DEVELOPMENT OF A
THERMOELECTRIC GENERATOR SYSTEM
FOR IOT APPLICATIONS

WONG WEN KANG

UNIVERSITI TUNKU ABDUL RAHMAN



DEVELOPMENT OF A
THERMOELECTRIC GENERATOR SYSTEM
FOR IOT APPLICATIONS

WONG WEN KANG

A project report submitted in partial fulfilment of the
requirements for the award of Bachelor of Mechanical Engineering

with Honours

Lee Kong Chian Faculty of Engineering and Science

Universiti Tunku Abdul Rahman

May 2023



DECLARATION

I hereby declare that this project report is based on my original work except for
citations and quotations which have been duly acknowledged. I also declare that
it has not been previously and concurrently submitted for any other degree or

award at UTAR or other institutions.

Signature ﬁ&/

Name : Wong Wen Kang

ID No. : 000408-14-1465

Date ;22" May 2023




i

APPROVAL FOR SUBMISSION

I certify that this project report entitled “DEVELOPMENT OF A
THERMOELECTRIC GENERATOR SYSTEM FOR 10T
APPLICATIONS” was prepared by WONG WEN KANG has met the
required standard for submission in partial fulfilment of the requirements for the

award of Bachelor of Mechanical Engineering with Honours at Universiti

Tunku Abdul Rahman.

Approved by,
Signature : W;m
Supervisor : Ts Dr King Yeong Jin

Date : 22" May 2023




il

The copyright of this report belongs to the author under the terms of
the copyright Act 1987 as qualified by Intellectual Property Policy of Universiti
Tunku Abdul Rahman. Due acknowledgement shall always be made of the use

of any material contained in, or derived from, this report.

© 2023, Wong Wen Kang. All right reserved.



v

ACKNOWLEDGEMENTS

I would like to thank everyone who had contributed to the successful completion
of this project. I would like to express my gratitude to my research supervisor,
Ts Dr. King Yeong Jin for his invaluable advice, guidance, and his enormous
patience throughout the development of the research.

In addition, I would also like to express my gratitude to my loving
parents and friends who had helped and given me encouragement to work on

this project.



ABSTRACT

Waste heat is produced as a by-product from various manufacturing process. In
most of the industry, low-temperature waste heat is released into the atmosphere
instead of recovering it due to low-grade heat energy that is unable to provide
any useful work. Thermoelectric generator (TEG) is one of the waste heat
recovery devices to generate electricity from the heat source. Along with the
evolution of Industry 4.0, thermoelectric generator (TEG) encourages the
acceptance of the recent technologies such as Internet of Things (IoT) devices
into the manufacturing industry. IoT devices are the key components to build a
powerful industrial system to boost the production rate. This is done by using
real-time data to optimise the manufacturing process. However, installation of
IoT system is costly as they require power source and the production plant must
be shut down for installation purpose. For this reason, TEG system provides a
solution by eliminating power cable to power up the additional devices. A plug
and play IoT device that is completely wireless can be fabricated where system
is maintenance-free as it does not have any moving part. To achieve that, this
study aims to recover low-temperature waste heat using TEG module and
convert them into electricity to power up small IoT device. In this study, the
power generated by different type of heat sink, thermal conductive paste and
TEG module were compared. Then, the configurations of the TEG to generate
sufficient electricity to power up small IoT device were compared. Lastly, a
wireless sensor device powered up by TEG was developed. The power output
of the TEG system for each design was measured to analyse the performance of
each design. From the experiment, it was found that the height of the fins for
the heat sink is critical where heat sink with higher fins height can dissipate heat
at a faster rate. As a result, higher temperature gradient is achieved and power
output by the TEG is higher. In addition, air flow of the system is having
significant impact on the overall performance of the system. At the end of this
study, a feasible prototype of TEG system was built successfully. It managed to
operate at surface temperature of 115 °C and above and atmospheric

temperature of 30 °C.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

The world is facing the challenge of increasing population that leads to higher
demands of resources. Therefore, higher supply is needed to cope with the
consumption by boosting the production. Although this is a good development
prospects in modernization to ensure linear path towards a developed industrial
society, but the side effects of uncontrolled mass production have always been
ignored which may cause more harm than good to the society. One of the major
concerns of the side effect is the waste heat released from the industries to the
atmosphere that is contributing to global warming (Bian, 2020).

Waste heat can be found in most of the industries including as oil and
gas refining, food processing, steel and iron production and the regular practice
of getting rid of it is releasing the heat into the atmosphere. For instance, internal
combustion engine produces high temperature exhaust gases, cooling unit
releases heat at the condenser and heat from the oven is vented to the
surrounding.

As shown in Figure 1.1, based on the research, the recycling rate for
low-temperature waste heat is significantly low which is less than 1% because
of its low quality that restricts the potential for increasing the utilization rate of
industrial waste heat (Xiao et al., 2022). This might be due to the small amount
of heat is not useful or the power generated is not sufficient to power up other
process in the industries. Furthermore, it is convenient to release it to the
atmosphere rather than investing in costly waste heat recycling machine.
Therefore, in the context of global warming, enormous amounts of waste heat
that released from industrial activities have been introduced into the climate

system without substantial consideration about the consequences.



Low-temperature waste heat(<230°C):34% High-temperature waste heat(>650°C):40%
Recycling rate<1% \ Recycling rate:About 44.4%

o

Medium-temperature waste heat(230°C-650°C):26% J
Recycling rate:About 30.2%

Figure 1.1: Distribution and Reuse of Waste Heat Resources (Xiao et al.,

2022).

As stated in Sustainable Development Goal 11, in order to ensure
sustainable growth, it refers to the methods of economic growth that aims for
low emission, low consumption, high efficiency (United Nations Environment
Programme (UNEP), n.d.). Therefore, it should be managed appropriately to
reduce the waste heat from escaping into the atmosphere and leads to global
warming.

In order to achieve this, thermoelectric generator (TEG) module can be
used to recover low-temperature waste heat into usable energy for other purpose
in the industries. TEG is also known as a Seebeck generator, it has the reverse
process of thermoelectric cooler (TEC) that create temperature difference by
supplying power to the module. For TEG, the waste heat from the surface of the
machine is absorbed by the TEG at the hot side, then the heat is released from
the cold side of TEG. This process creates a temperature difference between hot
side and cold side of the TEG module and electricity is generated. More power

is produced by the TEG when the temperature difference is larger.

1.2 Importance of the Study

The main purpose of the project is to recover low-temperature waste heat
generated from the process of production lines from several industries into
useful energy by using TEG. It is used to convert heat energy into electricity to
power up small [oT devices that can be used to facilitate the overall production
process of the industries such as wireless sensors and camera to monitor the

production.



1.3 Problem Statement

In most of the manufacturing industries, waste heat is being produced from the
operation of the manufacturing process and it is released into the surrounding
instead of recovering it due to the temperature is not high enough to perform
any functional operation as mentioned above.

Subsequently, the effort and cost to set up additional devices for
monitoring and controlling purpose in manufacturing industries by means of
upgrading the system are considerably high. This is because the devices would
require power source and the new power cables will need to be connected to the
nearest power supply or the main switch if the power plug is not sufficient. As
a result, in traditional way, the factory or plant will need to be shut down for
system upgrading due to rewiring and restructuring of the whole system which
is not economical. Most of the management team would refuse to perform this
upgrade and remain as it is to avoid undesirable issue.

Other than that, when a large number of devices are installed, it is
challenging to track down which cable leading to the device is having issue
when bundle of cables is tied together. At the same time, wireless devices also
eliminate the problem of cable disconnection and as a result, it has higher

reliability and requires lesser maintenance.

14 Aim and Objectives
The aim of the study is to develop an efficient TEG system that can function in
most of the processes at the production lines of several industries. The TEG will
eliminate the need for power source to power up the devices as it will generate
electricity from the waste heat source of the production process. The study also
aims to provides a better solution for the industries in waste heat recovery. The
main focus of the study is to evaluate the designs of TEG system that can power
up the small IoT device effectively. The specific objectives of this research are
stated below:

l. To compare the power generated by different type of heat sink,

thermal conductive paste, and TEG module.
2. To compare the configuration of the TEG to generate sufficient

electricity to power small IoT device.



3. To develop a wireless sensor device powered up by the

electricity generated by TEG.

1.5 Scope and Limitation of the Study

The study is divided into several scopes, and they are interrelated to each other

to provide smoother process flow throughout the project. Table 1.1 shows the

few scopes of the study together with the details.

Table 1.1: Details of Scopes of the Study.

Analyse the
performance of

TEG.

The output is to be measured from the series of TEG
module and determine the quantity of TEG module
needed to meet the minimum requirement for the

following scope.

Fabricate a prototype
of TEG.

Build the prototype with certain number of TEG

modules that has been decided on earlier.

Build a prototype to
power small IoT

device

Connect the TEG modules with external module to

stabilize the output and power up the loads.

Evaluate the
performance of the

prototype.

Verify if the prototype can power up small IoT
devices such as Arduino with sensors. At the same
time, evaluate the stability and sustainability of the

device.

Modification and

improvement.

Make certain changes on the prototype if the result
does not meet the requirement or not able to power up

the small IoT devices.

Subsequently, the limitation of the study is high atmospheric

temperature. In Malaysia, the average atmospheric temperature in the daytime

is around 30 °C (World Weather & Climate Information, n.d.). Therefore, the

performance of TEG may not be at the peak as compared to the countries that

are having lower average atmospheric temperature.



1.6 Contribution of the Study

This study encourages the implementation of waste heat recovery focusing on
low-temperature in the industries using TEG to produce electricity. Although
the electricity produced is minimal, however, it is possible to power up small
IoT devices such as camera and sensor to assist in the production process. At
the same time, the electricity consumption from the power grid will remain
unchanged with the installation of IoT devices as they are fully powered up by
TEG system instead of power grid.

Furthermore, this study helps to increase the recycling rate of low-
temperate waste heat due to its wide applications. When less waste heat is
released into the atmosphere, the side effects mention above especially global
warming can be suppressed or even reduced in long term. As a result,
sustainable growth can be achieved and meeting the target of Sustainable
Development Goal 11 to protect the environment.

Besides that, this study allows the industries to install additional
devices to monitor production process more conveniently. It is cost-effective
and user-friendly where the installation is as simple as placing the devices on
the surface of waste heat source to power up. It can also be relocated as needed.
These advantages increase the willingness of the management team of industries

to invest in the smart [oT devices and recover waste heat concurrently.

1.7 Outline of the Report

First and foremost, information about TEG was collected and analysed to
understand the working principles of it. Then, the designs of the prototype were
prepared based on the study of previous research and journals. Experiment on
the TEGs were carried out to measure their performance and the designs of the
prototype were modified accordingly. At the end, the data of the experiment
were collected to discuss on the findings and further possible improvements

were discussed to increase the efficiency of the prototype.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The research and study done previously have to be fully utilised to develop a
product, which is TEG system in this case, that has higher functionality and has
the potential to benefit the industries.

This section will evaluate the TEG in terms of the working principle,
configuration, working environment, and possible application. Previous
research on the efficiency of TEG to produce electricity in various environment
and the possible configuration of it must be done in order to provide clearer
direction and valuable information for the product design to avoid repeating the
same mistake in the product development. The set-up of the TEG is crucial
because it affects the efficiency of the system as well as the amount of power
generated by the system to supply power to the system as well as recharging the
battery. Therefore, it is vital to gather information and research available to

determine the best configuration to obtain the best result.

2.2 Current Research Development on TEG

Due to the potential applications of TEG, a number of papers were published to
discuss its performance, set-up, materials as well as applications and they are
listed below with difference scopes. The effectiveness of the thermoelectric
module was evaluated both experimentally and analytically (Casano and Piva,
2011). Waste heat to heat the thermoelectric generator and cooled by liquid and
by air was investigated (Crane and Jackson, 2004). The applications of
thermoelectric generator were compiled (Bell, 2008). The impact of the
conditions that affecting the efficiency of thermoelectric generator was
investigated (Niu, Yu and Wang, 2009). Several models of the parallel-plate
heat exchanger on thermoelectric generator were assessed to determine its
performance (Yu and Zhao, 2007). Application of thermoelectric generator for
automobile was studied (Saqr, Mansour and Musa, 2008). The potential uses of
thermoelectric devices were analysed (Riffat and Ma, 2003). The performance

of power output from the thermoelectric module (TEG) was evaluated based on



the temperature, heat rates, mechanical loading conditions and electrical
performance metrics (Sandoz-Rosado and Stevens, 2009). Experiment on
thermoelectric generator (TEG) was conducted and output values in terms of
voltage, current and power were obtained, where the temperature gradient of the
module was also determined (Ubaidillah et al., 2014). Peltier effect and Seebeck
effect were investigated about their relationship and a model was built to

evaluate the Peltier-coefficient (Drebushchak, 2008).

23 Working Principle of TEG

To make up a TEG, it consists of three main key components, which are TEG
modules, heat exchanger and heat sink. The function of heat exchanger is to
absorb the heat and transfer them to the TEG modules while the heat sink release
extra heat from the other end of TEG modules. This creates a difference in
temperature between two ends of the TEG modules and small amount of
electricity is generated (Jouhara et al., 2021).

The amount of power generated by TEG is mainly determined by
temperature gap between both sides of TEG module and in order to increase the
voltage generated, the hotter end should be heat up further or the colder end
should be cool down further or both at the same time. The hot face of the TEG
module will be positively charge while the cooler side will be negatively
charged due to the hot electrons move towards the cold face at faster rate than
the cold electrons move towards the hot face (Jouhara et al., 2021). This is
because the cold electrons have lower kinetic energy than the hot electrons

(Jouhara et al., 2018).

2.3.1  Seebeck Effect
The thermoelectric effect is the name of this process where a temperature
difference generates a voltage. When the different ends of the module that
consist of different metallic conductors is being heated to different temperature,
an electric current is produced. In addition, the amount of electric current
produced increases linearly with the temperature gap and also affected by the
material used (Seebeck, n.d.).

However, Seebeck inaccurately concluded that the transfer of heat

produces the same effect as flowing energy because he was unable to convey



the actual explanation behind this process (Jouhara et al., 2021). Therefore, this
process was further studied by Jean-Charles-Athanase Peltier, a French scientist,

in 1832 followed by Willion Thomson in 1854.

2.3.2  Peltier Effect

It is found that the heat will be absorbed at one end and release at other end of
the same circuit with different metals. This close the gap between the two
materials’ chemical structure capacity (Jouhara et al., 2021). It is known that
Seebeck effect is the reverse of Peltier effect where Seebeck effect is used in
generating power whereas Peltier effect is used in cooling mode as shown in

Figure 2.1.

Cooling side

Heat source

Heat sink Heat rejection
f Current
e
Seebeck effect Peltier effect
Power generation mode Refrigeration mode

Figure 2.1: Graphical View of Seebeck Effect and Peltier Effect (Reardon
Hazel, 2022).

24 Configuration of TEG

The material used and design of the TEG will directly affect the performance of
it to produce electricity. Therefore, it is necessary to study and determine the
optimum material and design for the TEG. Then, thermoelectric Fig. of Merit
(zT) is used to measure greatest effectiveness of the conversion of heat to

thermoelectric energy (Jouhara et al., 2021).



2.4.1 Material of TEG

The TEG should possess the properties of adequate Seebeck coefficient, poor
thermal conductivity and good electrical conductivity, in order to be effective.
For high electrical conductivity, it minimises the Joule heating that the
resistance of current flow causes the temperature to increase while good
Seebeck coefficient will result in maximum conversion of heat to electric power.
Then, lower thermal conductivity can reduce the thermal conduction to maintain
the temperature gradient between both sides of the TEG (Jouhara et al., 2021).

Bismuth Telluride (Bi2Te3), whereby the values of Fig. of Merit for n-
type materials and p-type materials are 0.9 and 1.35 respectively, was the main
material previously utilised in the industry to build TEG modules (Lan et al.,
2010). Its performance is being limited by the deficient productivity of n-type
material compared to p-type material (Han et al., 2017). Despite that, this
material is still mainly used in refrigeration application as well as other devices
that has working temperature of 180 to 450 K (Jouhara et al., 2021).

Apart from that, conventional material is divided into three groups
according to their range of temperature at which performance is optimum. For
example, Bi>Te; — based material is used when the operating temperature is
below 150 °C while TAGS [4gSbTe>)l — x(GeTe)x] is used for operating
temperature of 150 to 500 °C and SiGe — based material is used for operating
temperature of 500 °C and above (Zoui et al., 2020; Romanjek et al., 2015). In
addition, Table 2.1 shows the categories of thermoelectric materials based on

their working temperature with peak zT value.
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Table 2.1: Categories of Thermoelectric Materials (Li et al., 2011; LaGrandeur
et al., 2006; Espinosa et al., 2010).

Ideal Temperature

Group Material Range (K) Peak zT
CoSbs (n-type) 650 - 1100 0.9
PbTe (n-type) 600 — 850 0.8
High SiGe (n-type) > 1000 0.9
Temperature Zn4Sbs (p-type) > 600 1.4
(700 — 1000 CeFesSbi2 (p-type) > 850 1.5
K) SiGe (p-type) 900 — 1300 0.5
(427 -1727 °C) TAGS (p-type) 650 — 800 1.3
CeFesRuSbi, — —
Mg:Si (n-type) 645 1.1
Medium
(];‘:)‘:)‘Iie;g(t)“lr(e) TloBiTes (p-type) > 400 13
(127 - 427 °C)
Low BixTes (n-type) <350 0.7
Temperature BixTes (p-type) <450 1.1
820_ 1‘2‘225)) (Bi, Sb)>Tes (p-type) 375 1

2.4.2  Materials Arrangements of TEG

Due to the characteristics of thermoelectric materials that vary with the change
of temperature, they typically exhibit the maximum zT in a particular range of
temperatures. Thus, thermocouples with segmented materials were built to
match with the temperature of heat source with specific operating temperature
range while maximising the zT value (Ge et al., 2018; Tian et al., 2015; Shu et
al., 2018). Figure 2.2 shows the thermocouple arrangements of conventional
type and segmented type where the TE materials for layer one and layer two are
chosen based on their ideal temperature range from Table 2.1. The TE material
which is having lower operating temperature will be placed at layer one which
is nearer to the heat sink while higher operating temperature TE material is

placed at layer two that is nearer to the heat source.
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f Heat Sink f Heat Sink

Ceramic Ceramic

Ceramic Ceramic

. Heat Source . Heat Source

(a) (b)
Figure 2.2: Arrangements of Peltier Module for (a) Standard Thermocouple,

(b) Segmented Thermocouple.

However, when two materials with different mechanical properties are
stacked together, there is a possibility that the two materials are incompatible
and unable to produce maximum efficiency. The relative current density has to
be same as the compatibility factor in order to achieve highest efficiency of the
segmented TEG (Snyder, 2004; Snyder and Ursell, 2003). The compatibility
factor, s is given by:

s = V1+zT-1 (2.1)

aT

While the relative current density is given by:

-
U= (2.2)

To overcome this incompatibility problem, a cascaded arrangement of
TE materials was used whereby the thermocouples was mounted parallelly as
shown in Figure 2.3. The separation of the mechanical, thermal and electrical
properties of the materials can increase the efficiency as the cascaded
arrangement split them in stages and linked individually to the output circuit

(Kanimba et al., 2017; Zhang et al., 2008; Shen et al., 2017).
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Figure 2.3: Schematic Diagram of Cascaded Three Stages TEG Modules
(Zhang et al., 2008).

2.5 Waste Heat Recovery

Waste heat is commonly found in the industry from the several processes and
part of the heat is recovered using Stirling engines, Rankine engines or steam
turbines to convert them into electricity (Jouhara et al., 2021). Based on the
finding from ceramic tile furnace at large industrial chimney that has a flue gas
with mass flow rate of 18,400 Nm>/h at 187 °C, the theoretical output from the
TEG prototype is found to be 100 W/m? including the energy used to cool the
TEG prototype (Aranguren, Astrain and Pérez, 2014).

Waste heat is categorised into three classifications which are low
temperature (less than 230 °C), moderate temperature (from 230 °C to 650 °C)
and high temperature (more than 650 °C). Generally, high temperature waste
heat can be obtained from operation of direct combustion, whereas for moderate
temperature range, the waste heat is released at combustion units exhaust and
low temperature waste heat is found from the equipment and products of process
units (Briickner et al., 2015).

To date, several heat recovery machines are used to absorb and convert
the waste heat to usable energy using heat exchanger. The systems primarily
consist of air preheaters, regenerators, recuperators, regenerative burners, heat
pipe heat exchanger, economisers, direct electrical conversion devices, plate

heat exchanger and waste heat boilers.
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Table 2.2 shows the amount of waste heat released from the industries
in different regions. It is found that majority of the waste heat dissipated by
United States region is low temperature while for China region, almost half of
the waste heat released is low temperature of less than 150 °C from the chosen
industries. As for European Union region, only approximate 30% of waste heat

released is low temperature.

Table 2.2: Statistics of Waste Heat in US, China and EU (Xu, Wang and Yang,
2019).

Region Industries Waste Heat Released

Metal, Aluminium, Glass, 1.56 EJ waste heat released every

United year.
Cement, Iron and ) .
State Ethvlene Approximate 60% of waste heat is
yiene. less than 230 °C.

1.8 GW, 2.9 GW and 41 GW
waste heat released respectively.

China Glass, Iron and Cement. 0.8 GW, 1.9 GW and 20 GW of
waste heat is with temperature
below 150 °C.

Non-ferrous Metal, 300 TWh of waste heat released
European Chemical, Iron, Food and every year.
Union Beverages, Paper and Approximate 30% of waste heat is
Printing. less than 200 °C.

Table 2.3: Summary Table of Current Waste Heat Recovery Technologies
(Jouhara et al., 2018).

. Temperate
Technologies P Usage/Benefits
Range
Piezoelectric Generates electricity from ambient
Power Low vibration from oscillatory  gas
Generation expansion.

Improve energy efficiency of the
Heat Pump Low, Medium  system by recovering heat from
several sources using heat sink.
Preheating liquids entering a system
Economisers Low, Medium  using heat from waste flue gas to
increase the thermal efficiency.
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Rot ) ) . .
otary Low, Medium  Provides high heat transfer efficiency.
Regenerators
Low, Medium, Preheating inlet air to the system to
Recuperators .
High decrease energy demand.
Th Phot . . -
erl.no o"o Low, Medium, Directly generate -electricity from
Voltaic (TPV) High radiant energy with high efficienc
Generator £ 24 & v
szste Heat Medium, High G@erate steam fr'om exhaust gases
Boilers with moderate to high temperature.
. ) C | d 1 k ,
Regenerators Medium, High ommonly ‘used In coke Ovens

furnaces and exhausts.

Run around

Medium, High

Separate two flow sources and transfer

coil (RAC) heat from the source to recuperator.
Plate Heat . . Transfer heat through fluid without
Medium, High .. Hgn Hud withou
Exchanger mixing.
High thermal conductivities of the heat
pipe reduce the temperature drop
Heat Pipe ) . during heat transfer. Does not require
P Medium, High Y . S . qgl
Systems maintenance due to passive operation.
Operation costs is lower as compared
to other heat exchangers.
The transferring of heat is done using
. heat exchanger with direct. It acts as a
Direct Contact .. .
] ) ) filter to eliminate the mixing of flue
Condensation Medium, High . .
gas and water from medium of solid —
Recovery . . o
liquid or solid — gas and immiscible
liquid — liquid.
Indirect
Contact . Medium, High Ac.:t .as a filter of a process and avoid
Condensation mixing of flue gas and water.
Recovery
Capillary condensation channel 1is
used to deliver hot water from exhaust
Transport .
. . gas to system feed water. Water is not
Membrane Medium, High . )
obtained from flue gas directly so
Condenser

there is no mixing and filtering is not
needed.
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Steam is generated for heating process

Heat Recover . .
y in power generation or factory from

Steam )
High waste heat at the exhaust of
Generator manufacturing plant or power-station
ufacturi wer-
(HRSG) . gpantorp
to increase the efficiencies.
Thermionic Hich Generate electricity from difference in
i .
Generator £ temperature between two mediums.
Regenerative Hich Preheat the combustion air to save fuel
Burners £ and improve combustion efficiency.
Recuperative Increase the amount of heat at the
u iv ) )
P High nozzle by absorbing waste heat from
Burners

burner nozzle’s body.

2.5.1 Low Temperature Waste Heat

Waste heat of low temperature can be recaptured directly using recuperator,
convection, waste heat boiler, passive air preheater, radiation, economizer and
plate heat exchanger. It has lesser option as compared to higher temperature
range of waste heat recovery and most common method of low temperature
waste heat recovery is for the usage of domestic heating directly.

The utilisation of low-temperature waste heat recovery is constrained
by low degree of temperature such as insufficient customer demand and low
efficiency of the conversion of low-temperature waste heat into electricity.

In 2020, the food and beverage industry accounts for 11.9% of the
overall energy consumption demand in Europe (Eurostat, 2020). Food and
beverage industry is one of the largest manufacturing sectors in Europe where
it consists of 294000 companies (FoodDrinkEurope, 2019). Low temperature
waste heat is commonly found in food and beverage industry as most of the
processes during production has temperature range between 40 — 120 °C
excluding heat intensive process such as cooking and baking. Table 2.4 shows
the list of typical processes along with their temperature ranges in food and
beverage industry. There is a huge potential in recovering waste heat into

valuable energy in this industry by using TEGs.
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Table 2.4: Typical Processes and Temperature Ranges in Food and Beverage

Industry (Fluch, Brunner and Grubbauer, 2017).

Waste Heat Sources Temperature Range (°C)
Pasteurisation / Sterilization 70 - 120
Distillation 40 - 100
Drying 40 - 250
Evaporation 40 - 170

Figure 2.4 and Figure 2.5 show some examples of the hot surface of

the machines where waste heat can be obtained. TEG can be placed on the

surface to generate electricity from waste heat to power up small IoT device.

Figure 2.4: Cooker of Rice

Figure 2.5: Cooker of Instant Noodle.
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2.5.2  High Temperature Waste Heat

Because of high energy content, high-temperature waste heat is more
manageable to recapture than low-temperature waste heat and able to satisfy
customer need with a variety of temperature requirements. With existing
technology including organic Rankine cycle or steam turbine, high-temperature

waste heat has higher potential to be utilised to generate electricity.

2.6 Application

There are various applications of TEG to convert waste heat into electrical
energy in the industry including transportation, consumer products and
production plant. The common usage of TEG in transportation is at the exhaust
system of the automobile, aircraft and ships whereas for consumer products is
watch that absorb the heat from human skin. Similarly, TEG is applicable to
most of the industry where the waste heat is released as by-product from the
operation of the production process.

TEG is essential to the evolution of Industry 4.0 and Internet of Things
as it allows the smart devices to operate completely wireless. This unlocks the
limitation to place smart devices in hard-to-reach area and facilitate the
installation process that placing the devices on top of the hot surface will power

up the devices.

2.6.1 Industry 4.0 and Internet of Things (IoT)

Wireless devices such as sensors, RFID and wireless communication are the key
components to build a powerful industrial system to increase the overall
effectiveness of industry operation by sharing real-time data (Manavalan and
Jayakrishna, 2019). Moreover, several manufacturing site can be connected
together using internet and cloud to form a digital supply chain line (Hazen et
al., 2016). In order to achieve seamless connectivity, wireless sensor networks
(WSN5s) that interlink all the sensors is a crucial technology to be implemented
in the industry (Belli et al., 2019). This is because a wireless system provides
better reliability and flexibility which is capable of supporting the emerging
technologies of Industry 4.0 as well as IoT. In terms of reliability, wireless
connectivity eliminates the need of cable which the cable may fail due to aging

or disconnection of the wire and leads to interruptions of the operations. For the
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flexibility, wireless devices can be relocated easily during reconfiguration,
layout alterations of the factory floor plan and reduce the downtime significantly
during the upgrade.

Industry 4.0 aims to build a more intelligent factory with self-learning
machines that collect data from all the sensors and make improvements. As a
result, the productivity of the factory will increase as the operations become
more efficient and less resources are wasted. Therefore, large number of sensors
as well as small devices will need to be installed at most of the spots around the
machines to provide real-time data to the control centre for interpretation. Then,
the control centre will send out command to adjust the operations of the machine
accordingly.

Furthermore, sensors such as temperature sensor, vibration sensor,
voltage sensor and current sensor can be installed to the machine to detect the
early sign of malfunction. Unplanned downtime of a manufacturing production
line due to broken machines is critical to the companies. The company may

suffer big losses and endangered the workers from malfunctioned machines.

2.6.2  Medical Devices

The heat released from humans’ body is a continuous energy that can be
effectively utilised in producing power for implanted medical devices (IMDs)
as well as wearable devices, providing variety of applications including sports
and fitness wearable devices, health monitoring and tracking system and more
(Wahbabh et al., 2014). These medical devices are used in hospital or at home to
monitor the overall analysis of the patient and they are able to deliver stable
connection as the power is generated from the heat of the body that ranges from
27 °C to 35 °C varying on the conditions of the body and environment (Proto et
al., 2018). Especially for implanted medical devices (IMDs), TEG is the perfect
replacement for the battery to eliminate the need for maintenance of the device,
which is replacing old batteries that may consume time and cost for surgery.
Additionally, when rechargeable batteries are used, it possesses a risk of battery
failure which may harm the patient when battery malfunction. Figure 2.6 and
Figure 2.7 shows the medical devices which can be integrated with TEG to

produce electricity from using body heat.
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Figure 2.6: Electroencephalography (EEG) Headband (CMP (Firm), Institute

of Electrical and Electronics Engineers. and Components, 2009).

Figure 2.7: Electrocardiography (ECG) Shirt (Leonov, 2013).

2.6.3  Wearable Devices

The working principle of TEG powered watch is the same as the medical devices
that use body heat to generate electricity. Figure 2.8 shows the end product of
TEG powered smartwatch, named PowerWatch, is available on the market. The
watch uses body heat and ambient light to generate power and it claims that it
can last forever without charging (PowerWatch, n.d.). However, there is some
limitation where the battery cannot charge from the body heat if the ambient
temperature is above 32 °C. This is because the difference in temperature
between ambient temperature and body heat is too small. Hence, it may not be

suitable for consumers who stay at hot climate countries.
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Figure 2.8: Matrix PowerWatch Powered by TEG and Body Heat (Tech4All,
n.d.).

2.6.4  Automotive

The automotive industries are looking for an alternative power source to
increase the efficiency of internal combustion engine to reduce fuel energy cost.
Therefore, TEG is attracting much interest from the manufacturers (Espinosa et
al., 2010; Mostafavi and Mahmoudi, 2018; Crane and Lagrandeur, 2010; Sofyan
et al., 2020; Cao, Luan and Wang, 2018a; Haidar and Ghojel, 2001; Yang, 2005;
LaGrandeur et al., 2006). Based on the study, it is found that only 25% of the
energy output from the engine is used to drive a passenger vehicle as well as
accessories while 40% of the energy output is wasted in the form of exhaust gas
(Espinosa et al., 2010; Crane and Lagrandeur, 2010; LaGrandeur et al., 2006).
The temperature of the exhaust system ranges from 100 °C to 800 °C and it
varies with the fuel category and vehicle speed (Yang, 2005). Due to this, a
cascaded TEG was built that consist of two material which is Bi;Tes; for
temperature of 220 °C and Mg>Si0.4Sno.s/MnSii g1 for temperature of 410 °C,
and it managed to produce 2.5 kW of electrical power (Wilbrecht and
Beitelschmidt, 2018). In addition, heat released from the radiator ranges from
90 °C to 105 °C and has the temperature difference of around 70 °C between
the radiator and atmospheric air which is enough for TEG to produce electricity.
It is found that with engine loads at 25%, the power produced by Bi,Tes-based
TEG is over 1 kW (Crane, Jackson and Holloway, 2001). Figure 2.9 shows the

set-up of TEG on automobile exhaust.
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Figure 2.9: Heat Exchanger Subassemblies of Automobile Exhaust (Meisner,

2010).

2.6.5 Aerospace

Structural health monitoring (SHM) systems involve in wireless data
transmission between sensors notes and central base station are being used in an
aircraft. The sensor nodes can be powered up by both piezoelectric transducers
and TEG from the vibration and thermal gradients respectively. The study found
that with peak temperature differential of 10 °C to 40 °C, peak power of 5.46
mW to 30.06 mW was obtained at several locations of the aircraft (Pearson et
al., 2012). Figure 2.10 shows the potential locations of TEG to be used in an

aircraft.
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Figure 2.10: Locations of TEG Used on an Aircraft (Pearson et al., 2012).
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Moreover, TEGs are used in Radioisotope Thermoelectric Generators
(RTGs) to generate electricity from the heat produce by natural decay of
radioactive materials. It is commonly used in space crafts, space probes, and

satellites where combustion is not possible due to limited oxygen at the space.

2.7 Heat Sink

Heat sink is used to dissipate the heat from the cold side of TEG module and the
thermal performance is crucial to cool down the TEG module as much as
possible to achieve maximum temperature gradient. There are various type of
heat sinks available with different geometry and all of them have different
cooling efficiency. It was found that the heat transfer rate of the heat sink with
thinner base is higher. The minimum temperature achieved is decreasing when
the fins height of the heat sink is increasing. It was also found that aluminium
heat sink dissipate heat faster than copper heat sink despite copper has higher
thermal conductivity (Ekpu et al., 2011).

2.8 Efficiency of TEG

The efficiency of the TEG system used in automobiles range from 5.35% to
1.03% and the details are listed in Table 2.5. The cold side of the TEGs were
cooled by the wind from the moving of vehicles. When the vehicles are moving
at higher speed, the TEGs can be cooled down more effectively and thus,
increasing the efficiency. For this application, different method was used to cool
down the TEG modules as compared to this project. Therefore, the data are not
suitable to be benchmarked with the experiment in this study. However, the data

can be used as a reference.

Table 2.5: Efficiency of Waste Heat Recovery System in Automobiles using

TEG.
Number of . o
Authors TEGs Type of TEG Efficiency, n (%)
Liu et al., 2016 96 BixTes 5.35
Quan et al., 2018 240 BixTes 1.03
L
Cao, Luan and 36 Bi:Tes 2.58

Wang, 2018
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2.9 Air Flow of Fan

Air flow of the fan is important to ensure equal cooling effect on all of the heat
sinks. Simulation on the air flow of the fan can be done to analyse the direction
of the air flow coming out of the fan. Further modification on the fan can be
done to improve the air flow of the fan such as using guide fins to alter the
directions of the air. According to previous study, the air flow of the axial fan
has increased up to 6.3% with the use of guide vane (Saeidi and Taheri, 2020).
The total efficiency of the fan has been increased with the reduction of swirl
energy as well as the improvement on static pressure. Computational Fluid
Dynamics (CFD) software can be used to simulate the air flow of the fan and
make improvement accordingly. Some examples of CFD software are Ansys

Fluent and SolidWorks Flow Simulation.

2.10 Summary

To sum up, TEG has been evolving rapidly for the past few years as the global
industries i1s approaching to Industry 4.0 that focus on automation and IoT 4.0.
The current development progress of TEG was discussed along with the
working principles. TEG can be categories into 3 group which are low
temperature, medium temperature and high temperature. Each group works on
different temperature ranges based on the applications of TEG to be used in.

The type of waste heat to be recovered was also analysed to discover
possible application of TEG. As mentioned above, the current rate of waste heat
recovery especially for low-temperature is relatively low and has limited
recovery options due to low grade heat energy. Further research can be carried
out to improve the situation and apply TEG into the industries with its wide
temperature range of applications.

TEG has been applied widely in several industries mentioned above
including manufacturing, medical, consumer products, automotive, and
aerospace industry. This is because it has the potential to replace the battery and
generating electricity from heat source which leads to lower maintenance cost

and higher reliability.
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CHAPTER 3

METHODOLOGY AND WORK PLAN

3.1 Introduction

This chapter discussed about the design of the prototype and the approach to
build and construct it. Several trials were expected to determine the final
configuration of the prototype to ensure that the power generated by TEG was
sufficient to power up the small IoT device which is an Arduino module.

A flowchart as shown in Figure 3.1 was developed to visualise the
overall activities in sequential order to ensure smooth progress throughout the
project flow. Problem statements were identified and research was carried out
before planning of the project. At planning stage, theoretical calculation was
done to design the prototype. After planning, experiment 1 was carried out to
measure the efficiency of the equipment and materials used. If the result for
experiment 1 was satisfied, the prototype is built and tested in experiment 2.
Else, the process starts over at the planning stage to substitute with a better
equipment or material. Then, the data from the result were collected by
measuring the power output from the prototype. If the result was not satisfying,
the process starts over at planning stage to collect more information and improve
the design of the prototype until the result is satisfied. Lastly, overall results
were collected to carry out the discussion. Conclusion of the project was
documented together with recommendation to suggest further improvements on

the project for future works.
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Figure 3.1: Flowchart of the Building of Prototype.

25



26

3.2 Equipment and Material
The Table 3.1 and Table 3.2 shows the required equipment and materials to

build the prototype as well as to conduct the experiments.

Table 3.1: Equipment Required for the Experiment.

Equipment Qty

TEG Module
Heatsinks

[
(@)}

—
(@)}

Fan

Step-down Power Module

Arduino Module

DHT11 Humidity and Temperature Sensor
Heating Bed

Soldering Iron Pen

Soldering Iron Stand

Thermocouple Thermometer

Temperature Controller

N[ = = = = = | = | = | = | =

Multimeter

Table 3.2: Materials Required for the Experiment.

Material Qty

Soldering Iron Wire

Thermal Conductive Paste
Wire

Aluminium Plate

—_ = N =

Subsections below discuss the types of equipment and materials used
and the reasons for each selection. Several types of TEG module, heat sink and
thermal conductive paste were listed out and were compared in experiment 1 to

verify their efficiency.

3.2.1 Thermoelectric Generator (TEG) Module

TEG module is the main component of the prototype that can produce electricity
from the temperature difference between two faces of the module. Three types
of TEG modules were used in this project to compare their efficiency and power

output. Three of them are having same type of semiconductor material which is
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Bismuth Telluride alloy-based, best material for thermoelectric generation at
low to medium temperature to date (Goldsmid, 2014). However, their
performance is varied by the surface material, density of semiconductor inside
the TEG module as well as the manufacturing process. Moreover, they have
different maximum operating temperature from various construction of the
module such as soldering material.

The first TEG module used was SP1848-27145 as shown in Figure 3.2.
The surface material is made up of Aluminium Oxide ceramics that is thermally
conductive on both sides of the module. It can withstand maximum temperature
of up to 120 °C. This model is designed dedicated for power generation that the
gap between hot side and cold side is sealed for maximum Seebeck effect as
well as moisture protection. The dimension for this model is 40 mm x 40 mm

in width and length respectively with thickness of 4 mm.

40 mm
B
P S
%Q_:.\g‘o
y
40 mm

Figure 3.2: SP1848-27145 TEG Module.

The second TEG module used was TEC1-12730 as shown in Figure
3.3. The surface material is made up of Aluminium Oxide ceramics that is
thermally conductive on both sides of the module. It can withstand maximum
temperature of up to 150 °C. Although this model is designed for refrigeration,
it can be used as TEG module to generate electricity using similar method.

Similarly, the gap is sealed for maximum Seebeck effect as well as moisture
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protection. The dimension for this model is 62 mm X% 62 mm in width and length

respectively with thickness of 3.9 mm.

62 mm 62 mm

Figure 3.3: TEC1-12730 TEC Module.

The third TEG module used was TEG-127-3.5-2.8T250D as shown in
Figure 3.4. The surface material is made up of graphite that has higher thermal
conductivity on both sides of the module. It can withstand maximum
temperature of up to 200 °C. The gap between the cold side and hot side is not
sealed to protect against thermal bridging. The dimension for this model is 40

mm x 40 mm in width and length respectively with thickness of 4 mm.

40 mm

40 mm

Figure 3.4: TEG-127-3.5-2.8T250D TEG Module.

3.2.2 Heat Sink

The material used was aluminium due to its good thermal conductivity to
transfer heat than iron or steel. Although copper has better thermal conductivity
than aluminium, aluminium is more cost effective, and it can dissipate heat
considerably well. Heat sink with higher and more fins was selected. This is

because the surface area can be increased to release heat at a faster rate.
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Figure 3.5: Aluminium Heat Sink With 11 mm Fins.

36 mm

Figure 3.7: Aluminium Heat Sink With 36 mm Fins.
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Figure 3.8: Aluminium Heat Sink With 20 mm Fins.

3.2.3  Electric Fan

Active cooling was used to cool down the heat sinks. Fan was introduced to
create forced air flow onto the heat sinks to increase the heat dissipation.
However, the power consumed by the fan was the load of TEG and additional

TEG modules were needed to overcome the extra load.

120 mm

m

Figure 3.9: Electric Fan 5 V 0.15 A.
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3.24  Aluminium Plate

Aluminium plate was used as the heat exchanger to transfer heat from the
heating element to the TEG modules evenly. Aluminium is an excellent thermal
conductor and able to transfer heat at a faster rate than iron or steel. The
thickness of the aluminium plate used was 2 mm as it can be heated up rapidly

and withstand the load of TEG modules and heat sink without bending.

Figure 3.10: Aluminium Plate.

3.2.5 Thermal Conductive Paste

Thermal Conductive Paste was used to improve the thermal coupling between
two metal components to allow efficient heat transfer by filling the air gaps
between the two surfaces. This is because these metal plates have microscopic
imperfections which can cause the two metals to not entirely in contact with
each other and cause poor heat transfer. It is preferred to select the thermal
conductive paste with higher thermal conductivity in order to ensure maximum
heat transfer rate between the two surfaces. However, there is a trade-off for
high thermal conductivity which is liquidity where most of the thermal
conductive paste with high thermal conductivity has low liquidity. Low liquidity
increases the difficulty to apply the thermal conductive paste and tends to create

air bubbles which can negatively affects the thermal conductivity.
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8

ICE FUSION V2

THERMAL COMPOUND KIT

WwWw.Coolermaster.com

Figure 3.11: Ice Fusion V2 Thermal Paste With 5 W/m-K Thermal
Conductivity.

Figure 3.12: HY510 Thermal Paste With 1.93 W/m-K Thermal Conductivity.
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Figure 3.13: HTK-002 Thermal Paste With 0.8 W/m-K Thermal Conductivity.

FROST X2

LT Condu ity Thavmal Grpase

Figure 3.14: Frost X25 Thermal Paste With 10.5 W/m-K Thermal
Conductivity.

3.2.6 Insulation

Thermal insulation between cold and hot faces is crucial to create maximum
temperature gradient on the TEG module. Therefore, more power is generated
from the TEG modules. Metal plate has high thermal conductivity and the heat
will be transferred to the cold face of the TEG if the gaps between the TEG
modules are not insulated. Table 3.3 shows the type of materials used for
insulation. Material with lower thermal conductivity is preferred because it has

lower heat transfer rate.

Table 3.3: Insulation Material With Respective Thermal Conductivity.

Material Thermal Conductivity (W/mK)
PVC Board 0.310
Cork Sheet 0.043

Ethylene Vinyl Acetate (EVA) Foam 0.038




Figure 3.15: PVC Board.

Figure 3.16: Cork Sheet.
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Figure 3.17: Ethylene Vinyl Acetate (EVA) Foam.

3.2.7  Step-Down Power Module

Figure 3.18 shows DC-DC step-down power module that was used to convert
high output voltage from the TEG module to a stable usable voltage of 5 V. It
operates in constant frequency and is dedicated for low power devices such as
LCD Bias Supply, set-top boxed, networking cards powered from PCI and
battery-powered equipment.

The specific module board used has output voltage of 5 V with
maximum current load of 5 A whereas the input voltage range from 7 V to 30
V. Both fan and Arduino board are requiring voltage input of 5 V while the
voltage generated by the TEG module fluctuates to a great extent around 0 — 20
V depending on the temperature difference. Therefore, this step-down power
module is the perfect fit to stabilize the power generated by the TEG module to

a constant output voltage of 5 V.
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Figure 3.18: DC-DC Step-Down Power Module.
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3.2.8 ESP32 Arduino Module

Figure 3.19 shows the ESP32 Arduino Module equipped with Wi-Fi and
Bluetooth was used as the load that was connected to the output of step-down
power module. This module has relatively low power consumption with the

input voltage of 5 V.

Figure 3.19: ESP32 Arduino Module With Wi-Fi and Bluetooth.

It is a microcontroller with built-in Wi-Fi and Bluetooth with dual
mode support as it supports Bluetooth Classic and Bluetooth Low Energy (BLE).
It can be operated in extremely low power consumption with the features of
power saving such as clock synchronization and different modes of operation.
It can be integrated with various sensors including temperature sensor, humidity
sensor, infrared sensor, microphone sensor, light sensor, gas sensor and camera
depending on the purpose and usage. With these features, IoT system can be
implemented by integrating all the sensors and upload the data of the sensors to

the cloud.

3.2.9 DHTI11 Humidity and Temperature Sensor Module

Figure 3.20 shows the DHT11 Humidity and Temperature Sensor Module that
was connected to the Arduino module. This sensor has a dedicated negative
temperature coefficient (NTC) thermistor to measure the temperature and
humidity with an accuracy of 1 °C and 1%. It consists of an 8-bit microprocessor

to generate the output data of temperature and humidity which can be read by
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the Arduino module. This device was calibrated during production; therefore, it

can be used directly by connecting it to the Arduino module.

Figure 3.20: DHT11 Temperature and Humidity Sensor Module.

33 Theoretical Analysis of TEG Module and Load

This section shows the expected power output from a single TEG module and
the expected power required by the load. The data of power output by a single
TEG module will be used in experiment 2 section to design an appropriate

prototype in order to generate sufficient power output as required by the loads.

3.3.1 Theoretical Output of SP1848-27145 TEG Module

Table 3.4 shows the thermoelectric parameter of a single TEG module SP1848-
27145 obtained from product datasheet. The output of voltage, current and
power are expected from the temperature gradient between both sides of TEG

module.
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Table 3.4: Thermoelectric Parameter for a Single SP1848-27145TEG Module.

Temperature
Difference, AT Voltage (V) Current (mA) Power (mW)
O
20 0.97 0.225 0.21825
40 1.8 0.368 0.6624
60 2.4 0.469 1.1256
80 3.6 0.558 2.0088
100 4.8 0.669 3.2112

Figure 3.21 shows the graph of thermoelectric parameter for SP1848-27145
plotted based on the values in Table 3.4. It can be seen that the voltage and
current generated increased linearly with temperature difference. Trendlines
were added to illustrate the voltage and current produced from temperature
difference between 0 to 100 °C. The voltage and current will be produced by
the TEG module as soon as there is temperature difference between the cold

side and hot side.
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Temperature Difference, AT (°C)

Figure 3.21: Graph of Voltage and Current Produced from Temperature
Difference of a Single SP1848-27145 TEG Module.

3.3.2 Theoretical Output of TEC1-12730 TEC Module
Since TEC1-12730 is a TEC module which is used for refrigeration instead of

power generation, there is no data on expected output when there is temperature
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gradient on both sides of the module. Therefore, the experimental data obtained
were compared with other TEG modules to analyse the power generation

efficiency in experiment 1.

3.3.3  Theoretical Output of TEG-127-3.5-2.8T250D TEG Module

Table 3.5 shows the thermoelectric parameter of a single TEG module TEG-
127-3.5-2.8T250D. The output of voltage, current and power are expected from
the temperature gradient on both sides of the TEG module.

Table 3.5: Thermoelectric Parameter for a Single TEG-127-3.5-2.8T250D

TEG Module.
D{;T:;i‘;itl(l:ce) Voltage (V) Current (mA) Power (mW)
20 1.7 0.10 0.168
40 2.8 0.18 0.504
60 3.7 0.27 0.999
80 4.5 0.35 1.575
100 53 0.43 2.279

Figure 3.22 shows the graph of thermoelectric parameter for TEG-127-
3.5-2.8T250D plotted based on the values in Table 3.5. It can be seen that the
voltage and current generated increased linearly with temperature difference.
Trendlines were added to illustrate the voltage and current produced from
temperature difference between 0 to 100 °C. The voltage and current will be
produced by the TEG module as soon as there is temperature difference between

the cold side and hot side.
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Figure 3.22: Graph of Voltage and Current Produced from Temperature
Difference of a Single TEG-127-3.5-2.8T250D TEG Module.

3.3.4  Theoretical Loads

The loads that connect to the output of step-down power modules were
calculated to determine the power required. The voltage and rated current draw
from the fan and ESP32 Arduino Board are listed in Table 3.6 according to the
specification sheet of the product. Then, power for each load was calculated and

by summing up both power, total power consumption obtained was 1750 mW.

Table 3.6: Calculation of Loads.

Load Voltage (V) Current (A) Power (W)
Fan 5 0.15 0.75
ESP32 5 0.20 1

34 Methodology

This section discusses about the set-up of the prototype to perform the
experiments. The placement of TEG modules and heat sink on the aluminium
plate were explained. Moreover, analysis on the air flow by the cooling fan was
done to solve the problem encountered during the experiment. Experiment

procedures show the steps to build the prototype for experiment 2 while some
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of the steps are applicable to experiment 1 which will be discussed in the

following section.

3.4.1 Methods of Data Collection

Figure 3.23 is the set-up of the TEG module prototype in Solidworks drawing.
This was the set-up with only one TEG module and the aluminium plate act as
a heat exchanger to transfer heat from heating element to the TEG module
evenly. Heating element will be representing the waste heat source in the
experiment to heat up the TEG modules. Opposingly, the heat sinks cool down
another face of TEG module and create a temperature gradient between two

faces of the TEG module. Then, output of voltage and ampere were measured.

Fan

Heat Sink
TEG Module

Aluminium Plate

Figure 3.23: Set-up of Single TEG Module.

Subsequently, the number of TEG modules was added for each trial,
and they were connected to each other in series to add up the voltage produced
by all TEG modules until output power is sufficient to power up the loads. The
set-up of multiple TEG Module is shown in Figure 3.24.
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Figure 3.24: Set-up of Multiple TEG Module.

For experiment 1 and experiment 2, the TEG will be heated up until
the certain temperature and maintain for 10 minutes before taking the reading
of the measurements. This is to ensure that the temperature of the whole
prototype has reached equilibrium state. Because the specific heat capacity of

each heat sink used is different and may leads to inaccurate result.

3.4.2 Air Flow

The air flow produced by the fan is crucial to ensure maximum cooling effect
on the heat sink. As shown in Figure 3.25, simulation was done to analyse the
direction of air flow coming out of the fan. Due to the design of the fan, the
direction of air flow is spreading away from the centre instead of focusing on
the centre. Furthermore, there is backflow of air at the centre due to low pressure
region created at the centre as there is no air flow coming out from the centre of

the fan.
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Figure 3.25: Air Flow Simulation of Fan Without Fins.

In order to overcome this problem, curved fins were designed as shown
in Figure 3.26 and mounted on the outlet of the fan as shown in Figure 3.27.
The fins will guide the direction of the air flow out of the fan to become straight
and the curve design will draw some air flow towards the centre of the fan.
Therefore, the direction of the air flow is focusing on the centre and creating

equal air flow to cool down the heat sink effectively.

Figure 3.26: Fins for Fan.
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Figure 3.27: Air Flow Simulation of Fan with Fins.

3.4.3 Experimental Procedure

This subsection discusses the procedure to build the prototype for each design
for experiment 2 in the following section. Firstly, the prototype was designed
using SolidWorks. Then, the parts such as clamp and aluminium plate were
fabricated in the workshop while the case was printed using 3D printer.
Aluminium plate was sanded and degreased to create a smooth surface. Next,
thermal conductive paste was applied on the aluminium plate evenly. TEG
modules were placed on the metal plate accordingly. Thermal conductive paste
was applied on the cold side of TEG modules. Heat sinks were then placed on
the TEG modules. Subsequently, the fan was assembled to the case.
Thermocouples were placed on the hot side as well as the cold side to measure
the temperature respectively. Insulation board was cut and placed on the
exposed area of metal plate. Case assembly was placed on top of the heat sink.
Afterwards, all TEG modules were soldered together to create a good
connection. Step-down power module was soldered to TEG modules, fan and
Arduino module. Lastly, ammeter and voltmeter were connected to the circuit.
To carry out the experiment, metal plate was heated up to 120 °C. After 10
minutes, the reading of ammeter, voltmeter and temperature were recorded.
Figure 3.28 to Figure 3.44 shows the procedures to build the prototype step by
step.



Figure 3.28: Prototype Design in SolidWorks.

Figure 3.29: Fabrication of Metal Plate.
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Figure 3.31: Prepared Surface of Aluminium Plate.
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Figure 3.33: TEG Modules on Aluminium Plate.
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Figure 3.35: Heat Sink Placed on TEG Modules.
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Figure 3.36: Case Assembled with Fan.

k

Figure 3.37: Placing of Thermocouples on the Heat Sink.
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Figure 3.40: Soldering of the Connection of TEG Modules.
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Figure 3.41: Soldering of the Connection of Step-Down Power Module.

Voltmeter

Ammeter

TEG Module

SPi84s
2745

Tk

- i
Resistor

Figure 3.42: Connection of Voltmeter and Ammeter.
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Figure 3.44: Prototype Testing in Experiment 2.

3.5 Experiment 1 — Compare Different Type of Heat Sink, Thermal
Conductive Paste and TEG Module
This experiment was conducted based on single TEG module set-up as shown
in Figure 3.45. The types of heat sink, thermal conductive paste and TEG
module were swapped accordingly on each run. The procedures to build the
prototype was similar to the steps shown above. The aluminium plate was
fabricated and prepared. Then, thermal conductive paste was applied on the both
side of TEG module. TEG module was placed on the aluminium plate, followed

by the heat sink. A fan was powered from external power source to cool down
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the heat sink. The temperature of the heater was set to 80 °C. After 10 minutes,

the output voltage of the TEG module was measured and recorded.

Fan

Heat Sink
TEG Module

Aluminium Plate

Figure 3.45: Set-up of Single TEG Module.

For the comparison of heat sink and thermal conductive paste, the type
of TEG module used was remain unchanged. The open circuit voltage, Voc
between the two terminals of TEG module was used to indicate the efficiency.
This is because the voltage generated increases linearly with the temperature
difference, therefore the type of heat sink and thermal conductive paste that
managed to create most significant temperature difference have the best
efficiency in terms of heat dissipation and heat transfer rate. Hence, the type of
heat sink and thermal conductive paste that generated the highest open circuit
voltage, Voc was selected to build the prototype.

For the comparison of TEG module, a load resistor with resistance of
470 Q was connected to the TEG module as shown in Figure 3.46. The
voltmeter and ammeter were connected to the circuit in parallel and in series
respectively to measure the voltage, V and current, I generated. Then, power, P
was calculated using Ohm’s law and is given by:

P=VI 3.1)
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Voltmeter

Ammeter

TEG Module

Resistor

Figure 3.46: Connection of Voltmeter and Ammeter.

3.6 Experiment 2 — Compare the Configuration of TEG Module

Few designs of the TEG prototype were prepared to evaluate their effectiveness
as well as assessing the power generated whether it is sufficient to power up the
loads. This include altering the air flow using 3D printed case, arrangements of
the TEG modules, different size of fan and gaps between TEG modules.

The method used in this experiment was trial and error. The process
was divided into four stages: design, build, test and analyse. A viable prototype
was designed based on the research done previously. Then, the prototype was
fabricated. Experiment was carried out on the prototype to test the functionality.
Lastly, data were collected and analysed to identify the problems encountered.
This concludes the one cycle of the process. The cycle was repeated until the
result is satisfying. The prototype will be improved on each cycle where the

prototype is designed based on the findings from previous cycle.
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3.6.1 Designl

For design 1, the TEG module used was TEG-127-3.5-2.8T250D and four TEG
modules were joined together in series as shown in Figure 3.47. The heat sink
used in this design is 40 mm % 40 mm aluminium which has the same size as
TEG module. The fins height of the heat sink is 10 mm. The aluminium plate
with dimension of 80 mm % 80 mm was fabricated and it was able to fit four
TEG modules perfectly. This is to ensure that no excessive surface is exposed
to the surrounding of TEG modules that may eventually heats up the cold side
of TEG modules. An 80 mm x 80 mm fan that has the same size with the design

was used to cool down the heat sink.

Figure 3.47: Set-up of Four TEG Modules Connecting in Series with Fan.

Table 3.7 shows the calculated theoretical power output for design 1 at
different temperature difference where the connection of TEG modules was

based on the circuit diagram as shown in Figure 3.48.



Table 3.7: Theoretical Output for Design 1.
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Temperature Difference, AT  Voltage, V Current, I Power, P
O \2 (A) W)
20 6.8 0.10 0.673
40 11.2 0.18 2.016
" —
TEG-127- TEG-127-
3.5- 3.5-
2.8T250D 2.8T250D
TEG-127- TEG-127-
3.5- 3.5-
2.8T250D 2.8T250D
=8 —_—

Figure 3.48: Circuit Diagram of Four TEG Modules.

3.6.2 Design 2

For design 2 as shown in Figure 3.49, six TEG-127-3.5-2.8T250D TEG
modules were used while the other parts remain unchanged from design 1. The
heat sink and fan used were similar to design 1. The aluminium plate with
dimension of 120 mm X% 80 mm was fabricated and it was able to fit six TEG
modules perfectly. This is to ensure that no excessive surface is exposed to the
surrounding of TEG modules that may eventually heats up the cold side of TEG

modules.



57

Figure 3.49: Set-up of Six TEG Modules Connecting in Series and Parallel

with Fan.

Table 3.8 shows the calculated theoretical power output for design 2 at
different temperature difference where the connection of TEG modules was
based on the circuit diagram as shown in Figure 3.50. Two sets of three TEG

modules in series were connected parallelly.

Table 3.8: Theoretical Output for Design 2.

Temperature Difference, AT  Voltage, V Current, I Power, P
O V) (A) W)
20 5.1 0.20 1.010
40 8.4 0.36 3.024




TEG-127-
3.5-
2.8T250D

TEG-127-
3.5-
2.8T250D

TEG-127-
3.5-
2.8T250D

TEG-127-
3.5-
2.8T250D

TEG-127-
3.5-
2.8T250D

TEG-127-
3.5-
2.8T250D

Figure 3.50: Circuit Diagram of Six TEG Modules.

3.6.3 Design3

58

For design 3 as shown in Figure 3.51, the TEG module used was SP1848-27145

and nine TEG modules were joined together in series. The heat sink used in this

design was 40 mm x 40 mm aluminium which has the same size as TEG module.

The fins height of the heat sink is 10 mm. The aluminium plate with dimension

of 120 mm x 180 mm was fabricated and it was able to fit nine TEG modules.

Additional surface at the two sides was used by the clamp to hold down the heat

sink and TEG modules on the aluminium plate tightly. An 80 mm % 80 mm fan

was used to cool down the heat sink.
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Figure 3.51: Set-up of Nine TEG Modules Connecting in Series with Fan.

Table 3.9 shows the calculated theoretical power output for design 3 at
different temperature difference where the connection of TEG modules was

based on the circuit diagram as shown in Figure 3.52.

Table 3.9: Theoretical Output for Design 3.

Temperature Difference, AT  Voltage, V Current, I Power, P
O V) (A) W)
20 8.73 0.23 1.964
40 16.2 0.37 5.962
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Figure 3.52: Circuit Diagram of Nine TEG Modules.

3.64 Design 4

For design 4 as shown in Figure 3.53, the TEG module used was SP1848-27145
and eight TEG modules were joined together in series. The heat sink used in this
design was 90 mm x 180 mm copper which is sufficient to cover up to eight
TEG modules with total surface area of 80 mm x 160 mm. The fins height of
heat sink is 2 mm. Aluminium plate with dimension of 100 mm x 190 mm was
fabricated and it was able to fit eight TEG modules. Additional borders allow
the heat sink to be screwed on the plate to hold down the heat sink and TEG
modules on the aluminium plate tightly. An 80 mm x 80 mm fan was used to

cool down the heat sink.
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Figure 3.53: Set-up of Eight TEG Modules Connecting in Series with Fan.

Table 3.10 shows the calculated theoretical power output for design 4

at different temperature difference where the connection of TEG modules was

based on the circuit diagram as shown in Figure 3.54.

Table 3.10: Theoretical Output for Design 4.

Power, P

Current, I

Temperature Difference, AT  Voltage, V

W)

A)
0.23
0.37
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Figure 3.54: Circuit Diagram of Eight TEG Modules.
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3.6.5 Design 5

For design 5 as shown in Figure 3.55, the TEG module used was changed back
to TEG-127-3.5-2.8T250D due to it has higher power output and 15 TEG
modules were joined together in series. The heat sink used in this design was 69
mm % 100 mm aluminium and 4 pieces of heat sink were used to cover 15 TEG
modules. The fins height of the heat sink is 36 mm and the air flow is flowing
in one direction where the heat sink at the two ends can be cooled down equally.
The aluminium plate with dimension of 160 mm x 200 mm was fabricated and
it was able to fit 15 TEG modules. Additional surface at the two sides was used
by the clamp to hold down the heat sink and TEG modules on the aluminium
plate tightly. An aluminium plate on the top was fabricated to clamp on the heat
sink as well as to force the air flow to pass through all the heat sink towards to

end. A 120 mm % 120 mm fan was used to cool down the heat sink.

Figure 3.55: Set-up of 15 TEG Modules Connecting in Series with Fan.

Table 3.11 shows the calculated theoretical power output for design 5
at different temperature difference where the connection of TEG modules was

based on the circuit diagram as shown in Figure 3.56.
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Table 3.11: Theoretical Output for Design 5.

Temperature Difference, AT  Voltage, V Current, I Power, P

(o]
°C) \D) A W)
20 25.5 0.10 2.525
40 42 0.18 7.560
s ™ ~ ™ ”
TEG-127- TEG-127- TEG-127- TEG-127- TEG-127-
3.5- 3.5- 3.5- 3.5- 3.5-
2.8T250D 2.8T250D 2.8T250D 2.8T250D 2.8T250D
1 (] L ™ ~ l
A TEG-127- TEG-127- TEG-127- TEG-127-
3.5- 3.5- 3.5- 3.5- 3.5-
AT 2.8T250D 2.8T250D 2.8T250D 2.8T250D
TEG-127- TEG-127- TEG-127- TEG-127- TEG-127-
3.5- 3.5- 3.5- 3.5 3.5-
2.8T250D 2.8T250D 2.8T250D 2.8T250D 2.8T250D
J - -h b -k

Figure 3.56: Circuit Diagram of 15 TEG Modules.

3.6.6 Design 6

For design 6 as shown in Figure 3.57, the TEG module used was TEG-127-3.5-
2.8T250D and 16 TEG modules were joined together in series and parallel. This
configuration has square shape to make sure the air flow is equal from the square
shape of the fan. The heat sink used in this design was 40 mm X 40 mm
aluminium which has the same size as TEG module to eliminate the gap between
the heat sink and TEG module. The 20 mm fins height of the heat sink create
larger surface area to dissipate heat at a faster rate. The aluminium plate with
dimension of 220 mm X% 290 mm was fabricated and it was able to fit 16 TEG
modules. Clamp was removed from the design as it did not show any significant
improvement on the temperature difference. A 120 mm % 120 mm fan was used
to cool down the heat sink as shown in Figure 3.58. A case was designed and
3D printed to create a distance between the fan and heat sink. This forces the air

flow towards all the heat sinks equally. Fins were designed based on the air flow
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analysis done in the previous section and mounted on the fan to create an equal
air flow. Hence, heat sinks can be cooled down effectively to create a more

significant temperature difference.

Figure 3.57: Set-up of 16 TEG Modules Connecting in Series and Parallel.

Figure 3.58: Set-up of 16 TEG Modules Connecting in Series and Parallel

with Case and Fan.
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Table 3.12 shows the calculated theoretical power output for design 6
at different temperature difference where the connection of TEG modules was
based on the circuit diagram as shown in Figure 3.59. Two sets of eight TEG

modules in series were connected parallelly.

Table 3.12: Theoretical Output for Design 6.

Temperature Difference, AT  Voltage, V Current, 1 Power, P

O \2 (A) W)
20 13.6 0.20 2.693
40 22.4 0.36 8.064
” ~
TEG-127- TEG-127- TEG-127- TEG-127-
35- 35- 3.5- 35-
2.8T250D 2.8T250D 2.8T250D 2.8T250D
TEG-127- TEG-127- TEG-127- TEG-127-
35- 3.5- 3.5- 3.5-
2.8T250D 2.8T250D 2.8T250D 2.8T250D
[ ——— —
TEG-127- TEG-127- TEG-127- TEG-127-
3.5- 3.5- 3.5- 3.5-
2.8T250D 2.8T250D 2.8T250D 2.8T250D
TEG-127- TEG-127- TEG-127- TEG-127-

3.5- 3.5- 3.5, 3.5-
2.8T250D 2.8T250D 2.81250D 2.8T250D

Figure 3.59: Circuit Diagram of 16 TEG Modules.

3.6.7 Design 7

For design 7 as shown in Figure 3.60, the TEG module used was TEG-127-3.5-
2.8T250D and nine TEG modules were joined together in series. The heat sinks
and TEG modules were separated with a small gap of 50 mm instead of sticking
next to each other. This is to prevent the heat from concentrated at the centre
and increasing the temperature on the cold side. The heat sink chosen in this
design was 45 mm X 50 mm aluminium which has slightly larger size than the
TEG module to increase the rate of heat dissipation. The fins height of the heat
sink is 36 mm. The aluminium plate with dimension of 220 mm x 300 mm was

fabricated and it was able to fit nine TEG modules with a small gap between
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each TEG modules. A 120 mm x 120 mm fan was used to cool down the heat

sink.

Figure 3.60: Set-up of Nine TEG Modules Connecting in Series.

Figure 3.61: Set-up of Nine TEG Modules Connecting in Series with Case and

Fan.
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Table 3.13 shows the calculated theoretical power output for design 7
at different temperature difference where the connection of TEG modules was

based on the circuit diagram as shown in Figure 3.62.

Table 3.13: Theoretical Output for Design 7.

Temperature Difference, AT  Voltage, V Current, I Power, P
O \2 (A) W)
20 15.3 0.10 1.515
40 25.2 0.18 4.536

TEG-127-
3.5-
2.8T250D

TEG-127-
3.5-
2.8T250D

TEG-127-
3.5-
2.8T250D

TEG-127-
3.5-
2.8T250D

TEG-127-
3.5-
2.8T250D

TEG-127-
3.5-
2.8T250D

TEG-127-
3.5-
2.8T250D
TEG-127-
3.5-
2.8T250D
TEG-127-

3.5-
2.8T250D

Figure 3.62: Circuit Diagram of Nine TEG Modules.

3.6.8 Design8

For design 8 as shown in Figure 3.64, the TEG module used was TEG-127-3.5-
2.8T250D. This design is similar to design 7 except that the gaps between heat
sinks and TEG modules were decreased to 10 mm and the number of TEG
modules was increased to 12 pieces connecting in series and parallel. This size
of the fan is 120 mm X 120 mm and by decreasing the gaps, the heat sinks were
brought closer towards the fan to allow the air flow of the fan to blow directly

on the heat sinks.
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Figure 3.63: Set-up of 12 TEG Modules Connecting in Series and Parallel.

Figure 3.64: Set-up of 12 TEG Modules Connecting in Series and Parallel

with Case and Fan.

Table 3.14 shows the calculated theoretical power output for design 8

at different temperature difference where the connection of TEG modules was
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based on the circuit diagram as shown in Figure 3.65. Two sets of six TEG

modules in series were connected parallelly.

Table 3.14: Theoretical Output for Design 8.

Temperature Difference, AT  Voltage, V Current, I Power, P

(e]
O ™) A) W
20 10.2 0.20 2.020
40 16.8 0.36 6.048
C —
TEG-127- TEG-127- TEG-127- TEG-127-
3.5- 3.5- 3.5- 3.5-
2.8T250D 2.8T250D 2.8T250D 2.8T250D
TEG-127- TEG-127- TEG-127- TEG-127-
3.5- 3.5- 3.5- 3.5-
2.8T250D 2.8T250D 2.8T250D 2.8T250D
TEG-127- TEG-127- TEG-127- TEG-127-
3.5- 3.5- 3.5- 3.5-
2.8T250D 2.8T250D 2.8T250D 2.8T250D
e b _— —

Figure 3.65: Circuit Diagram of 12 TEG Modules.

3.7 Develop Arduino Module — Wireless Device

The purpose of Arduino module is to validate the power produced by TEG
prototype is sufficient to power up a small IoT device which is ESP32 Arduino
module in this case. The ESP32 Arduino module with built-in Wi-Fi was
connected to the internet and data received from the sensor was sent to the cloud.
Therefore, the data of all the sensors from multiple area can be view in the
dashboard of the cloud.

Figure 3.66 shows the schematic diagram of the entire prototype. TEG
modules were connected to the step-down power module at the IN+ and IN-
terminal according to the polarity. The ESP32 Arduino module and fan which
were the loads and they were connected to the OUT+ and OUT- terminals of the

step-down power module.
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Figure 3.66: Schematic Diagram of Prototype.

The cloud service provider used was Ubidots where the ESP32
Arduino board can publish and subscribe data to or from the cloud using MQTT.
The ESP32 Arduino board was programmed and connect to the local Wi-Fi
network to access the internet. Then, it was connected to Ubidots server using
unique API key. After successful connection, data were sent to the cloud by the

ESP32 module to be displayed.

3.8 Summary

The chapter sums up the work plan before beginning the development of the
prototype together with a flowchart to sort out the tasks in sequence. Materials
and equipment required for the project were listed out and to be prepared before
building the prototype. Solidworks drawings were prepared to fabricate the
prototype and schematic diagrams were drawn to illustrate each module used.
Further research was done on the parts used in order to ensure they have the best
compatibility and functionality in the whole system. The procedures on the
experiments were planned out to facilitate the overall development process and

to obtain desire results.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

Prototype was built based on the work plan in previous chapter and experiment
on the prototype was done. Data were collected and compared in this chapter to
discuss the deviation between each result. In this project, experiment 1 and
experiment 2 were carried out simultaneously to investigate the best
configuration of the prototype. Total of 8 designs were built and modifications
were done on each design to improve the prototype. The modifications done on
the design includes changing the number of TEG modules used, substituting
different type of TEG module, heat sink, thermal conductive paste, insulation
material, using different design of case, size of fan as well as the arrangement
of TEG modules. Problems were identified on each design and were solve
accordingly in the following design until the prototype was able to power up the

Arduino board and fan successfully.

4.2 Experiment 1 - Compare Different Type of Heat Sink, Thermal
Conductive Paste and TEG Module

This experiment was divided into three subsections, relating to the type of heat

sink, thermal conductive paste and TEG module respectively. At the end of the

experiment, best type from each subsection was selected and was used in the

final design of experiment 2 to build the prototype.

4.2.1 Comparison of Heat Sink

Initially, the heat sink used for experiment 2 was the first one as shown in Table
4.1. The dimensions of the heat sink are 40 mm x 40 mm * 10 mm in terms of
width, length and height respectively. From the result of the experiment, it did
not provide sufficient cooling effect. Therefore, copper heat sink was used in
the following experiment as copper has higher thermal conductivity than
aluminium (Gabrian, n.d.). However, the height of the fins for copper heat sink
is only 2 mm due to cost limitation. Thus, it did not provide sufficient cooling

effect in the experiment. Next, a large aluminium heat sink with the dimensions
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of 100 mm x 69 mm x 36 mm in terms of width, length and height respectively
was used to replace the previous heat sink. This heat sink has the highest fins
height among other heat sinks. Although it has excellent heat dissipation rate,
but the large surface area covering few TEG modules with one heat sink creates
gap at the contact area between heat sink and TEG modules. For that reason, it
was replaced with another heat sink that has the same surface area with the TEG
modules which is 40 mm x 40 mm. It has higher fins height which is 20 mm

that is higher than the first heat sink which has 10 mm fins height.

Table 4.1: Data Obtained from Experiment 1.

Type of Heat Sink Fins Height (mm)  Voltage Generated (V)

10 1.23
1. Aluminium

2 1.3

36 1.49

3. Aluminium

4. Aluminium

Table 4.2 shows the comparison between the heat sinks in terms of

respective advantages and disadvantages.
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Table 4.2: Comparison of Heat Sink.

Type of Heat Sink

Advantage

Disadvantage

1. Aluminium

The air flow is flowing in
two directions which
could increase the rate of
heat dissipation.

The fins are the shortest
among other aluminium
heat sinks, therefore, the
rate of heat dissipation is
the slowest.

It has better cooling effect
than first and forth heat
sink with single TEG
module in experiment 1.
This is because the
surface area is large
compared to other heat
sinks. The high thermal
conductivity of copper
leads to faster heat
dissipation.

While only one TEG

module was used in
experiment 1. Therefore,
the result of the

experiment for this heat
sink was considered as
invalid. This was because
when more TEG modules

were being wused in
experiment 2, it was
unable to provide

sufficient cooling effect.

3. Aluminium

It has the highest fins
height among other heat
sinks. The thickness of
the fins is thinner than
other first and forth heat
sink. This increases the
number of fins and
increasing the surface
area to dissipate heat at a
faster rate.

The surface area is
relatively large and must
be used with few TEG
modules. This creates a
problem of the contact
between heat sink and
TEG modules to transfer

heat effectively.

W

4. Aluminium

It has slightly higher fins
but the voltage generated
was similar to the first
heat sink with 10 mm fins
height.

The air flow of this heat
sink is in one direction
which reduces the cooling
effect.

The outcome of this comparison is that the third heat sink was
machined into the size of 45 mm % 50 mm in terms of length and width. This

has overcome the problem stated at the disadvantage of third heat sink.
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Therefore, the machined heat sinks can be used with individual TEG module
instead of sticking with a few TEG modules.

As compared with previous study, aluminium heat sink has better
cooling efficiency than copper heat sink. The fins height of the heat sink also
has significant effect on the cooling efficiency where higher fins height is able

to dissipate heat at a faster rate (Ekpu et al., 2011).
4.2.2  Comparison of Thermal Conductive Paste
Table 4.3 shows the comparison of thermal conductive paste that was used to

fill the gap between two surfaces to ensure maximum heat transfer.

Table 4.3: Comparison of Thermal Conductive Paste.

Type of Thermal Voltage
Thermal Conductivity Generated Explanation
Paste (W/m-K) V)
a2 It has the highest liquidity
L4 and it was the easiest to
0.80 2.10
apply among other thermal
1. HTK-002 conductive paste.
It has moderate liquidity
D with higher thermal
\ i 1.93 2.11 conductivity as compared to
4 the first thermal conductive
, paste.
2. HYS510

It has lower liquidity and

challenging to apply. The

paste applied on the surface

ICE FUSION 12 5.00 510 may not be smooth apd flat.

. It tends to create air gaps
T

between the contact surfaces

3. Ice Fusion which lower heat transfer
V2 rate.
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It has similar liquidity to the
third thermal conductive

- e paste. However, with higher

10.50 2.19 R
4. Frost X25 thermal conductivity, it was
able to transfer heat
effectively.

To sum up this comparison, the thermal conductivity did not have
significant impact on the heat transfer rate between the contact surfaces.
Whereas the condition of the paste applied on the surface was contributing to
the heat transfer rate. If the applied paste is too thick, the efficacy of the paste
will be reduced as the contact surfaces are far apart (Intel, n.d.). If the applied
paste is too thin, the gap between the contact surfaces is not filled evenly. Effort
was needed to create a perfect applied paste on the surface to ensure maximum

heat transfer rate.

4.2.3 Comparison of Thermoelectric Generator (TEG) Module
Table 4.4 shows the comparison of TEG modules that was used to generate

electricity from the temperature difference between two sides.

Table 4.4: Comparison of TEG Modules.

Type of Voltage Current Power
TEG Generated Generated Generated Explanation
Module \%2) (A) W)
It has highest power
t output among other
TEG- 2.190 0.0045 000986 -0 modules. It was
127-3.5- used in most of the
2.8T250 designs of
D experiment 2.
It has moderate
power output among
L other TEG modules.
—@ 1.502 0.0031 0.00466 It was used in design
SP1848- 3 and design 4 in
27145 experiment 2 to test

the efficiency.
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The power generated

was too low and was
TEC]1- 0.796 0.0016 0.00127 excluded from
12730 experiment 2 to build
the prototype.

The first TEG module, TEG-127-3.5-2.8T250D, was used in design 1,
2,5,6,7, 8 to build the prototype due to it has highest power output as compared

to other TEG modules at similar temperature difference.

4.3 Experiment 2 - Compare the Configuration of TEG

Experiment was carried out on the prototype to analyse the power output of each
design. Result and problems were discussed for each design and the problems
were solved accordingly in the following design until the prototype is

functionable.

4.3.1 Design1

The experiment was conducted and data were collected as shown in Table 4.5.
The total power generated was 1.654 W from the temperature difference of
30 °C. This design with four TEG modules was not able to provide sufficient
power to power up the loads. Therefore, more TEG modules were added in

design 2.

Figure 4.1: Prototype of Design 1.
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Table 4.5: Experimental Data for Design 1.

Temperature Difference, AT  Voltage, V Current, I Power, P
O \2 (A) W)
30 8.27 0.20 1.654

4.3.2 Design 2

For design 2, the data were collected as shown in Table 4.6. The total power
generated was 1.201 W from the temperature difference of 21 °C. The
temperature difference for design 2 was 21 °C which is lower than design 1 that
has 30 °C temperature difference. This may be due to the contact between the

heat sink and TEG module was not good and heat transfer rate was reduced.

Figure 4.2: Prototype of Design 2.

Table 4.6: Experimental Data for Design 2.

Temperature Difference, AT  Voltage, V Current, I Power, P

O ™) GY W
21 4.73 0.25 1.201

For the following design, a clamp was added to clamp the heat sinks
and TEG modules tightly on the aluminium plate to ensure maximum contact
between the two surfaces. At the same time, the number of TEG modules was

increased to 9 pieces to increase the power output.
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43.3 Design3
From the data collected in Table 4.7, the total power generated was 1.376 W
from temperature difference of 21 °C. However, the diameter of the rods used

were only 2 mm which was limited by the spacing of the fins on the heat sink.

Therefore, the rod was not rigid and tends to bend when force is applied to clamp

on the heat sink.

Figure 4.3: Prototype of Design 3.

Table 4.7: Experimental Data for Design 3.

Temperature Difference, AT  Voltage, V Current, 1 Power, P

O V) (A) W)
21 8.60 0.16 1.376

For the following design, the heat sinks were replaced with a copper
heat sink that has six screw holes. The copper heat sink was used to clamp the

TEG modules on the aluminium plate to ensure maximum contact.

4.3.4 Design 4
From the data collected in Table 4.8, the total power generated by eight TEG
modules was 0.915 W from a temperature difference of 18 °C. A copper heat

sink with 90 mm width and 180 mm length is used in this design to cool the cold
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face of TEG modules. However, heat sink with 2 mm fins were too short and it
was unable to dissipate heat effectively despite copper has high thermal

conductivity.

& ELCECPE
CECcEpD

Figure 4.4: Prototype of Design 4.

Table 4.8: Experimental Data for Design 4.

Temperature Difference, AT  Voltage, V Current, I Power, P

O V) GY W
18 7.04 0.13 0.915

For the following design, an aluminium heat sink with high fins was
used to replace the copper heat sink. A clamp was design to clamp the heat sinks
and TEG modules on the aluminium plate. The number of TEG modules used

was increased to 15 pieces.

4.3.5 Design5

From the data collected in Table 4.9, the total power generated was 1.231 W
from temperature difference of 17 °C. In this design, aluminium heat sink with
36 mm long fins was used to dissipate the heat at a faster rate. Another metal
plate was placed on top of the heat sink to clamp the TEG modules and heat sink
onto the metal plate to ensure maximum contact. However, the length and width

of the heat sink is 100 mm and 69 mm respectively while the length and width
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of the TEG module is 40 mm only. Therefore, one heat sink was placed on top
of six TEG modules. This caused some gaps in between the heat sink and TEG
module due to the uneven thickness of TEG modules as shown in Figure 4.6.
Hence, TEG modules with gaps were underperforming as heat was not

dissipated appropriately to cool down the cold side.

Figure 4.5: Prototype of Design 5.



Figure 4.6: Gap between Heat Sink and TEG Module.

Table 4.9: Experimental Data for Design 5.

Temperature Difference, AT  Voltage, V Current, I Power, P

O ™) A) W
17 13.68 0.09 1.231

For the following design, aluminium heat sink that has the same size
as TEG module was used to replace this heat sink. Clamp was removed from
the design to identify the effectiveness. This is because the results for the
designs with clamps were not satisfying. It was found that the air flow from the
fan was blowing away from the centre. Therefore, there was no air flow at the
centre of the fan. Therefore, the heat sink placed under the centre of the fan was
not cooled down and caused the TEG module to underperform. In order to solve
these issues, a case and fins for the fan were designed to create an equal air flow
towards the heat sinks. Moreover, insulation was added on the exposed surface
of aluminium plate in next design to isolate cold side. The number of TEG

modules used was increased to 16 pieces.
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4.3.6 Design 6

From the data collected in Table 4.10, the total power generated was 3.127 W
from temperature difference of 25 °C. There was a significant improve on the
power as compared to previous design where the power output was doubled.
Although the power output was sufficient to power up the loads, but it was not
able to sustain for one minute. On the other hand, it was concluded that clamping
on the heat sinks did not have notable improvement on the efficiency of the

prototype.

Figure 4.7: Prototype of Design 6.

Table 4.10: Experimental Data for Design 6.

Temperature Difference, AT  Voltage, V Current, I Power, P

O V) (A) W)
25 16.46 0.19 3.127

To further investigate the problem, the voltage across each TEG
module was measured as shown in Figure 4.8. The measured voltage for the
TEG modules at the four corners were between 0.4 V to 0.5 V which is less than
half of the highest measured voltage of TEG module at the centre. There is

significant deviation between the highest and lowest values of the voltage
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generated by TEG modules. This means that the heat sinks at the corners were
not cooled down effectively and caused temperature imbalance on the whole
prototype. Power generated by the TEG modules at the centre were limited by
the TEG modules at the corners which were underperformed. This is because
they were connected in series and the power output of each TEG module was
equal to the lowest power output among the TEG modules. Temperature
mismatch can have significant impact on the performance of a thermoelectric
system (Faiz and V.K. Maurya, 2017). Therefore, further modification was done

to improve on this design.

[ . ”
040V 1.00 V 1.07V 0.50 V
125V 140V 140V 130V
W 130V 127V B 146 V 127V
040V 1.00 V 111V 0.50 V

Figure 4.8: Measured Voltage of Each TEG Module.

This design has concentrated heat at the centre and the air became
warm before it passed through the heat sinks at the corners. Thus, lesser heat
was dissipated from the heat sinks at the corners and led to lower temperature
gradient. For the next design to overcome this issue, the number of TEG
modules was reduced to nine pieces and the arrangement of TEG modules were
separated with a gap in between. Moreover, the heat sinks were replaced with

the machined aluminium heat sinks with 36 mm fins height.
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4.3.7 Design 7

From the data collected in Table 4.11, the total power generated was 3.237 W
from temperature difference of 35 °C. It has slight improvement as compared to
previous design. The heat sinks with 36 mm fins height were able to achieve
temperature difference of 35 °C which is 10 °C higher than the previous heat
sinks. However, this design was not able to sustain for one minute despite power
generated was sufficient for the loads. This is because the fan was not operating
at full speed when it was powered by the TEG modules, this led to decrease
cooling effect on the heat sinks. Hence, the temperature difference was
decreasing and reducing the power output of the TEG modules. Eventually, the
whole prototype stopped working until the fan is powered up by external power

source.

Figure 4.9: Prototype of Design 7.
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Figure 4.10: Experiment for Design 7.

Table 4.11: Experimental Data for Design 7.

Temperature Difference, AT  Voltage, V Current, 1 Power, P
(§9) V) (A) W)
35 20.23 0.16 3.237

To further investigate the problem, the voltage across each TEG
module was measured as shown in Figure 4.11. The measured voltage for the
TEG modules at the two sides were between 1.8 V to 2.2 V, slightly less than
the TEG module at the centre. This is due to the fan was not blowing directly
on the heat sinks at the two sides. Instead, the air was blown towards the centre
before passing through the heat sinks at the sides and the air has become warm

beforehand.

L | i
19V 28V 20V

[ l l
21V 25V 22V

[ | ]
18V 27V 19V

Figure 4.11: Measured Voltage of Each TEG Module.



86

For this design, the gaps between heat sinks and TEG modules were
too far and the fan was unable to blow evenly on all the heat sinks. For the
following design, the gaps were reduced to 10 mm and the number of TEG

modules were increased to 12 pieces.

4.3.8 Design 8

From the data collected in Table 4.12, the total power generated was 4.591 W
from temperature difference of 39.8 °C. This design was able to power up the
loads and sustain continuously as long as heat is supplied to the aluminium plate.
For this design, the fan was able to blow evenly on all heat sinks to create equal

temperature difference among all TEG modules.

Figure 4.12: Prototype of Design 8.
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Figure 4.13: Experiment for Design 8.

Table 4.12: Experimental Data for Design 8.

Temperature Difference, AT  Voltage, V Current, 1 Power, P

O V) (A) W)
39.8 18.74 0.25 4.591

4.3.9 Design 8 Under Load
Experiment 2 was repeated for design 8 with the loads to further analyse the
performance of the prototype and the uncertainty of the experiment. Three trials
were done to measure the consistency of the results as well as increasing the
reliability of the measured data.

As shown in Figure 4.14 and Figure 4.15, graphs were plotted based
on the data collected for first trial from Table B-1. Figure 4.14 shows the graph
of voltage and current generated against temperature difference while Figure
4.15 shows the graph of power generated against temperature difference. The
fan was turned on at temperature difference of 23 °C, while the Arduino module
was turned on at temperature difference of 37.9 °C. Measurements recorded
were based on the power consumed by the fan and Arduino module. The
prototype was able to generate higher power output for other loads, where the
maximum power output generated is shown in Table 4.12. As shown from the

graph, the power output increased linearly with the temperature difference.
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Figure 4.14: Graph of Voltage and Current Generated against Temperature

Difference for First Trial.

2.500

2.000

._
in
=3
=

Power Output, P (W)
;
=]
=]

0.500

0.000
0.0 5.0 100 150 200 250 300 350 400 450

Temperature Difference, AT (°C)

Figure 4.15: Graph of Power Output against Temperature Difference for First
Trial.

For second trial, Figure 4.16 shows the graph of voltage and current
generated against temperature difference while Figure 4.17 shows the graph of

power generated against temperature difference.
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Figure 4.16: Graph of Voltage and Current Generated against Temperature

Difference for Second Trial.
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Figure 4.17: Graph of Power Output against Temperature Difference for

Second Trial.

For third trial, Figure 4.18 shows the graph of voltage and current
generated against temperature difference while Figure 4.19 shows the graph of

power generated against temperature difference.
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Figure 4.18: Graph of Voltage and Current Generated against Temperature
Diftference for Third Trial.
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Figure 4.19: Graph of Power Output against Temperature Difference for Third
Trial.

Then, mean data were calculated from the data of all trials and graphs
were plotted. Figure 4.20 shows the graph of voltage and current generated
against temperature difference while Figure 4.21 shows the graph of power

generated against temperature difference.
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Figure 4.20: Graph of Voltage and Current Generated against Temperature

Difference from Mean Data.
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Figure 4.21: Graph of Power Output against Temperature Difference from
Mean Data.

Subsequently, standard deviation which is one of the measures of
dispersion was calculated to measure the spread of data from the mean as shown
in Table 4.13. The average standard deviation obtained is 0.049 W which is
acceptable. The deviation of the measurements may be due to other external
factors such as atmospheric temperature and wind during the experiment. The
trials of the experiment were carried out on different days with different

atmospheric temperature, therefore there were some deviations of data between
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each trial. However, the standard deviation is very minimal and this prove that

the data collected are reliable.

Table 4.13: Standard Deviation for All Trials of Design 8.

Mean Power, P Power, P Power, P Standard
Temperature i from . ..
. from First from Third Deviation, ¢
Difference, AT Trial (W) Second Trial (W) W)
°O) Trial (W)
0.3 0.000 0.000 0.000 0.000
43 0.000 0.000 0.000 0.000
7.1 0.093 0.092 0.124 0.018
10.8 0.249 0.271 0.271 0.013
14.3 0.263 0.425 0.426 0.093
17.5 0.601 0.597 0.598 0.002
20.4 0.792 0.794 0.796 0.002
22.8 0.950 0.935 0.939 0.008
25.1 1.155 1.100 1.118 0.028
27.5 1.378 1.313 1.380 0.038
30.8 1.652 1.474 1.505 0.095
32.5 1.678 1.680 1.706 0.016
33.5 1.692 1.695 1.807 0.066
34.6 1.540 1.795 1.806 0.151
34.9 1.953 1.818 1.829 0.075
35.6 1.991 1.781 1.785 0.120
36.8 2.019 1.841 1.842 0.102
Average Standard Deviation, ¢ (W) 0.049

4.3.10 Summary of the Comparison on the Designs
Table 4.14 shows the summary of the comparison for design 1 to design 8 with

the power generated and number of TEG modules used in each design.
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Table 4.14: Comparison of the Designs.

Explanation

Four TEG modules connected in series were
not able to provide sufficient power for the
loads.

Six TEG modules were connected in series and
parallel. Power output was significantly
reduced due to parallel connection.

Clamps were added but failed to clamp evenly
on all heat sinks due to the rods were bending.

Single piece of long copper heat sink was used
to clamp on the TEG modules. However, the
fins were too short and were not able to
dissipate heat at a faster rate.

Four large heat sinks were used to cover 15
TEG modules. However, there were gaps
between the heat sinks and TEG modules due
to the slightly different thickness of TEG
modules.

Heat sinks that have same surface area as the
TEG module were used to eliminate the gaps.
Case and Fins for fan were 3D printed to
improve the air flow. Power output increased
significantly. However, underperforming TEG
modules at the four corners were limiting the
overall power output. Too many TEG modules
contribute to high concentration of heat at the
centre.

TEG modules were reduced to nine pieces and
separated with 50 mm gaps to prevent
concentration of heat. However, 50 mm gaps
were too far apart and the fan was unable to
blow directly on the heat sinks at the two sides.

Power o. of
Design Generated, TE. e
P (W)
1 1.654 4
2 1.201 6
3 1.376 8
4 0.915 9
5 1.231 15
6 3.127 16
7 3.237 9
8 4.125 12

This design has even air flow on the heat sinks
and similar temperature difference among all
TEG modules. The prototype was able to self-
sustain by powering up the fan to cool down
the heat sink without external power source.
Temperature difference was maintained at
around 40 °C continuously.
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4.4 Efficiency of the Prototype

The energy output by the TEG prototype and energy input by the heater to heat
up the aluminium plate were measured to evaluate the efficiency of the
prototype. The measurements were recorded in Table 4.15 and the efficiency of
the prototype was calculated using the equation 4.1. The obtained efficiency is

1.934 % as shown in equation 4.2.

Table 4.15: Measured Power of the Energy Input and Output.

Input/ Output  Measured Power, P (W)
TEG (Output) 4.591
Heater (Input) 237.4

Energy Output

% Efficiency,n = x 100 % 4.1

Energy Input

4.591 W
2374 W

% Efficiency,n = X 100% = 1.934 % (4.2)

The efficiency obtained for this study is not suitable to compare with
previous research. This is because most of them were using different types of
TEG module and cooling method. The cooling method commonly used were
the fan powered by external source, wind from the moving of vehicles as well
as water and ice. The efficiency of the TEG can be increased by using larger fan
with higher rotational speed to increase the air flow to cool down the heat sink.
However, for this experiment, the power produced by the TEG system is the
limiting factor for the selection of fan to cool down the TEG system itself. Fan
with lower power consumption was used and therefore, it has limited rotational
speed and limited air flow to cool down the heat sink. If larger fan is used, it
requires higher power input and is unable to be powered up by the TEG system.
On the other hand, if smaller fan is used, the area of the air flow created is not

sufficient to cover the all the heat sink of the TEG system.

4.5 Develop Arduino Module — Wireless Device
The output of the TEG prototype from previous experiment was stepped-down

to a constant voltage of 5 V using step-down power module. Figure 4.22 shows
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the built prototype and the connections between each module. From the
experiment, the Arduino module and fan were successfully powered up by

design 8 of the TEG prototype and the sensor values were sent to the Ubidots

cloud.

Figure 4.22: Set-up of Arduino Module.

Figure 4.23 shows the display of the dashboard with the value of the

respective sensors.

sssubidots

= Demo Dashboeard

Humidity widget Y 2 Thermometer widget Y 2

1 66.00 ‘ 31.80

Figure 4.23: Dashboard of Ubidots showing Real-Time Data from ESP32
Arduino Board.
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4.6 Summary

This chapter sums up the results obtained from the experiments, which were
interpreted accordingly. The problems encountered at each stage were analysed
and solved subsequently until the result was satisfying. Discussion and

comparison were made to explain the reasons for the modifications.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

A TEG system was successfully built in this project. The prototype was able to
self-sustain from surface temperature of 115 °C and atmospheric temperature of
30 °C. Fan was powered up by the TEG itself to cool down the heat sinks and
maintain the temperature gradient. The remaining power generated was used to
power up the Arduino module. It has a power output of 4.591 W with efficiency
0f 1.934 % as measured in experiment 2 from temperature difference of 39.8 °C.
From experiment 1, comparison was done on different type of heat sink, thermal
conductive paste and TEG module. The best heat sink is aluminium heat sink
with fins height of 36 mm, whereas the best TEG module is TEG-127-3.5-
2.8T250D. For thermal conductive paste, Frost X25 Thermal Paste with 10.5
W/m-K Thermal Conductivity has the best performance despite they did not
have notable improvement on the performance. For experiment 2, comparison
between the designs was done to select the best design. Design 8 is the best
design after several modifications and improvements were done on each design.
Air flow and arrangement of TEG modules are having significant impact on the
power output of the prototype. In conclusion, the TEG system managed operate
at surface temperature of 115 °C up to 200 °C where 200 °C is the maximum

working temperature of the TEG module.

5.2 Limitations

The limitations for this project are the fins height of the heat sink and the
availability of TEG modules. Heat sink with fins height higher than 36 mm,
which was used in this prototype, was not commonly available. Similarly, the
types of TEG modules available in the market were limited and restricting the

overall efficiency of the prototype.
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5.3 Recommendations for Future Work

The TEG prototype can be further improved to increase the efficiency as well
as power generation. Thereby, the number of TEG modules used can be reduced
which leads to lower product cost and smaller size of the product. One of the
recommendations is using higher heat sinks to create larger surface area for the
heat to dissipate at a faster rate. Therefore, the temperature gradient can be
increased. Analysis on the optimum distance of the gaps between TEG modules
and heat sinks can be carried out to maximise the cooling effect. Furthermore,
using thicker TEG module could improve the power generation of the system.
This is because thicker TEG module has larger gap between the two side and
lowering the heat transfer rate across the TEG module. Therefore, higher
temperature difference can be achieved.

Moreover, additional device such as supercapacitor can be added to act
as a buffer for the TEG and stabilise the power output. Capacitor can accumulate
the charge generated by the TEG system and power up higher power device for
a short moment. Similarly, battery can be added into the system to store the
charges and power up the device for a specific period depending on the

requirements.
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Appendix B: Experimental Data for Design 8

Table B-1: Experimental Data for Design 8 for First Trial.

Hot Cold Temperature Voltage Current Power

Side  Side  Difference, AT M9 under — under

°C) ©C) ©C) Load, VL Load, I Load, P

V) (A) W)

34 33.6 0.4 0.95 0.000 0.000
38 33.8 4.2 2.37 0.000 0.000
41 33.8 7.2 2.99 0.031 0.093
45 34.0 11.0 3.36 0.074 0.249
49 34.6 14.4 3.56 0.074 0.263
53 354 17.6 3.71 0.162 0.601
57 36.4 20.6 4.00 0.198 0.792
61 38.0 23.0 4.34 0.219 0.950
65 394 25.6 5.09 0.227 1.155
69 40.7 28.3 5.49 0.251 1.378
74 42.2 31.8 6.77 0.244 1.652
78 44.1 33.9 9.48 0.177 1.678
81 45.1 359 10.99 0.154 1.692
85 47.9 37.1 13.05 0.118 1.540
88 50.1 37.9 12.85 0.152 1.953
92 53.3 38.7 13.92 0.143 1.991
96 55.3 40.7 14.42 0.140 2.019

Table B-2: Experimental Data for Design 8 for Second Trial.

Volt C t P
Hot Cold Temperature oltage urren ower

] . . under under under
(SJ?S ?o‘g‘; D'ffezfge’ AT Load,Vi Load,I Load,P
\2) (A) W)
34 33.7 0.3 1.27 0.000 0.000
38 33.7 4.3 2.42 0.000 0.000
41 33.9 7.1 3.07 0.030 0.092
45 342 10.8 3.38 0.080 0.271
49 34.7 14.3 3.54 0.120 0.425
53 35.5 17.5 3.73 0.160 0.597
57 36.7 20.3 3.97 0.200 0.794
61 38.3 22.7 4.25 0.220 0.935
65 40.0 25.0 5.00 0.220 1.100
69 41.8 27.2 5.47 0.240 1.313

74 43.6 30.4 7.76 0.190 1.474
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78 46.1 31.9 8.84 0.190 1.680

81 48.6 324 9.97 0.170 1.695
85 515 33.5 11.22 0.160 1.795
88 54.6 33.4 12.12 0.150 1.818
92 57.7 343 12.72 0.140 1.781
96 61.2 34.8 13.15 0.140 1.841

Table B-3: Experimental Data for Design 8 for Third Trial.

Hot Cold Temperature Voltage Current Power

Side  Side  Difference, AT M9 under — under

°C) ©C) ©C) Load, VL Load, I Load, P

V) (A) W)

34 33.7 0.3 1.13 0.000 0.000
38 33.7 4.3 2.50 0.000 0.000
41 33.9 7.1 3.10 0.040 0.124
45 343 10.7 3.39 0.080 0.271
49 34.8 14.2 3.55 0.120 0.426
53 35.7 17.3 3.74 0.160 0.598
57 36.8 20.2 3.98 0.200 0.796
61 38.3 22.7 427 0.220 0.939
65 40.2 24.8 5.08 0.220 1.118
69 41.9 27.1 5.52 0.250 1.380
74 43.9 30.1 7.92 0.190 1.505
78 46.3 31.7 8.98 0.190 1.706
81 48.8 32.2 10.04 0.180 1.807
85 51.8 33.2 11.29 0.160 1.806
88 54.7 33.3 12.19 0.150 1.829
92 58.1 33.9 12.75 0.140 1.785
96 61.2 34.8 13.16 0.140 1.842

Table B-4: Mean Data for Design 8 From All Trials.

Volt C t P
Hot Cold Temperature oltage urren ower

] . ] under under under

?:g; ?:g‘; D'ferfgie’ AT Load,Vi Load,I  Load,P
V) (A) W)

34.0 33.7 0.3 1.1 0.000 0.000
38.0 33.7 4.3 2.4 0.000 0.000
41.0 33.9 7.1 3.1 0.034 0.103
45.0 342 10.8 34 0.078 0.263
49.0 34.7 14.3 3.5 0.105 0.371

53.0 35.5 17.5 3.7 0.161 0.599
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57.0 36.6 204 4.0 0.199 0.794
61.0 38.2 22.8 4.3 0.220 0.942
65.0 39.9 25.1 5.1 0.222 1.124
69.0 41.5 27.5 5.5 0.247 1.357
74.0 43.2 30.8 7.5 0.208 1.557
78.0 45.5 32.5 9.1 0.186 1.690
81.0 47.5 33.5 10.3 0.168 1.736
85.0 50.4 34.6 11.9 0.146 1.731
88.0 53.1 34.9 12.4 0.151 1.866
92.0 56.4 35.6 13.1 0.141 1.851
96.0 59.2 36.8 13.6 0.140 1.901




Appendix C: Arduino Code for ESP32

#include "UbidotsEsp32Mqtt.h"

/****************************************

* Define Constants

st e ot ot iR s sk s R sk ok |

const char* UBIDOTS _TOKEN =""; // Ubidots TOKEN

const char®* WIFI _SSID ="Test";  // Wi-Fi SSID

const char®* WIFI PASS ="abc12345";  // Wi-Fi password

const int PUBLISH FREQUENCY = 1000; // Update rate in milliseconds

unsigned long timer;

Ubidots ubidots(UBIDOTS_ TOKEN);

#include "DHT.h" // DHT11/DHT22 sensor
#define DHTPIN 13 // Defining the data output pin to Arduino
#define DHTTYPE DHT11 // Specify the sensor type (DHT11 or DHT22)

/****************************************

* Auxiliar Functions

****************************************/

void callback(char *topic, byte *payload, unsigned int length)
{

Serial.print("Message arrived [");

Serial.print(topic);

Serial.print("] ");

for (int i = 0; i < length; i++)

{

Serial.print((char)payload][i]);
h

Serial.println();
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DHT dht(DHTPIN, DHTTYPE);

void setup()

{
Serial.begin(115200);

ubidots.connectToWifi(WIFI_SSID, WIFI _PASS);
ubidots.setCallback(callback);
ubidots.setup();

ubidots.reconnect();

timer = millis();

dht.begin(); //To initialise DHT sensor

void loop()
{

if ('ubidots.connected())
{

ubidots.reconnect();

}

if ((millis() - timer) > PUBLISH FREQUENCY) // triggers the routine

{
float h= dht.readHumidity();

float tC= dht.readTemperature();

if (isnan(h) || isnan(tC))
{

Serial.println("Failed to read the DHT sensor. Check connections");

}

else

{

Serial.print("Humidity: ");



Serial.print(h);
Serial.print("%");
Serial.print(" || ");
Serial.print("Temperature: ");
Serial.print(tC);
Serial.print("C ");

ubidots.add ("Temperature",tC);
ubidots.add ("Humidity",h);
ubidots.publish ("esp8266");
timer = millis ();

}

ubidots.loop ();

}
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