMPS) consisting of power semiconductor
components (diodes and transistors), inductors as energy
storage elements and capacitors as filters to reduce voltage
ripples at the input and output of the converter. In this study,
TPS61030 as a family of integrated circuit (IC) of boost
converter categories released by Texas Instruments is used.
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Fig. 4. %)st converter circuit of IC TPS61030[16].

Hence, this study aims to design and implement an
energy harvester system on motorcycle exhaust using a TEG
module that is capable of producing an electrical voltage of
5.2V.
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2. Materials and Method

This study applied the concept of energy harvesting
using two TEG modules of TE-MOD-10W4V-40 typed
constructed in series and mounted on a motorcycle exhaust.
When the engine is started, the exhaust gas will flow through
the exhaust pipe. This high-temperat§EJas heats the exhaust
so that heat will be absorbed by the hot side of the module.
On the cold side, it is carried out by convection cooling
thr@@kh the heat sink. The temperature difference between
the hot side and the cold side generate electrical energy. This
electrical energy is stored in the battery to be accumulated
higher energy and functions as a power provider. The
output from the battery is connected to the boost converter to
increase the voltage to the voltage level of 5.2V.

Device design

The design of this energy harvester consists of 2 parts,
the design of the harvester and the electronic units. The
design of the harvesting unit is in the form of a heat
exchanger construction consisting of a heat transfer block
and heat sink. Meanwhile, the design of the electronic unit
includes the manufacture of a boost converter and its
integration with a Li-ion[attery, voltmeter display and
battery charger. The device block diagram is shown in Fig. 5.

B
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ag. 5. Block diagram of the device.
The Design of Harvesting Unit

The harvesting unit is designed to absorb heat to the
maximum and produce big temperature differences. The
material chosen in this construction is aluminium 6061,
which has a conductivity of 200 W/m.K. The figure of the
parts assembly of the harvester unit construction is shown in
Fig. 6.
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Note

1. Exhaust pipe

2. Heal ranster block

3. Hose clamp

4. TEG modube

5. Aluminium plat (heat sink)
6. Boit M3 x 50mm

7. Baolt M3 x 8mm

B Nut M3

Fig. 6. Construction of harvester unit.

Subsequently, a thermal simulation is performed on the
design results of the heat transfer block and heat sink using
Solidworks 2018 software. This simulation is conducted to
see the temperature distribution of the heat transfer block and
heat sink so that the difference in temperature produced can
be seen.

Fig. 7. Temperature distribution simulation of a harvester.

The simulation Ef#ults in Fig. 7 shows that the
temperature obtained on the hot side of the TEG module is
around 260 °C, which 1&: working temperature of the
module. Meanwhile, the temperature on the cold side of the
module can be maintained by a heat sink around 200 °C.
These results indicate that the TEG module can generally
operate in line with the working temperature specifications.

Subsequently, the simulated design is used as a reference
in the fabrication process. It includes creating heat transfer
blocks an@f®at sinks. The former is made using aluminium
blocks of 80 mm x 40 mm x 20 mm. The drilling process
using a lathe is performed on an aluminium block to produce
a half-cylindrical hole. Fig. 8 shows the heat sink that has
been perforated based on the diameter of the exhaust pipe of
23 mm.
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Fig. 8. Heat transfer block.

In the design of the heat sink, aluminium plates with a
thickness of 1.6mm are used. On the side that is in contact
with the TEG module, there is an area of 2 modules of 80
mm x 40 mm. The design of the heat sink is in the form of 27
fin plates. The fabrication process is performed using a laser
cutting machine to cut the plate based on the design. Fig. 9
shows the results of heat sink fabrication.

Fig. 9. Heat sink part assembly.

Fabricated heat sinks and heat transfer blocks are then
assembl@linto one according to the design. At each plate
surface, thermal grease is placed to maximize heat transfer
between plates. The results of the assembly are shown in Fig.
10.

Fig. 10. Harvester unit.
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Electronic Unit Design

The electronic unit serves as an energy regulator to meet
the load power requirements. The design of the electronic
unit includes creating boost converters and charger boxes.
This electronic unit consists of several components,
including:

a. Battery charger served to regulate battery charging.

b. Lithium-ion battery with a capacity of 1800 mAh,
served as a storage medium for electrical energy
produced by the TEG module.

c. Boost converter served to raise the battery voltage to
the voltage level of 5.2V.

d. Voltmeter display served as an indicator of the
voltage that was successfully raised by the tool.

e. Supporting components are DC switches and jacks.

All components are located and arranged in a charger
box for wiring later. The wiring of all components in the
charger box is shown in Fig. 11.

Hoost converter

Battary chargos

Li-ian battery

- LP-503362
1200mAh 3TV
. 13,718

Switch Digital voltmeter

Fig. 11. Electronic unit wiring diagram.
Device Installation

Device installation on a motorcycle is divided into two
locations, the exhaust and the front trunk of the motorcycle.
The position chosen for the installation of the harvester unit
is near the exhaust manifold. The installation position of this
unit can be seen in Fig. 12.

Fig. 12. Location of harvester unit installation.

Meanwhile, the electronic unit is placed in the front
trunk of the motorcycle to ease the use when charging an
electronic device. Fig. 13 shows the results of the charger
box design that contains all components of the electronic
unit.
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Fig. 13. Charger box.

Device testing

Device testing is conducted on each part of harvesting
and electronic units. This test is performed to ensure both
units can work well before being integrated into an energy
harvesting system. Following are the procedures for testing
and retrieving data from each unit and component.

Seebeck Voltage Test

This test is performed to determine the Seebeck voltage
(open voltage) that has been raised. In this test, the harvester
unit is mounted on the muffler and the motorcycle is turned
on idle. Seebeck voltage measurements are performed using
a multimeter. The procedure of testing is as follows:

1. Installing the harvester unit in the motorcycle exhaust.

2. [alling the thermocouple type thermometer on the
hot and cold sides of the TEG modules.

3. Connecting the TEG module output to the multimeter
with the DC voltage reading mode.

4. Starting the engine and letting the engine turn to a
stationary state.

5. Recording the value of the difference in temperature
and the resulting Seebeck voltage starting from the
beginning to the value of constant voltage reading.

Boost converter test

The boost converter test is performed to determine the
level of input voltage that has been successfully generated. In
this test, the power supply is used as an input voltage source.
The input voltage varies from the minimum value of the
TPS61030 IC specification to its maximum value.
Measurement of the output voltage is done using a
multimeter. The boost converter testing procedure is as
follows:

1. Connecting the DC power supply wiring, boost

converter, and a multimeter.

2. Setting the multimeter in the DC voltage reading
mode.

3. Lowering the knob to zero, connecting the power
supply to the 220V AC voltage source, and setting the
voltage to 1.8V.

4. Recording the measured output voltage on the
multimeter.

5. Gradually increasing the voltage value by adding
0.4V to 4.2V.

6. Recording the value of the output voltage in each
additional voltage value.

Battery charging test

Battery charging test is performed to determine the
effect of the voltage on the charging current and the time the
needed by the electric energy to reach the full state. In this
test, the power supply is used as a voltage source. The power
supply output voltage varies from a value of 1.8V to 5V. The
testing procedure is as follows:

. Connecting the DC power supply wiring, boost

converter, and a lithium-ion battery.

2. Lowering the power supply knob to zero, connecting
the power supply to the 220V AC voltage source, and
adjusting the voltage to a value of L8V and
increasing to 5V gradually.

3. Recording the charging current displayed on the
power supply at each voltage value variation.

4. Turning off the power supply when charging shows
ZET10.

Load charging testing

After testing and assembling the two parts of the device,
the overall device test is conducted to determine the results
and performance of the device made. The procedure for
harvesting unit testing is as follows:

1. Installing the harvester unit in the motorcycle c)ﬁiust

2. Installing the thermocouple type thermometer on the
hot and cold sides of the TEG modules.

3. Connecting the harvester wiring to the electronic unit

4. Starting the engine and letting the engine turn to a
stationary state.

5. Installing the USB digital meter on the USB charger
box port. This is performed to ease the reading of the
load charging current.

6. Connecting the charger box with a load of USB-based
electronic devices consisting of:
o Xiaomi Bluetooth speaker (@ 600 mAh
o Zenfone 2 smartphone (@ 4000 mAh
o iPad2 @ 11560 mAh
current

7. Recording the value of the load

consumption.

8. Repeating steps 1-8 for each type of load.

3. Results and Discussion

This test generates data in the form of temperature
differences, Seebeck voltage, electric current to the time
function.
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Seebeck voltage generation test

This test is performed to see the temperature difference
in the harvesting unit to the value of the generated Seebeck
voltage and the time needed to reach the maximum voltage.
Seebeck voltage measurement is performed shortly after the
motorcycle is started until the resulting voltage value is
stable at a certain number. Motorcycle engine speed is in idle
rotation conditions. The Seebeck stress test data is presented
in graphical form in Fig. 14.

4

2% 32 36 37 39 4 48 54

Tempersture difference (AT)

Fig. 14. Seebeck voltage.

The results of the test above show that voltage
generated by the tool escalates with growing temperature
difference between the hot and cold sides of the TEG
modules. Fig. 15 shows the time needed for the device to
reach a constant voltage.

2 a 61 Bl 101 121 141 161 181
TIME (5]

Fig. 15. Seebeck voltage on time.

The test results show that the Seebeck voltage will
increase with the length of time the motorcycle is turned on.
It is constant after reaching 160 seconds which in this
condition is the maximum voltage value produced in the test.

Boost converter test

Boost converter test is performed by giving input
voltage variations from 4.2V to 3.0V. The selectioff the
input voltage is adjusted to the characteristics of the lithium-
ion battery, which has a nominal voltage value 0of4.2V and a
cut-off voltage of 3.0V. By providing these variation§gfghe
performance of the output voltage against changes in input
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voltage is shown The test results are shown in Table 1
below.

Table 1. Boost converter test

Voltage input (V) Voltage output (V)
42 522
4.0 520
3.8 5.21
3.6 5.21
34 520
3.2 520
3.0 522

The input voltage value in the test begins from 4.2V,
which represents the voltage of the Li-ion battery in full state
to a voltage of 3.0V, which is the cut-off voltage value of the
battery. The results of the test above (Table 1) shows that the
boost converter s designed able to increase the input voltage
to the voltage level of 5.2V. The test results, [ outlined in
the graph in Fig. 16 shows that the boost converter can
maintaifhe output voltage value in the range of 5.2V with
varying values of the input voltage.

¢ iB
4 6
I I I \ | ‘
I I I |
1 2 3 4 5 6 7

TESTING - {N)

VOLTAGE (V)

Einput Voltage  ® Output Voltage

Fig. 16. Graph of boost converter testing.

Fig. 17. Boost converter testing.

Battery charging test

Battery charging test is performed to determine the
effect of the voltage on the charging current and the length of
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time the electric energy is charged to reach the full state. In
this test, the power supply is utilised as a voltage source. The
power supply output voltage wvaries based on the
specifications of the battery charger modules.

Table 2. Testing Li-Ion battery

Voltage (V) Current draw (mA)

38 380

4 460
4.2 510
4.4 540
4.6 580
4.8 620

5 750

The test result (Table 2) shows that the magnitude of the
voltage used to charge the battery affects the charging
current. The higher the voltage used, the greater the charging
current. Therefore, it speeds up the battery charging time
until it is full.

Load charging test

This test is performed to see the ability of the device
when providing power to the load. The test is performed by
providing a load variation in the form of a USB device that
has a different current consumption. Table 3 shows the
amount of current applied to each load.

Table 3. Load testing

Type of load Current draw (mA)
Speaker Xiaomi (@ 600 mAh 290
Zenfone 2 (@ 4000mAh 450
Ipad 2 @ 11560mAh 550

The results of electrical charging test for Xiaomi
speaker are shown in Fig. 18.

Fig. 18. Charging test of speaker Xiaomi.

Load charging test also conducted on smartphone and
tablet devices. The device can charge 4% of Zenfone 2
Smartphone with currents reaching 450 mA (Fig. 19).
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Fig. 19. Charging test of Zenfone 2.

Another gadget, the iPad Gen 2 which has a capacity of
11560 mAh battery, can be supplied by devices with a
current of 550 mA (Fig. 20). This study has succeeded in
designing and implementing an energy harvester system that
can harvest heat energy in the exhaust into electrical energy.
The electricity produced can be used to charge USB-based
electronic devices.

Fig. 20. Charging test of Ipad Gen 2.

Cooling on the heat sink proved to be optimal enough.
Therefore, the open voltage successfully generated reached
4.2V. However, the test results show that the temperature
difference resulting from this test is not the same as the
characteristic curve in the TE-MOD-10W4V-40 module
datasheet. It is because of the use of only two thermocouples.
Thus, the temperature measurement point does not represent
the overall surface temperature of the heat exchanger.

The test results also show that by using a boost converter
circuit, the energy harvesting using two TEG modules is
capable of producing a voltage of 5.2V, which can be used to
charge USB electronic devices. However, the battery
discharging time becomes faster result of the
consequences of escalating the voltage.

as a

Another factor that affects the wvalue of the boost
converter output voltage is the amount of load connected to
the device. The results of the load charging test show that the
greater the load connected, the higher the output current will
be. The design of the boost converter circuit can adjust the
current supply according to the load consumption.

The results of overall tool testing show that the energy
harvester system that has been designed is capable of
producing enough electricity to charge electronic devices and
this research while improving the weakness found in

257




INTERNATI
F. Hidayanti et al., Vol.10, No.1, March, 2020

previous studies. The module boost converter is widely
available at the market, however this module can provide a
maximum current supply of 250 mA and our design can
provide a supply up to 1,000 mA evidenced by the tablet that
can be charged. The weakness of previous research that was
not prepare about concept of energy harvesting due to
difficulties of harvest the heat energy directly from the
exhaust due to exhaust gas was fluctuating. Therefore, it is
necessary to have storage media to accommodate energy
resulted of TEG. After energy accumulated, the harvesting of
energy was needed. This is concept energy harvesting
providing solutions for fluctuating energy sources and
efficiency of low transducer with efficiency of TEG < 10%
[9, 17-20].

4. Conclusion

This study succeeded in designing an energy harvesting
system by using two thermoelectric generator module type
TE-MOD-10W4V40, which are arranged in series and
mounted on a motorcycle exhaust. The design of the device
includes the construction of the heat exchanger, the boost
converter circuit, and the electffhics unit. Based on the
research that has been done, the results show the maximum
electrical voltage that was successfully generated in the no-
load condition is 4.2V with a temperature difference of 57
°C. The design of the device can charge electronic devices
such as speakers, smartphones, and tablets with an output
voltage of 5.2V. The time is taken from the start of the
motorcyd engine to reach a constant voltage of is 3
minutes. Improvements in the efficiency must be achieved to
make the TEG modules profitable for use in the motorcycle.
The efficiency of the TEG is mainly a function of the
thermoelectric materials used, but also depends on a good
design which minimize the thermal resistance from the inner
wall of the exhaust pipe to the hot surface of the module, and
allows for operating in a greater range of temperatures.
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