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RESUMEN:

Las economias mundiales son dependientes del precio y disponibilidad de los combustibles
fésiles. Con este contexto, los paises deben buscar nuevas alternativas para generar electricidad y

asi reducir la contaminacion que conlleva esta situacion.

El objetivo de este trabajo de final de grado es evaluar el potencial de los generadores
termoeléctricos (TEGS) en tres diferentes materiales: asfalto, hormigdn y caliza. Para ello, dos set
ups fueron construidos para testear los médulos TEG bajo las condiciones establecidas en el
laboratorio.

La parte final del proyecto analiza la factibilidad de estos modulos en Malta.
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ABSTRACT

World economies are dependent on the cost and availability of fuel because the 85% of
the electrical energy generation comes from fossil fuel combustion. Besides, on yearly
basis the world’s energy demand is gradually increasing. This context leads countries to
find new ways of generating electrical energy to reduce the climate change repercussions
this situation is carrying. Renewable energies are the best choice to achieve this objective.
In the case of Malta, its Mediterranean climatic conditions allow for the exposure of long
hours of sunlight, which should be taken into advantage. Thermoelectric generators
(TEGS) are devices based on the Seebeck effect technology that benefit from solar heat
to generate electricity. These modules convert heat directly into electricity. The bigger
the temperature difference is between the surfaces of the TEG the more power is
generated.

The purpose of this dissertation is evaluating the power generation of TEG modules in
asphalt, concrete and limestone for a possible application in built up areas to power up
information booths, which can be used to nudge people for sustainable mobility, and,
analyse the possible temperature difference that can be created during the months of
March, April and May in Malta.

Two different setups were built to test the performance of two TEG modules under the
conditions set in the laboratory. Different resistances were applied in the setups to test
which perform better. Data from other setups is provided in the literature review and

compared with the results obtained in Chapter 4.

Furthermore, an analysis of the temperature data recordings from the three materials is
shown in the results and analysis Chapter. The results obtained were satisfactory although

the modules generated electricity for only a few hours during the day.
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CHAPTER 1. INTRODUCTION

The growing demand for energy and the resulting pollution emissions are two major
problems the world is facing in the 21st century. In order to achieve the objective of
reducing greenhouse gas emissions set by the European Union (EU), the transition
towards decarbonization of the energy model in developed countries will be necessary.

Moreover, the yearly demand of the world’s energy keeps increasing with 75% of the
energy produced coming from burning oil, gas and coal. In 2040, according to the
International Energy Agency, the energy demand will increase by 30% from 2017 [1].
Figure 1 shows the evolution of the world’s energy consumption by energy source
between 1990 and 2040.
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Figure 1. World energy consumption by energy source (1990-2040) in quadrillion British thermal units [2]

This global situation leads to the search for new ways to generate energy in a renewable
and environmentally-benign way. In fact, a demonstration project has just been
announced, whereby at a new pavement in Rabat (Malta) will be used to generate

electricity through embedded flat photovoltaic modules [3].

This dissertation focuses on the function that the road infrastructure can play besides

being used by vehicles and pedestrians. For instance, pavements which are normally used



only for walking can contribute to clean generation of electricity through solar
photovoltaics or thermal to electric modules, thanks to their prolonged exposure to
sunlight. The electricity generated by this technology can be used to power information
booths that would nudge people for sustainable mobility encouraging them to use more

frequently public transport or cycling and also, walking as an active way of moving.

The principal goal of this dissertation is to analyze the performance of the thermoelectric
generator (TEG) modules and check their potential applications on the roads.

The objectives of the dissertation are:

e Investigate the potential of power generation from a sample TEG module at
Proof-of-Concept level in the laboratory, which is equivalent to Technology
Level Readiness (TRL 3).

e ldentify the issues concerning with large-scale deployment of TEG modules
on the road.

e Analyse the temperature levels of three typical pavement materials (asphalt,
concrete, limestone), as well as the top surface and below surface -temperature

gradients.

The dissertation consists of five chapters. Chapter 1 set the scene for the project and
provides the aims and objectives of the dissertation. In Chapter 2, a literature review is
carried out on the thermoelectric effect technology, past experiments based on pavements
and current applications of this technology. Chapter 3, presents in detail the methodology
used for the experiments that have been carried out in the laboratory. Chapter 4 includes
the results and analysis of the laboratory simulations as well as the temperature data
obtained from the Institute for Sustainable Energy. Finally, Chapter 5 incudes the
conclusions of the results obtained. In addition, recommendations for additional research

are given.



CHAPTER 2. LITERATURE REVIEW

Currently, 85.45% of the electrical energy generated comes from fossil fuel combustion,
which makes world economies significantly dependent on fuel availability and costs [4].
This is also leading to irreversible climate change repercussions as evidence by extensive
polar ice melting and the gradual rise of the sea level. In addition, extreme weather events
such as flash floods, heat waves and drought are becoming more frequent [5].

Figure 2 represents the global temperature increase over the last century, which is a direct

consequence of the greenhouse gases that are emitted when fossil fuels are burnt.
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Figure 2. Global Average Temperature from 1850-1900 to 2025. Source: HadCRUT, GISTEMP, NOAAGIobalTemp,
ERA-5, JRA-55 [6]

As a response to reducing global warming, year on year renewable energies are becoming
more popular. As an example, solar energy is a good alternative compared to energy

generated by fossil fuels for electricity generation.

Governments are trying to find different ways of creating a sustainable economy to reduce
the irreversible environmental damage. In the case of Malta and as requested by the EU,
a national energy and climate plan for 2030 has been devised [7]. The objectives that have

been proposed to reduce climate change are the following:



e Achieve a diversification in ways of producing energy to reduce the
dependence on the importation of oil.

e Increase the use of renewable sources and natural gas to reduce greenhouse
gas emissions and carbon footprint in Malta.

e Improve and strengthen Malta’s security of supply and back up fuel storage
capacity.

e With the aid of incentives stimulate investment in renewable energy sources.

e Enhance Malta’s generation capacity to achieve a higher efficiency while

investing in natural gas infrastructures.

Increasing the use of renewable energy sources is one of the main objectives that Malta’s
plan has [7], and with that, it is also intended to encourage sustainable mobility which
refers to any means of transport that has a low impact on the environment. In fact, in
2016 Transport Malta (the regulator) published the National Transport Strategy and
Masterplan [8].

Solar photovoltaics and wind energy are the most popular ways to generate renewable
energy, which many countries are already adopting. However, one renewable way of
obtaining energy, which is still at its infancy, is with thermoelectric generators (TEGS)
which are based on the thermoelectric effect. These devices benefit from solar heat to

generate electricity and can be used in built-up areas.

Urban areas attract populations, which need mobility, as a result the road system involves
complex networks. For instance, Malta, in 2015, had a 40% of its land built up according
to Times of Malta [9]. Figure 3 shows an aerial photo of mainland Malta with the built-
up area being concentrated mostly to the eastern side of the island, where the majority of

the Maltese population is concentrated. [10].



Figure 3. An aerial image of mainland Malta [11]

The purpose of this technology, with the TEG modules, is to take advantage of that built
up area, particularly the pavements. Many different technologies have been tested in
pavements such as piezoelectric, photovoltaic, TEG, hydraulic and electromechanical
[12]. However, in the literature review, a deep research will be done about different
experiments that have been carried out in the past using the TEG technology. These
modules can have many different applications, but the research will be focused on the
harvesting energy from pavements. At the end of the review of experiments, all the
information collected will be studied and concluded to prepare the methodology for the

experimental part of this project.



2.1 The Thermoelectric Effect

The thermoelectric process covers two effects that were discovered separately, the
Seebeck effect and Peltier effect [13].

The Seebeck effect (Figure 4) was discovered in 1834 by a French physicist after the
discovery of a German physicist in 1821, who observed that in a circuit formed by two
different conductors, whose welded joints are in a media with different temperatures, a
potential difference appears between them. This potential difference is a function of the
nature of the conductors and the difference in temperatures. The greater the temperature
gradient, the more is the energy generated. This is the phenomenon that we are going to
focus on during this project.

The Peltier effect, which is basically the opposite of the Seebeck effect, consists of
passing a continuous source of electrical energy, through a circuit formed by two different
semiconductor N and P, heat will be generated at one junction while the other junction

would cool down, as shown in Figure 5.

Heat source

Heat flow, Q

k

Power generation mode

Figure 4. Seebeck effect. Power generation mode [14]
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Figure 5. Peltier effect. Refrigeration mode [14]

2.2 Thermoelectric generators (TEGS)

The thermoelectric generators (Figure 6) are based on the Seebeck effect. They convert
heat directly into electricity. Heat induces the circulation of an electrical current. To
generate electricity through the thermoelectric effect a thermoelectric module and a
temperature difference between both sides of the module are necessary. Since the
circulation of current also generates heat migration, hot and cold sources must
continuously supply and dissipate heat to maintain that difference [15]. Semiconductors
are the materials most used for thermoelectric devices due to the higher efficiency they

have compared to metals.
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Figure 6. TEG parts [16]

The most common alloy used commercially are silicon germanium (SiGe), bismuth
telluride (Bi2Tes) and lead telluride (PbTe) [17]. Recently, new material compositions
have been investigated. Figure 7 shows a graphical abstract with different materials tested
and its merit ZT, which is a way of evaluating the efficiency. These new materials that

have been tested have a better efficiency but for higher temperature differences.
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Figure 7. Graphical abstract of Merit ZT and Temperature [18]



Even so, the problem with the TEG modules is that they still have a very low conversion

efficiency. The next formulae represent how to calculate the conversion efficiency of

TEGs [19].

_ (Tyg-T¢) 1+(ZT)¢1V9_1 ( l)

Hmax = 00 1/1+(ZT)m;g+(;:—Z)

where - Ty is the hot side temperature (K)
- Tc is the cold side temperature (K)
- ZTavg is the average thermoelectric materials figure of merit.

Depending on the materials that the TEG has the zTavg change [15].

SZ
2lapg === T (2)
where - ¢ is the electrical conductivity

- S or a is the Seebeck coefficient

- k is the total thermal conductivity (including electronic, lattice and bipolar)

- T is the absolute temperature which is calculated as (Tu+Tc)/2 (K)

It is also important to know the voltage that each TEG module will generate. This is
called Seebeck voltage, which is defined as the open circuit voltage when there is no
current flowing. When a junction of two dissimilar conductors is maintained at two

different temperatures Tw and Tc, an open circuit voltage is developed [15]:

Voc = ap,n(TH —T¢) (3)

Where opn is the Seebeck coefficient.



The Seebeck coefficient of the junction between two materials (p-type and n-type) is the
same as the difference between the two absolute coefficients [15]:

Apn = Ay — Ay (4)

2.3 A review of experiments

This section covers a review of past experiments focused on harvesting energy from

pavements.

Most of the research on energy harvesting from road pavement has focused on three
different technologies:

1) Piezoelectric technology. Piezoelectric materials are made up of multiple
solid-state materials, which can generate electricity from mechanical
vibrations that are cause by cars or persons passing over them. The problem
described with this technology is the poor durability of the materials used
when they are under repeated traffic load due to the mismatch in stiffness
between the pavement and the piezoelectric materials [12]. For this reason,
obtaining a high voltage is complicated. Nevertheless, many experiments have
been carried out with this technology. In 2010, Zhao H, Yu J and Ling J [20]
studied the application of cymbal piezoelectric transducers on road
pavements, which generated 1.2 mW at 20 Hz from one vehicle passage. One
year later, in 2011 Wischke M, Masur M Kroer M and Woias P [21], after a
study on the application of piezoelectric modules in road pavements in tunnels,
concluded that due to the vehicles suspensions, the vibrations generated were
very low. In 2014, Hill D, Agarwal A and Tong N [22] studied the data
provided by two companies, Innowattech and Genziko. The first company,
presented a module with an energy generation of 5.76 J per vehicle, while
Genziko presented an energy generation of 40 J. However, it was concluded

that none of these companies had enough real-environmental validations.
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2) Photovoltaic technology. This implies the replacement of traditional asphalt
and concrete by solar panels on paved roads (which is similar to the case study
in Rabat, Malta [3]). This way, they absorb the solar radiation and convert it
into electricity. The main difficulties for solar panels are the necessity for
developing a new solar panel with new requirements for use in road surface.
It was concluded that due to the thin-film that solar cells are made of, these
devices would be conditioned by external factors such as mechanical load and
environmental conditions. Even so, in 2015 Julie and Scott Brusaw patented a
design of a solar collector system to replace the upper layer of the road
pavement. Each panel had an installed power of 36 W and measured 0.37 m?.
In fact, the creators assure an efficiency of the system of 11.2%, a value that

has still to be confirmed scientifically [23].

3) Thermoelectric technology. By using thermoelectric generators (TEGS) on
the pavement surface, part of the thermal energy is absorbed and converted
into electricity. The main challenge of this technology is the low efficiency of
power generation, that is dependent on the temperature difference between the
surfaces of the TEG modules [12].

Despite, the different challenges that these technologies must face, the thermoelectric
technology compared with piezoelectric and photoelectric modes, has more success in
pavements. The electric energy can be directly converted from the thermal energy

absorbed by road surface without changing pavement materials and structures [12].

The key to improving the efficiency of TEGs in the road is to maintain the highest
temperature gradient possible. In the city of Xi’an, China in 2016 an experiment was
conducted where the temperature was collected in two different seasons. The first one, in
winter, December 8" and the second one, in summer, August 16", In the next two Figures

(8 and 9), the data obtained during these days is presented.

11
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Figure 9. Display December 8th [12]

As illustrated in Figures 8 and 9, the different colors present the surface temperature,
ambient temperature, temperature difference and radiation intensity, the highest AT
registered between the surface and the ambient air is in August with around 25°C. In
winter, the maximum AT registered was 16°C. Thus, it can be concluded that due to the

12



endothermic effect of asphalt pavement a AT will be present during a significant amount

of time during the day regardless of the season [12].

Besides, this city of China with average ambient temperature of 14°C is not located in the
best climate zone. Conversely, Malta has an average temperature of 19°C [24], and being
situated at 36°N of the Equator, its conditions are more suitable for the application of

pavement thermoelectric technology.

Anresal Average Tempenatue

. 00 40 @ O 2W 4 0 0
Figure 10. World map of annual average temperature [25]

Jiang, W, Yuan, D, Xu, S et al. (2017) created a slab made of asphalt to have an idea of
the AT underneath the road surface. The dimensions of the slab were 300 mm x 300 mm
x 100 mm. A total of 18 sensors were placed at different depths of the specimen. Figure

11 shows a scheme with the sensors and the slab experiment [12].
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Figure 11. Placement of temperature sensor in the slab specimen [12]

The experiments were carried out on August 23" and December 27" of 2017. Figures 12

and 13 shows the generated displays.
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In both scenarios it was observed that during the day the surface temperature is higher
than the ones that are underneath. Conversely, during the evening and night the
temperature of the surface was less than the underneath temperatures. In summer, the

peak value of the asphalt surface was 58.9 °C and in winter the peak was of 20.7 °C [12].

With all the analyzed information they decided to create a prototype called RTEGS, which
is described as the application of TEGs in the road. The main goal was to extract the
maximum heat from the road surface with the help of vapor chambers that were placed at
20 mm to 30 mm of depth of the road. One side of the vapor chamber was embedded in
the pavement and the other side stuck to the hot side of the TEGs. Figure 14 shows a

schematic of the top view prototype.
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Figure 14. Schematic of RTEGs [12]

The cold side of the TEGs were also connected to vapor chambers that were in contact
with a water tank. This way, the temperature gradient would be incremented. For covering
the tank, a shading board was also installed. Figure 15 shows a side view of the

experiment.

Figure 15. Side view of RTEG experiment [12]
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The test methods used for this experiment were two:

1) Indoor testing. To simulate the solar radiation and heat a 500-Watt iodine-
tungsten lamp was used.

2) Outdoor testing. The specimens were put in a natural environment. In this
way, they were subjected to different factors such as wind, rain, radiation
intensity or heat.

For both experiments, three TEGs modules connected in series were used. The
commercial name is TEG-199 and its dimensions are 62 x 62 x 4 mm.

The results obtained in the different experiments were the following:

1) Output voltage indoor test.

Figure 16 shows that depending on the heating or cooling process, the voltage
generated is different. This is because the temperatures were measured at the slab
surface and water, which are different from the surfaces of the TEG modules. This

means that the data recorded is approximated and so the voltage generated.
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Temperature difference between slab surface and water ( °C )

Figure 16. Graphic of the RTEGs by indoor test [12]
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The maximum output voltage obtained during the simulation was of 0.737 V when
the temperature difference between the water tank and slab surface was of 34.7°C
[12].

2) Output voltage of outdoor test.

The outdoor simulation took place in Chang”an University, Xi"an on October 31%
of 2017. Because it was autumn, the day temperatures were low. A considerable
amount of output voltage, however, was generated compared with the temperature
difference. The peak AT was 16.56 °C and generating 0.41 V. The same situation
as in the indoor test happened, which occurred because of the sensors that were
placed in the slab surface and the water of the tank, the heating and cooling process

results were different (Figure 17) [12].
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Figure 17. Graphic of the RTEGs by outdoor test [12]

A similar experiment was carried out in 2016 by the Department of Civil Engineering of
Nitte Meenakshi Institute of Technology, in Bangalore, India. Four different case studies
were carried out during this experiment. The equipment used were an Arduino board used

for collecting the output voltage, GSM module, a TEG, adaptors and a heat sink [26].
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1) Placing copper plate directly on the existing pavement and laying a layer
of pavement above it.

A copper plate was placed at the bottom of the set-up in contact with the TEG

module. Afterwards, it was covered with a layer of asphalt and an insulation box.

The voltage obtained in this experiment was not satisfactory because the copper

plate did not reach a sufficiently high temperature.

Figure 18. Setup of first experiment [26]

2) Excavating a part of the pavement surface and placing a single TEG on
the copper plate and another TEG on the pavement surface.

The TEG module was placed in the asphalt over the copper plate. Also, a heat sink

was placed on the hot side of the TEG module. The result obtained was not as

expected because no voltage was generated; the heat sink was not effective being

exposed directly to the sun.

3) Copper board embedded in between the pavement layer.

The copper plate was placed at the top of the surface of the pavement and the TEG
module under it. For this last experiment, three different TEG modules were
connected in series. The results obtained were better as expected due to the
improved layout. The voltage fluctuated between 0 and 5V during the experiments
depending on the climate conditions at every instant. Enough voltage was
generated to be able to power an Arduino board because its maximum input is 5V
[26]. Figure 19 shows an illustration of the setup and Figure 20 represents the

average voltage compared with the time during this experiment.
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Figure 19. Copper board embedded in pavement [26]
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Figure 20. Average voltage vs Time [26]

Something that had never been investigated before is the performance of the TEG
modules depending on the combination: series, parallel, parallel-series or series-parallel.
Therefore, in 2014, the Department of Electrical Engineering of the Faculty of

Engineering at Sriracha, in Thailand decided to carry out an experiment about it [15].

For this experiment, an experimental box was built to control the AT. The bottom side of
the box was heated with a heater which in turn was controlled by a microcontroller. The
top side was cooled down using dry ice and a fan. Four TEG modules were placed in the
middle. The measures of each module were 40 x 40 x 3.3 mm; its commercial name was
TEC1-12710. The system was able to collect the voltage and temperature every 2 seconds.

The current (1) and the power generated (P) was calculated applying a resistance load that
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could vary between 0.1 ohm and 10 ohms [15]. Figure 21 represents the schematic of the

four experiments carried out.
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Figure 21. Experiments carried out: a) Series combination b) Parallel combination c) Parallel-series combination
d) Series-parallel combination [15]

The results for each combination were the following:

a) Series combination.
For this combination, three different tests, were carried out. The tests were

conducted with a single module, with 2 modules and 4 modules in series. The

temperature difference was all the time constant at 10 °C.
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Figure 23. Series combination. Power vs Current [15]

Figure 22 shows that the voltage increases twice or even 4 times more compared
to the single module but the current at the same time decreases twice or four times.
It was also found that connecting more than one module in series decreases the

power generated as shown in Figure 23.
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b) Parallel combination.

Figure 24 represents the graphs of the voltage generated and as it can be observed

the maximum voltage and current is obtained with the 4 modules in parallel.
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Figure 24. Parallel combination. Voltage vs current [15]

Figure 2.25 represents the power generated. The highest amount obtained was

with the 4 TEG modules configuration in parallel.
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Figure 25. Parallel combination. Power vs Current [15]
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c) Parallel-series / Series-parallel combination.

The last two combinations were compared in the same graphs as shown in Figure
26 and Figure 27.
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Figure 26. Parallel-series/ series-parallel combination. Voltage vs current [15]
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Figure 27. Parallel-series/ series-parallel combination. Power vs current [15]

The best performance was obtained for the combination of series-parallel of the

four modules. The current and power peak was of 1.66 A and 276 mW at a 0.1
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ohms load. In conclusion, the best circuit combination with the best electric
efficiency is for the series-parallel [15].

Amid, Gholikhani and Dessouky (2020), investigated energy harvesting for roadway
sustainability. In order to create a prototype, they used previous research, where they
concluded that heat sinks were not being correctly used because the surrounding area and
the cold side of the module did not have enough insulation, and they also criticized the
use of water or soil to cool the heat sinks despite their low thermal storage capacity. For
this reason, a new prototype shown in Figure 28 was created without the use of water or
soil as a way of refrigeration [27].
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Figure 28. Prototype and components used [27]

The prototype main elements were the TEG modules, a copper plate for collecting the
heat, an insulation box and an aluminum heat sink. The copper plate was composed of
two segments, the first one, with a length of 50 cm and the second of 20 cm. The width
is 20 cm. The main objective of the plate was to collect as much heat as possible from the
road surface to heat up the hot side of the TEG module. Two different type of modules
were used in the experiment, a 40 x 40 mm TEG named TXL-199-02Q (199
thermocouples) and a 62 x 62 mm TEG named TXL.287-03Z (287 thermocouples). The

heat sink of aluminum was placed on the cold side of the TEG module to dissipate the
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maximum possible heat. Its dimensions were of 18 x 10 x 5 cm. To substitute the water
or soil that was usually being used in other experiments, PCM material was used. This
material, known as phase change material, is generally used in air conditioning because
of its ability to store energy through their change of state, in the form of latent heat. The
operation temperature was of 18°C, which means that, when the temperature rises the
material changes from solid to liquid maintaining the temperature constant. To cover the
heat sink, as shown in Figure 28, an aerogel cover, foam box and PVC box were used.
These three materials are very low conductive materials with a high insulation capacity
[27].

The experimental set-up is shown in Figure 29. A representation of how the prototype
would be embedded in the road surface is shown in Figure 29a. A simulation of a real
pavement was created as indicated in the set-up in Figure 29b and 29c.

(b)

Figure 29. a) Prototype embedded in the pavement. b) Set-up right side view c) Set-up left side view [27]

For the set-up an asphalt slab with dimensions of 70 x 30 x 10 cm was used to simulate
the pavement. An incandescent lamp simulated the solar radiation and heat was applied

to the slab surface. Five different spots were selected to measure temperature: surface of
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the asphalt slab, 30 mm below the surface, ambient air, bottom of the copper plate and
the heat sink. Table 1 shows the different simulations that were conducted during this

experiment. The range of temperatures was between 45°C and 65°C.

Table 1. Simulations conducted in the experiment [27]

Number Sides of
Prototype of TEGs Size of TEG attachment
| TEG (4-1 side) I 4 X 4cm I
2 TEG (4-1 side) 2 4 X 4cm I
3 TEG (4-1 side) 3 4 X 4cm |
4 TEG (4-1 side) 4 4 X 4cm I
4 TEG (4-2 side) 4 4 X 4cm 2
| TEG (6.2-1 side) I 6.2 X 6.2cm I
2 TEG (6.2-1 side) 2 6.2 X 6.2cm I
3 TEG (6.2-1 side) 3 6.2 X 6.2cm |
4 TEG (6.2-2 side) 4 6.2 X 6.2cm 2

Before starting with the simulations, a finite element analysis was carried out to check
the impact of the TEG combinations efficiency. The program used to analyze the data
was called ABAQUS. The input data was collected from three depths (3 cm, 15¢cm and
20 cm) during five days in the state of Texas, USA. Figure 30 shows the 5 different

combinations that were tested to see the efficiency [27].
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Figure 30. a) 1 module b) 2 modules ¢) 3 modules d) 4 modules (4x1 distribution) €) 4 modules (2x2 combination) f)
Thermal distribution g) Insulation box thermal distribution [27]

The results obtained concluded that an increment in the number of TEG modules decrease
the heat absorbed by each TEG module. Table 2 shows the collected results from the

finite analysis.

Table 2. TEG temperatures depending on the combination [27]

Temp. at Temp. at Effective

hot cold temp.
Model side (“C) side ("C) gradient (°C)
| TEG 3489 18.63 16.26
2 TEG 31.86 18.75 13.11
3 TEG 29.97 18.80 1117
4 TEG (one side) 29.12 20.36 8.76
4 TEG (side side) 30.02 18.65 11.37

As mentioned, the experiments were tested in three different temperature ranges: 45°C,
55°C and 65°C. The graphs obtained in the simulations are shown in Figure 31. A

summary of the power generated in each simulation is shown in Table 3.
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Table 3. Summary of the power generated in each simulation [27]

Power Power Power

(mW) (mW) (mW)
Prototype at 45°C at55°C at 65°C
| TEG (4-1 side) 8.14 16.77 189
2 TEG (4-1 side) 11.51 24.95 29.74
3 TEG (4-| side) 13.05 29.85 36.74
4 TEG (4-1 side) 14.32 32.08 3235
4 TEG (4-2 side) 15.34 35.07 3551
| TEG (6.2-1 side) 9.45 19.14 235
2 TEG (6.2-1 side) 12.6 28.7 3598
3 TEG (6.2-1 side) 12.49 27.96 35.03
4 TEG (6.2-2 side) 16.18 36.16 47.14
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The results obtained were as expected. The finite element analysis in ABAQUS rightly
predicted that less TEG modules get translated into more efficiency. For instance, three
TXL-199-02Q TEG modules (40 x 40 mm) at 65°C produced more power than four
because the amount of heat obtained by each module was higher, and consequently, the
temperature difference was higher. Also, it was concluded that the combination of 2x2
modules was better than the 4x1. Performing at a temperature of 65°C, the maximum
power generated was with a 2x2 configuration of the TXL.287-03Z TEG modules (62 x
62 mm) obtaining 47.14 mW [27].

It is worth noting that the combination of the aluminum heat sink and the PCM perform
perfectly as observed from the time vs temperature graphs (Figure 31d, 31e and 31f). The
results were better than expected because the room temperature was around 23-24°C and
the heat sink temperature remained constant all the time at 18°C, irrespective of the heat

source, which was generated by the lamp.

2.4 TEG applications

The thermoelectric effect is a technology that still has a long way to go. The maturity of
this technology is very low because it is not really developed. Table 4 [23] represents a
comparison of the installed power, conversion efficiency, energy generation and TRL"

between some renewable energy systems.

e Installed power represents the capacity in general conditions of generating
energy. It is measured in W/m?2,

e Conversion efficiency is the relation between the useful output and the energy
input.

e Energy generation quantifies the electricity generation under operating
conditions. It is measured in W/m?,

e TRL is a value that evaluates how developed is the technology, where 10
represents a technology which is in its maturity and 1 a technology that is still

in its infancy.
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Table 4. Comparison between different technologies [23]

Installed Conversion
Technology Company/R&D institute power. W/m? efficency: % Energy generation TRL®
Photovoltaic Solar Roadways 97-3 112 NA 4
TNO NA NA NA F a2
TEG Hasabe et al. NA NA 380 mW/em” 3
Wu and Yu NA 16 2:6 mW/em? 3
Piezoelectric Innowattech NA NA 58 Jveh m 4
Genzko 19420 NA 400 )wvehm 4
Hydraulk Kinergy NA NA 1880 Jvehm 4
New Energy Technologies NA NA NA 4
Electromechanical Waydip 8330 500 6800 p‘.'\.‘/u"1 4
1800 Jvehm
Underground Power NA 85.0° NA 4
HES NA NA NA 3
Energy Intelligence NA NA NA 3

As shown in Table 4, the TEG technology has only a value of 3 in the TRL. For instance,
a more developed technology would be photovoltaics on pavements, whose TRL value is
7 [23].

Despite the aforementioned, the thermoelectric effect technology started to be used by
the end of the 1950°s for space exploration [28]. Since then, the interest in this technology
has gradually increased and more applications have been found. This section will be

divided in three parts:

e Electricity generation in extreme environment: the space
e Recovery of heat waste

e Solar TEG: sun as a source of energy

2.4.1 Electricity generation in extreme environment: The space

The use of thermoelectric generators in the space industry is very common, although these
devices are different to the commercial ones because they are based on nuclear
technology. They are called Radioisotope Thermoelectric Generator (RTG). Figure 32

shows a scheme of the different part that compound a RTG.
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Figure 32. RTG parts (NASA) [29]

The RTG operate using the heat released by radioactive materials, specifically the
plutonium-238. This material is the most common due to its long half-life and the little
quantity of shield it needs. Its application in space is to provide electricity to the
spacecraft, like the solar panels. In distant missions from the sun, these devices are
extremely useful because the solar radiation is very low. For instance, in Pluto the solar
radiation is 1 W/m?, compared to 1375 W/m? on the outer space of the Earth. In addition,
the module life can last for some decades, which makes it a very good choice for long
lasting space missions [30]. For example, Cassini-Huygens was a space mission whose
task was to study the planet Saturn, that operated for two decades (1997-2017) [31]. Table
5 shows a summary of the different RTG that have been used in the past and that are
currently operating, its electrical power generated at the beginning of the mission and its

years of operation.
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Table 5. Summary of space missions using RTG [30]

Radioisotope thermoelectric Electric Power Couple Number Mission Destination Year Design Lifetime
generator RTG at beginning of of RTG lifetime
mission per RTG
Space Nuclear Auxiliary 27TW PbTe 1 Transit Navigation 1961 15 years
Power SNAP-3 satellite
SNAP-19B RTG 282W PbTe-Tags 2 Nimbus 111 Meteorological 1969
satellite
SNAP-19 RTG 426 W PbTe-Tags 2 Viking 1 Mars landers 1975 90 days 6 years
2 Viking 2 Mars landers 1975 90 days 4 years
403 W PbTe-Tags 4 Pioneer 10 Jupiter, asteroid 1972 5 years 30 years
belt
4 Pioneer 11 Jupiter Saturn 1973 5 years 22 years
SNAP-27 RTG T0W PbSnTe Apollo 12, 14, Lunar Surface 1969-72 2 years 5-8 years
15,16, 17
Multi-Hundred Watt 158 W SiGe 3 Voyager 1 & 2 Edge of solar 1977 Still operating
(MHW) RTG system over 44 years
General Purpose Heat 292w SiGe 2 Galileo Jupiter 1989 14 years
Source (GPHS) RTG 3 Cassini Saturn 1997 20 years
1 Ulysses Jupiter 1990 21 years
1 New Horizons Pluto(12/2014), 2006 Still operating
Kuiper Belt afterl Syears
Multi-Mission Radioisotope 110w PbTe-Tags 1 Curiosity Mars Surface 2011 Expected 14 years
Thermoelectric Aug 2012
Generator MMRTG

The reason why Table 5 specifies the electrical power at the beginning of the mission is
because the radioactive material heat decreases gradually every year and the
thermocouples degrade in performance. To conclude, RTGs are a source of electrical

energy which have huge advantages such as their reliability and compact design.

2.4.2 Recovery of heat waste

Greenhouse gas emissions is an actual problem that must be solved to reduce the
ecological footprint. Besides, the world energy demand continues to increase. TEGs are
a good option to reduce the pollution by taking advantage of wasted heat from exhausted
gases. The transportation industry including the automotive, aeronautic and maritime

sector could adopt this technology [30].

In 2021, less than 1% of the world’s cars were electric, and, in 2030, only 13% is expected
to be electric [32]. This means that the transition from combustion cars to electric is a
slow process. For this reason, something should be done with all of the heat that is wasted

from combustion engines. Figure 33 represents the fuel use of a combustion engine.
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Figure 33. Energy split for internal combustion engines [33]

Gasoline engines waste 40% of their energy in exhaust gas, which could be transformed
into electricity. For instance, a diesel car using 50 kW of power fuel, means at least losing
20 kW of heat in exhaust gases. With the use of TEG, assuming a 3 % efficiency
(normally it is between 5-8%), around 600 W of power would be generated. According
to Fiat Research Centre between 800-1000 W is translated into a reduction of 12-14 g/km
CO2[30].

Following this information, big companies such as Fiat or BMW are investigating the
application of this technology in their cars. In 2012, Fiat Research and Advanced
Engineering conducted an experiment where a TEG was installed in a car. The installation

of this module is shown in Figure 34.

Driveshaft
Coolant
Lines
Electric Bypass
Pump Valve
Electrical
Connections
Underfloor
Catalyst TEG

Flex Couplings

Figure 34. lllustration of the car with its different parts [33]
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As shown, the TEG module was installed in the mid-body of the car through which the
exhaust passes. The results obtained in the experiment were satisfactory except for the
fact that there was a 70% difference in the power generated when the bypass was closed
and opened. The experiments were set with a constant speed of the car of 65 mph and the
average exhaust temperature was of 450°C. With the bypass closed the power generated
was of 250 W while when the bypass was opened generated 70 W [33]. Figure 35 shows

the graph where all this data is collected.

Vehide Speed fmph)

TEG Power (Wats), Exhaus Teoper atre ('C)

o 100 200 300 400 s00 800 700 800 900 1000 1100 1200 1300
Test Time (sec)

Figure 35. Graph of TEG power generation, temperature, vehicle speed compared with the time [33]

The BMW group has also developed prototypes using this technology. The most recent
experiment was carried out in 2012, where a TEG module was installed in a BMW X6
being able to generate 600 W. The vehicle speed was constant of 125 km/h. Even so, the
research demonstrated that the automobile application of the TEG is still not feasible. The

price of the modules compared with the power generated is not profitable yet.

The engines of planes and helicopters release a significant amount of heat. Boeing
Research & Technology conducted an investigation where it was shown that a 0.5% fuel
reduction could be reachable with the use of TEG. This reduction means saving $12 M

per month for commercial planes. However, another study in turbine nozzles
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demonstrated that during real operation conditions a significant amount of electricity was
created but not enough when the weight of the cold exchanger was included [30].

In the maritime sector, not many studies have been carried out due to the lack of
international regulations against the greenhouse gasses emissions. In fact, three per cent
of the global carbon dioxide emissions is produced by ships. This means that ships release
nearly 800 million tons of gases into the atmosphere annually [34]. In 2012, Kristiansen
carried out a research where the use of TEG in marine waste incinerator could be used to
harvest the waste heat. The way of studying the possible application of TEG was with an
optimized mathematical model. The results show that when the 850 kW incinerator was
operating at maximum power, around 58 kW could be generated at a price of 6.6 $/W.
Nevertheless, decreasing the costs, 25 kW could be generated at a price of 2.5 $/W. The
combination of both would generate 38 kW at a price of 2.7 $/W [35].

2.4.3 Solar TEG: The sun as a source of energy

In this section, the idea is to analyze the possible applications that the TEGs can have
using the sun as a source of energy. As mentioned before, the greater the temperature
difference, the more electricity is generated. However, increasing the solar intensity is
necessary to create a considerable amount of energy. For this reason, different devices
are used to increase the intensity. In 2008, a thermoelectric solar air collector was studied
by Lertsatitthanakorn [30]. Flat plate reflectors with its optimum positions were used to
increase the solar intensity on the solar air collector. Also, the use of parabolic dish

concentrators is now being used to generate energy.

In Argentina, the TEGs have had an enormous acceptance. In 2008, there were around
500 installations in the country [36]. The main applications of this technology in the
country are supplying cathodic protection facilities and SCADA (Supervisory Control
and Data Acquisition) in wells and pipelines. Moreover, they are used in

telecommunication repeaters. Figure 36 shows a TEG installation.
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Figure 36. 550 W TEG installation in Argentina [36]

2.5 Literature Review Summary

As discussed in this chapter, many experiments about harvesting energy from the
pavements have been conducted. It has been demonstrated that, despite the time of the
year, a temperature difference always appears and in turn, electricity is generated.
Nevertheless, sometimes the AT is not enough. To increase this difference one of the most
important things is to cool the cold side of the module as much as possible. In many
experiments [27], the water or soil has been used to cool the heat sink that was in contact
with the surface of the TEG. However, in this review it has been found that the use of
other elements is better. The application of PCM material with a heat sink as a refrigerant

has been demonstrated to increase the performance of the TEG significantly.

Furthermore, it is necessary to collect the maximum heat from the sun. To do so, the heat
chambers are composed of either aluminum or copper. The way of operating with these
plates is to cover as much asphalt as possible for collecting the maximum heat, placing
the module on its surface and by conduction transmit the heat. Also, the usage of more
modules does not mean more electricity generation. Doing a finite element analysis is
recommended to calculate the optimum number of TEG per surface. The best
performance combination for placing the modules was proved to be series-parallel

configuration.

The use of TEGs is already in existence in niche areas, such as the case of generating
electricity in space missions. Furthermore, a number of industries are evaluating the use

of TEGs in their products especially in the aviation and automotive sector. However, the
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cost is still prohibitive. The use of solar concentrators with TEGs is another are where
development is expected in the future.
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CHAPTER 3. METHODOLOGY

The methodology is divided into two main parts. The first part consists of the evaluation
of the temperature difference (AT) on the surface and about 10 centimeters below the
surface of three different pavements, namely asphalt concrete and limestone. This will be
carried out for sunny, partly cloudy, cloudy, windy, and rainy days during the months of
March, April and May 2021.

The second part of the methodology consists of building two laboratory setups to study
the behavior of TEG modules under varying temperature gradient. Two GM250 modules,
with rated open circuit voltages of 1.9 V and 11.25 V, are used. The modules are rated
for a hot side temperature of 250°C but only temperatures up to around 70°C will be used,
to reflect the expected pavement temperatures. For this purpose, two TEG modules are
tested. Both have the same specifications, but different dimensions. The GM250-31-14-
10 is a module of 20 mm x 20 mm, while the GM250-161-12-20 module dimensions are

40 mm x 40 mm.

The modules will first be tested under open circuit conditions, where the generated
voltage is expected to increase with temperature gradient. The obtained variation will be
compared to the datasheet characteristics. In the second experiment, the TEG modules
will be loaded using a variable resistor and the output power and voltage will be
measured. The test will be repeated with different variable resistor settings to examine
the output power variation with load. This allows identification of the maximum power

generation under the temperature gradient of interest.

The captured results will be, extrapolated to determine the expected output when the TEG

modules are installed on the three different types of pavements.

In so doing, the dissertation will provide a first-hand indication of the potential
contribution of TEG modules to power street screens and small warning signs without the

need of a grid connection.

3.1 Temperature data collection

A data logger was used to collect temperature data of the three surfaces at the Institute

for Sustainable Energy, Marsaxlokk. This is an electronic device that can be programmed
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to measure and store any type of data such as temperature, relative humidity, and solar

radiation by means of external connected instruments and sensors.

The datalogger that has been used is the Campbell Scientific CR1000 with six
thermocouple type T wires (Figure 38). Its interface panel is shown in Figure 37. The
thermocouple generates a small voltage due to the difference in the flow of electrons at
the junction of the thermocouple. The T-type thermocouple has two wires, the positive
element (blue wire), made of copper and the negative element (red wire), made of
constantan which is an alloy of copper and nickel. When the union of the two metals is
heated or cooled, a voltage difference is generated at the lead that is proportional to the
temperature. The range in which it can operate is -180 to +300°C.

G BT TS B TG v Bl v BN R M' -~ C-S".‘Z'ﬁ'c?é

e

Figure 37. Campbell Scientific CR1000 data logger [37]
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Figure 38. Campbell Scientific CR1000 connected to Type T thermocouples

The data logger is powered by a battery that is charged by a solar photovoltaic panel

(Figure 39), thus making the data logger autonomous in its operation.

Figure 41 shows the protective box housing the data logger, which was installed at the
Institute for Sustainable Energy of the University of Malta in Marsaxlokk. The six
thermocouples (2 for each type of surface) were connected as shown in Figure 40. The

surfaces that were tested were asphalt, concrete and limestone (Figure 42).

I

R

i

o

Figure 39. Solar panel that powers the datalogger’s battery
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Figure 41. Final installation

42



Figure 42. From left to right: Asphalt, Concrete and Limestone

Thermocouples number 1 and 2 were situated in the asphalt, n°2 on the top and n°1 at a
depth of 10 cm. Number 3 and 4 were situated in concrete, n°4 on the top and n°3 at a
depth of 10 cm. The last two thermocouples were used for the limestone temperature. N°
6 on the top and n° 5 at a depth of 10 cm.

The scope was to monitor the temperature difference through the day for different types
of weather. This was carried out for the months of March, April, and May 2021. In this
manner it would be possible to identify the expected AT between the hot and cold side of
a TEG module.

The data logger was set to measure data every 5 seconds and average and store it every 5
minutes. Consequently, every hour there were 12 different temperatures captured by the

six thermocouples.

3.2 TEG energy harvesting kit

The main components that have been used to carry out the described experiments on the
TEGs consist of an energy harvesting kit ADEH-K-A, which includes the parts shown in
Figure 43 [38]; and a separate larger TEG module, which is shown in Figure 44 [39].
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Figure 43. Harvesting kit [38]

-

f"

Figure 44. Thermoelectric generator 40x40 mm [39]

The harvesting kit includes the following:

e 1 x Energy Harvesting Board ADEH-P-A
e 1 x Solar Panel ADEH-PD-A
e 1x TEG Module B ADPD-B (GM250-31-14-10)

The ADEH-P-A board (Figure 45) provides three step-up converter channels, where the

first two channels are configured for the TEG and a solar panel, respectively.

It is optimized for either very low input voltage thermoelectric generators (TEG) or small
PV modules. In addition, the board implements maximum power point tracking (MPPT)

for the PV channel. The ratings of this board are shown in Table 6.
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Figure 45. Energy Harvesting Board ADEH-P-A [38]

Table 6. Rating of the Board ADEH-P-A [38]

Input voltage range (TEG harvester) |50mV - 500mV

Output voltage 1 (TEG harvester) Selectable: 2.35V, 3.3V, 4.1V, 5.0V
Output Current 1 (TEG harvester) 7mA (VOUT =0V)

Output Voltage 2 (TEG harvester) LDO 2.2V

Output Current 2 (TEG harvester) 11mA (VLDO = 0V)

Input Voltage Range (Solar harvester) | 250mV-5V

Output Voltage (Solar harvester) Selectable: 1.8V, 3.3V, 5.0V
Output Current (Solar harvester) 500mA

Input  Voltage Range (OR-ing
controller) 800mV-16.5V
Output Voltage (OR-ing controller) 800mV-16.5V
Output Current (OR-ing controller) 2A

The Output and Input connection map (Figure 46) and the connector and jumper selector

map (Figure 47) are important for selecting the desired output voltage [40].

45



Figure 46.0utput and Input connection map [40]

Figure 47.

Connector and jumper selector map [40]
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The available configurations for the TEG channel are presented in Table 7.

Table 7. TEG part output voltage configurations [40]

VOUT (A)
JP2 JP3 Output voltage 1 (TEG harvester)
GND GND 235V
GND VAUX 3.3V
VAUX GND 41V
VAUX VAUX S5V

In this research the focus is on the first two channels of the board where the TEG module
must be connected. The first channel represents the TEG harvester diagram and the
second the solar harvester diagram. As mentioned in Table 7, depending on the
configuration chosen, a different output voltage is obtained. The circuit diagram of the

first channel is shown in Figure 48. The second channel is shown in figure 49.
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Figure 48. TEG part circuit diagram [40]
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Figure 49. Solar harvester part circuit diagram [40]

The GM250-31-14-10 TEG (Figure 50) module has a compact structure, with reliable

performance and, noise-free operation. Its dimensions and the hot and cold sides are
identified in Figure 50.

Positive lead wire (Red)
l— — I = »
)
=]
&
! [t )
+0.5 \
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Hol side
5 ! o
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S .
o_' Cold side
-

Figure 50. Dimensions of GM250-31-14-10 TEG [41]

The specifications of the TEG for a hot side temperature of 250°C and a cold side
temperature of 30°C are shown in Table 8.
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Table 8. Specifications of GM250-31-14-10 TEG [41]

Matched load output power 2.5W
Matched load resistance 0.36Q2 + 15%
Open circuit voltage 1.9v
Matched load output 2.63A
Matched load output voltage 0.95v

Heat flow through module ~50W
Maximum compress (non-destructive) 1MPa

The GM250-161-12-20 TEG (Figure 51) module has the same features as the previous

TEG, but with bigger dimensions, as shown in Table 9.

B +0.2

A 0.2

Negative Lead Wire Positive Lead Wire
(Black) (Red)

Figure 51. Dimensions of GM250-161-12-20 TEG [42]
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Table 9. Geometric dimensions of Figure 3.15 [42]

40 mm

o8]

40 mm

5mm

The specifications of the TEG working parameters with the set temperatures of 250°C on
the hot side and 30°C on the cold side are available in Table 10.

Table 10.Specifications of GM250-161-12-20 TEG [42]

Matched load output power 3.27TW
Matched load resistance 9.7Q + 15%
Open circuit voltage 11.25V
Matched load output 0.58A
Matched load output voltage 5.6V

Heat flow through module ~65W
Maximum compress (non-destructive) |1 MPa

3.3 TEG modules” laboratory set-ups

The aim of creating set-ups is to set the desired temperature on both sides of the TEG
modules, and in turn, measure the generated output. Later on, these results will be
extrapolated to the temperatures monitored by the Campbell Scientific CR1000 data

logger installed at the Institute for Sustainable Energy for three different pavements.

Two different set ups have been created, one with the GM250-161-12-20 module and
another one with GM250-31-14-10 module. For both set-ups the following devices were
used: power resistor/s to generate a heat flow, a heat sink to maintain the cold side

temperature close to room temperature, silicone grease, M3 bolts and insulators.
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3.3.1 GM250-31-14-10 set-up (Set-up 1)

Given the assumed maximum temperature of 70°C, the expected heat flow through the
TEG at 3A is of 10W. This is calculated by the next formulae:

P =I>?%XR (5)

In order to generate the required heat dissipation, two HS50 1.2Q resistors (Figure 52)
are used. The value of the resistors was chosen such that together they dissipate a power
of 21.6W (each of 10,8W) with a current flow of 3A. The power dissipation from each
individual resistor was checked not to exceed the allowed HS50 resistor power dissipation
without a heat sink. The latter value was specified in the datasheet as 14W. Also, the

required voltage to drive the 3A across the resistors was checked not to exceed 30V.

The HS50 resistor and relevant dimensions are shown in Figure 52 and Table 11.
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Figure 52. HS50 resistor with dimensions [43]
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Table 11. Relevant dimensions for HS50 [43]

Size(mm) |A Max |B Max |C Max |D Max |E Max |H Max | K Max
HS50 28 72,5 148 14,2 (49,1 |84 2,6

Due to the narrow width of the resistor as compared to the module, two resistors were
used to cover its full area. The top view of the designed set-up is shown in Figure 53
while a picture of the actual setup is shown in Figure 54.

Silicon grease was used to increase the conduction between the resistors and the TEG hot
side as well as between the bolts securing the resistors to the heat sink to avoid heat flow
through the metal bolts. Also, plastic insulators were used with the bolts securing the
resistors to the heatsink to avoid heat flow through the metal bolts.

HS Resistors
1 TEG
GM250-31

J Heatsink

Figure 53. Top view of set-up 1 with TEG module in hatched square

HS50 R or

Heat sink

Figure 54. lllustration of set-up 1
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3.3.2 GM250-161-12-20 set-up (Set-up 2)

A different resistor - the HS100 (Figure 55) of 2.2 Q — was used in the set-up 2 (Figure
58), due to the larger size of the GM250-161-12-20 TEG module. The power dissipated
by the resistor was of 20W with a current flow of 3A. The value was set not to exceed to

allow power dissipation without a heat sink which was of 30W. The voltage across the

resistor did not exceed the 30V. The dimensions of the resistor are shown in Table 12.

Centre hole in

each flange is in

150 Watts only
~_ l.

J
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Figure 55. HS100 resistor dimensions [43]

Table 12. Relevant dimensions for HS100 [43]

Size(mm)

A Max

B Max

C Max

D Max

E Max

H Max

K Max

HS100

47.5

88

24.1

27.3

65.2

11.8

3.7
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Figures 56 and 57 show the scheme of the set-up 2 seen in different views.

M3 Bolt

Insulation

HS Resistor

Silicone grease
TEG

Figure 56. Side view of GM250-161-12-20

Figure 57. Top view of GM250-161-12-20

Silicone grease

I Heatsink

HS Resistor

TEG
GM250-161

Heatsink
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HS100 Resistor

Heat sink TEG module

Figure 58. Illustration of set-up 2

Figure 59. Illustration of side and top view set-up 2

3.3.3 Instrumentation

In order to measure the temperature variation of the hot and cold sides of the TEGs, four
different type T thermocouples have been installed. These are shown in Figure 60. The

thermocouples number 1 and 2 were placed in the set-up 1, in the hot and cold side,
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respectively. The number 3 and 4 collected the set-up 2 temperatures of the hot and cold
side of the module.

To log the variation in the temperature and the TEG output, a Campbell Scientific
CR1000 data logger similar to the one installed at the ISE, was used. The thermocouples
were connected to channels 1 — 4 as shown in Figure 60. The TEG output voltage and the
supply voltage are measured through a potential divider to limit the maximum voltage to
5V, so as not to exceed the input voltage range of the logger. The voltage signals are
marked as A and B. Therefore, the voltage readings on the logger then multiplied by a
factor of two to obtain the actual voltage.

-
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Figure 60. CR1000 Data Logger

One channel of a PL330QMD power supply was used to drive the current of 3A

through the power resistors.

The complete setups with the data logger and the power supply are shown in Figure 61.
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Figure 61. lllustration of set-ups, power supply and data logger

3.4 Experimental tests

As it was mentioned before, the first set of tests was carried out with the TEG module in
open circuit. After that, the TEG modules were loaded via a variable resistor to measure
the amount of power generated.

3.4.1 Open circuit test

The power supply was set to supply a current of 3A to the power resistors. The open
circuit voltage was measured across the TEG terminals and logged every 10s. A small fan
was placed to the heatsink to aid the heat dissipation. The hot side temperature was
allowed to reach a value of around 70°C and then the supply was switched off. Each test

was run twice.

3.4.2 Test under load

The TEG modules were loaded with a variable resistor and the output voltage was logged
at 10s intervals. The matched load resistance for a hot side temperature was extracted
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from the datasheet and the variable resistor was varied around this value. Knowledge of

the load voltage and the load resistance allowed calculation of the generated power.

For the GM250-31-14-10 module, the matched load resistance was of XXQ. Due to the
low value required, only three tests were carried out with load resistances of 0.218 Q,
0.248 O and 0.309 Q.

For the GM250-161-12-20 module, the identified matched load resistance was of YYQ.

For this case, six tests were carried out with load resistances of 5.975 2, 6.278 2, 6.505Q2,
6.789 O, 7.015 2 and 7.210 Q.
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CHAPTER 4. RESULTS AND ANALYSIS

Chapter 4 analyses the results and reliability of two TEGs for a possible application in
the pavements to nudge information booths.

This Chapter, as the methodology, is going to be divided in two parts. In the first part, an
evaluation of the temperatures collected from the thermocouples in the Institute for
Sustainable Energy will be carried out. It will be analysed week by week during the
months of March, April and May of 2021. In the second part, the voltage and power

generated of two TEG modules will be analysed while a AT is being applied.

4.1 Pavement temperature data collection

In this section, the goal is to analyse the data collected for the temperatures of different
pavements when operating in a number of months in spring during the time of conducting
this dissertation. The temperature difference between the surface and about 10 cm below
the surface of three different pavement materials is analysed, namely, limestone, asphalt
and concrete. This would be the expected temperature difference that a TEG installation
would experience in spring. Also, weather information classified as sunny, partly cloudy,
cloudy, windy and rainy, and the maximum and minimum daily temperature of each week
are provided to have a scenario of the ambient conditions that the thermocouples were

exposed to during that day.

It is important to mention that during the temperature collection a problem arose with the
thermocouple that was situated at the top of the limestone surface. This happened between
the April 26" and May 10", so during these days the temperatures were not correctly
recorded due to a disconnected wire for the limestone top surface pavement. For this
reason, the weeks number 6 and 7 will not contain the temperatures of the limestone. For
week number 8, the first day will not contain the limestone data either. Another aspect to
consider, is that the asphalt and concrete were sometimes covered by some shadow from
the nearby soil, which was at a higher level. This occurred mainly in the afternoon, so

lower temperatures would be registered for the two surfaces.
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In the next subsections, which are divided by weeks, the graphs represent the time of the
day on the x-axis and the temperature difference (AT) between the top and bottom levels,

on the y-axis, for each of the three materials.

4.1.1 Week 1: 22 March- 28 March

Table 13 shows the maximum and minimum air temperature and weather conditions for
different days.

Table 13.Week 1 maximum and minimum temperature and weather [44]

WEEK 1 22 23 24 25 26 27 28
Tmax (°C) | 16 15 16 15 16 20 17
Tmin (°C) | 12 9 10 11 9 11 11

Partly Partly Partly  Partly Partly
AL Cloudy Cloudy cloudy  cloudy cloudy cloudy  cloudy

WEEK 1: 22 MARCH- 28 MARCH
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Figure 62. Temperature difference vs time representation of the 3 materials during week 1
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During the first week of collecting data, it can be observed that in Figure 62 the first two
days did not reach 10°C of temperature difference due to the clouds, but this improved
for the next two days when the conditions became partly cloudy, even though the air
temperature remained similar to those in the cloudy days before. The peak during this
week was reached by the limestone material with a AT of 17°C followed by the concrete
at 14°C and the asphalt, which did not exceed 10°C throughout the whole week. During
the night, the AT becomes negative because the thermocouple of the surfaces got colder,

while the ground would still be warm due to thermal inertia.

4.1.2 Week 2: 29 March- 4 April

Table 14 shows the maximum and minimum air temperature and weather conditions for
different days.

Table 14. Week 2 maximum and minimum temperature and weather [44]

WEEK 2 29 30 31 1 2 3 4
Tmax (°C) 19 20 21 20 19 25 18
Tmin (°C) 12 10 11 11 12 14 14
Partly Partly Partly .
Weather Sunny cloudy cloudy Sunny Sunny cloudy Rainy
WEEK 2: 29 MARCH- 4 APRIL
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Figure 63. Temperature difference vs time representation of the 3 materials during week 2
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During the second week, four days registered more than 15°C of AT in limestone surface.
The concrete was over 10°C of AT for the whole week except for the las day because of
the rain. The asphalt did not reach 10°C of AT as yet. It is striking in Figure 63 that despite
of having on April 4" a temperature of 18/14°C, there was an enormous drop in the AT
because of the rain.

4.1.3 Week 3: 5 April- 11 April

Table 15 shows the maximum and minimum air temperature and weather conditions for
different days.

Table 15. Week 3 maximum and minimum temperature and weather [44]

WEEK 3 5 6 7 8 9 10 11
Tmax (°C) | 15 19 20 16 16 18 19
Tmin (°C) 12 11 13 10 10 9 12

. Partly Partly Partly Partly
Weather Rainy Cloudy Cloudy Cloudy Cloudy cloudy cloudy

WEEK 3: 5 APRIL- 11 APRIL
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Figure 64. Temperature difference vs time representation of the 3 materials during week 3
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As shown in Figure 64, no temperatures over 15°C of AT were registered during the third
week. Most of the week was cloudy so lower AT were obtained. Due to the rain on April
5 the AT did not reach 5°C of AT in any of the surfaces. It should be noted that during the
night the AT of the limestone decreases much more than the AT asphalt and concrete,
given that limestone absorbs more water than asphalt or concrete and due to evaporation
the temperature drops faster. The lowest AT during the night was of -7°C while in the
other two surfaces it was around 2/3°C.

4.1.4 Week 4: 12 April- 18 April

Table 16 shows the maximum and minimum air temperature and weather conditions for
different days.

Table 16. Week 4 maximum and minimum temperature and weather [44]

WEEK 4 12 13 14 15 16 17 18

Tmax (°C) | 15 19 20 16 16 18 19

Tmin (°C) 12 11 13 10 10 9 12

. . Cloudy and Partly
Weather Rainy Windy Sunny Cloudy Windy cloudy Sunny
WEEK 4: 12 APRIL- 18 APRIL
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Figure 65. Temperature difference vs time representation of the 3 materials during week 4
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In the fourth week, three of the seven days did not reach the 10°C of AT due to the climate

conditions (rain, wind, and clouds). On the other hand, in four days the limestone peak

was 15°C of AT as shown in Figure 65. The asphalt and concrete during these days
reached between 5 and 12°C of AT. It has to be noticed that these results effectively means
that the time that potentially support energy generation from the TEGs is only during the
day, between sunrise around 7-8 am and 3-4 pm.

4.1.5 Week 5: 19 April- 25 April

Table 17 shows the maximum and minimum air temperature and weather conditions for

different days.

Table 17. Week 5 maximum and minimum temperature and weather [44]

WEEK 5 20 21 22 23 24 25
Tmax (°C) 19 19 18 17 18 19
Tmin (°C) 12 10 12 14 13 12
Partly Partly .
Weather | Cloudy Sunny cloudy cloudy Rainy Sunny Sunny
WEEK 5: 19 APRIL- 26 APRIL
20
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Figure 66. Temperature difference vs time representation of the 3 materials during week 5
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In Figure 66, shows that the days with cloudy or rainy weather have an impact on a low
AT while the days that were sunny and partly cloudy favoured a higher generation of AT
between 10 and 15°C for the three surfaces.

4.1.6 Week 6: 26 April- 2 May

Table 18 shows the maximum and minimum air temperature and weather conditions for

different days.
Table 18. Week 6 maximum and minimum temperature and weather [44]
WEEK 6 26 27 28 29 30 1 2
Tmax
(°C) 17 19 20 21 18 21 20
Tmin (°C) 12 11 12 16 15 14 11
Partly Partly Partly Partly Partly
AL cloudy cloudy Sunny cloudy cloudy Cloudy cloudy
WEEK 6: 26 APRIL- 2 MAY
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Figure 67. Temperature difference vs time representation of the 3 materials during week 6
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As explained before, in Figure 67 the limestone AT does not appear because of the
thermocouple connection problem on the surface. For the other two surfaces relatively

high AT were obtained. The last three days of the week had a lower AT, as a consequence
of the weather.

4.1.7 Week 7: 3 May- 9 May

Table 19 shows the maximum and minimum air temperature and weather conditions for
different days.

Table 19. Week 7 maximum and minimum temperature and weather [44]

WEEK 7 3 4 5) 6 7 8 9
Tmax (°C) 20 23 26 25 24 24 27
Tmin (°C) 12 15 15 15 16 17 18
Weather ;2[}:1{, Sunny Rainy Cloudy Sunny Sunny Sunny

WEEK 7: 3 MAY- 9 MAY
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Figure 68. Temperature difference vs time representation of the 3 materials during week 7
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During this week, the limestone AT is not shown. In Figure 68 draws attention that on
May 5" despite being the hottest day of the week, the less AT was created. This was
because of the rain of that day. The rest of the days perform normally reaching a AT of
14°C and 9°C for concrete and asphalt, respectively.

4.1.8 Week 8: 10 May- 16 May

Table 20 shows the maximum and minimum air temperature and weather conditions for
different days.

Table 20. Week 8 maximum and minimum temperature and weather [44]

WEEK 8 10 11 12 13 14 15 16
Tmax (°C) 23 23 22 22 26 26 24
Tmin (°C) 16 15 16 16 16 16 14
Weather ;gzt(lj); (:th:j{, (;F;?)Lt:j{, Sunny Sunny (:232; Sunny
WEEK 8: 3 MAY- 9 MAY
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Figure 69. Temperature difference vs time representation of the 3 materials during week 8
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During this week, as we can see in Table 20 the maximum temperatures were always over
20°C as the seventh week. The limestone data since the second day is shown again as the
problem was fixed. Due to the time of the year, mid-May temperatures started increasing
(Figure 69). For example, the limestone was able to reach a AT of 15°C every day.

4.1.9 Week 9: 17 May- 23 May

Table 21 shows the maximum and minimum air temperature and weather conditions for
different days.

Table 21. Week 9 maximum and minimum temperature and weather [44]

WEEK 9 17 18 19 20 21 22 23

Tmax (°C) 23 24 23 23 24 22 26

Tmin (°C) 15 17 15 14 14 16 15
Partly Partly

Weather Sunny Sunny Sunny cloudy cloudy Sunny Sunny
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Figure 70. Temperature difference vs time representation of the 3 materials during week 9
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In the last week, higher AT started being recorded. For limestone readings exceeding 15°C

became norm, also asphalt and concrete started to have higher temperatures. The weather

during this whole week was mostly sunny with some clouds as shown in Table 21.

4.1.10 Week 10: 24 May- 30 May

Table 15 shows the maximum and minimum air temperature and weather conditions for

different days.

Table 22. Week 10 maximum and minimum temperature and weather [44]

WEEK 10 24 25 26 27 28 29 30
Tmax (°C) 25 28 27 28 27 26 29
Tmin (°C) 17 16 18 18 19 18 17
Partly Partly Partly Partly
AL cloudy Sunny Sunny cloudy cloudy cloudy Sunny
WEEK 10: 24 MAY- 30 MAY
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Figure 71. Temperature difference vs time representation of the 3 materials during week 10
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The last week of May registered the highest temperatures by the time of writing.
However, due to the clouds during this week the AT were not as high as expected. Even
so, the limestone AT exceeded 15°C for most of the week, the AT for concrete exceeded
the 10°C and the asphalt maintained its AT around the 8/9°C during the week.

4.1.11 Analysis of the temperature data

This section analyses all the data obtained and compares the results with other similar
experiments that have been carried out.

From the data obtained during these 10 weeks it can be seen that positive AT is generated
for around 9 or 10 hours per day (the month of May was observed to have more hours
than March and April as it is closer to summer). However, during these 9 or 10 hours per
day the effective time is reduced further because a minimum threshold of AT above 5°C
is needed for the TEG to start generating a voltage. So, the real effective time that the
modules had during most of the weeks was: in the asphalt around 3 or 4 hours (the shadow
influenced this result), the concrete around 4 or 5 hours (also influenced by some

shadows) and the limestone around 6 hours (which had no shadows).

The maximum and minimum air temperature of the day has influenced the AT but not as
much as the direct solar incidence. It has been noticed that the clouds and rain have a
huge impact on the generation of AT between the two surfaces of the TEG module. A

60% decrease in voltage generation happens when there is this kind of weather.

Asphalt, concrete and limestone have been the materials tested. Asphalt, as shown in
Figures 62 to 71 is the one that created the lowest AT. This could be due to the fact that
during the afternoon the nearby shadows affected the exposure of the asphalt to direct
sunshine. Indeed, the same happened to concrete but in spite of this, its temperature was
higher than asphalt so it can be concluded that this last material absorbs more heat than
the asphalt. The third material tested was limestone, which had the best performance in

creating a AT reaching a maximum of 18.37°C on May 19"

As mentioned in Chapter 2, in the city of Xi"an (2016) [12] a similar experiment was
carried out in which the temperatures were tested in asphalt during two different days

(August 23 and December 27™). A thermocouple was placed 9 cm below the surface
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(very similar to our experiment which was at 10 cm below the surface) and another
thermocouple measuring the surface temperature. In August, the maximum AT was of
9°C and in December the highest AT was of 5.7°C. These results are very similar to ours
in the asphalt material. However, if our temperature data collection would be in August
in Malta more AT would be expected. Also, in Xi’an in August around 5 pm and in
December around 4 pm the surface temperature started to be lower than the underneath
one, and consequently, the AT was negative. This is the same situation that happened in
our experiment. In the Xi’an experiment, the effective time when positive AT over 5°C

was created was of 5 hours in August and 2 hours in December.

4.2 TEG modules’ experimental test

In this section, the results obtained in the laboratory will be compared with research
studies that have been carried out in the past. However, many factors affect the power
generation as it depends on the hot and cold side temperatures of the modules. In some
experiments, the thermocouples for measuring the temperature were placed on the surface
of the modules while in others, they were placed some millimeters or centimeters away
from them. In our case, the thermocouple that measures the hot side was placed on top of
the resistor that heated the module, and the other thermocouple was placed on the heat

sink next to the cold side of the module as shown in Figure 72.

rmocouple

thermocouple

Figure 72. lllustration pointing out the thermocouples placement
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4.2.1 Setup 1 tests (GM250-31-14-10 module)

The first set-up was utilized with the GM250-31-14-10 TEG module. In the first test, the
module was operated under open circuit conditions to check the module’s open circuit
voltage generation. The results will be analysed and compared with the manufacturer’s
specifications. For the rest of the tests, a variable resistor was applied to load the TEG

modules, where the output voltage was measured.

4.2.1.1 Open circuit test

For this test, two runs were conducted to check the consistency in the module operation.

Figure 73 shows the open circuit voltage generated plotted against the temperature

gradient.
Open circuit (Setup 1)
0,3
025 y =0,0072x - 0,0011
g —e—Runl
3 02
IS Run 2
(5] —
$ 0,15 y=0007x+00181 . Trend line (Run 1)
O
T N RN 5l .t N A SR TTT PR Lineal (Run 1)
& 01
= ' Trend line (Run 2)
~ 0,05 Lineal (Run 2)
0
0 5 10 15 20 25 30 35 40

Temperature difference (°C)

Figure 73. Voltage generated vs Temperature difference in open circuit voltage for setup 1.

As can be seen in Figure 73, the open circuit voltage varies linearly with the AT. The
voltage generated (U) as a function of AT can be expressed by (6) and (7) for the run 1

and 2. It can be seen that the obtained AT coefficients are very close.
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U, = 0.0072 x AT — 0.0011 (6)

U, = 0.007 X AT + 0.0181 (7

Where U is the voltage generated (V); AT is the temperature difference (K);

The maximum AT reached was of 36.57 K and for that value the U was of 0.266V. For a
AT of 30 K the manufacturer specifies a U of 0.23 V, and the U we obtained was of 0.21V.
The result is very close. A possible explanation of the discrepancy could be from the
temperature readings as the thermocouples are not measuring directly at the surface of
the modules. Despite that, it can be concluded that the results obtained in the test were
right [41].

4.2.1.2 Test under load

As mentioned before, different resistance values were applied to load the module. The
blue, orange and grey colors-represent a resistance of 0.218 Q, 0.248 Q and 0.309 Q
respectively. The output voltage plotted against the AT is shown in Figure 74.

Loaded circuit (Setup 1)
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0 5 10 15 20 25 30 35 40
Temperature difference (K)

Figure 74. Output voltage vs Temperature difference in loaded circuit for setup 1
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As expected, in Figure 74 the U is less than in the open circuit test. The highest voltage
generated was of 0.075 V at a AT of AT 35 K when a 0.309 Q resistance was being
applied. For the 0.218 Q and 0.248 Q resistances the maximum U was of 0.055 V and
0.059 V, respectively. The best performance of the TEG module occurred when the
0.309Q2 resistance was used. Comparing the results with the manufacturer’s datasheet
[41], reveals a discrepancy. The matched load voltage for a 30 K of AT is given at 0.13
V while in our case, the maximum U obtained was 0.067 V. This implies that the load
resistance was different for the two cases. This can be attributed to the difficulty in setting
the low resistance value precisely.

In a past experiment explained in Chapter 2, a single TEC1-12710 module was tested.
For a AT of 35K the U varied between 0.25 V and 0.45 V when a resistance between 1
and 10 ©Q was being applied. It has to be taken into account that our TEG module
dimensions are 20x20x3 mm while the article’s dimensions are 40x40x3 mm, so the U

expected was lower [15].

Figure 75 shows the power generated (P) vs the AT. The P was calculated through the set

value of the load resistance using (8).

P =— (8)

Where P is the power (W); R is the resistance applied (Q2); U is the output voltage (V);

Loaded circuit (Setup 1)
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-0,005

Temperature difference (K)

Figure 75. Power generated vs Temperature difference in loaded circuit for setup
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Figure 75 shows a clearer distinction for the run with the resistance of 0.309 Q. The
module generated a power of 0.0181 W for a AT of 35 K. Operation with the other
resistance values yielded similar power variation reaching around 0.0138 W for a AT of
33.76 K. The datasheet provided by the manufacturer specified a power output of 0.015
W for a AT of 30 K [41].

Comparing the results with the experiment mentioned before, the power generated was
lower for the same reason as before. For a AT of 30 K the TEC1-12710 generated between
0.01 and 0.06 W [15].

Figure 76 shows the power generated plotted against the voltage output.
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Figure 76. Power generated vs Voltage output in loaded circuit for setup 1.

The trend line in Figure 76 represents a potential function. The U peak is reached at a

value of 0.0756 V with a P of 0.0185 W when a resistance of 0.309 Q was applied.
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4.2.2 Setup 2 tests (GM250-161-12-20 module)

The second set-up utilised the GM250-12-20 TEG module. Similar tests to those carried
out in Setup 1 were carried out. Since this is a larger version of the same technology,
higher voltage and power generation are expected.

4.2.1.1 Open circuit test

In this simulation, three runs were carried out. Figure 77 shows the open circuit voltage

vs the temperature difference (AT).

Open Circuit (Setup 2)
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Figure 77. Voltage generated vs Temperature difference in open circuit voltage for setup 2.

It can be observed from Figure 77 that the two runs yielded very close values of open
circuit voltage. This reached a maximum value of 2.06 V at a AT of 38.64 K. The

following equations represent the two runs:

U, = 0.0527 x AT + 0.0334 9)

Us = 0.0529 x AT + 0.0099 (10)
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The voltage generated when the AT was 35 K was of 1.886 V. In the parameters given by
the manufacturer the necessary AT to generate 2V is 35K, so the results were very similar
[42]. The differences could be because the thermocouples installed for measuring the

temperature were not in the surface of the modules.

4.2.2.2 Test under load

As mentioned in Chapter 3, different resistance values were applied load the 40x40 mm
TEG module. In total 6 resistance setting with the following values were used: 5.9750,
6.278Q2, 6.505€2, 6.789Q2, 7.015Q2 and 7.210Q2. However, the plots will only present the
three of values, which will be shown in a blue color the 5.795Q resistance, in an orange

color the 6.278 Q and in yellow color the 6.789 Q. T

In Figure 78 shows the voltage generated against the temperature difference of the second
setup. The plots should be lineal equations as the should increase proportionally with the
AT.

Loaded circuit (Setup 2)
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Temperature difference (K)

Figure 78. Voltage generated vs Temperature difference in loaded circuit for setup 2.
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As for the case of setup 1, the maximum U obtained is less than in the open circuit test.
The highest voltage generated was of 0.928 V for 34 K of AT when the 6.789 Q resistance
was being applied. A similar voltage of 0.875 V was reached with a resistance of 5.795
Q resistance but with a higher AT of 35 K.

Comparing a past experiment result where a module with same dimensions but different
parameters was used, the results obtained were much better than expected. For a 30K of
AT the maximum value they were able to obtain was of 0.45V while our module was
generating more than the double, 0.928 V [15].

The manufacturer’s datasheet specified a voltage output of 0.85 V for a AT of 30 K. In
our case, the highest value for 30 K of AT was 0.863 V. So effectively the results agree.

Figure 79 shows the generated power against the temperature difference as calculated
from the equation (8). For the test, a AT of 35 K was reached as shown in Figure 79. At
that temperature, the highest value was very similar for the three resistances with a value
was of 0.125 V.
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Figure 79. Power generated vs Temperature difference in loaded circuit for setup 2.

In the datasheet, 0.1 W were expected to be obtained with a AT of 30 K, which is the

same value we obtained [42].
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Figure 80 shows the power generated against the output voltage of the three resistances.

Loaded circuit (Setup 2)
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Figure 80. Power generated vs Temperature difference in loaded circuit for setup 2.

In the plots it can be observed that for the same power generation, the 6.789 Q resistance
needs the highest output voltage. For example, for generate 0.12 W the 6.789 Q needs a
U of 0.9 V while the 5.795 Q needs 0.84 V.

4.3 ADEH-P-A board testing

As mentioned in Chapter 3, a board was used with the GM250-31-14-10 TEG modules
to test the output voltage obtained. As the material used was a TEG harvester, the device
was connected to the first channel of the board. The output voltage configurations set
were the jumper n°2 connected as a VAUX and the jumper n°3 in the GND. All the
possible configurations are shown in Table 7 in the methodology. The output voltage
expected was of 3.3 V. Figure 81 shows the output voltage and the temperature of the hot

side of the module against the time.
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Figure 81. Voltage output and hot side temperature against time with ADH board

As shown in Figure 81, the temperature difference is not indicated. For this case is
supposed that the cold side of the module remains constant at 22 °C (the ambient
temperature of the room) to anaylse behavior. It can be observed that the U increased
gradually with the temperature difference until reaching the 3.3 V. At that time the board
had sufficient charge to maintain the output voltage at the set value. The temperature

difference kept increasing while the output voltage remained constant at 3.3V.

Afterwards, a small LED was powered by the GM250-31-14-10 TEG module. It was
connected in the Vout pin of the channel one board. The module was able to light up the
LED once a temperature difference of 23°C was reached. Figure 82 shows the energy

harvesting board ADEH-P-A and the red LED lighted up.
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Figure 82. ADEH-P-A board and LED lighted up

4.4 Application to power booths

The power generated with these modules, can potentially be used to power street screens
and small warning sign without the need of a grid connection. Figure 82 represents a
prototype of a smart pole that could be installed in the streets for different applications.
The screen could be used to provide information to pedestrians about public buses
information or information for active travelers (such as pedestrians and cyclists) to
identify routes that they can be used to encourage in engaging in sustainable mobility.
Also, the power generated could be used to supply electricity to lights or security cameras,

which provide a sense of safety and security to different mode users.
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Figure 83. Smart pole prototype [45]

The typical estimated power demand for a LCD screen of 17’ is about 35 W and of an
sleeping monitor (when is not turned on) between 0-15 W [46]. In order to save energy,
a motion sensor could be installed to turn on the screen only when a pedestrian is nearby.
The demand of this device is around 0.5 W [47]. Based on the results obtained in the lab
tests supposing a 10°C of temperature difference between both sides, the power generated
per TEG would be 0.018W. If the mean of the screen demand (supposing that it is
decreased with the aid of the motion sensor) is about 15W, the number of necessary TEG
modules needed would be around 833. As the number of modules to be installed is very
high, part of the energy demand of smart poles could be also supplied by a photovoltaic

panel on the top of the prototype.

In the case of a LED light with a power between 75 and 100 lumens per watt the demand

is around 5-9 W [48]. Supposing the same situation as before, 277 TEG modules should
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be installed. For an IP security camera, the energy demand of this device is between 4
and 7 W [49]. 222 modules should be installed to supply the energy demand.

Apart from these devices, smaller screens with E-Ink technology incorporated could be
used. This technology decrease significantly the screens power demand compared with
the LCD [50].

All of these hypothetic situations are estimated from the data obtained from the
experiments. Sometimes the power generated will be more than what it has been

estimated and sometimes the opposite.
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CHAPTER 5. CONCLUSIONS

The purpose of this dissertation was to evaluate the potential of power generation from a
TEG module. The research started at first with a review of past similar experiments in
order to know the materials used in the prototypes, the different ways of cooling the cold
side of the module and finally the voltage and power expected as a function of the
temperature difference. Furthermore, temperature characteristics of three different
surface materials were investigated to know the real conditions the TEG were going to be
exposed to.

The temperature gradient between the surface and 10 cm underneath of the three materials
was gathered by a data logger. The village of Marsaxlokk, in Malta proved to have the
necessary conditions to generate a significant temperature gradient. Nevertheless, the
results demonstrated that the effective time when a significant temperature difference was
created, was only for 4-5 hours a day under our conditions (depending on the place, the

material tested and the period of the year).

As mentioned in Chapter 4, the asphalt and concrete materials results were influenced by
a shadow during the day. Still, the average of the temperature gradient for the asphalt was
between 5°C and 9 °C during most of the days. The concrete, which had a greater
temperature gradient than the asphalt, stayed between the 10°C and 14°C. The limestone
had the best performance of the three materials. During the three months when the tests
were carried out the material always exceeded the 10°C of temperature difference. In
May, it was normal for the limestone to exceed the 15°C of temperature gradient. The
highest AT registered by the thermocouples installed in the Institute for Sustainable
Energy was of 18.37 °C. The tests were carried out during the season of spring, so higher

results would be expected during the summer.

During the tests it was also noticed that the characteristic that influenced the most in
obtaining a high AT was not the ambient temperature but the daily weather. The rain or

very cloudy weather significantly decreases AT.

In the laboratory, two different setups were prepared to test the TEG modules. Each of
them contained a heat sink to dissipate the heat provided by the HS resistor. The biggest
challenge during the simulations was to maintain the temperature difference as high as

possible. The laboratory modules were tested until a AT of 35 °C was reached between
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both sides of the module. However, such value of temperature gradient was not obtained
from the materials tested.

In the case of asphalt, with a mean of 5-9 °C of AT the voltage generated would be
between 0.0185-0.31 V and the power generated of 0.0049-0.014 W if the 6.789 Q

resistance is applied.

The concrete, which normally performed between the 10-14°C of AT the voltage
generated would be 0.335-0.45 V and the power generated of 0.0176-0.0298 W if the
6.789 Q resistance would be applied.

In the limestone the highest results would be obtained. Its normal AT has been between
12-16°C. At those conditions, the voltage generated would be 0.388-0.49 V and the power
generated of 0.0228-0.035 W if the 6.789 Q resistance would be applied.

As discussed in Chapter 4, using the TEG technology to supply an entire smart pole is
not feasible because of the number of modules that have to be installed. However, they
can be use as an aid to PV panels for supplying booths that are powered by renewable

energy.

To sum up, this is still a technology (TRL 3) that needs further research. All the energy
wasted from the sun on pavements should be used in one way or another and TEGs are a
great solution to this problem. However, it has still a very low energy conversion
efficiency. Even so, many companies are starting to compete between each other
investigating this technology. Coupled with other technologies such as PV pavements it
can be beneficial to use for outlets with low power requirements, such as, displays with
information that can be used in nudging to nudge people for sustainable mobility as

presented in this dissertation.

5.1 Further studies and recommendations

This dissertation has shown the performance of a single TEG. It would be interesting to
create a setup with some modules and embed them on the surface of a pavement. Then,

study the real voltage and power that can be generated due to overheating by the sun.
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Also, the use of different TEGs rated at a lower temperature are recommended as the ones
we used were rated at 250°C and that temperature will never be reached by the asphalt.

On the other hand, it would be interesting to keep recording the temperature data for the
three pavements for at least one year to get to know the AT that can be generated during

the months, especially for summer.
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