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Abstract

With the increase of the energy needs and the demand for environmentally-friendly processes
capable of obtaining useful energy, the expansion of applications for thermoelectric generators
(TEGs) is a possible way of bridging the existing gap. Thermoelectric generators are reliable,
flexible and wireless devices that are able to produce electricity through the recovery of waste
heat, and they promote energy recovery in industrial environments.

The goals of this work were the simulation of a flexible planar thermoelectric generator made
with bismuth telluride (Bi Te3) and optimally design its geometry to efficiently generate electricity
by taking advantage of a naturally existing temperature gradient.

Firstly, the research process took place, and the theoretical principles behind thermoelectricity
were studied. Afterwards, the state of the art of the generators was reviewed, in order to establish
the current state of the devices and the direction in which they are evolving in order to overcome
the existing problems.

Then, an initial design of the generator was modelled in ANSYS 2019 and a sensitivity analysis
took place to examine which geometrical and thermal changes resulted in a greater impact on the
performance of the generator. The model of the generator was optimised through a parametric
optimisation, both numerical and theoretical, in order to work at maximum power. The optimised
parameters were the geometry, the dimensions and the number of thermocouples of the generator.
The solutions of the numerical model were similar to the ones obtained with the created theoretical
model.

With the optimisation process, the final optimal design of the thermoelectric generator was
achieved, reaching 0.10 W of maximum power and producing an output voltage of 9.973 V when
exposed to a temperature gradient between the temperatures of 20 °C and 150 °C. Additionally,
the generator did not exceed the space limitations and worked with an efficiency level of 4.99%.

Keywords: thermoelectric, flexible devices, Seebeck effect, electricity generation, numerical sim-
ulation
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Resumo

Com o aumento das necessidades energéticas e da procura por processos sustentdveis de obtencao
de energia util, a expansdo de aplicagdes para geradores termoelétricos (TEG) representa uma
estratégia de interesse de forma a preencher as lacunas existentes. Os geradores termoelétricos
sdo dispositivos flexiveis e wireless que produzem eletricidade através da recuperacio de calor
residual e a sua utilizacdo promove o aproveitamento energético em contextos industriais.

Os objetivos deste trabalho focaram-se na simulagdo numérica de um gerador termoelétrico
planar flexivel usando telureto de bismuto (Bi,Tes) e na optimizacdo da sua geometria de modo
a poder gerar eletricidade eficientemente, aproveitando um gradiente térmico naturalmente exis-
tente.

Primeiramente, deu-se o processo de pesquisa e foram estudados os principios tedricos que
sustentam a termoeletricidade. Posteriormente, foi analisado o estado da arte dos geradores, de
modo a estabelecer o estado atual dos dispositivos e a direcdo de evolugdo destes de maneira a
corrigir os problemas atualmente existentes.

Em seguida, um modelo inicial do gerador foi modelado no software ANSYS 2019 e uma
andlise de sensibilidade foi realizada para examinar quais os pardmetros com maior impacto no
desempenho do gerador. O modelo do gerador foi posteriormente otimizado através de uma
otimizacdo paramétrica, numérica e tedrica, para trabalhar na condi¢@o de poténcia maxima. Os
parametros otimizados foram a geometria, as dimensdes e o nimero de termopares do gerador.
Verificou-se que as solu¢des dos modelos numérico e tedrico apresentavam um comportamento
similar.

Com o processo de otimizagdo, o desenho 6timo final do gerador termoelétrico foi alcancado,
atingindo 0,10 W de poténcia mdxima e produzindo uma tensdo em circuito aberto de 9,973 V
quando exposto a um gradiente térmico entre as temperaturas de 20 °C e 150 °C. Além disso, o
gerador ndo excedeu as limitacdes espaciais e exibiu uma eficiéncia de 4,99%.

Palavras-chave: termoelétrico, dispositivos flexiveis, efeito de Seebeck, geracdo de eletricidade,
simulacdo numérica
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Chapter 1

Introduction

1.1 Motivation

With the exponential growth of the world’s population, the energy demands are constantly in-
creasing. As a result, research is taking place in order to improve the efficiency of the already
existing and well established methods of energy conversion, as well as using the current advances
of technology to create innovative devices.

However, it is also important to guarantee that the methods used to obtain the required energy
are sustainable and employ renewable sources. Therefore, practices like combustion of fossil fuels,
like petroleum or coal, to produce electricity become unpractical, since the emitted gases are heavy
contributors to global warming and climate change. In other words, despite being an established
method with matured technologies and high versatility, its usage for electricity production has
been steadily declining in recent years for sustainability reasons.

There are plenty of natural and renewable energy sources, such as the sun, wind, water courses,
waves, and others, that have already proven their energy potential. However, not every country has
promising levels of solar irradiation, wind speed or level differences to take advantage of these nat-
ural resources. Moreover, these sources of energy are not easy to implement in the transport sector,
one of the biggest energy consumers, which needs to be adapted to the increase of intercultural
mobility. Currently, this sector requires large amounts of fossil fuels, specially petroleum, whose
reserves only exist in a small group of countries, creating a big dependency in countries without
these resources. In the current economic and financial environment of countries like Portugal, the
reduction of energy dependence on third parties is a possible way of bettering the economy, as
well as the environment.

A very interesting method is the usage of special materials that are able to recover waste heat
and convert it into electricity. Based on the unquestionable laws of thermodynamics, any work-
ing machine produces waste heat that, in most cases, is not “recycled” by the most conventional
systems because it is set at lower temperatures [1].

Thus, the facts presented above have driven the development of alternative technologies for

energy generation and recovery, namely thermoelectric generators (TEG).



2 Introduction

1.2 Applications

Thermoelectric generation is mostly used near existing thermal gradients, like heat engines, re-
covering waste heat that would otherwise be entirely rejected to the environment. For example,
since power generation plants reject high quantities of heat, thermoelectric generators are being
used as a bottom cycle, increasing the efficiency of the overall system [2]. Additionally, TEGs
have been proven to enhance the efficiency of solar thermal collectors, creating a hybrid system
which produces heated waters and electricity [3, 4]. Moreover, in the past decade, the increased

interest in nanotechnology has also been applied in thermoelectric generators [5].

Currently, researchers are also developing thermoelectric generators to be used in energy har-
vesting methods in several industries, namely the Automotive industry, by taking advantage of the
high temperatures of the escape gases, that can be as high as 700°C [1, 6, 7, 8, 9, 10, 11, 12, 13].
In addition, in Aeronautics, the implementation of these devices has been considered in airliners in
order to power wireless sensors [14] and in spacecrafts, by recovering the energy from the decay
of radioactive elements in order to produce electricity, called Radioisotope Thermoelectric Gen-
erator (RTG) [1, 15, 16]. In fact, Voyager 1, the space-probe launched by NASA (the National
Aeronautics and Space Administration of the United States of America) in 1977 and the farthest
man-made object from Earth, is powered by three RTGs with plutonium-238. [17].

Moreover, researchers have been studying the implementation of TEGs in wearable devices,
taking advantage of body heat, due to the metabolism and muscular activity of an individual,

in order to power electronics, such as biosensors, that could for instance power pacemakers and
watches [18, 19, 20].

1.3 Objectives

As described in Section 1.2, despite this technology being successfully implemented in the Voy-
ager 1 in 1977, the full potential of this technology has not been reached yet, and the range of the

use of TEGs is still limited to experimental scenarios.

Additionally, it is important to highlight the relative lack of research of planar thermoelectric
generators embedded in flexible substrates, as well as their manufacturing processes. In this scope,
printed technologies are an attractive approach since, when combined with flexible materials, offer
the possibility to produce low cost devices, and the process is suitable for mass production. There-
fore, the production of TEGs based on these technologies, such as dispenser printing, becomes of
interest for a near future, thus requiring a higher level of research for the improvement of printed
TEGs.

To bridge these existing gaps, this project proposes to develop an optimally designed flexible
thermoelectric generator, and attest its performance through numerical simulation. In order to
achieve this goal, it is first necessary to understand the functioning of these devices and what the

performance of the state-of-the-art devices is in order to develop the desired planar thermoelectric
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generator and improve its design through numerical simulation of the geometry. Finally, it will be

possible to verify the validity of the obtained model through numerical and theoretical analysis.

1.4 Thesis Outline

In Chapter 2, a theoretical analysis of the thermoelectric properties is presented, as well as the
theoretical and mathematical definitions of the concepts of figure of merit and thermoelectric effi-
ciency. Additionally, the heat transfer methods are addressed.

Chapter 3 glances at the state-of-the-art thermoelectric devices, the involved materials and
manufacturing processes and finally the numerical simulation tools used by engineers and re-
searchers to improve the desired phenomena.

Chapter 4 describes in detail the methods used to design and optimise the flexible TEG this
project aims to construct. A comparison between the theoretical and the simulated results takes
place in order to validate the model.

Chapter 5 presents a summary of the obtained results of the theoretical and numerical models,
namely the output electrical properties the generator can provide to the load.

Chapter 6 expresses the main conclusions of the project and analyses possible future enhance-
ments.

Appendix A shows images of the different modules that were numerically analysed in Section
4.2 regarding the sensitivity analysis of the model.

Appendix B shows the used EXCEL sheet used to perform the theoretical optimisation of the
design of the generator.

Appendix C presents the full paper approved and published in the proceedings of IRF2020
Conference (Integrity-Reliability-Failure). The presentation of the work at the conference will be
held from the 6™ to the 10™ of September 2020, by video conference due to COVID-19 situation.

1.5 Centre for Nanotechnology and Smart Materials (CeNTI)

The Centre for Nanotechnology and Smart Materials, abbreviated to CeNTI, is a research and tech-
nological development institute whose main mission is the development of products contributing
to several industries, mainly the Textile, Clothing and Automotive Industry.

It is well-established since 2006 in Vila Nova de Famalicdo from a partnership between the
Universities of Porto, Minho and Aveiro as well as the Technological Centre of the Textile and
Clothing Industries of Portugal (CITEVE), and the Technological Centre of Leather Industries
(CTIC), along with the Centre for Excellence and Innovation in the Automotive Industry (CEiiA),
a center of Engineering and product development.

As of 2019, CeNTI has developed over 170 industrial projects, 111 projects funded at na-
tional level and 20 at European level. The more than 95 investigators that work on the Centre for
Nanotechnology and Smart Materials have successfully conceded 7 patents and have 57 pending

patents.



4 Introduction

This non-profit institute focuses on prototyping, developing, analysing, testing and expanding
smart materials and systems in order to incorporate more advanced technologies in traditional
solutions found in the industries and markets, relying on cutting-edge technology and equipment.
In fact, this centre is concerned in scientifically increasing the properties of the materials that most
contribute to the national economy, such as textiles, polymers, leather, paper, glass, ceramics,
natural stone, concrete, cork, wood and others. Consequently, CeNTTI is notorious for working on
projects with national industries, supporting and promoting domestic businesses and companies.

Moreover, along with other projects developed in cooperation with international entities, the
Centre for Nanotechnology and Smart Materials aims to develop and legitimise new technologies
[21].



Chapter 2

Theoretical analysis

Before proceeding with the design and optimisation of the thermoelectric performance, it is im-
perative to understand the underlying physical phenomena that occur in the conversion of heat
into electricity in these devices, namely the involved heat transfer mechanisms and effects that
can occur in these devices, like the Seebeck, Thomson and Peltier effect. Afterwards, it will be
possible to fully understand the thermoelectric effect and understand the different variables that

most contribute to the efficiency of these devices.

2.1 Thermoelectric effect

A thermoelectric generator is a solid-state device which, when subjected to a temperature gradient,
has the power to transform heat into electricity according to the Seebeck effect. Moreover, the
process can be reversed in order to preserve a temperature gradient, as is the case of Peltier coolers
or heaters, which operate according to the Peltier effect. Figure 2.1 displays a basic scheme of the

operating mechanism of TEG [22, 23].

Heat source

bt {1y

p-type n-type

Heat sink

1

_ >

Figure 2.1: Power generation process. Adapted from [22].
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A TEG unit, composed of two vertical "legs" connected at the top, are placed between a heat
source and a heat sink, the first at a higher temperature than the latter, separated only by a thin
layer of a conductive material that ensures the heat is uniformly distributed in the cross-sectional
area of the legs. This configuration leads to a temperature gradient being imposed in the TEG,
leading to the instability of the carriers on both legs. These charged particles diffuse and tend to
move from the hot surface to the cold surface [24].

As seen in Figure 2.1, p- and n- type leg units - the first witnessing the movement of positive
particles (or holes, h™), represented as white circles, and the second of negative particles (or elec-
trons, e°), displayed as black circles, respectively — accumulate these charges at the bottom near
the heat sink, generating an electrostatic potential or, in other words, a voltage [24].

The ratio between the electric potential and the temperature gradient is an interesting variable
used to compare the produced voltage of different materials given the same temperature gradient,
and it is called Seebeck coefficient [22, 24].

2.2 Seebeck Effect

The Seebeck effect was first discovered by the German physicist Thomas Seebeck in 1821 [25].
At the time, he noticed that a metallic needle would move when it was near a loop made with
two different metallic materials whose junctions were exposed to two different temperatures. A

scheme of the setup can be seen in Figure 2.2 [26].
Material A

T] T2

Material B Material B

Figure 2.2: Seebeck effect experimental setup. Adapted from [26].

With the setup shown in Figure 2.2, this physicist discovered that there was a current flow
through the circuit. The ruling equation of the Seebeck effect is displayed in Equation 2.1 where
AV is the voltage differential, AT is the temperature difference and Sp and Sg are the Seebeck
coefficients of material A and B, respectively [1, 26, 27].

AV = —(Sy — Sp) - AT 2.1)

When the two legs are made of the same material, the Seebeck coefficients of the p- and n-type
can be considered symmetrical and, therefore, the electric potential is not null. For the purpose of

simplification, let S be the Seebeck coefficient of a uni-material thermocouple, equal to the double
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of the Seebeck coefficient of the material (2 - Sa). In fact, the voltage is directly proportional to
the number of pairs of p- and n-legs, in other words, the number of thermocouples, present in the
generator, since they are connected electrically in series, as illustrated in Figure 2.1.

The Seebeck coefficient is a function of the temperature because the mobility of the charged
particles is heavily connected with their energy level [26, 27, 28]. As such, it is possible to further
develop Equation 2.1 into Equation 2.3, which represents the theoretical equation used to calculate
the generated open-circuit voltage for a specific TEG and temperature gradient between Th;gn and
T)ow of the heat source and heat sink, respectively, where n is the number of thermocouples present

in the generator.

dV = —S(T)-n-dT . 2.2)
T}ligh
Voo = —n- / S(T)dT 2.3)
7’}0“)

Consequently, the produced electricity and the overall efficiency of the thermoelectric device

are also dependent on the temperature [7, 20, 27, 29].

2.3 Joule effect

In 1841, James Prescott Joule, a British physicist, discovered that when a conductive material is
subjected to a flow of electrons, heat is generated. In his experiment, a copper wire was immersed
in a recipient of water and the ends were connected to a battery in order to induce a current flow in
the created closed circuit. During a period of time, Joule measured the temperature of the liquid,
which increased continuously during the experiment [30].

This discovery was extremely relevant at the time, because it turned the ruling Caloric Theory,
a theory that described heat as a weightless fluid, obsolete and promoted further research of energy
phenomena, leading to the universally accepted laws of Thermodynamics that currently exist [30].

Subsequently, this physicist deduced that the produced heat transfer rate, equal to the elec-
trical power, P, could be calculated as a function of the current, I, squared, and the resistance R,

generating Equation 2.4, also known as Joule’s First Law [30].

P=R-I? (2.4)

2.4 Thomson effect

Another important physicist that contributed to the knowledge of thermoelectrics was William
Thomson, better known as Lord Kelvin, the developer of the Kelvin temperature scale [31].

As reported by the effect studied by this British physicist, if a material is exposed to two
different temperatures and there is a current I flowing through it, according to the direction of

the current flow, the material will absorb or emit additional heat. The most significant difference
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between this phenomenon and the Seebeck effect is that there is only one material and not a couple
of materials [22].

As can be seen from Figure 2.3, a current is flowing through a material exposed to a high
temperature and low temperature in each extremity. In situation (a), the current flow is in the same
direction as the increase of the temperature, whereas in situation (b), the direction of the current
flow is preserved, but the temperature increases in the opposite direction. According to this effect,

the material absorbs heat in the former and it releases heat in latter situation [22, 32].

e 5o
Tiow Thigh Thigh Tiow

[—/ — [ — >
(2) (b)

Figure 2.3: Heat absorption or emission due to the Thomson effect.

In other words, the volumetric heat generation rate ¢/, expressed in Wm™3, is the Joule heat
transfer rate increased or decreased by the Thomson heat transfer rate per unit of volume. A ruling
equation for the phenomenon is given by Equation 2.5 [22, 32, 33].

q"zp-ﬂiuT-J-‘c% (2.5)

In fact, Equation 2.5 involves several parameters. Namely, the current density, J, meaning
the electric current that flows through the material per unit of area perpendicular to the flow, is
measured in Am~2. Additionally, what is essentially the inverse of the electrical conductivity,
p. the electrical resistivity, represented in Qm, quantifies how well a material opposes the flow
of electric current. Moreover, Uy is the Thomson coefficient, which is related to the variation of
temperature to pressure (it measures the uniformity of the thermal properties of the material, unlike
the Seebeck coefficient) and ‘% is the temperature variance throughout the material [22, 32, 33].

As previously stated, the thermal power per volume unit can be split into two parcels. Firstly,
there is the resistant heating, directly obtained from Joule’s First Law, presented in Equation 2.4.
Secondly, there is the Thomson heat rate, which is responsible for linking the existing temperature
gradient and the installed current and the Thomson coefficient.

Furthermore, it is possible to make a correlation between the Seebeck coefficient and the
Thomson coefficient, as can be seen from Equation 2.6 [34].

ds

2.5 Peltier effect

Finally, the last effect to be introduced is the Peltier effect. The phenomenon adopted the name

of the French physicist which studied it in the 19™ century [27]. It describes the opposite of
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the Seebeck effect. It basically suggests that when a current is flowing through two dissimilar
materials conjoined in two places, there will be a heat transfer process occurring in each junction,
one absorbing and the other emitting. Therefore, the environment surrounding the junction that
absorbs heat will witness its temperature increase whereas the other extremity will lose heat and
lower its temperature [22, 32, 35, 36].

Each material possesses a Peltier coefficient, Il, which indicates the heat transfer rate that is
exchanged in the joint between the materials over the current that flows through, which is obtained
through experimentation [27].

Equation 2.7 translates the Peltier effect, where Q is the heat transfer rate and ITp and Ilg are
the Peltier coefficients of material A and B, respectively [22, 27, 32, 35, 36].

Q=1 (114 —TIp) 2.7)

From the analysis of the units, the relationship between the Seebeck and Peltier coefficients is

simple and it is shown in Equation 2.8 [37].

M=S-T 2.8)

2.6 Heat transfer mechanisms

There are three main heat transfer mechanisms: conduction, convection and, finally, radiation. In
thermoelectric generators, the latter process is, at lower temperatures, despicable. Therefore, in
this Section, the mechanism of conduction and convection are presented, in Subsection 2.6.1 and

Subsection 2.6.2, respectively.

2.6.1 Conduction

The process of conduction is a heat transfer phenomenon through random motion of atoms which
happens due to a temperature gradient. The rate of this energy transfer mechanism, or heat transfer
rate, Q, depends, for steady-state conditions, on the cross-sectional area, A, the thermal conduc-
tivity of the material, k, as well as the temperature variation in the direction of the heat flow x, ‘%.
Knowing that heat flows in the direction of the lowest temperature, the steady-state one-directional
heat transfer rate is described by Equation 2.9, known as Fourier’s Law [38, 22].
Q:—k-A-i% (2.9)
Unlike the heat transfer rate, the heat flux does not depend on the cross-sectional area, since
this parameter measures the heat which flows through a single square metre of area per time unit,
g, as can be seen in Equation 2.10 [38].
dT

= —k — 2.10
q i (2.10)
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For an unidirectional permanent heat transfer rate on a homogeneous flat surface, both the heat
rate and the heat flux are constant. Consequently, it is possible to obtain an equation that represents
the temperature distribution through the material with integrals, through the process presented in
Equations 2.11 - 2.13 [38].

da’T
o 2.11
e (2.11)

dTr
—=C 2.12
I 1 (2.12)
S Tx)=C-x+C (2.13)

In short, the variation of temperature through the thickness of the materials is linear and when
the corresponding boundary-conditions are applied, it is possible to obtain the exact temperature
distribution. Given that the legs of the thermoelectric generator, with a length L, are connected by
a high conductivity material, it is safe to approximate the temperature of the waste heat, Thjgp, to
the temperature of the top surface of the thermoelectric and, similarly, the heat sink temperature,
Tiow, to the bottom surface of the thermoelectric legs. Mathematically, these conditions can be

expressed as Equation 2.14 [38].

{ T|—o = Tiow o
T|x:L = Thign

Therefore, the constants C; and C; are discovered, and Equation 2.13 transforms into Equation
2.16. The graphic representation of this equation is a linear function, with a slope given by the

temperature gradient and the length of the material [38].

{Tlow_CZ (2 15)
Thigh =C1-L+C

( ) _ Thigh — Tiow

ST (x X+ Tiow (2.16)

2.6.1.1 Thermal resistance

When there is a series of different materials that compose the block through which the heat transfer
rate is intended to be measured, the easier approach which can be followed to determine the
temperature distribution is the thermal resistance one. This analysis is based on the similarity

between the phenomena and ruling equations of an electrical resistance and a thermal resistance.
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An electrical resistance is used to control the flow of electricity in an electrical circuit. Com-
paratively, a thermal resistance, Ry, measures the opposition a given material has against heat that
flows through itself [38].

In Equation 2.17, Ohm’s Law is stated and it correlates the resistance, the potential differential
and the current outlined in Figure 2.4. In contrast, the thermal resistance is similarly related to
the heat transfer rate Q and the temperature difference AT in an object, as shown by Equations
2.18 and 2.19, sketched in Figure 2.5. It is important to notice that Equation 2.19 derives from
introducing Equation 2.9 in Equation 2.18.

R=— 2.17)

[AV]

Figure 2.4: Current flow through an
electrical resistor.

IAT] Ry = (2.19)

Figure 2.5: Heat flow through an ob-
ject.

In Figure 2.6, an example of a wall with four layers exposed to two different temperatures, on
the outer surfaces of material A and D (Th;gnh and Tiow, respectively) is shown. The temperatures
on the contact surface between layers are not known, and are represented by T, T, and T3. Since
the materials are all in series, just as in the electricity realm, it is possible to calculate an effective
resistance, R*, by adding all resistances. This method is interesting, because it simplifies the
calculations, when there are many materials and layers. In fact, a new wall with the same thickness
but made up of only one hypothetical material with a resistance equal to R* when exposed to the
same temperature difference, would have the same heat transfer rate, as is shown in Figure 2.7.

The more conductive a material is, the smaller the slope of the temperature distribution func-
tion, given that the material will have approximately the same temperature in all its volume. On
the other hand, materials with smaller conductivity levels, like insulators, are good at preserving a
temperature gradient, so the slope is understandably bigger.

Higher values of thermal resistance lead to lower values of heat transfer rate and, therefore, to

the recovery of a smaller amount of wasted heat. A way of decreasing the thermal resistance is by



12 Theoretical analysis
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Figure 2.6: Temperature profile of a Figure 2.7: Temperature profile of the
wall with several flat layers. equivalent material.

manipulation of the parameters of Equation 2.19.

There are, therefore, three possible routes that allow the change of the thermal resistance.

The first one revolves around the choice of materials, by choosing the most suitable state-of-
the-art materials. This way, the intrinsic property of conductivity can be changed to the desired
values. However, a vast majority of these materials are still in development, and information
on their properties can be difficult to find. For this reason, this scenario can hardly be analysed
through a theoretical perspective. Another possible option is changing the thickness of each layer
and finding an optimal combination of thicknesses values to reach a lower value of Ry,. Thirdly,
it is possible to alter the area of the layers or, in other words, the product of width and length of
each material, in order to increase this parameter.

Therefore, the more suitable ways of modifying the thermal resistance to desired values is
through the alteration of the second and last aspects. In other words, it is the geometrical optimi-
sation of the thermoelectric device that can lead to the evaluation and optimisation of its perfor-

mance.

2.6.2 Convection

The process of convection is another heat transfer mechanism, which is the result of the interaction
between the surface of a solid and a circulating fluid at a different temperature. This process is
divided into forced convection, which occurs when the motion of the fluid is induced by an external
source, such as wind or a fan, and natural convection, when the difference in buoyancy in the fluid,
caused by the temperature gradient within the fluid, is the principal cause of the fluid movement
[38].

For both convection processes, the steady-state heat transfer rate depends on the surface area,

the temperature of the surface of the solid, Tyyt, the fluid temperature, T. and the convection



2.7 Evaluation of performance 13

coefficient, hcopny, expressed in Wm 2K~!. Once more, since the heat transfer occurs from the

highest to the lowest temperature, it is possible to define Equation 2.20.

Q = heony A - (Ts - Tm) (220)

2.7 Evaluation of performance

Understanding the physical phenomena that occur in an operational thermoelectric generator, it
is now important to understand how to evaluate its efficiency. To assess the ability of converting
waste heat into electricity, the materials that constitute the generator are theoretically analysed in
Subsection 2.7.1 as well as the whole generator and the conditions it works in, in Subsection 2.7.2
and Subsection 2.7.3.

2.7.1 Figure of merit

It is important to underline that not all materials have relevant levels of the thermoelectric effect
based on their atomic structure. A coarse way to divide materials by their conductivity is in three
groups: Conductors, Semiconductors and Insulators. It could be thought that the p- and n-type
materials to use in the legs would be good conductors, to increase the mobility of the charged
particles, producing a higher voltage. However, as will be seen in this Section, these materials
must be semiconductors because of the conflicting properties that rule the Seebeck effect [24].

In fact, the most used parameter to evaluate the performance of a thermoelectric material is
its figure of merit, z, expressed in K~!. The figure of merit translates how well a certain material
generates power, so the higher the z, the better the material will perform. It is usual, however, to
represent this as an non-dimensional number, zT, being called the dimensionless figure of merit.

To calculate this non-dimensional number, expressed in Equation 2.21, it is necessary to know
the Seebeck coefficient, expressed in VK, the temperature, in K, the electrical conductivity,
o, in Sm~! (the S stands for Siemens which is equivalent to Q') and the thermal conductivity,

expressed in WK~

T = SZ:T 2.21)

Equation 2.21 originated the concept of thermoelectric power factor, which is simply S?c and
it is expressed in Wm~ K2 [37].

Analysing the calculation method for the figure of merit, a good thermoelectric material must
have a high electrical conductivity, low thermal conductivity and a high Seebeck coefficient. In
fact, a higher electrical conductivity allows for a lower Joule heating, since the resistive heat
produced is unwanted and lowers the efficiency of the process. Furthermore, a lower thermal
conductivity is a good quality in order to preserve the temperature gradient and not its decay,

which would result in a lower potential difference. Additionally, a higher Seebeck coefficient



14 Theoretical analysis

maximises the conversion of heat into useful power, the main reason for the use of these devices
[1, 22, 37].

However, optimising these three parameters is not easy because they are interdependent prop-
erties. In other words, the calculation of each individual property requires the use of the same
variables.

First, an expression for the Seebeck coefficient was developed by Snyder et al. (2008) and can
be seen in Equation 2.22 [24].

872 - k3 TN\2/3

e A 222
et 3n (22

In Equation 2.22, kg is the Boltzmann constant (approximately equal to 5.67 - 1078 Wm—2K~%),
e is the electron charge (roughly 1.602 - 10~ C for positive charges and —1.602 - 10~!° C for neg-
ative ones), h is the Planck constant (approximately 6.626-1073*m>kgs™!), m* is the effective

mass |, in kg, n is the carrier concentration, in m~3, and T is the temperature, in K.

Furthermore, the electrical conductivity is calculated with the carrier concentration, electron

charge and the particle mobility, i, and it is evident in Equation 2.23 [3].

O =
(2.23)

= Q|-

.e.u

Moreover, the electrical and thermal conductivity are intimately related, and their association
can be made with Wiedemann-Franz Law, defined in Equation 2.24. Establishing that the thermal
conductivity of a material is composed by electron and phonon mobility components, this law
establishes that the electronic portion of the thermal conductivity, ke, is influenced by the electrical
conductivity. Additionally, as seen in Equation 2.25, Lo represents the Lorenz number, which

depends on the material properties [40].

ke oot (2.24)
()
2 2
Lo= ™. ("B> (225)
3 e

Looking at Equation 2.22, in order to maximise the Seebeck coefficient of a material, and
therefore enhance its conversion of thermal energy to electricity, one would have a large effective
mass and a low carrier concentration. However, the decrease of the carrier concentration would

lead to a higher electrical resistivity and, therefore, a lower flow of particles, as can be deduced

I'The effective mass, a concept used in theoretical physics, is a measurement of the apparent mass of a particle when
subjected to a force or, in this particular case, a thermal distribution, as a result of the band theory of solid state particles.
For most cases, this value can be assumed as constant for a given material [39, p. 197-202].
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from Equation 2.23. Finally, according to the Wiedmann-Franz Law, the decrease of the electrical

conductivity would lead to the reduction of the thermal conductivity for the same temperature.

Therefore, the figure of merit and the power factor are two conflicting and interdependent
properties, and to find an equilibrium among them, very conductive materials cannot be chosen.
Taking into consideration that insulating materials do not exhibit enough values of thermal and
electrical conductivity, the ideal materials for thermoelectric devices are semiconductors. Bubnova
etal. (2012) made a symbolic and simple comparison between four classes of materials according

to their electrical and thermal conductivities, as seen in Figure 2.8 [41].

Thermoelectrics Metals

Plastics Ceramics

Figure 2.8: Electrical and thermal conductivities of some materials. Adapted from [41].

As a matter of fact, the thermal conductivity and electrical conductivity are, in a physics’ point
of view, the movement of phonons and electrons, respectively. To be enhanced, a semiconductor
material needs, therefore, to allow the propagation of electrons, but retard the propagation of
phonons, and such process can be done by altering the crystalline structure in nanoscale [26,
37, 41, 42]. The state-of-the-art methods of enhancement of thermoelectric (TE) properties are

presented in Section 3.3.

In order to visualise the independence of the properties in question, Snyder et al. (2008)
plotted S26, 0, S, k and zT as a function of the carrier concentration, for Bi, Tes, a semiconductor

material, and the graph is presented in Figure 2.9 [24].

In Figure 2.9, the figure of merit and the power factor reach their peak levels at different carrier
concentration values. However, as stated previously, zT is the best parameter to describe thermo-
electric materials and, from the previous Figure, the ideal carrier concentration that maximises the

figure of merit in this case is between 10'° cm— and 10?° cm—3.

According to the current advances in this technology, however, it is considered that for values
of zT close to 1, as is the case of Figure 2.9, the thermoelectric devices are not sufficiently efficient.
Moreover, researchers diverge on what the minimum value of the figure of merit should be in order
for a given TEG to lead to a feasible increase of energy recovery. For instance, according to Twaha
et al. (2016), the device is only efficient for values of zT approximately equal to 2 [22], whereas
L. Bell (2008) states that a figure of merit equal or greater than 1.5 is sufficient to guarantee the

efficiency of the thermoelectric device [43].
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Figure 2.9: Thermoelectric parameters as a function of the carrier concentration. Adapted from
[24].

2.7.2 Thermal and electrical parameters

In order to obtain the efficiency of the thermoelectric generator, it is required to know parameters
such as heat transfer rate, current, voltage and electrical power, since they are the basic parameters

of this technology.

There are two different types of heat transfer rates that contribute to the generation of the
current in the terminals of the thermoelectric unit: thgh is the thermal power absorbed from the
heat sink, which is at a constant temperature equal to Thigh, and Olow is the rejected heat transfer
rate from the TEG to the heat sink, at a corresponding temperature of Ty, usually the atmospheric
temperature. As seen in Figure 2.10, given the symmetry of the generator, it is possible to assume

that each leg rejects half of the total emitted heat.

Performing an energy balance in the hot junction and the cold junction between the legs and
the conductive material, resorting to the First Law of Thermodynamics, it is possible to find the
expressions to calculate thgh and Oiow, respectively. Because of the already mentioned effects,
and assuming the complete thermal and electrical isolation of the surfaces of the TEG, the number

of different heat flows that occur in the generator increases to four.

First, thgh and Qo need to be accounted. Secondly, there is the Joule heat transfer rate, 0y,
calculated in Equation 2.26, that happens due to the current flow and the internal resistance of the
thermoelectric materials. The latter property, Rjy, is calculated knowing the resistivity, the inverse
of the thermal conductivity, length and cross-sectional area of each p- and n-type legs, identically
as seen in Equation 2.19. It is presented in Equation 2.27, where the indexes p and n correspond

to the properties of p- and n-type legs, respectively.
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Figure 2.10: Thermoelectric unit in a circuit. Adapted from [22].

Qy =1 Ry (2.26)
L L

Riw =P ”A Py Prfn ”A L (2.27)
p n

Thirdly, it is necessary to take into account the conduction heat transfer rate, Ocond, that flows
through the semiconductor legs through conduction. An easier way to calculate the conduction
heat is by introducing the concept of conductance, K, the inverse of the internal resistance calcu-

lated in Equation 2.29, expressed in Q1.

Qcond = (Thigh - EOW) ‘K (2.28)

k,-A ky-A
L 2.29
L, L (2:29)

Finally, there is the Peltier heat transfer rate, Qp, that is emitted in the hot surface and absorbed
in the cold junction to preserve their temperature as a result of the thermoelectric effect. It can be
simply calculated in Equations 2.30 and 2.31, for the hot and cold junctions, respectively [22, 32,
35, 36].
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OPys = S+ 1 - Thigh (2.30)
QIJIUW = S : I : T}UW (231)

Performing an energy balance in 2.32, the expression used to calculate thgh is found in Equa-
tion 2.33 [1, 19].

. 1 . . .
thgh + 5 : QJ - Qcond - QPh,-gh =0 (232)
. 1
.. Ohigh = —3 I Rint + (Thigh — Tiow) - K + ST+ Thign (2.33)

Similarly, the outcome of the energy balance in the cold junction, presented in Equation 2.34,
leads to Equation 2.35, used to calculate Oiow [1, 19].

Qlow - E : QJ - Qcond - QP]UW =0 (234)
. 1
Qlow = 5 '12 “Rint + (Thigh - T}ow) K+S-1- T}ow (235)

From Figure 2.10, it is concluded that the output power can be calculated as the product be-
tween the current squared, I2, and the load resistance, Rjoad, according to the component that is
going to be powered by the thermoelectric generator, through Equation 2.4.

In fact, understanding that the device is a heat engine, the generator can also be represented as

a generic power cycle, represented in Figure 2.11.

Thigh

Tlow

Figure 2.11: Simplified representation of thermoelectric generator.

Therefore, applying the First Law of Thermodynamics, it is concluded that the output power,
represented as W in Figure 2.11, can also be calculated as the difference between thgh and Qjow.
Furthermore, this expression, shown in Equation 2.36, can be completed when combined with

Equations 2.33 and 2.35, as seen in Equation 2.37.
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W = Ohigh — Olow .- (2.36)
=S-I- (Thigh - Tlow) - 12 “Rins (237)

From Ohm’s Law and Joule’s First Law, the voltage and the current can be calculated through

Equation 2.38 and 2.39, respectively [1].

V=S§- (Thigh - Tlnw) —1-Rin (238)
S (Thion — T
J— ( high low) (239)
Rint +Rload

On the thermoelectric module, the voltage is the difference between the Seebeck voltage,
resultant of the Seebeck effect, and a voltage which depends on the internal resistance of the
materials, as well as the current that flows through the device [1, 34]. It is now finally possible to

calculate the efficiency of the generator.

2.7.3 Efficiency

The efficiency of a heat engine is the ratio between the produced electricity and the energy that
needs to be provided to the device. For the theoretical Carnot cycle, the Carnot efficiency 1 camnot
depends only on the natural boundaries, in other words, the existing temperature gradient from
which the energy is going to be recovered. Unlike the real thermodynamic cycles, the Carnot
cycle does not witness internal irreversible effects of loss of useful energy [44, 45], like thermal
conduction and Joule heat [46]. The Carnot efficiency is a basic parameter used to understand the
maximum theoretical potential of the technology. It is calculated in Equation 2.40 [12, 24, 42, 47].
Thigh — Tiow

Ncarnot = Ti (240)
high

For a thermoelectric generator, the efficiency is the ratio between W and thgh, the heat ex-
tracted from the heat source. Introducing the concept of m, the ratio between the load resistance
and the internal resistance defined in Equation 2.27, a new expression for W and thgh can be
obtained to simplify the calculation of the efficiency. These new equations are equivalent to the

ones obtained previously and are presented in Equations 2.42 and 2.43 [36, 48].

Rload
m =

(2.41)
Rint
: 8% (Thigh — Tiow)?
W =m- (htgh2 low) (2.42)
(1+m) 'Rint
. 1 1 Z.R; Thion - (1
Ohigh = —5 +K (L+m)” Rin hign (14m) (2.43)

2 52 (Thigh - Tlow) Thigh —Tiow
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Dividing Equations 2.42 and 2.43, the efficiency is given by Equation 2.44 [36, 48].

Thion — 1
B hlg;” o 1. Thign=Ti K~R-m (2.44)
hlgh _i ’ ”gT}lig/‘l = + SZT/’II:Zh ' (1 + m)2 + (1 + m)

From the previous Equation, it is noticeable that the efficiency of the generator is the prod-
uct between the Carnot efficiency and the efficiency of the geometry, material and conditions of
the generator. Additionally, it is possible to understand that the conversion efficiency is directly
proportional to the leg length, but inversely proportional to the cross-sectional area of the legs
[49]. Moreover, it is deductible that the efficiency increases with the temperature gradient, just
like the Carnot efficiency. The hotter the heat source or the colder the heat sink, the better the
thermoelectric generator will perform, given that there is more waste energy to be recovered.

Additionally, it is possible to simplify Equation 2.44 even further. Looking at the denomina-

K'Rint
S2-Thigh

temperature of the heat source. The Equation can be simplified into Equation 2.45 [36].

tor, the term is none other than the inverse of the non-dimensional figure of merit for the

m

2
_% “Ncarnot + (i;;::z + (1 +m)

N = Ncarnor * (2.45)

It is apparent from Equation 2.45 that the efficiency of a thermoelectric generator is closely
linked to the figure of merit of the material, such as the Seebeck coefficient and the thermal and
electrical conductivities, as well as the ratio between the load and the internal resistances and

finally the temperature gradient the generator is exposed to.

However, the thermoelectric generator is a device that allows the recovery of energy from an
already existing source. In other words, the heat source is set at a non-adjustable temperature and
the heat sink is usually the ambient temperature. In addition, in a practical scenario, as will be
seen in Section 3.2, each semiconductor material has an optimum particular range of temperatures
in which it excels its performance, so an increase of the temperature gradient may not necessarily

lead to more generated electricity. Therefore, 1 is mostly dependent on z and m.

For the optimisation of the efficiency, the figure of merit should be elevated or, in other words,
the product of the internal resistance and the conductance should be minimised. This approach in
the optimisation problem can only be done when the material intrinsic properties can be manipu-
lated synthetically.

Creating the variables ¥, and ¥, as the ratio between the cross-sectional area and the length
of the p- and n-type legs, respectively, the geometrical properties, the ones that are going to be

adjusted in the design optimisation, can be related, in Equation 2.46 and 2.47, respectively.

Ap

Yy = L—p (2.46)
Ay

Y = L (2.47)
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Multiplying Equations 2.27 and 2.29 and replacing Equations 2.46 and 2.47, K - R, becomes
a function of ¥, and ¥, as well as the mechanical properties of thermal conductivity and electrical
resistivity. Calculating the minimum of K - Rjy, the optimum ratio between ¥, and 7, that leads

to the maximum figure of merit is found, calculable with Equation 2.49.

AR o) _ - <7> = [Pk (2.48)
d(yfp) Y optimum

2
S
Zmax| { m = (2.49)
‘(%’){;ptimum (\/pp kp+ \/pnkn>

As mentioned previously, it is also possible to optimise the efficiency of the thermoelectric

by adjusting the resistance ratio, m. In this case, the increase of the ratio decreases the efficiency
of the thermoelectric conversion and, therefore, it is desired to find the optimal value of m to
maximise 7). Calculating the value of m for which the derivative of Equation 2.45 as a function of
m is null, Mypmum 18 established such that the efficiency is maxed [24]. This calculation is done
in the set of expressions of Equation 2.50, where T represents the average temperature between
Thigh and Tlow-

d —
7{,117 :O.'.moptimum = I+z-T..
m
14+z-T—1

142 T+ o

Nmax = NCarnot * (250)

By evaluating Equation 2.50, the maximum practical efficiency of the thermoelectric generator
is equal to the Carnot efficiency if the figure of merit is infinite [50]. Finally, it is possible to
calculate the maximum electrical output, once again by calculating the optimum m that maximises
W, using Equation 2.52 [19].

dw
% =0.. Moptimum = 1. (2.51)
. 1 SZ . (Thi h — Tlow)2
w1 ; 2.52
e 4 Rim‘ ( )
1 (1)
MW = - (2.53)

. l . _ Tlow Thigh

2 2 (1 Thigh) + 2 Tlow
As seen from the results, for an optimum value of the resistance ratio of one, the internal

resistance of the model must be equal to the load resistance [27, 32, 34, 36, 51, 52, 53].

Interestingly enough, the maximum power output does not correspond to the produced power

at maximum efficiency as seen in Equation 2.53, obtained by calculating n for the maximum
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power output, 7w, . In applications for heat recovery, it is more interesting to extract the maxi-

mum power possible instead of having the device work at maximum efficiency [7].



Chapter 3

State of the art

In order to develop the model of the thermoelectric generator, it is necessary to evaluate the already
existing solutions. Therefore, an analysis of literature of several research projects took place,
which particularly and generally focused on thermoelectric devices and their characteristics, such

as materials and their treatment, geometry and manufacturing processes.

3.1 Thermoelectric devices

The use of thermoelectric generators is associated with several advantages. For instance, given the
absence of emission of pollutants to the atmosphere, this technology is environmentally friendly,
a relevant characteristic for the current energy paradigm [9, 45, 54]. Secondly, TEGs have no
moving components, which grants them low levels of maintenance, reducing operation costs and
even reducing sound pollution [1, 36, 45, 49, 52, 54]. Additionally, these devices are wireless,
autonomous, portable [43] and are also lightweight [32]. Moreover, the devices are easily adapt-
able and scalable to the energy requirements in each particular situation [5, 34, 45, 55]. Finally,
the thermoelectric devices can work in two different ways: producing electricity by taking advan-
tage of a temperature gradient, the case of TEGs, or by inducing a desired temperature difference
by consuming electricity, the case of Thermoelectric Coolers (TECs) or Thermoelectric Heaters
(TEHs), depending on the desired effect [11, 22, 24].

However, the thermoelectric process has a significant disadvantage: in fact, the conversion
process of recovering waste heat is not a very efficient method when compared to other heat
engines, especially well-established power cycles [5, 27]. As seen in Figure 3.1, the efficiency is
quite low, between 5% and 7%, when the heat sink is set at ambient temperature [22, 47].

Despite the worse results in comparison with other technologies, the current scientific efforts
of material research, design geometry, modelling and manufacturing, as well as the increase of the
number of uses of this technology, have been strong measures to its further development, having

the overall efficiency increased in just a few decades [22, 32, 52]. As seen in Section 1.2, with the

23
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Figure 3.1: Power generation efficiency of several heat engines. Adapted from [47].

advances in technology, thermoelectric generators and coolers/heaters have been able to integrate
many scientific researches in a range of areas, like Electronics, Medicine, Engineering, Textile,
Automotive and Aeronautical, in a successful manner, providing characteristics unmatched by
other more powerful heat engines.

The thermoelectric generators consist of an array of thermoelectric units, such as the one seen
in Figure 2.10, connected at the bottom. However, the thermoelectric units can be designed in
several other ways, according to the desired application. In fact, the most common dispositions
are vertical and planar, shown, respectively, in Figures 3.2 and 3.3 [56].

As opposed to the vertical display, the planar design, considered in this project, is thinner
and, therefore, more easily printed onto a substrate. A planar device exhibits less mechanical
shear stress, making it withstand flexion and torsion conditions, resulting in a device which is
adaptable to stretchable and bendable environments. Moreover, it requires less material than a
vertical design. The planar thermoelectric devices are mostly used as wearable parts, since they
exhibit a greater flexibility and occupy less volume [5, 18, 19]. However, the planar generator
requires a lot of space in one dimension because it can hardly be folded. In contrast, vertical
generators can be arranged to occupy less space, as illustrated in Figure 3.4 [22, 35].

As stated in Section 2.7.1, the non-dimensional figure of merit is the best performance indi-
cator of the semiconductor materials. This parameter depends on the properties of the materials,
which in turn depend on the crystalline structure, which is significantly influenced by the material
processing. Additionally, knowing that the geometric imperfections have a bigger impact in these
typically small devices, the manufacturing of the devices needs to have good precision and respect
very tight tolerances. Finally, the fabrication procedure is ultimately aided by numerical analysis
and computer simulation of the device in operation conditions, in order to save time and resources.
Therefore it is important to know the materials, the synthesising, the computational analysis and

the fabrication of the state-of-the-art devices.
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Figure 3.3: Planar generator. Adapted from [56].
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Figure 3.4: Compact vertical generator. Adapted from [35].
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3.2 Materials

Semiconductors materials are used in thermoelectric processes because they have a great balance
between the Seebeck coefficient, electrical and thermal conductivities. According to Yao et al.
(2019), Figure 3.5 illustrates the most used materials in thermoelectric research of the scientific
community [46].

In general, TE materials can be classified in different aspects. For instance, thermoelectric
materials are classified in three groups, according to the temperature range their thermoelectric
performance excels in. Firstly, there are the low temperature TE materials, with a temperature
range from 300K to 500 K; secondly, the medium temperature thermoelectric materials, which
posses an optimum range between 500 K and 900 K;; finally, the high temperature TE materials are
characterised for exhibiting peak figure of merit levels in temperatures above 900 K [56].

Moreover, semiconductor materials can also be organic and inorganic. In fact, organic semi-
conductor materials are promising because they carry the advantages of being lightweight, flexible
and economical, but have significantly lower figure of merit values than the inorganic materials
[57], so only the latter materials are going to be studied in this project.

However, inorganic semiconductors can also be characterised by their crystalline composition
and structure. In fact, a semiconductor material can be distinguished as chalcogenide, silicide,
half-Heusler, skutterudite, clathrate or oxide [6, 57]. Naturally, there are other emerging materi-
als with potential to be implemented in generators, such as electronically conducting polymers,

graphene and carbon nanotubes (CNT) [26].
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BiTe alloys
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Skutterudites -a 1(8)}‘]7:
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Half-Heusler alloys
12% SiGe alloys

17%

Figure 3.5: Use of semiconductor materials in scientific research of TEG. Adapted from [46].

Baranowski et al. (2012) collected information about the technological advances of certain
thermoelectric materials, and the variation of the figure of merit with the working temperature

for state-of-the-art p-type and n-type semiconductors is shown in Figure 3.6 and 3.7, respectively
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[55]. Additionally, Table 3.1 illustrates the cost of some materials in raw and pure form [6], which

can be linked to their potential and abundance of these materials.
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Figure 3.6: Figure of merit of p-type semi- Figure 3.7: Figure of merit of n-type semi-
conductors. Adapted from [55]. conductors. Adapted from [55].
Table 3.1: Cost of raw and pure thermoelectric materials. Adapted from [6].
Material Material Cost of raw Cost of pure
family composition material [€- kg~!] material [€- kg™']
Bi,Tes 102 746
Chalcogenide PbTe 46.3 93
AnglSSbTezo 78 537
eye . Sio,gGeo.z 343 6550
Silicide MngiQ'85Bi0'15 6.5 177
Half-Heusler  Tiy gHfy,NiSn 10.2 491
Skutterudite YbgIng,Co4Sbiy  22.2 189
Clathrate BagGa;sGergZn, 569 3675
Oxide (ZnoiggAlo.oz)O 1.9 46.3

3.2.1 Chalcogenides

The first group of materials, where BiTe and PbTe are included, is used in about 37% of scien-
tific research [46]. In this class, materials with elements from group 16 of the periodic table are
included, therefore, tellurides, sulfides, selenides and polonides belong in this category [6].
Bismuth Telluride, BiTe, is a well established semiconductor and the most used in thermo-
electric devices, either generators or Peltier coolers/heaters. This low temperature thermoelectric
material exhibits a better performance at room temperature usage, with an optimum average tem-
perature range between 0 °C and 150 °C [14, 56]. Given this thermal characteristic, this material

has been studied intensively since the interest for this technology grew in the scientific community
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in the late half of the 20" century, where the number of papers on the semiconductor materials
increased significantly [58].

Bismuth is a group 15 element of the periodic table, making it a pnictogen. Unlike the other
heavy metals, Bi is non-toxic. Additionally, it is one of the elements with the lowest thermal
conductivity values since it has a low number of free electrons. Furthermore, Bi has some of
the highest electrical resistivity levels in the periodic table. This material is the seventieth most
abundant in the world. On the other hand, tellurium, Te, is a rare element on earth, with an
abundance level that is similar to neon [59]. This metal exhibits good electrical conductivity
levels, resulting, when allied with other semiconductor elements, in a promising material.

Lead telluride, PbTe, is a semiconductor material with an elevated figure of merit, as illustrated
by the graph of Figure 3.6 [55]. Apart from bismuth telluride, Te-based semiconductor materials
are the most indicated for medium temperature applications [24, 56] and have been used by NASA

in space probes [6].

3.2.2 Silicides

The second group of materials are the silicides, which are applied in generators exposed to higher
temperatures. Silicon-germanium, SiGe, the most common silicide, is an interesting semiconduc-
tor material because it is able to maintain acceptable performance levels at temperatures around
1000 °C because the materials withstand thermal stress without degrading [6]. This material is
mostly used in power supplying components for space exploration and planetary missions. In fact,
NASA has implemented this material in the RTG that powers the Voyager 1, Voyager 2, Galileo,
New Horizons and, together with the European Space Agency, the Ulysses and Cassini space-
crafts [17, 56, 60]. Due to its excelling performance levels, SiGe is one of the most expensive

thermoelectric materials [6].

3.2.3 Half-Heuslers

Thirdly, there are the half-Heuslers and their alloys. These materials, like the silicides, are more
suitable to higher temperature applications [6], and comprise a simple cubic crystalline structure
[24]. Due to possessing inter-metallic compounds in their crystalline structure, these materials
have a high thermal conductivity and Seebeck coefficient. However, with the enhancement meth-

ods that will be explained further, it is possible to decrease k [6, 26].

3.2.4 Skutterudite and Clathrates

Additionally, Skutterudite is a material discovered in 1845 in Norway, named after the region
where it was first found. Its general formula is AB3, with A and B being a transition element
and an element from group 15, respectively. This material family revealed itself to be promising,
particularly CoAss, FeAs; or NiAssz, due to the high particle mobility, low electrical resistivity
and elevated Seebeck coefficient [3].
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This family of materials, as well as clathrates, has a very complex cage-like crystal structure
[37] with voids on the inside which, thanks to nanotechnology, can be filled with particles of
immense electrical conductivity levels, increasing the overall thermoelectric efficiency, through
methods which are going to be mentioned in Section 3.3 [6, 24, 26]. However, the properties of

the overall system are different for each filling compositions and are difficult to predict [3].

3.2.5 Oxides

Finally, there are the oxides semiconductor materials. Without synthetic alteration of the struc-
ture, these materials are deemed as inferior thermoelectric materials, because of their low particle
mobility and high thermal conductivity [47]. However, the tuning of their properties has led to the
increase of their thermoelectric performance at higher temperatures. Therefore, researchers are
still studying techniques to further enhance this abundant and thermally stable family of materials,

in order for its implementation to be cost-effective [24].

3.2.6 Substrate materials

The substrate, where the planar thermoelectric generators are placed, are usually made from a flex-
ible material, which varies according to the desired application. For instance, Park et al. (2017)
produced a flexible thermoelectric generator implemented on a wristband in order to take advan-
tage of body heat to produce electricity, and placed the TEG on a layer of polyimide which was
proven to excel mechanically [61]. Likewise, Zhu et al. (2018) created a small flexible planar
generator onto a paper-based substrate, producing, then, a lightweight thermoelectric generator
[62]. Furthermore, Lu et al. (2016) was able to fabricate a generator and integrate it into silk
[63], and reported that the 100 load cycles applied to the generator did not impact its performance.
In addition, Elmoughni et al. (2019) was able to create a prototype of a flexible thermoelectric
knitted onto fabric [64]. As tested by Elmoughni et al. (2019), the usage and cleaning of the fabric
the wearable thermoelectric generator was placed on led to significant increases of the internal
resistance, and a corresponding deterioration of the performance. Nonetheless, the condition of
flexibility was not affected by the maintenance procedures [64].

Additionally, the substrate material needs to withstand bending and twisting to provide the
generator the required structural support [65]. Therefore, the mechanical properties of polymeric
films are relevant. For instance, the flexural modulus measures the flexibility of polymeric materi-
als, and lower values of this property are a synonym of a greater flexibility [66].

Moreover, the thermal properties of the substrate are also relevant. In fact, the contact surface
area between planar thermoelectric generators and their substrate is higher than a generator with
a vertical design, which leads to more dissipated heat. Therefore, in order to minimise this unde-
sired effect, the substrate material needs to have low values of thermal conductivity [67, 68], as
well as good dimensional stability at higher temperatures, by having a low coefficient of thermal

expansion [66]. Finally, the substrate material should be inert to avoid chemical reactions with
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the environment and the other materials of the generator, as well as an electric insulating material
[69].

3.3 Enhancement of thermoelectric properties of materials

With the advances of technology, the currently used semiconductor materials are heavily synthe-
sised to enhance their properties, through their alloyment with other elements [24]. Additionally,
the crystalline structure of thermoelectric materials could be complemented with nanoparticles or
nanostructures, like carbon nanotubes, in order to scatter the phonons and decrease the thermal
conductivity as a result, without affecting the regular flow of electrons. However, nanostructuring
is not going to be approached in this project due to its complexity [37].

Melt-and-growth is a commonly adopted process for mechanically alloying semiconductors.
For this practice, it is first necessary to mix pure powders of each separate element in the chosen
proportions into a container. If necessary, the powder can be ball milled, in order to reduce the
dimensions of the particles. Then, the mixture is put in a vacuum, to stop the surrounding air,
specially the oxygen and water components, from interacting with the powders. Afterwards, the
mixture is exposed to a heat treatment and it is melted and annealed in a period of time between
72 and 96 hours, in order to achieve the desired microstructure [26, 70].

Gayner et al. (2016) measured thermoelectric properties, such as S, o, k and zT, of Sip gGeg
at 27 °C being unannealed, annealed at 1345 °C and annealed at 1365 °C, and the results are pre-
sented in Table 3.2 [26]. It is visible in Table 3.2 that the Seebeck coefficient increased when the
material was annealed, while the conductivities decreased. However, the figure of merit increased,
indicating that annealing at higher temperatures is beneficial. Comparing the annealed semicon-
ductors, the increase of the annealing temperature led to the reduction of the S and k and the raise

of the electrical conductivity.

Table 3.2: Influence of annealing SipgGeg; at 27 °C. Adapted from [26].

Property at 27 °C
Process
S[uVK™!'] o[Sem™!] k[Wm™!'K™!'] zT
Unannealed 140 1052 9.73 0.0636
Annealed at 1345 °C 155 768 7.67 0.0722
Annealed at 1365 °C 151 845 6.00 0.0964

In Figure 3.8, the figure of merit values of some alloys of the previously indicated materials

are presented [3].
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3.4 Manufacturing processes

The manufacturing processes are responsible for transforming the heavily synthesised materials
into thermoelectric generators. Once more, there are several possible methods, even though only
a small range is adequate for the production of thermoelectrics which resemble the generators
studied by this project. However, in certain cases, it is also possible to adapt some already estab-
lished manufacturing processes, such as flexography or screen-printing, in order to manufacture

thermoelectric generators onto fabrics [53].

For flexible thermoelectric generators, dispensing is a method of additive manufacturing which
consists on the deposition of material onto a substrate. Dispenser printing machines have higher
levels of resolution, around 1 um and are easily programmable to print small and complex ge-
ometries [53, 71, 72]. Additionally, this additive manufacturing process has the advantage of not
producing significant waste products [53].

The printed material comes in the form of an ink, which means the semiconductor materials are
embedded into a resin component, providing it a suitable viscosity to be printed by this technique.
In addition to these two primary materials, there are also minor additives which increase the quality
of the printed product and promote the homogenisation of the mixture. Therefore, the creation of
the thermoelectric inks is a meticulous process, since the proportions between the binding, the
semiconductor and the additive materials need to be adequate in order to guarantee a working
final product. Moreover, it is also necessary to have conductive inks to print the bridges between
semiconductor units. However, there are commercially available conductive inks with elevated
levels of conductive properties and, therefore, it is possible to skip the formulation for conductive
inks.

The printing process is phased, since the printing of several materials needs to be sequential.
First, the conductive materials are printed in the substrate, followed by the semiconductor mate-
rials. An advantage of using inks is the fact that they are printed at lower temperatures, usually
around 60 °C, significantly reducing the input energy and the cool-down period other higher en-
ergy methods require and, consequently, the required manufacturing time [53]. However, it is
advisable to perform a rheological analysis of the inks, usually carried by a finite element soft-
ware, in order to predict possible problems during the printing process, since the viscosity of the
materials is lower at lower temperatures [69].

The dispensing of the ink can occur through two methods, depending on the available equip-
ment. On one hand, the ink can be extruded from the nozzle in a continuous manner, producing
a filament of ink, shown in Figure 3.9. On the other hand, the deposition of the ink can also be
performed through falling ink droplets, as presented in Figure 3.10. The continuous method is
indicated for objects with tighter dimensional tolerances, since the deposition of the ink is more
uniform, whereas the droplet deposition of ink is more rapid and indicated for objects which do
not require precision [69].

Afterwards, if the properties of the materials are to be enhanced further, the device should

undergo a curing process for several hours in an oven at temperatures surrounding 250 °C [53].
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from [69]. from [69].

Finally, given that the thermoelectric generators are exposed to higher temperatures, the materials
become damaged and oxidised over time, due to chemical reactions with air. A method of retarding
the degradation of the generator material is coating its surface with an inert material that protects
the generator without interfering with the thermoelectric process [73]. The protective coating,
which can increase the useful life of a generator several days, are solvent-based or water-based,
the former being more effective than the latter. In addition, the layer, that can be applied through

a simple brushing or spraying process, has a thickness varying from 30 um to 100 um [74].

3.5 Simulation

Simulation is a commonly used tool to predict the behaviour of the desired thermoelectric genera-
tor in a realistic situation before producing it, reducing costs, by eliminating the need for building a
prototype model and testing it in an experimental setup, as well as leading to an efficient design of
the generator. The simulation revolves around using a modelling software to design the structure
of the TEG, followed by its simulation in Finite Element (FE) software.

In fact, ANSYS is a commonly used software in the design and simulation of thermoelectric
generators in literature, due to its multiphysic analysis of problems, accessible interface and imme-
diate support. Using the software, it is possible to simulate the TEGs in the operative conditions.
Naturally, there are simplifications and idealisations of the geometry and boundary conditions in
the simulations that deviate between the obtained results and the ones which would be obtained in
reality and can potentially be misleading.

ANSYS, the software used in this project, comprises several applications responsible for dif-
ferent parts of the simulation process. Firstly, Workbench is an application that acts as a base
for the simulation process. As show in Figure 3.11, Workbench allows the analysis of various
systems, such as structural, thermal, as well as thermal-electrical, essential for this project. Addi-
tionally, it is possible to perform more than one type of analysis, and ANSYS is capable of solving
multiphysic problems.

As seen in Figure 3.11, the different applications are ordered the way they should be addressed
and are easily accessible in the system tree. Additionally, the status of each application is visible,
which is an indicator if the software has all the necessary information to perform the simulation

procedures.
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Figure 3.11: ANSYS Workbench application.

Firstly, the Engineering Data is the ANSYS application used to define the used materials and
their properties. Figure 3.12 exhibits the definition of bismuth telluride.
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Figure 3.12: ANSYS Engineering Data application.

Since the chosen defined properties are temperature dependent, Engineering Data generates a
plot of the input values in the form of a table. On the other hand, ANSYS has a material database
included, which contains more commonly used materials in simulation processes.

Afterwards, the SpaceClaim application is used to model the geometry of the generator, as
seen in Figure 3.13. In order to construct the three-dimensional model of the generator, each com-

ponent has to be developed sequentially, and a common method is starting from a two-dimensional
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sketch and afterwards extruding it into a solid, using the Pull tool. For more complex geometries,
SpaceClaim possesses other building tools that could be more adequate. In addition to the design
of the different components, it is also possible to establish geometric assembly conditions, such as
alignment of different surfaces of different components. Furthermore, one can import files from

various other design programs, such as SOLIDWORKS.
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Figure 3.13: ANSYS SpaceClaim application.

Afterwards, the Mechanical application is used. This application is crucial to the definition of
the simulation conditions of the model, and the presented outline tree indicates the order they must
be defined in, visible in Figure 3.14. At first, it allows the association of the defined materials to
the built components and the definition of the mesh used in the finite element analysis. Afterwards,
the boundary conditions can be inserted, as well as the desired outcomes.

If the model had been parameterised in any parameter set in the previously shown applications,
it would be possible to perform the finite element analysis parametrically, in the Parametric set, a
tool of the Mechanical application, seen in Figure 3.15. In Parametric set, the input variables vary
in a specified manner, and the outcome results are calculated in Workbench directly. Moreover, it

is also possible to generate a plot of the obtained results, resorting to the response surface tool.
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Chapter 4

Methodology

Already comprehending the theoretical phenomena that occur in a thermoelectric generator, as
well as the current status of this technology, it is possible to proceed with the objective of this
project. In this Section, the model of the TEG was designed with SpaceClaim, a design software
of ANSYS 2019, and the Finite Element Method (FEM) was used to simulate the performance of
the designed TEG, using ANSYS for this effect as well as for the parametric optimisation process.

The first step of the optimisation was the definition of the involved physical processes in the
FEM software (Section 4.1.1), followed by the definition of the geometric parameters and the
mathematical formulation of the thermoelectric properties of the materials used in each component
of the TEG (Sections 4.1.2 and 4.1.3, respectively). Afterwards, the initial design of the device
was achieved.

Subsequently, the numerical analysis took place resorting to the FEM. After finding a satisfac-
tory mesh and establishing boundary conditions (in Sections 4.1.5 and 4.1.6, respectively), it was
possible to obtain the temperature and voltage profiles.

Finally, to increase the feasibility of the generator, the output results needed to be maximised,
which happened iteratively through the optimisation process of the defined geometrical parame-

ters, in Section 4.3.

4.1 Simulation methodology

4.1.1 Definition of involved physical processes

As stated in Chapter 2, the stationary generation of electricity due to the existence of a temperature
gradient is justified by the thermoelectric effect, into which heat transfer in solids and generation
of an electrical field are encompassed. In ANSYS, the "thermal-electric" module was selected,

since it is the one that best encompasses the involved phenomena.
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4.1.2 Definition of global parameters

As stated previously, the efficiency of thermoelectric generators is highly influenced by its geomet-
rical parameters, such as leg thickness, width and height, the pitch (the distance between the p- and
n-type legs within a thermocouple) and the distance c, corresponding to half the distance between
thermocouples. Additionally, it is important to know the impact that the height of the conductor
and the thickness of the substrate layer, h. and tg, respectively, have in the output results.

Hence, Table 4.1 denotes the nomenclature of the defined geometrical parameters, and Figure

4.1 illustrates the technical drawing of a single TEG unit adjacent to the flexible substrate.

Table 4.1: Parameters of the model.

Nomenclature Description

W] Leg width
hy Leg height
t Generator thickness
p Pitch
c Distance between consecutive legs
hc Conductor height
ts Substrate thickness
o A !
= A L
A |
) |
c .
A 4 |
|
[
t ts Wi p N

Figure 4.1: Parameterised technical drawing of a planar TEG unit.

4.1.3 Attribution of materials

The “legs” of the TEG unit are, as established before, made of a semiconductor material, and
Bi; Tes; was chosen for being commonly used and well adapted to lower temperatures. Addition-
ally, the bridge between the legs must be made of a highly thermal conductive material, silver

being the chosen material. Finally, the unit is placed on a polymeric substrate, to have a solid
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base; one of the most commonly used materials is polyimide, since its mechanical, electrical and
chemical properties are ideal for the application, which is also used in this project.

Unlike silver and polyimide, bismuth telluride was not a predefined material in the material
library of ANSYS. Therefore, this material was added to the library. However, since the Seebeck
coefficient, the thermal conductivity and the electrical conductivity are all temperature-dependent
properties of semiconductor materials, it was necessary to input the appropriate functions. Fraisse
et al. (2013) approximated these thermoelectric parameters for bismuth telluride to the functions
shown in Equations 4.1, 4.2 and 4.3 [75].

S(T) =(222244930.6-T —0.9905-T%)- 10°[VK™!] (4.1)
k(T) =(62605 —277.7-T +0.4131-T?) - 10*[Wm 'K} (4.2)
o(T)=(5112+163.4-T 4+0.6279-T%)1 - 10'°[Sm™] (4.3)

It is important to add that, for a correct simulation of real-life conditions, the n-type leg needs
to have a negative Seebeck coefficient, equal in absolute value to the p-type one, equal to Sgi,Te,.
For that, a clone material of bismuth telluride was created, preserving every property except for
the Seebeck coefficient, replaced with -Sg;, e, .

Replacing Equations 4.1, 4.2 and 4.3 in the expression to calculate the figure of merit, shown
in Equation 2.21, zT of bismuth telluride can be calculated, through Equation 4.4. Figures 4.2,
4.3,4.4 and 4.5 are plots of the four mentioned equations.

B T-(22224+930.6- T —0.9905 - T2)?
10000 (62605 —277.7-T +0.4131-T2) - (5112 + 163.4- T +0.6279 - T?)

ZT(T) 4.4)

Through the analysis of Equation 4.4 and Figure 4.5, for the used approximation of the ther-
moelectric properties of Bi,Tes, the maximum figure of merit achieved is 0.806 at a temperature
of 349 K, or approximately 76 °C.

It is noteworthy, from an analysis of the mentioned Figures, that the increase of the temper-
ature gradient may not be beneficial to the overall performance. In fact, the Seebeck coefficient
decreases for temperatures superior to approximately 470 K. From Equation 2.52, it was shown
that the maximum power depends on the square of this coefficient and, therefore, the temperatures
for the heat source and for the heat sink should be so that the device’s performance is not adversely
affected.
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Figure 4.5: Temperature dependence of the
figure of merit of Bi,Tes.

Considering the previous aspects, the initial three-dimensional model of the planar flexible de-

vice can be constructed. The chosen dimensions mimic the design of Chen et al. (2011), which

exhibited a good thermoelectric performance [53]. The design is shown in Figure 4.6 and the

dimensions are shown in Table 4.2.
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Table 4.2: Parameters of the initial design of the model.

Parameter Value [mm]

Wi 0.64
hy 5
t 0.09
p 0.36
c 0.18
he 0.8
t 0.0508
A
o0
S
)
v
0.09
|
0.1408 .08 | 064,
\.0.36
” 2 »

Figure 4.6: Initial design for the TEG (dimensions in millimetres). Adapted from [53].
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4.1.5 Definition of mesh

The creation of a mesh is a step of the finite element method analysis, and it allows the simpli-
fication of a body into consecutive smaller polygonal bodies, in order to simplify the simulation.
A greater detail of the mesh leads to more accurate results, creating a better approximation of
reality, but also leads to slower processing time, undesired when the three-dimensional model is
very detailed.

In this project, given the geometric simplicity of the model, a cubic mesh was chosen. For
the used version of the numerical analysis software, the student version, the maximum number
of elements allowed for the initial design is around 5308, which translates to an element size of
59 um. This was the selected mesh for seemingly providing results that are the closest to reality.

In order to understand the validity of the chosen mesh and, consequently, of the obtained
results, it is necessary to perform a mesh convergence study. This test is used to find the optimal
combination of accuracy and computing power. In this study, ten meshes of different sizes, from
coarse to refined, were applied to the model and the retrieved variables were then compared to
each other to understand if the increase of the mesh quality leads to a satisfactory increase of
the quality of the results. In fact, for a greater number of elements, the constant refinement may
not lead to significant differences in the results, increasing the computational time unnecessarily.

Table 4.3 exhibits the correlation between the size and quantity of elements for the current model.

Table 4.3: Relationship between size and quantity of elements.

Situation I II I v v VI vili vl IX X

Size [um] 100 95 90 85 80 75 70 65 60 59
Quantity 980 1066 1247 2688 2876 3380 4032 4432 5264 5308

In the current project, the voltage was measured for meshes of different sizes. To take the mesh
study a step further, three temperature gradients are going to be compared in order to understand
if the mesh converges the same way from small to large temperature gradients. Maintaining the
temperature of the heat sink constant and equal to 20 °C, the temperature of the heat source, Thign,
was set as 30°C, 260 °C and 500 °C, generating a temperature gradient of, respectively, 10 °C,
240 °C and 480 °C. Additionally, the computational time was measured, to understand its evolution
with the increase of the number of elements. The output voltage and computational time for the
three sets of temperature gradients are represented as a function of the number of elements in
Figures 4.7, 4.8 and 4.9.

Analysing the results, it is possible to see that the voltage has a minimal variation in the three
cases. In Figure 4.7, the smaller temperature gradient led to the computational time being the
lowest of the three situations. Furthermore, in Figure 4.8 the computational time is higher than the
previous situation, although it was for the temperature gradient of 480 °C that the computational

time peaked, as seen in the graph of Figure 4.9.
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Figure 4.7: Evolution of voltage and computational time with mesh refinement for AT of 10 °C.
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Figure 4.8: Evolution of voltage and computational time with mesh refinement for AT of 240 °C.

223
222.8
222.6
222.4
222.2

222
221.8
221.6
221.4
221.2

221

Voltage [mV]

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\35

30

25

20

15

S

——V [mV]
—a— t [s]

0
1000 2000 3000 4000 5000 6000
Number of elements

O [T T T T T T T T T

Computational time [s]

Figure 4.9: Evolution of voltage and computational time with mesh refinement for AT of 480 °C.
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As a conclusion, the convergence test should be expanded towards finer meshes. However,
given the relatively low computational time, the 59 pm sized mesh was deemed acceptable for the
objectives of this project, as seen in Figure 4.10. Eventual incoherence between theoretical and
numerical results is mostly due to the limitations of the student version of the used software, and
could be diminished by the decrease of the element size in the finite element analysis.

0 0.0025 0.005 (m)
I 43

0.0013 0.0037

Figure 4.10: Initial design with applied mesh.
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4.1.6 Definition of boundary conditions

As seen in Equation 2.1, it is mandatory to know Th;gn and Toy with the purpose of evaluating the
produced voltage. In addition to these thermal boundary conditions, it is also important to define
electrical conditions, as well as the conditions that concern to the heat transfer mechanisms, all
required by the program.

Starting with the thermal boundary conditions, the temperature of the heat sink, Tjoy, Was set
as constant and equal to the ambient temperature of 20 °C. This temperature is applied to the
bottom of the thermoelectric unit, as illustrated in Figure 4.11. For the temperature of the heat
source, the top surface of the silver connector, Th;gn was set as 150°C, as shown in Figure 4.12.

Moreover, the thermoelectric unit was considered perfectly insulated in all the unmentioned
remaining surfaces, meaning that no undesired heat or electricity is released through the unit, in-
creasing its efficiency, and that the heat flow is only significant vertically. This boundary condition
is clearly shown in Figure 4.13.

Lastly, the software expects the definition of one or more electrical boundary conditions. Gen-
erally, this condition is expressed by the definition of a ground condition, particularly in the surface
of the thermoelectric generator that connects to the load resistance. As evidenced in Figure 4.14, a
null voltage was applied to the indicated surface of the bottom left silver component. However, in
case of several units connected in series, this boundary condition only applies to one of the units,
particularly, the left most contact.

Every boundary condition except for the electrical one can be applied equally to every unit in

a multiple unit thermoelectric generator.
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Figure 4.11: Surfaces at Tjoy,. Figure 4.12: Surface at Thigp.
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Figure 4.13: Insulated surfaces. Figure 4.14: Electrical ground surface.

4.1.7 Assembly of a circuit

In order to measure electrical properties such as the current and the produced power, the TEG
needs to be connected to the load resistance, whereas the voltage is measured in an open circuit.
The circuit can be represented in a simple manner, as illustrated in Figure 4.15.

However, to assemble this circuit in ANSYS, it is mandatory to alter the model differently. In
fact, it is necessary to create a third solid which connects the bottom contacts. This component

is made from a generic material called "Load" and it only possesses the property of resistivity, p,
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TEG Rload

Figure 4.15: Electrical circuit used in the simulation process.

altered according to the chosen load resistance, acting as a resistance in the circuit. For instance,

a generator with eight units inserted into a circuit in ANSYS is shown in Figure 4.16.

Semiconductor
legs
Silver
contacts
Resistance

|

Figure 4.16: 8-unit TEG in a closed electrical circuit.

For the previous configuration, where the resistance has a constant cross-sectional area of
0.8 mm x 0.09 mm, ANSYS returns a total length of resistance equal to 20.76 mm. With these
properties, the definition of the electrical resistance can be done by adapting Equation 2.27 into

Equation 4.5.

-L
Rload = M (45)

Aload

Preserving the geometry, the previous generator was connected to a load of varying resistance
in order to find the maximum power the generator can produce. In theory, as seen previously,
the optimal power occurs when the internal and the load resistances are equal, and these are the

conditions in which the generators are desired to work in.

The load resistance varied between 0 € and 155 Q, as a result of altering the resistivity from
0Qmm to 0.5 Qmm in ANSYS, and the power and absorbed heat rate were measured for each
resistance value. Later, the efficiency of the generator was calculated through the ratio of P and

thgh- The results are shown in the graph of Figure 4.17.
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Figure 4.17: Output power and efficiency for a constant geometry and variable load resistance.

From Figure 4.17, it is seen that the maximum obtainable power is 2.724 mW, for a perfor-
mance efficiency of 4.783%, when Rjoaq is 19 Q.

For the defined temperature range, the Carnot efficiency is equal to 30.7%, so it can be con-
cluded that the initial design of the generator leads to a relatively low thermoelectric performance.
If the device was working at a maximum efficiency condition, ) would be equal to 4.926% when
Rioad 1s equal to 28.26 Q. It is possible to confirm the assumption made in Section 2.7.3, where
it was stated that the maximum power and the maximum efficiency do not occur for the same

conditions.

4.2 Sensitivity analysis

For the purpose of understanding in which direction the model needs to be changed in order to be
optimised, a sensitivity analysis was performed. In other words, small changes were applied to the
model to understand their impact on several output variables.

To start, the number of units was altered. In fact, the increase of n in a generator leads to the
increase of the semiconductor components where the thermoelectric process takes place, increas-
ing the produced voltage, as well as the internal resistance, and both these values impact the output
power, which should be maximised.

Then, the impact of the insulation of the model was analysed. In a practical scenario, the

generator is coated with an inert material, acting as a protective layer of the generator, preserving
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its useful life and decreasing the damage caused by thermal stress, as well as binding the generator

to the flexible substrate.

On the other hand, the substrate is made from a polymeric material with low thermal con-
ductivity and it acts as an obstacle to heat transfer due to this property, as well as decreasing the
temperature dispersion [76]. Additionally, it would also work as an electric insulator, decreasing
the losses to the environment and increasing the efficiency of the device. In Section 4.2.2, two
main conditions were tested: a perfectly insulated model and a generator which exchanges heat
with an environment at a constant temperature equal to 20 °C. For the two scenarios, the influence

of the coating and substrate were studied.

Afterwards, geometrical properties were studied, in open and closed electrical circuits. As seen
in Section 2.2, the produced voltage as a result of the thermoelectric process does not depend on
any geometrical factors; in fact, V only depends on the TE material and the temperature gradient
it is exposed to. Nonetheless, the internal resistance is affected by geometric changes, and since
the electrical power depends on both, the geometry of the model must be analysed as well.

Finally, the dimensions of the conductor elements are going to be analysed. In fact, due to
the high thermal conductivity, it is expected that the changes of the dimensions would not impact
the performance of the generator, being the numerical simulation an easy confirmation method to

prove this assumption.

In Appendix A, the different models used in this Section are presented with the complementary

used mesh.

4.2.1 Number of units

The number of linked units in a generator was defined as indicated in Table 4.4, along with the
used mesh size and the corresponding number of elements. The chosen size corresponds to the

smallest allowed by the software version since the computational times are low.

Table 4.4: Relationship between mesh properties with the number of units.

Number of Mesh size Number of

units [um] elements
1 59 5308
2 88 5208
3 90 3741
4 100 3920
5 112 3940
6 128 3537
7 134 3794
8 150 3824
9 160 3710
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As one would expect, the increase of the number of units leads to an increase of the elements to
analyse, and understanding the limitations of the finite element analysis software, it was expected

for the minimum size allowed to increase as well.

The output results, such as the open-circuit voltage and the absorbed heat rate on the surface
in contact with the heat sink, at temperature Tpig, defined in Section 4.1.6, thgh, were transported
into a scatter plot. These plots are represented in Figure 4.18 and Figure 4.19, respectively, as a

function of the number of units defined for a each module.

—e— Numerical —e— Numerical
600 | —— Theoretical 60 | —— Theoretical
> =
E 400 | E 40
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=
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0 1 1 1 1 : 0 1 1 1 1 :
0 2 4 6 8 10 0 2 4 6 8 10
Number of units Number of units
Figure 4.18: Open-circuit voltage as a func- Figure 4.19: Absorbed heat rate as a func-
tion of the number of units in an open-circuit tion of the number of units in an open-circuit
module. module.

As seen in Figure 4.18, the voltage has a linear behaviour. In other words, the output voltage
is proportional to the number of units, as indicated by the theoretical principles. Similarly, the ab-
sorbed heat rate is also proportional to the amount of units in series, since the electrical resistivity

and the thermal conductivity follow the same logic as the Seebeck coefficient.

The simulated and theoretical values of V. and thgh differ by a 0.1% error, which means the

simulation results are acceptable.

On the other hand, the 9 different models were integrated in a circuit, each connected to a
resistance with variable Rjy,4, in order to find the optimum value which leads to the maximum
output power of the system. The measured output variables, P, thgh and 7, are represented as a
function of the number of units and the load resistance in Figure 4.20, Figure 4.21 and Figure 4.22,
respectively. From the Figures, the maximum output power and corresponding absorbed heat rate
and efficiency were calculated, and represented as a function of n in Figure 4.23, Figure 4.24 and
Figure 4.25, respectively. As previously explained, the condition of maximum power occurs when

the load resistance is equal to the internal resistance.

From these graphs, it is possible to take several conclusions. First of all, looking at Figure
4.20, Figure 4.21 and Figure 4.22, the nine curves are similar in shape in each graph, meaning
the evolution of the output parameters and the load resistance is equal regardless of the number of

units.
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On the other hand, by evaluating Figure 4.20, it is noticeable that the maximum power occurred
for different values of Rjo,q, both properties increasing with the number of units. In Figure 4.23,
it is apparent that the maximum power and number of generator units evolve linearly, since both
thgh and V. have a linear behaviour, as evidenced by Figure 4.24 and Figure 4.18, respectively.

Similarly, as visible in the graph of Figure 4.21, the rate of the heat absorbed from the heat
source decreased with the increase of the load resistance. Additionally, comparing with the ob-
tained open-circuit values, the generator required a higher absorbed heat rate from the heat source,
as it was predicted by Equation 2.33 and Equation 2.43.

In addition, according to the results shown in Figure 4.22, the efficiency of every generator
peaked at different values of Rjo,q, but this parameter never exceeded 5.63%. Looking at Fig-
ure 4.25, the efficiency for the optimum conditions of power generation can also be considered
independent of the number of units in the generator, and equal to 5.5%. The efficiency of a
thermoelectric generator mostly depends on the materials and working temperature range, so the
oscillations in the obtained values could be minimised with a more detailed mesh.

Therefore, it is possible to conclude that the simulation results were in accordance with the
theoretical principles, and that the increase of the number of units in a thermoelectric generator

would positively increase the obtainable power.
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Figure 4.20: Output power for a constant geometry and variable n and Rjgyq.
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4.2.2 Insulated model

Thermoelectric generators are exposed to elevated temperatures, resulting in the degradation of
their materials. The deterioration of the generators is due to several chemical reactions with the
environment, such as oxidation or sublimation. Although it is possible to improve the endurance
of these materials with nanotechnology, according to Brostow et al. (2012), there are two easier
possible ways to decelerate the degradation, such as surrounding the generator with an insulator
filling and covering it with a thin coating layer of a protective material [73]. Given that the first
presented solution is, for the current project, impractical due to the limited available space, the
coating of the generator becomes the used tool to protect the materials.

In this Section, the chosen coating material was boron nitride, a commonly used inorganic
material, integrated in a coating solution which protects surfaces from oxidation at elevated tem-
peratures. The coating possesses an electrical resistivity of 1-10'* Qm [77] and an estimated
thermal conductivity of 500 Wm 'K [78].

The model was inserted into three environments, where the room temperature was set at 0 °C,
20°C (which is equal to Tyoy) and 40 °C. Additionally, the condition of perfect insulation was
removed, and a natural convection situation was installed, with a convection coefficient, equal to
5Wm2K~!, a typical value for natural convection. Moreover, the presence of the coating was
analysed, and several thickness values of the protective layer were considered, specifically O um,
which translates to an uncovered model, 30 um, 60 um and 90 um. Applying a 59 um mesh on the
model, the simulation process took place and, for the conditions of maximum power, the output

parameters were calculated and are presented in Table 4.5.

Table 4.5: Impact of the coating on the thermoelectric performance.

T [OC] Coat P thgh n
thickness [um] [mW] [mW] [%]
0 0.366 14.89 246
0°C 30 0.343 7920 043
60 0.325 1424 023
90 0.322 2049 0.16
0 0.362 13.73 2.63
o 30 0.343 78.05 044
20°C 60 0.325 141.1 0.23
90 0.322 203.6 0.16
0 0.357 12.57 2.84
o 30 0.340 76.58 0.44
40°C 60 0.325 139.8 0.23
90 0.322 2023 0.16

As seen in Table 4.5, the increase of the ambient temperature was responsible for the reduction
of the produced power. In addition, the presence of the coating layer generated a slight decrease of

the produced power of the generator, but it had a significant impact on the absorbed heat rate from
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the heat source and, consequently, the efficiency. In fact, the coating adds a thermal resistance to
the generator, and the increase of its thickness leads to a higher thermal resistance and, therefore,

to lower dissipated heat, as shown in Equation 2.19.

4.2.3 Substrate material and thickness

As seen previously, the substrate material must be flexible and be able to withstand higher operat-
ing temperatures, while having low values of thermal conductivity, to reduce dissipated heat into
the environment. In this Section, a thermal analysis of the substrate was done, by integrating a
thermoelectric unit in the optimal closed circuit (where the load and the internal resistances were
equal) in three environments set at 0°C, 20 °C and 40 °C each. Additionally, similarly to Sub-
section 4.2.2 the condition of perfect insulation was replaced with a natural convection condition,
with a convection coefficient of SWm™2K~!.

Additionally, the thickness of the substrates, t;, was changed, in order to understand the impact
of this dimension in the heat transfer perpendicular to the heat flow in the model.

The measure parameter was the heat flux, and the obtained results are presented in Table 4.6

and Table 4.7, for a substrate made of polyimide and cotton, respectively.

Table 4.6: Impact of polyimide substrate thickness in the thermoelectric performance.

T[°C] t[mm] ¢[Wm™]

0.0508  1935.638
0°C 0.1016  1935.638
0.1524  1935.638

0.0508  1704.536
20°C  0.1016  1704.536
0.1524  1704.536

0.0508 1619.038
40°C  0.1016  1619.038
0.1524  1619.038

Comparing the obtained results shown in Table 4.6 and Table 4.7, it is possible to conclude
that the cotton substrate absorbs less heat than the polyimide, since the former has a lower thermal
conductivity than the latter. Additionally, the thickness of the substrate did not influence the output
results. Finally, the increase of the environment temperature resulted in a decrease of the dissipated

heat to the substrate.
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Table 4.7: Impact of cotton substrate thickness in the thermoelectric performance.

T[°C] t[mm] ¢§[Wm ?]

0.0508  1647.305
0°C 0.1016  1647.305
0.1524  1647.305

0.0508  1431.315
20°C  0.1016  1431.315
0.1524  1431.315

0.0508  1215.428
40°C  0.1016 1215428
0.1524  1215.428

4.2.4 Unit thickness

Planar thermoelectric generators are thin structures, and their thickness is conditioned by the man-
ufacturing process. In particular, the dispenser printing machines are keen on providing more
customisation to the product because they have several nozzles with different dimensions.

In this Section, while maintaining every other dimension, the thickness of the legs and con-
ductive connections of a single unit were altered, in order to understand if the use of a different
nozzle in the dispenser machine can significantly impact the output parameters. The thickness
of the model was changed between 100 um and 500 pm in intervals of 50 um. The results were

measured and are presented in Figure 4.26 and Figure 4.27.
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Figure 4.26: Open-circuit voltage as a func-
tion of the model thickness in an open-
circuit module.

Figure 4.27: Absorbed heat as a function of
the model thickness in an open-circuit mod-
ule.

Observing the results, it is evident that the open-circuit voltage is not affected by the geometric

parameters. In addition, the increase of the thickness of the generator and, proportionally, of the

cross-sectional area led to the increase of the absorbed heat rate.

In a closed circuit for optimum resistance values, as seen from Figure 4.28, Figure 4.29, and
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Figure 4.30, the output power, absorbed heat rate and efficiency were measured for the chosen

values of the thickness of the model, respectively.
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Figure 4.28: Evolution of the maximum out- Figure 4.29: Evolution of the absorbed heat
put power and the model thickness. rate and the model thickness.
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Figure 4.30: Evolution of the efficiency for
maximum power and the model thickness.

Similarly to the results presented in Section 4.2.1, the power and absorbed heat rate exhibit
a linear behavior with the increase of the thickness of the model. Additionally, according to the
results shown in Figure 4.30, the efficiency at maximum power conditions was constant and equal
to 4.80%.

Hence, it can be concluded that the simulation results could have been predicted by the theo-
retical equations, and the increase of the thickness of the model could lead to the increment of the

output power.

4.2.5 Leg dimensions

As mentioned in Section 2.6.1.1, altering the cross-sectional area and length of the semiconduc-

tor legs is essential to optimising the performance of the generator. Firstly, the leg height was
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analysed. For a unit, this parameter varied from 1 mm to 10 mm in intervals of 1 mm. As before,
the open-circuit voltage and absorbed heat rate were measured and afterwards, the optimum load
resistance was obtained for each case, and Figure 4.33, Figure 4.34 and Figure 4.35 show the

maximum obtainable power and thgh and 7 in the same state, respectively.
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Figure 4.31: Open-circuit voltage as a func- Figure 4.32: Absorbed heat as a function of
tion of leg height in an open-circuit module. leg height in an open-circuit module.

As seen previously, the increase of the height of the thermoelectric legs leads to the increase of
the internal resistance of the generator, reducing the current as can be confirmed from the analysis
of Equation 2.39. In fact, as seen from Equation 2.4, it is evident that the power depends on the
square of the current, so a small decrease of the current can lead to significant changes to the
former electrical property [79].

In order to alter the cross-sectional area of the legs, the width and the thickness can be altered
individually or simultaneously. Preserving the thickness of the generator, the width of the legs of a
single unit was altered between 0.1 mm to 0.8 mm in intervals of 0.1 mm. The silver top conductor
was adjusted to fit the width of the two legs and the constant pitch. Respectively, the values of the
open-circuit voltage and absorbed heat rate that were obtained are presented in Figure 4.36 and
Figure 4.37.

With the obtained results of Section 4.2.4 and the ones in Figure 4.36 and Figure 4.37, it is
possible, and maybe more interesting, to show the output parameters as a function of the cross-
sectional area of the legs. Combining the results, where A ranged from 0.009 mm? and 0.32 mm?,
the voltage was not altered, the output power increased linearly and the efficiency remained con-

stant.
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Figure 4.35: Evolution of the efficiency as a
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65 | 75 T
— 60 t =
— o o o o oo g 51
Z E
Q 55 T fb
o —
> £
50 | —e— Numerical QU254 —e— Numerical
—— Theoretical —s— Theoretical
‘ : : : : : 0 : : : 1 1
0 02 04 06 0.8 1 0 02 04 06 0.8 1
w) [mm] wi [mm]

Figure 4.37: Absorbed heat as a function of
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Figure 4.36: Open-circuit voltage as a func-
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4.2.6 Conductor dimensions

To end the sensitivity analysis, a study of the height and width of the silver conductors took place.
These conductors serve as bridges between consecutive units, and their dimensions could affect
the performance. Firstly, the height of the conductor elements was altered, ranging from 0.8 mm
to 9.8 mm in equal intervals of 1 mm. In an open-circuit, V,. and thgh were measured and their

values are represented in the graphs of Figure 4.41 and Figure 4.42, respectively.

Additionally, the parameter ¢ and pitch were altered simultaneously. In order to change the
distance between consecutive legs, the width of the bottom conductors changed from 0.82 mm to
5.82 mm and, in parallel, the width of the top conductor switched between 1.64 mm and 6.64 mm,
both in equal intervals of 0.5 mm. Through the simulation process, V. and thgh were measured

and the results are presented in Figure 4.43 and Figure 4.44, respectively.
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Figure 4.41: Open-circuit voltage as a func-

tion of conductor height in an open-circuit Figure 4.42: Absorbed heat as a function of

conductor height in an open-circuit module.
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Figure 4.44: Absorbed heat as a function of
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Looking at the results, it can be observed that the height and width of the conductors did not
impact the open-circuit voltage or heat transfer from the heat source. As shown previously, the
heat-electricity conversion process is not affected by geometrical parameters. Additionally, the
high levels of thermal conductivity of silver, approximately equal to 419 Wm~! K~! at room tem-
perature, are far superior than the conductivity of bismuth telluride, which, in room temperature
conditions, is roughly equal to 217 Wm~!' K~!. Hence, the magnitude of the thermal conductivity

of silver leads to geometrical adjustments of the conductors to be negligible.

4.3 Optimisation methodology

Already visualising the implications of geometrical adjustments, it is finally possible to optimise
the device, by establishing the conditions the generator is designed to work in.

In fact, the real thermoelectric generator is meant to power a device in a closed circuit. It
is assumed that the device requires a minimum of 0.1 W and consumes an exact voltage of 5V.
Additionally, the generator is limited to a 10cm x 10cm area. Moreover, the thickness of the
thermoelectric generator was fixed at 90 um, conditioned by the dispensing valve of the available
dispenser printer, as well as the substrate thickness equal to 50.8 um made from polyimide. The

constraints are condensed in Table 4.8.

Table 4.8: Thermal, geometrical and electrical constraints.

Thermal constraints Geometrical constraints Electrical constraints
Property Value Property Value Property Value
Thigh 150°C/423.15K Apnax 10cmx10cm Vioad 5V
Tiow 20°C/293.15K t 90 um Proin 0.1W

ts 50.8 ym

The optimisation problem could be solved through a mathematical model. In fact, the math-
ematical formulation of an optimisation problem revolves around the definition of an objective
function to be minimised or maximised and the existing constraints, in the form of either equality
constraints or inequality constraints. Therefore, the current optimisation problem can be described
with the Equations encompassed in Table 4.9, where the defined objective function is the difference
between the internal and the load resistances, which should be minimised as much as possible, and

the constraints translate the ones defined in Table 4.8.
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Table 4.9: Formulation of the mathematical optimisation model.

minimise  (Rin-Rioad)

subjectto  Thigh = 150°C
Tiow =20°C
A <10cmx10cm
t =90 um
ts =50.8 um
Viead =35V
P>01W

As seen in the previous sections, changing the number of units and the dimensions h; and
wi of the legs is the best way to optimise the generator. Additionally, the parameter Aj/hy, also
represented as y;, was created, and it represents the ratio between the cross-sectional area of the
legs and their height. Understanding that the thickness of the generator is always constant, ¥
can easily be converted into wy/h; of the thermoelectric legs. This way, one single parameter
can symbolise two dimensions of the generator at once, facilitating the parametric optimisation
process, specifically when the impact the number of units has on the power is being studied.

The parametric optimisation of the thermoelectric generator was done using two methods:
theoretical and numerical. In order to create the theoretical optimisation process, several equations
of Section 2.7 were applied in an EXCEL sheet and the Solver tool was used to obtain the final
design of the generator considering the evidenced constraints in Table 4.8. In Appendix B, the
used EXCEL spreadsheet is shown.

On the other hand, the optimised design obtained in the theoretical optimisation process can
be verified resorting to a simulation software which uses finite element methods to solve the equa-
tions. In ANSYS, it is possible to parameterise several types of variables and, for the parametric
optimisation of this particular project, specific variables of different natures were parametrised.

Firstly, the dimensions of the thermoelectric components was parametrised. Through the use of
the Pull tool in SpaceClaim, which is able to extrude a solid a specified distance in any direction,
the parameterisation of all dimensions is possible. Particularly, the width and the height of the
legs were parametrised. In order to reduce the computational processing time, the geometric
proportion of the silver contacts of the initial design were kept, since changes in their dimensions
have a minimal impact on the performance of the generator, as evaluated in Section 4.2.6. In
order to preserve the disposition of the generator, SpaceClaim allows the assembly of the different
components and the definition of alignment conditions between two surfaces or objects. This way,
the generator geometry is constantly updated to preserve its general configuration regardless of
the applied changes.

Furthermore, in SpaceClaim, it is also possible to choose the number of objects present in one-
dimensional array and parameterise such value. However, due to the complexity of altering the
geometry of the resistance to preserve the configuration and the contact with the terminals of the

generator, the number of units was manually changed, and the resistance adapted. Had the increase
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of the number of units been accounted for in the numerical optimisation, the resistivity of the load
would need to be parametrised in Engineering Data. In fact, since the resistance component in
ANSYS possesses a constant cross-sectional area, in order to maintain the desired load value,
there is a balance that needs to occur between the resistivity value and the changing resistance
length, as seen in Equation 4.5.

Therefore, in total, it was only necessary to parametrise the height and the width of the ther-
moelectric legs, since the remaining properties were dependent on these variables. Table 4.10

presents the parametrised variables and their defined boundaries.

Table 4.10: Parametrised variables and their numeric limits.

Property Lower bound Upper bound Increments

n 100 800 70
Wi 1-1073 mm 5 mm 1-1073 mm
hy 1-10 3 mm 10 mm 1-103 mm

Through the combination of the different possible input values, ANSYS performed the para-
metric analysis and the data was collected and analysed in EXCEL, namely the maximum obtained
open-circuit voltage, the absorbed heat rate from the heat source and the one rejected to the heat

sink.



Chapter 5

Results and discussion

In this Section of the thesis, the parametric optimisation results, obtained via a theoretical and
a numerical model are shown in Section 5.1 and Section 5.2, respectively, and their values were

compared. Additionally, the final design is shown and discussed in Section 5.3.

5.1 Theoretical parametric optimisation results

Firstly, it is possible to obtain the necessary number of units connected in series in order to provide
the desired voltage, given that the voltage is not affected by the dimensions of the generator. When
the internal resistance matches the load resistance, the consumed voltage of the load, Vigag, is half

of the open-circuit voltage, as indicated by Equation 5.1 [80]. Therefore, Vo, must be 10 V.

Voe * Rioad .
Rint + Rioaa .
Voc

Vload =

The legs of the thermoelectric have the same dimensions, meaning that the height, width and

cross-sectional area of both thermoelectric legs are the same.

Using Equation 2.3, the two extreme temperatures are known and constant, presented in Table
4.8, as well as the function that expresses the Seebeck coefficient as a function of the temperature,
defined in Equation 4.1, so the number of units is possible to calculate. By using these stated
Equations, and equating the open-circuit voltage to 10 V, it is possible to conclude that the number

of units must be 170, as shown in Equation 5.2.

65
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Thigh
V= —n-/ S(T)dT .
]}OW'

423.15K
~10=-n- / 2-[(22224+930.6- T —0.9905-T%) - 10”°] dT
293.15K

n=169.38 (5.2)

Afterwards, using Equation 4.5, Equation 2.27 and Equation 2.41, knowing that the optimal
power occurs when the internal resistance is equal to the load resistance, it is possible to reach an

equation to calculate 7.

Firstly, it is possible to simplify Equation 2.27 into Equation 5.3.

()

szZTe3 hl
Aj

(5.3)

For the resistance ratio to be equal to the unit, Rj,,g must be equal to Ry, as seen in Equation
5.4.

m=1_.

Ry = Rload (54)

Hence, utilising the previous Equations, the expression to obtain the ratio Aj/h is achievable

and it is seen in Equation 5.5.

PBiyTes - N
2. % = Rload
hy Rioad '

Admitting that Ajoag and Ljgg are defined in the construction of the model, it is necessary
to know pgi,e; to then relate Aj/hy to pioag. Using Equation 4.3, which describes the electrical

conductivity of bismuth telluride, it is possible to obtain the resistivity, as it is seen in Equation
5.6.
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n Thigh 1 dT
thzT€3 - Thlgh _ ]'VIOW : /TVIUW G(T) ..
170 423.15K
PBirTe; = 77— / [(5112+163.4-T +0.6279-T7) - 10'°] dT .
Thigh — Tiow J293.15
PBiyTe; = 2.457041-107° Qm (5.6)

Moreover, the maximum power produced by the generator must be, at least, equal to the neces-
sary power of the load, of 0.1 W, as defined in Table 4.8. Recovering Equation 2.52, it is possible

to obtain the required internal resistance 5.7.

1 V2
Popax = — - =25 .
4 Rint
1 102
0.1=-- 0
4 Rint
Ripy =250Q (5.7)

Therefore, the optimum ratio Aj/h; can be calculated with Equation 5.8.

A 2-2457041-107°

hy 250
A -5
E:y1:1.96563-10 m (5.8)

For a thickness of 90 um, and preserving the geometrical proportion of ¢ and p of the original
design, it is possible to encounter an expression that relates the required width with the height of
the legs. From the initial design, ¢ and p corresponded to 28.125% and 56.25% of the width of the

thermoelectric legs, respectively.

Allying to the geometric availability, specifically the available area defined in Table 4.8, the
maximum possible dimensions for the generator can be found, with Equation 5.9. Since the width
of the generator requires more attention than the corresponding height, due to limitations in the
overall dimension of the TEG, it is considered the critical dimensional property to adjust in this

problem.
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A
2 1.96563-10°m
hl -"
Wgenerator <0.1m
wy _s
d;- -1 =1.96563-10
hy .
n-(2-w+2-c+p)<0.1
90-107°- % — 1.96563-10
1 .
170 (2-w; +2-0.28125 - w; +0.5625-w;) - 107> < 0.1

Wi = 0.1961 mm
h,.. = 0.8979mm

(5.9)

Therefore, the leg width needs to be lower than 0.1961 mm and, consequently, h; lower than
0.8979 mm. In Figure 5.1, the possible height and width values the legs can have are evident in

the graph.
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Figure 5.1: Theoretically admissible values for wj and hj of the generator legs.

For being a rounder number closer to the allowed limit, h; was chosen to be equal to 0.89 mm,
with a corresponding w; of 0.194 mm. The final theoretical design of the generator is then found.
Applying the theoretical principles presented in Chapter 2, it is possible to conclude that the final

design of the generator has the required physical characteristics, as shown in Table 5.1.
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Table 5.1: Properties of the theoretically optimised generator.

Property  Value

Agenerator 100 mmx2.48 mm

Voe 10.036 V
P 0.100 W
I 0.020 A
Rint 250.91Q
7T 0.764

n 4.99%

5.2 Numerical parametric optimisation results

As seen in Subsection 4.3, the numerical optimisation through a parametric analysis is a valuable
tool to verify the obtained theoretical results. With the different inputs, the numerical analysis was
successfully performed and the output variables, such as maximum obtained voltage, the absorbed
heat rate and the rejected one, were collected and the data was analysed in EXCEL.

The resulting scatter plot of the output power as a function of the number of units and the
ratio Aj/h; was interpolated into a surface and it is presented in Figure 5.2, as well as the line,
represented in black, which intersects the plotted plane with the plane P=0.1 W, represented in

orange.

Ay/hy [mm] 0

Figure 5.2: Output power for variable values of n and ;.

Analysing the results, it is possible to confirm that the increase of the number of units leads
to the increase of the output power. Moreover, the increase of the ratio Aj/hy, either through the
increase of the width or the decrease of the height of the legs, also translates into the increase of
power.

Additionally, it is also possible to conclude from Figure 5.2 that, when the output power is

equal to the desired value, Aj/h; is inversely proportional to the number of units. Furthermore, for
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the required number of units, 170, the corresponding ratio is equal to 2.2347212 - 10~2 mm. This
result is similar to the one obtained in the theoretical optimisation, in Equation 5.8.

By considering only the results for the 170-unit generator, the output power was plotted as a
function of the width and the height of the thermoelectric legs in Figure 5.3. Additionally, the
necessary power, equal to 0.1 W, is shown for reference and the intersection between the two
functions is exhibited in black. For better visibility, Figure 5.4 is the same graph with lower values

on both the width and height axes.

wi [mm] 0

h; [mm]

Figure 5.3: Output power for variable values of w; and h;.

0.5

Figure 5.4: Output power for variable values of w; and h; detailed.

The power evolved linearly with the width, but in an inversely proportional way to the height of
the thermoelectric legs. Intersecting the obtained interpolated plane and the one where the power

is equal to 0.1 W, a line was obtained, meaning that, as seen in the theoretical optimisation, there
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is a linear relationship between the dimensions of the generator in order to work at a maximum
power condition.

The intersection line is plotted in a two-dimensional graph in Figure 5.5, and the signaled
point represents the maximum admissible width and height of the semiconductor elements of the

generator.
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Figure 5.5: Numerically admissible values for w; and h; of the generator legs.
In this case, by choosing the theoretical width of 0.194 mm for the generator, the height of the
legs should be equal to 0.765 mm. Therefore, the final numerically optimised design was found

and it is similar to the theoretical one. In Table 5.2, the output parameters of the generator are

displayed.

Table 5.2: Properties of the numerically optimised generator.

Property  Value

Agenerator 100 mmx2.37 mm

Voc 9.973V
P 0.10W

I 0.020 A
Rint 250.91 Q
2T 0.764

n 4.99%
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5.3 Final design

In this Subsection, the final design of the generator is analysed. In fact, since the numerical and
theoretical final generators have similar dimensions and output properties, it is possible to conclude
that the two models efficiently performed the parametric optimisation procedure. In Figure 5.6, the

design of one unit of the optimised 170-unit generator is presented and its dimensions are shown

in Table 5.3.

0.8

0.765

0.09 =

0.1408

4
A\ 4
5

) 0.194
0.2496 N1

0.0546
0.6062 /

Figure 5.6: Final design of each unit of the optimised 170-unit TEG (dimensions in millimetres).

|-
| ot

Table 5.3: Parameters of the final design of the model.

Parameter Value
Wi 0.194 [mm)]
hy 0.765 [mm]
t 0.09 [mm]
p 0.09828 [mm)]
c 0.04914 [mm]
h. 0.8 [mm]
ts 0.0508 [mm]
n 170

Additionally, Figure 5.7 shows a three-dimensional model of the generator unit and Figure 5.8

depicts the model of the TEG in its entirety.
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Figure 5.7: Three-dimensional model of the final design of one unit of the TEG.

The semiconductor components of the generator are connected thermally in parallel and elec-
trically in series. For the applied thermal conditions, it is possible to obtain the temperature and
voltage profiles of the generator, which are shown in Figure 5.9 and Figure 5.10, respectively.

Looking at the temperature profile shown in Figure 5.9, it is possible to verify that the TEG is
working in the expected way, since the temperature of the generator varied vertically and evolved
in parallel to the height of the semiconductor legs, from the heat source to the heat sink. In addi-
tion, in the exhibited voltage profile, presented in Figure 5.10, the voltage increased horizontally.
As explained in Section 4.1.6, the leftmost unit of the generator possesses the electrical boundary
condition of having a surface with 0V and, therefore, the voltage increases through the course of

the attached units to its right.
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A: Thermal-Electric
Figure

Type: Electric Voltage
Unit: V

Time: 1

Max: 9,973

Min: -6,8522e¢-9

n

| 6,6487

9,973
8,8649
7.7568

5,5405
4,4324
3,3243
22162
1,1081 o

-6,8522e-9 I I
00075 0,022

Figure 5.10: Three-dimensional voltage profile of TEG.
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However, looking at the dimensions of the final design, it is possible to question the feasibility
of the generator. In fact, since the value of the height of the generator is very small, the preservation
of the desired temperature gradient, of 130 °C, seems unrealistic and not possible, since the TEG
is not perfectly isolated in reality, contrary to the simulation process. Additionally, the small
dimensions of the generator may not be printable through the available dispenser printer and with
the necessary material and dimensional quality.

In fact, the available space is very small for the necessary requirements, as well as the existing
temperature gradient.

For instance, for the same available area, if the heat source temperature was raised from 150 °C
to 250 °C, the obtained voltage in each unit would increase, decreasing the number of necessary
units. Performing this calculation, in order to achieve the required 10V in the terminals of the
generator, the number of necessary units would only be 94. Hence, the maximum width and height
of the semiconductor legs would be 0.34 mm and 2.288 mm, respectively. Despite still leading to
a generator whose practical performance is questionable, the dimensions of the generator would
witness a drastic increase relatively to the established dimensions of the final design.

Moreover, preserving the new hypothetical heat source temperature of 250 °C, but increasing
the available area to 20 cmx10 cm, the maximum height and width admissible would be raised to
4.603 mm and 0.685 mm, respectively.

Therefore, the manufacturing and testing of the design would be of major importance to verify
the feasibility of the design. In the case of the generator being unprintable, due to the small
dimensions which require a higher printer resolution, the established area would have to increase,

to allow bigger components.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The main objective of this thesis, which was the development of a parametrically optimised planar
thermoelectric generator for a set of physical constraints, was successfully accomplished.

Firstly, the research of the theoretical phenomena that occur in a thermoelectric generator
took place, and it was an essential step of this project, since the equations which mathematically
represent these phenomena where crucial for the creation of the theoretical parametric optimisation
tool used to corroborate the obtained numerical values.

Afterwards, the examination of the state-of-the-art thermoelectric generators was vital to de-
velop the configuration of the model, as well as the chosen materials for the substrate and the
semiconductors.

The thermoelectric phenomenon was simulated using ANSYS 2019, a simulation software
which utilises the finite element method to solve complex analytical equations. Using this soft-
ware, it was possible to parametrically optimise the design of a planar thermoelectric generator,
through the optimisation of the parameters that directly influence the performance, namely the
dimensions of the semiconductor components and the number of units connected in series.

The numerical and theoretical results showed that the alteration of the heat source temperature,
the number of units of the generator and the dimensions of the semiconductor materials is the most
effective way of changing the output power produced by the generator, the former one not being
applicable in this project. Furthermore, the increase of the number of units in a generator positively
impacted the output power, as well as the increase of the cross-sectional area of the legs, whereas
the increase of their height created a higher thermal resistance, decreasing the performance of the
generator.

Moreover, an optimal design of the generator was achieved, having the 170-unit generator’s
legs a width of 0.194 mm, a height of 0.765 mm and a thickness of 0.09 mm. The device, which
occupies an area of 100 mm x 2.37 mm, is able to produce 0.10 W of power, an output current
of 0.02 A, an open-circuit voltage equal to 9.973 V, and it possesses an internal resistance equal

to 250.91 Q. In addition, the bismuth telluride legs, connected with silver contacts and printed
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onto a polyimide substrate, has a figure of merit equal to 0.764. Given the similarities between
the theoretical and practical final designs, it is possible to conclude that both models efficiently
performed the optimisation procedure, and could be essential tools to predict and evaluate the
performance of already existing planar thermoelectric devices in specified operating conditions.
However, it is questionable if the device can be successfully printed in the available dispenser
printer with the necessary quality, as well as if the device would be able to efficiently perform
and preserve the imposed temperature gradient across the small generator height. Furthermore,
easing the imposed thermal and geometrical constraints, namely the increase of the heat source

temperature and available area, the generator could potentially assume more feasible dimensions.

6.2 Further Work

Even though the final design was achieved and, therefore, the optimisation problem was success-
fully solved, there is still room for further development of the generator.

Firstly, the theoretical model used in this project did not consider the heat transfer mecha-
nisms of convection and radiation. In addition, it did not take into account any thermal contact
resistances, considered negligible, and, therefore, it would be interesting to complement the cre-
ated theoretical tool with more complex equations which contemplate these phenomena.

Additionally, the increase of the output parameters of the thermoelectric generator could be
achieved through segmentation of the legs with different materials. In fact, the legs of TEGs
could be made from more than one semiconductor materials, in an attempt to increase their perfor-
mance with limited resources. It would be interesting to analyse the possibility of implementing
other semiconductor materials indicated for lower temperature applications, such as other chalco-
genides.

Finally, the future work of greater importance would be the practical experimentation of the
generator, which was not carried because of the safety measures imposed by CeNTI due to the
COVID-19 situation.

Through an experimental setup, the final design of the generator could be tested, and the re-
sults would indicate how well the generator would perform realistically. Afterwards, the practical
results could be analysed and compared to the obtained ones in the theoretical and numerical
analysis.

Additionally, the manufacturing of the thermoelectric generator through dispenser printing
would first require a rheological study of the functional inks, to measure their compatibility with
the existing printer. Afterwards, it would have been required to program the equipment of additive
manufacturing in order to fabricate the different components sequentially and later perform the
necessary heat treatments.

Finally, analysing the dimensions and output parameters of the produced generator, which
implies that the dispensing printer possesses the required resolution to efficiently print the different

components, the numerical and theoretical models could be altered to encompass the necessary
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changes in order for a new generator design to be found and later printed. The new generator

would be able to more efficiently recover waste heat in practical operating conditions.
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000

Figure A.5: Model of generator with 5 units Figure A.6: Model of generator with 6 units
and the applied mesh. and the applied mesh.

o0z 0006 =3 0006

Figure A.7: Model of generator with 7 units Figure A.8: Model of generator with 8 units
and the applied mesh. and the applied mesh.

03 00068

Figure A.9: Model of generator with 9 units
and the applied mesh.
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The models, which were utilised to study the impact of the coating on the performance of a unit,

are seen in Figure A.10 through Figure A.13, where the thickness was equal to, respectively, O um,

30 um, 60 um and 90 pum.

Figure A.10: Model of generator with 1 unit
without coating.

p-type BiZTe3
Resistance

i
0 siver

Figure A.12: Model of generator with 1 unit
with a 60 um coating.

Figure A.11: Model of generator with 1 unit
with a 30 um coating.

Figure A.13: Model of generator with 1 unit
and a with a 90 um coating.
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A.3 Substrate material and thickness

The models which were utilised to study the impact of the substrate material and thickness, are

seen in Figure A.14 through Figure A.15, where the thickness was altered between 50.8 um,

101.6 um and 152.4 pm, respectively.

[ r-type BiZTe3
[ Polyimide

Figure A.14: Model of generator with 1 unit Figure A.15: Model of generator with 1 unit
with polyimide 50.8 pm. with polyimide 101.6 um.

Figure A.16: Model of generator with 1 unit
with polyimide 152.4 um.
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In this Section, half of the simulated models are shown, from Figure A.17 to Figure A.21, where

the thickness was altered between 100 um and 500 um.

Figure A.17: Model of generator with
a depth of 100 pm.

Figure A.19: Model of generator with
a depth of 300 um.

Figure A.18: Model of generator with
a depth of 200 pm.

[

Figure A.20: Model of generator with
a depth of 400 pm.

Figure A.21: Model of generator with

a depth of 500 um.
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A.5 Leg dimensions

Simulated models

Upon the analysis the impact of the leg dimensions on the performance of the generator, several

models were created. In this Section, firstly, the models where the height of the semiconductor

materials was changed are shown from Figure A.22 to Figure A.31. Afterwards, the same logic

applied to the width, and the obtained models are shown from Figure A.32 to Figure A.39.

[ n-type BizTe3
(] Palyirnide

[0 p-type Bi2Te3
[ Resistance

[ sitver

Figure A.22: Model of generator with a
height of 1 mm.

[ n-type BizTe3
[ poyimide
[0 p-type BizTe3

szszszszszszsz

Figure A.24: Model of generator with a
height of 3 mm.

[ n-type Bi2Te3
[ Polyimide
[ p-type Bi2Te3
[0 Resistance

[ sitver

Figure A.23: Model of generator with a
height of 2 mm.

Figure A.25: Model of generator with a
height of 4 mm.
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oEECE

Figure A.26: Model of generator with a Figure A.27: Model of generator with a
height of 5 mm. height of 6 mm.

Figure A.28: Model of generator with a

height of 7 mm. Figure A.29: Model of generator with a

height of 8 mm.

. . e . s o
Figure A.30: Model of generator with a Figure A.31: Model of generator with a

height of 9 mm. height of 10 mm.



90 Simulated models

[ rtype BizTe3

P 200 0003 m) — — "
[ s

000075 00023 000075 00023

Figure A.32: Model of generator with a Figure A.33: Model of generator with a
width of 0.1 mm. width of 0.2 mm.

mEECE

0 0001 0003 (m) [ 00015 0003 (m)
[ Ea— ES— [ E— ES—

0.00075 00023 000075 00023

Figure A.34: Model of generator with a Figure A.35: Model of generator with a
width of 0.3 mm. width of 0.4 mm.
B

0 00015 0003 (m)
I

o 00015 0003 (m)
[ Ea— E—

000075 00023 000075 00023

Figure A.36: Model of generator with a Figure A.37: Model of generator with a
width of 0.5 mm. width of 0.6 mm.
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[ eype s e

0 0015 0003 (m) 9 00015 0003 (m)
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000075 00023 000075 00023

Figure A.38: Model of generator with a Figure A.39: Model of generator with a
width of 0.7 mm. width of 0.8 mm.
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Appendix B

EXCEL sheet used in theoretical

optimisation

The theoretical parametric optimisation of the thermoelectric was done through the definition of
the different parameters with theoretical equations. As seen in Figure B.1, Figure B.2 and Figure
B.3, there is an indication of the used Equations of Section 2, for clarification.

In Figure B.1, the initial design was introduced in the spreadsheet. Afterwards, the Solver tool
was utilised in order to optimise the dimensions, shown in Figure B.2. Finally, in Figure B.3, n and
" were calculated and the cell w; and h; were altered to define the maximum dimensions allowed

for the available space.
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Figure B.1: Definition of the initial design in spreadsheet.
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Figure B.2: Solver tool utilised in the optimisation of the generator.
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Figure B.3: Theoretical final design of the generator.
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Appendix C

Full Paper

In this Appendix, the following paper was accepted and published in the proceedings of IRF2020
-INTEGRITY-RELIABILITY-FAILURE conference.

The presentation of this work at the conference will be held, due to the COVID-19 situation,
by video conference from the 6™ to the 10™ of September 2020.
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THERMOELECTRIC PLANAR DEVICE
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ABSTRACT

Thermoelectric devices and materials have been under research for their promising capabilities
to convert thermal energy into electricity. In order to develop flexible thermoelectric devices,
an extensive analysis of the state-of-the-art semiconductor materials was made. The current
project aims to design and optimize a numerical model of a planar thermoelectric generator
(TEG). From the results of the numerical simulations, the energy harvesting device will then
be developed by a dispensing printing process.

Keywords: thermoelectric, flexible devices, energy harvesting, numerical simulation,
dispensing

INTRODUCTION

A thermodynamic power cycle produces heat which, in most cases, is not recovered to power
secondary low-energy cycles. However, with the increase of the energy demands and the arising
challenges of producing electricity in a more efficient way lead to a search of recovering such
wasted heat. Additionally, the development of technology lead to more powerful and portable
devices that are not constantly connected to a power grid, from the common mobile phone and
laptop to, for instance, pressure sensors connected to a natural gas pipeline with an extension
of several kilometres.

A phenomenon like thermoelectricity is a potential way of bridging the gap since it exhibits
attractive advantages. Firstly, a thermoelectric generator (TEG) does not emit any pollutants to
the atmosphere. Secondly, since there are no moving components, the overall system requires
low levels of maintenance, reducing the operation costs. Thirdly, the devices are self-
sustainable and are easily adaptable and scalable. Furthermore, the process can be reversed to
induce a temperature gradient between two spaces, by consuming electricity to create a heating
or cooling effect for Peltier heaters and coolers, respectively.

However, the low efficiency conversion of waste heat into electricity, due to the low efficiency
of thermoelectric materials (He and Tritt 2017), should not deter researchers from continuing
to improve this technology, which still increases the overall efficiency of a power generation
system. TEG has a promising role in the future of electricity generation.

Suarez et al. (2016) produced a self-powered wearable electronic device using a thermoelectric
generator which recovered body heat, reaching a maximum power of 120 pUW. Baranowski et
al. (2012) developed a solar thermoelectric generator which used a concentrated solar collector
as the heat source, achieving a 15.9% conversion efficiency.
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The present document intends to design and optimize, numerically, a flexible thermoelectric
generator in order to fabricate the best design by dispensing. The obtained geometry,
conditioned by physical restrictions of the printer and the geometrical restrictions of the device,
will be further validated through experimental settings of the manufactured model. One
interesting application is in a micro temperature sensor for electronic purposes.

THERMOELECTRIC GENERATOR

The thermoelectric generators are devices that convert waste heat at a high temperature, above
the average ambient temperature, and convert it to electricity due to the resulting temperature
gradient. The efficiency of the conversion, N, is the ratio between the electrical output P and
the recovered heat Qnigh (He, et al. 2015):

P

n= (1)

Qhigh

The efficiency of a thermoelectric generator is defined as the ratio between the useful output
and the necessary input to achieve it. The heat flow in a thermoelectric generator results from
a combination of four types of heat flows: Joule heat, Peltier heat, conduction heat and, finally,
the heat Qnigh absorbed from the heat source at a fixed temperature Thigh as well as Qiow, the
emitted heat to the heat sink, at a constant temperature Tiow.

The Joule heat derives from the Joule’s First Law (Eq. 2). When a resistor is subjected to a
current flow, it produces an amount of heat proportional to the resistance and to the square of
the current. Next, the Peltier heat is released and absorbed near the hot source and heat sink,
respectively, as a result of the thermoelectric effect, since the source and sink are set at a
constant temperature. The Peltier effect explains why a material exposed to a temperature
gradient and a current flow will absorb or reject heat if the heat and current flows are in the
same or in opposite directions. It can be calculated with the Seebeck coefficient, S, the current,
I, and the temperature T (Eq. 3). Moreover, since the dominant heat transfer mechanism 1is
conduction, there is also the conduction heat (4), which depends on the internal thermal
resistance Riy, calculated with the knowledge of the cross-sectional area A and length L in the
direction of the heat flow, as well as the thermal conductivity k (Eq. 5) (He, et al. 2015).

Qoute =I2"R W] )
Qpettier =S 1-T (W] (3)
Qona == W] @
Rine == [3] (5)

Performing an energy balance near the heat source and another closer to the heat sink, the heat
flows Qnigh (Eq. 6) and Qiow (Eq. 7) can be calculated, where K is the thermal conductance, the
inverse of the internal thermal resistance.

1
Qnigh = =73 IR+ (Thigh — Tiow) " K + S I Thign (W] (6)

1
Qiow = 3 I> R+ (Thigh - Tlow) "K+S51Tipw [W] (7)

In addition, the output power is given by the difference between the absorbed and the rejected
heat, as well as the product between the current and the load resistance Rioad, corresponding to
the resistance of the component powered by the generator. Therefore, it is possible to express
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the efficiency as a function of the geometric and material properties of the device (Eq. 8),
introducing the concept m, the resistance ratio between the internal resistance of the
semiconductor and the load resistance.

_ Thigh—Tiow | m
- : 1 Thigh=T KR
Thigh ~ _1. high™low , C(1+m)? + (1+m) ()
2 Thigh S=Thigh

From (Eq. 8), it is possible to define the figure of merit zT, a non-dimensional parameter that
describes the thermoelectric efficiency of the materials. This is the parameter that relates
properties such as the Seebeck coefficient, the thermal conductivity and the electrical
conductivity, 0, (Eq. 9). This figure of merit presents higher values for semiconductor materials,
which are the most indicated for thermoelectric applications (Prasad et al. 2018).

_ S%0T
zlT = — )

Additionally, in the expression for n, it is possible to find the Carnot efficiency, which is the
maximum efficiency of a heat engine, determined uniquely by the operating temperature
gradient. Therefore, the equation for the efficiency can be simplified by Eq.10 (Prasad et al.
2018).

m
N = Ncarnot _%_ncamoﬁ (ZITJ::Z; + (1+m) (10)
METHODOLOGY

After bibliographical research, a planar type device was chosen for the thermoelectric generator,
due to its compactness, which is ideal for electronic circuits. Next, the initial planar TEG (Fig.
la) was modelled in SOLDWORKS® 2019 and dimensioned according to Madan et al. (2011).

Exporting the model to ANSYS® Mechanical 2020, there is a need to create a material
attribution. A p- and n-type bismuth telluride, BioTes, legs were linked by a silver connector at
the top. And at the bottom of each leg, two silver connections were installed to connect with
more single units, in order to obtain a chain of TEG connected electrically in series and
thermally in parallel, deposited onto a polyimide substrate.

Since BirTes was not defined in the software, it was required to introduce the respective
thermoelectric properties in ANSYS®. Resorting to Fraisse et al. (2013), the necessary
thermoelectric properties, approximations of the Seebeck coefficient S (Eq. 11), thermal
conductivity k (Eq. 12) and electrical conductivity 0 (Eq. 13) of the material, are fully defined.

S(T) = (22224 +930.6-T — 0.9905-T?) - 10™°  [VK™] (1D
k(T) = (62605 — 277.7 T + 0.4131-T%?)-10™*  [Wm 1 K™!] (12)
o(T) = (5112 +163.4-T + 0.6279-T%)"1- 101  [Sm™!] (13)

Furtherly, a mesh of 5308 quadrangular elements with an element size of 59 pum was applied to
the three-dimensional model (Fig. 1b). The generated mesh corresponds to the maximum
number of elements allowed in the used student software version, and it is necessary to
understand if it is refined enough to produce satisfactory results. Therefore, it is necessary to
make a mesh convergence test. To start, three temperature gradients were established — setting
the heat sink as the environment, at an ambient temperature of 20°C, the temperature of the heat
source was defined as 30°C, 260°C and 500°C, resulting in a gradient of 10°C, 240°C and 480°C,
respectively — and the voltage was measured for different mesh sizes.
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Fig. 1 - (a) Initial drawing of the TEG; (b) Representation of the mesh used in the simulation

The correlation between the size and the number of elements in the ten generated meshes is
presented in Table 1.

Table 1 - Correlation between size and number of elements of the mesh

Situation I 1I 11 v A\ VI VII VIII IX X
Mesh size [pum] 100 95 90 85 80 75 70 65 60 59
Number of elements 980 1066 1247 2688 2876 3380 | 4032 | 4432 | 5264 | 5308

The evolution of the voltage as well as the computational time from the simulation process were
taken for each gradient of 10°C (Figure 2a), 240°C (Figure 2b) and 480°C (Figure 2c) as a
function of the number of elements of the mesh. Analysing the obtained results, it is safe to
conclude that the voltage does not significantly change with the increase of the refinement of
the mesh. Additional, despite the increase of the computational time with the sophistication of
the mesh, it is still a manageable simulation time. Therefore, the maximum mesh size is used
for the simulations since the difference in computational time is negligible.

In order to perform simulations, it is necessary to state the conditions in which the model is
simulated; in other words, it is mandatory to define the boundary-conditions associated with
the physical phenomena involved, namely the thermoelectric and heat transfer. Thermal,
electrical and convective boundary-conditions were defined.

Firstly, the top surface of the top silver contact was set as 150°C whereas the temperature of the
bottom surface of both bottom contacts was defined as 20°C, the ambient temperature.
Additionally, the voltage of the left surface of the bottom left silver contact was defined as 0 V
in order to achieve the maximum absolute voltage on the right bottom silver contact. Finally,
the remaining surfaces were assumed as perfectly isolated, which is the same as deeming
radiation and convection insignificant and assuming conduction as the only heat transfer
mechanism.
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RESULTS AND CONCLUSIONS

Preceding the optimization process a sensitivity analysis was performed. In this section, the
influence of some geometrical parameters in the global performance of the thermoelectric
generator is going to be quantified. This way, it is possible to understand the necessary
adjustments on the initial design to reach the final and optimized design for the generator.

Firstly, the legs are going to be analysed. As seen before, the thermoelectric process of
converting heat into electricity occurs in the p- and n-type legs, meaning these components
could impact the resulting properties, namely the voltage and the absorbed and rejected heats.
The leg height (Figure 3a and Figure 3b) and the leg width (Figure 4a and Figure 4b) were
changed and the model performance was simulated.

Leg height [mm)]

0 4 8 12 16 0.006 -
-0.0585
0.004 f
-0.0587 |
0.002 [ = Qow[W] _
[ 4— Qhigh [W] .
-0.0589 | E o : : :Leghelght [mm]:
E e e e e o e o o o 4 4 8 12 16
-0.0591 -0.002 | R e
-0.004 f
-0.0593 |
-0.006 t
-0.0595 C

(a)

(b)

Fig. 3 - Impact of the leg height (a) in the obtained voltage; (b) in the absorbed and rejected heat flows
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The influence on the resulting voltage is minimal since the Seebeck coefficient is independent
of geometric parameters, but the impact is noticeable in the heat flow absorbed from the heat
source, Qnigh, and the heat flow rejected to the heat sink, Qow. The differences can be easily
explained by (Eq. 6) and (Eq. 7).

Equating L to the leg height and A as the product of the depth with the width of the legs, it is
easily concluded that increasing the height of the legs leads to the increase of the resistance and
the decrease of heat flows. Moreover, the increase of the cross-sectional area returns a smaller
thermal resistance which in turn leads to an increase of the absorbed heat flow, and
consequently the rejected heat flow (Chen et al. 2002).

Leg width [mm]
0 02 04 06 08 1 0008 £ o Glow w]
-0.0575 0.006 F 4— Qhigh [W] at
/"/'
e
0004 F e
-0.058 o
0002 F P th [mm]
— s Leg width [mm!
— Z 0 :/ : } } ; !
2. 00585 | =4 g2 04 06 08 1
> -0.002 F ..
-
.\~-\
-0.004 .~
0059 | o o o oo oo oo o oo e oo -
-0.006 F e
-0.008

-0.0595 -
(@) (b)
Fig. 4 - Impact of the leg width (a) in the obtained voltage; (b) in the absorbed and rejected heat flows

Secondly, an analysis of the height and width of the silver conductors is going to take place.
These conductors act as a bridge between consecutive units, and their dimensions might affect
the performance. Through the simulation, however, it is possible to observe that the height
(Figure 5a and Figure 5b) and the width (Figure 6a and Figure 6b) of the conductors have no
impact on the obtained voltage or heat flows. Once more, the conversion of heat into electricity
is not influenced by the geometrical parameters. Furthermore, silver is a metal and has very
high values for the thermal conductivity, equal to 419 Wm™'K!, whereas k of bismuth telluride
at this temperature range is 217.3 Wm'K"!, meaning that geometrical adjustments become
negligible in comparison to the magnitude of k.

Conductor height [mm] 0.006
0 2 4 6 8 10 A & Ak & & & " A
-0.045 0004 [
0002 [ = Qow[W]
0050 )
= Quigh [W] Conductor height [mm]
E 0 + + + + 1
= < 2 4 6 8 10
2..0.055
> -0.002 |
- @ .
-0.060 -0.004
-0.006 -
-0.065
(a) (b)

Fig. 5 - Impact of the conductor height (a) in the obtained voltage; (b) in the absorbed and rejected heat flows
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Fig. 6 - Impact of the conductor width (a) in the obtained voltage; (b) in the absorbed and rejected heat flows

Finally, the depth of the model was analysed. As predicted by the previous justifications, the
voltage output (Figure 7a) became unaffected whereas the heat flows (Figure 7b) increased
because the cross-section of the model also increased.

06

Model depth [mm] = Qlow [W] /(//A
o 1 2 3 4 5 6 7 8 9 10 11 o
0 - - T T T . . . . . ) 04 ——Qhigh[W] T
/~/‘//
A
-
-0.01 F 02 b L
002 [ 5 /r’/‘/ Model depth [mm]
20 e t t t t t t t t t |
—-0.03 < P~ 3 4 5 6 7 8 9 10 11
2, ~a
> 004 F 02 i N
'\\
~a
-0.05 -04 T
\‘\'\\‘
.0.06 #—= . . . . . ’ . . . \'\‘\.

06 L

-0.07 =

(@) (b)
Fig. 7 - Impact of the model depth (a) in the obtained voltage; (b) in the absorbed and rejected heat flows

It became apparent that the increase of the voltage can only be achieved by the geometric
adaptation of the semiconductor legs, whereas the decrease of the necessary heat flows required
the combination of different changes throughout the whole model.

Performing a numerical simulation of the first design, the heat flux generated an electrical
differential of 58.976 mV and the total current density peaked at 4039.8 Am. The temperature
and electrical potential distribution (Figure 8a and Figure 8b, respectively) reveal the
continuous evolution of these thermoelectric properties. As displayed by the figures, the units,
connected at the bottom, will be in series electrically and in parallel thermally, given the spatial
distribution of these properties.

The real thermoelectric generator is going to be connected in a closed loop to the device it is
meant to power. It is assumed that the load resistance is unitary for simplification sake, and that
the thermoelectric generator is limited by a width of 100 mm and a height of 25 mm.

Finally, the thermoelectric generator must have the smallest possible depth, which is
determined by the dispensing printer. In fact, the minimum film depth allowed by the nozzle of
the used printer is 90 pm, and, therefore, the depth of the initial design is preserved.
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Fig. 8 - (a) Temperature profile of the TEG; (b) Voltage profile of the TEG, both
for the established boundary-conditions

The width and height of the thermoelectric were adjusted in a parametric analysis and the
resulting power output was computed (Figure 9).
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Fig. 9 - Graphical representation of the evolution of leg height, width and output power

It was concluded that the height and width of the semiconductor legs should be 0.732 mm and
2.1 mm, respectively, resulting in an output power of 0.5437 mW. Therefore, the final design

for the thermoelectric generator unit has been achieved for the purposed application (Figure
10).
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Fig. 10 - Final drawing of the TEG

FUTURE WORK

For the experimental set-up, 20 thermoelectric units in series are going to be produced
considering the geometric differences brought by the optimization process of a single unit. It
would be interesting to attest the theoretical and the numerical simulation values with
experimental ones, to understand not only the validity of the theoretical equations and their
mathematical manipulation, but also the simulation process and optimization that was done to
improve the design.
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