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ABSTRACT

A thermoelectric cooler (TEC) is a solid-state eco-friendly cooling device that operates
virtually silently. The performances of thermoelectric coolers have so far been inferior to
that of competing vapour compression refrigeration technique. In the present thesis, work
on the performance enhancement of thermoelectric cooler is presented. The dimensional
geometric and operating parameters of the TEC system have been efficaciously
incorporated into the performance optimization and analysis. This study takes into account
a number of minor effects, including thermal contact resistance, electrical contact
resistance, and heat sink resistance. Not all of these factors were considered simultaneously
by previous studies, which distinguishes this work. The length of the thermoelectric
elements, their cross-sectional area, and the electric current were selected as design
variables for this study. There had been no research in which a combination of these design
variables was used simultaneously. The optimum design parameters have been used to
improve the cooling capacity (Qc), coefficient of performance (COP) and exergetic
efficiency of the thermoelectric cooler. This study used precise temperatures at interfaces,
which resulted in a more accurate analysis using a more advanced model than previous
ones. A thermal resistance model by employing the electrical analogy to the heat flow has
been developed. It effectively demonstrates its incorporation in an insightful and

illustrative manner, from model generation to results acquisition.

Genetic algorithm and simulated annealing are popular stochastic algorithms and have been
used in this study. It was observed through a pilot study in the current research work that
genetic algorithm is a suitable optimization technique for handling such design problems.
During cooling capacity optimization, it was found that the typical TE element length is
considerably less than the optimal length to maximize COP. The COP optimization result
shows that the length of the thermoelectric element has to be more with respect to the area
of cross-section. The electric current, cross-sectional area, and the number of
thermoelectric elements are unique for the best performance and have to identify according
to the objective function. The optimum values of performance parameters are obtained at



different sets of design parameters. A mathematical model for calculating first and second
law efficiencies with interface temperatures was also developed, which has not been
previously reported. The results demonstrated that at the same current, both first law and
second law efficiency are maximized. Further, this study has established that the maximum
values of first law and second law efficiencies are obtained not only at the same current
but the length and cross-sectional area of thermoelectric elements are also the same. It is
an important bearing that by maximizing second law efficiency rather than both, we ensure

that we have achieved optimized first law efficiency.

The optimization results were validated with the finite-element method. The numerical
simulation abilities of finite-element ANSYS® software were successfully used to validate
GA results. Finite-element simulation results confirmed the GA results. The results of the
three-dimensional finite element numerical simulations for Q., COP and exergy efficiency
were very close to GA results. The temperatures were varying within 2%. The heat
rejection rate and the input electric power were varied by less than 1%. It is therefore
concluded that three-dimensional analysis performed with ANSYS® validates all of the

mathematical GA results obtained using a one-dimensional heat transfer model.
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CHAPTER 1

INTRODUCTION

1.1 General Background

The Peltier effect of thermoelectrics is the direct method to pump heat using electricity.
The potential of thermoelectrics is now generally acknowledged to be limitless. Despite
the rapid growth of electronic devices, still there are some concerns. The temperature
control of electronic systems is one of the most significant considerations. The
traditional cooling systems are no longer capable of removing heat fluxes at a sufficient
pace for heat-intensive electronic devices. One potential way to resolve the heat
dissipation issue is to use a thermoelectric cooler (TEC). Solid-state thermoelectric
coolers are attractive and promising and do not use refrigerants. These devices are
environment-friendly, noiseless, scalable, and reliable. They are without vibration,

without mechanical movements, and almost maintenance-free.

However, the low performances of TEC have become the limitation of its applications.
According to published research, bismuth telluride is considered the best
thermoelectric material and used to have a ZT around 1.0 at 300 K [1]. With a ZT of
1.0, thermoelectric coolers are reported to work at just 10% of Carnot efficiency [2]. A
TEC system with a Z7T value of 4.0 could achieve 30 percent of Carnot efficiency
(competitive with compressor-based refrigerators) but achieving the 4.0 value of ZT
and commercialization can take a long time. A high value of the figure of merit (Z7) of
thermoelectric materials is required to increase the device’s efficiency. Also, to build
high-performance thermoelectric cooling devices, it is necessary to have good contacts,
mechanical properties, thermal interfaces, and packaging techniques. The
thermoelectric (TE) material properties, system design, and assembly are crucial

factors. In recent years, comprehensive research has been carried for the development



of efficient thermoelectric materials. With the development of advanced thermoelectric
materials, the design and assembly of the TEC system have become highly significant.
The research on TEC devices is lagging behind the advancement of thermoelectric
materials [3]. The cost of TE materials is also high. Hence, the future of TEC depends
greatly on its high performance at a low cost. As a result, advances in TEC performance

are attracting more interest, and research on the subject is becoming more noticeable.

Thermoelectric cooling devices are capable of dissipating limited heat flux. Besides
that, such devices have a low COP. Exergy efficiency is also an important concern. The
performance parameters such as cooling capacity, coefficient of performance, and
exergy efficiency are of special interest among researchers. The performance of a TEC
device is based on a number of factors, including the input electric current, ambient
temperature, architecture of the device, contact resistance, and thermal conductance of
the heat sink. These are crucial factors in designing the optimum TEC for a particular
need. A haphazard implementation of TE technology would almost certainly be more
expensive and unsuccessful than a well-thought-out technique. To get the best out of
these devices, it's vital to study them. There is a lot of scope for improvement with

thermoelectric coolers.

Optimization of TEC is an important research objective for enhancing its uses. The
methods taken by researchers to this problem are extremely diverse. These methods
can be categorized into two broad groups. The first method is to optimize the TEC
system by using dimensional structural parameters as design variables in order to obtain
the feasible best performance with given materials. The second method is to optimize
the TEC system by using the operating parameters as design variables to get the highest
possible output for a given materials set. There had not been a study by simultaneously
using a combined set of geometric characteristics and operating parameters. The
combined effect of length and cross-sectional area of p-type and n-type thermoelectric

elements, and the electric current needs to be investigated.

Stochastic optimization methods have been rapidly increasing in popularity over the
past decade or two, with a variety of techniques. These techniques are becoming

“industry standard” methods for solving complex optimization problems. Genetic



algorithm and simulated annealing have recently gained popularity as optimization

tools, and they have been widely used to solve a variety of complex problems.
1.2 Research Objectives

Thermoelectric coolers are extremely sensitive to their operating and boundary
conditions. The selection of appropriate materials, geometry, and operating conditions
are all important factors in developing the best technologies for a given application.
The objective for this optimization search is the maximum of the cooling capacity or
rate of refrigeration, maximum of coefficient of performance, and best exergetic
performance at a given cold side temperature by the acceptable design. Dimensional
structural and operational variables such as thermoelectric element length, the cross-
sectional area of elements, number of elements, and electric current are used as design
variables in the models. There had not been a study by simultaneously using a
combined set of these design variables. The models of this study take into account
complications like electric contact resistance, thermal resistance, ambient temperature,
and packaging density. The significant restriction in this work is the device's limited

space.

The aim of this research work is to learn about the TEC system and to maximize the
TEC performance within the restricted space of the device by using the stochastic

algorithm. This goal has been achieved with:

(1) TEC mathematical modelling

(2) Pilot study to select a suitable stochastic algorithm for this class of optimization
problems

(2) Optimization of the cooling capacity of TEC

(3) Optimization of coefficient of performance of TEC

(4) Optimization of energy and exergy efficiency of TEC

(5) Finite-element simulation of TEC with ANSYS® to validate results.

1.3 Thesis Structure

This thesis consists of eight chapters, which are briefly discussed below.

3



Chapter-1 is devoted to the general background of the thermoelectric cooling system.

The research objectives and thesis structure are also discussed.

Chapter-2 deals with the basic concepts of thermoelectrics, the construction of TEC,
working principles, applications, and advantages of thermoelectric coolers. The
literature review on the thermoelectric materials as well as existing design and methods

of TEC for enhancing performances have been discussed.

Chapter-3 explains the methodology and assumptions. The theoretical description of
the model and an overview of optimization methodologies are discussed. The basic
procedures of two different stochastic algorithms, namely, genetic algorithm and
simulated annealing are presented. A simplified TEC model has been prepared for a
pilot study on the basis of essential performance parameter, i.e., cooling capacity. The
comparative results have been investigated and a stochastic optimization technique is

selected to proceed for further research in this work.

Chapter-4 provides the thermodynamic modeling of the TEC system. For cooling
capacity maximization, genetic algorithm is used. The optimal length, the cross-

sectional area of TE elements, and input electric current are estimated.

Chapter-5 provides the optimization of the coefficient of performance of TEC. GA

implementation, results, and discussion are presented.

Chapter-6 describes the thermodynamic formulations for the first and second law
efficiencies of the TEC system. GA is used to find optimal solutions considering

maximization of first and second law efficiencies.

Chapter-7 describes the basic concepts of the finite-element method and basic
procedure to use ANSYS® workbench. To validate GA results (for each optimization
problem), finite-element simulations are done. A comparison of GA and finite-element

simulation results are presented.

Chapter-8 presents the conclusions of the work reported in this thesis and

recommendations for future work are presented.



1.4 Summary

In Chapter 1, the general background of thermoelectric coolers is summarized. The
potential use of thermoelectric coolers and the performance limitations are briefly
introduced. The research objectives and the thesis structure are also presented. In the

next chapter, the literature review is presented.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction to Thermoelectrics

A thermoelectric (TE) system can operate in one of two modes: to pump heat or to
generate power. The heat pumping process begins when electrical current is supplied
to the terminals. The pumped heat can be used for cooling or heating applications. In
second mode, when a temperature differential is maintained through the TE device,

heat passing through it is converted into electrical current.

The fundamental scientific phenomena needed to comprehend the TE system behaviour
is given in ‘CRC Handbook of Thermoelectrics by Rowe [4]. The recent advances and
design methods for thermoelectric materials as well as devices are described in

‘Thermoelectrics: design and materials’ by Lee [5].

Thermoelectrics primarily emerged during two phases of activities. The fundamental
effects were discovered between 1821 and 1851 [6]. It was macroscopically realized
that they could be used in generating power, and refrigeration purposes. In 1910,
Edmund Altenkirch evaluated the potential efficiency of TE generators and described
the materials parameters required to construct practical TE devices. Then, starting in
the late 1930s, a 20-year journey led to a microscopic comprehension of

thermoelectricity.
2.1.1 Seebeck effect

Hans Christian Oersted, a Danish scientist, discovered in 1820 that an electric current
flowing in a wire parallel to and near to a magnetic needle might deflect it [7].

Electromagnetism was established as a result of his observation that an electric current



induces a magnetic field. When Thomas Johann Seebeck heard of Oersted's findings,
he decided to focus on studying electromagnetism. In 1821, he observed that if the
junctions of two dissimilar metal conductors were held at different temperatures, a
compass needle deflected [8]. He also noticed that the magnitude of the deflection was
proportional to temperature difference. He observed that the deflection was material
(conducting) dependent and the temperature difference across the conductors had no
effect on the deflection. He discovered that if one junction was heated to a high
temperature while the other remained at a lower temperature, a magnetic field formed
around the circuit of different temperatures. He had investigated the effects of heating
and cooling one of the junctions using a variety of metal combinations. He named the
phenomenon "thermo-magnetism" after describing the observation as "the magnetic

polarization of metals".

Later confirmed, that the temperature difference between the two junctions of a closed
bi-metallic circuit does generate an electric current. The electromotive force that drives
this current is referred to as a "thermoelectric electromotive force" and the phenomenon
is called as the "Seebeck effect". The voltage produced per kelvin difference is on the
order of several microvolts. The electromotive force or voltage driving this electric
current can be determined, if we break the closed loop and measure the open circuit
voltage difference (4V). The Seebeck effect can be described how AV forms in a
semiconductor (or conductor) when its load carriers diffuse over a temperature

difference (47). The relationship between AV and AT is given by:

AV = aAT (2.1)

Where, o = Factor of proportionality, known as Seebeck coefficient (V/K)

AT=Thor-Teoa (difference of hot & cold junction temperatures)
2.1.2 Peltier effect

An electrical current can heat or cool the junction of two dissimilar metals. It had been
discovered by J. C. A. Peltier. Peltier effect was the name given to this phenomenon

discovered in 1834 [9]. Lenz demonstrated in 1838 that heat produced by current that



flows in one direction could be absorbed when the current was reversed [10]. The heat
absorbed or emitted at the junction is directly proportional to the electrical current.
Thermoelectric cooling is based on this basis. The rate at which Peltier heat (Qpeirier) s

absorbed or released from the junction can be estimated using the following equation:

Qpettier =111 (2.2)

Where, I = Electric current (A),

I1 = Proportionality constant, known as Peltier coefficient (Watts/Ampere)

The Peltier effect's main advantage is that it enables the design of cooling and heating
devices without the use of moving parts. In comparison to conventional coolers and
heaters, such devices are much less likely to malfunction and therefore do not require
maintenance. However, the Peltier effect's efficiency is limited, which is a drawback.
Another disadvantage is that the circulating current tends to generate considerable heat,
adding to the heat dissipation process. The Peltier effect is usually useful at the
microscopic level, where conventional cooling methods are ineffective. The Peltier

effect and Seebeck effect are depicted in Figure 2.1.

PELTIER EFFECT SEEBECK EFFECT
Cooled Surface Heat Source
Electric Current n P n P Electric Current
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THERMOELECTRIC COOLING THERMOELECTRIC POWER GENERATION

Figure 2.1 Peltier effect and Seebeck effect
2.1.3 Thomson effect

There is also the Thomson effect, which is the third facet of thermoelectrics. When the
current flow, as well as temperature gradient, are present at the same time, the Thomson

effect refers to heat dissipation and absorption in a single substance. According to the



Thomson effect, which was predicted by W. Thomson (later Lord Kelvin) in 1855, a
material with current may absorb or dissipate heat along a temperature gradient [11].
The Thomson effect explains the heat loss of a material when a current flows through
it, and this heat transfer is noticeable instantly. The Thomson heat is in proportion to

the product of electric current and the thermal gradient [4]:

Q ar (2.3)
—_— I —
dx " dx
Where,  Q/dx = Rate of heating or cooling per unit length (W/m),
dT/dx = Temperature gradient (K/m),
I = Electric current (A),

o = Proportionality constant, known as Thomson coefficient (V/K)
2.1.4 Kelvin relations in thermoelectrics

William Thomson (later Lord Kelvin) discovered two thermoelectric coefficient
relationships in 1854, which are now known as Kelvin thermoelectricity relations [12].
The first Kelvin relation gives the direct relationship between the Seebeck and Peltier

coefficients:
M=aT (2.4)
Where, T represents the temperature of the junction

The change in the Seebeck coefficient per change in temperature is equal to the change

in the Thomson coefficient. The expression is:

Aa
=T — 2.5
o=T AT (2.5)

2.1.5 Joule effect

James Prescott Joule, about the year 1840, was the first to study and classify the heating
effect [13].



This refers to the irreversible conversion of electrical energy into heat as a result of
resistance to an electric current flowing through a conductor. James Prescott Joule
discovered and revealed a quantitative relationship between the amount of heat emitted
in a conductor and an electric current flowing through it in 1840. When a current of
voltaic electricity is propagated through a metallic conductor, the heat produced in a
given time is proportional to the conductor's resistance multiplied by the square of the
electric intensity, according to this rule. The following equation is established for

Joulean heat generation due to current flow:

Q; = I?R (2.6)

Where,  Q; = Rate of heat (Joulean) generation (W),
I = Electric current (A),

R= Electrical resistance ()
2.1.6 Altenkirch’s theory

By 1911, Edmund Altenkirch proposed a satisfactory theory of thermoelectricity
generation and refrigeration, demonstrating that good thermoelectric materials should
have certain properties [14]. According to the theory, a good TE material should have
high Seebeck coefficient, low thermal conductivity to retain the heat at the junction and
sustain a large temperature gradient and low electrical resistance to keep Joule heating
to a minimum. A so-called thermoelectric material property Figure of Merit or FOM

(Z) encapsulated these desirable properties.
7 =— (2.7)

Where, &= Seebeck coefficient (V/K),
R= Electrical resistance (£2),

K= Thermal conductance (W/K)

Using the dimensionless figure of merit, Z7, where T is the absolute temperature of

interest, is a more useful way of representing the thermoelectric efficiency of a material

10



system. Thermoelectric materials have thus been characterized using Z7. The higher

the value, the better for thermoelectric refrigeration.
2.1.7 Thermoelectric materials

Because of their low Seebeck coefficient and significant electronic contribution to
thermal conductivity, metals are poor thermoelectric materials. Insulators have a low
electronic contribution to thermal conductivity and a high Seebeck coefficient. Their
electrical conductivity is poor due to their low charge density, resulting in a low
thermoelectric effect. Semiconductors are the next type of material to be considered, as
they can have extremely high Seebeck coefficients. However, semiconductors with
high Seebeck coefficients have low electrical conductivity, making finding a suitable
thermoelectric material more difficult. Using doped semiconductors, on the other hand,
improves the performance of Z7. Furthermore, studies have shown that a strong
thermoelectric material is likely to be made up of high-atomic-weight elements or

heavy-element compounds [15].

The compound bismuth telluride Bi>Tes, which is most widely used in thermoelectric
coolers, is a good example of thermoelectric material made from high atomic weight
materials [16]. Bi2Tes has a FOM (Z7) around 1 at room temperature. Other
thermoelectric materials that may be used in specific situations include Lead Telluride
(PbTe), Silion Germanium (SiGe), and Bismuth-Antimony (Bi-Sb) alloys. Several
techniques have been used in recent years to increase the Z7 values of TE materials,
including optimizing carrier concentration, controlling the band structure,
nanostructure engineering, and defect manipulation. Semiconductor materials are
classified as n-type or p-type depending on if they have sufficient electrons for a perfect
molecular grid structure (n-type) or not sufficient electrons for a grinding structure (p-
type). The extra electrons in the n-type TE material and the hole in the p-type TE
material are known as "carriers". They are the agents that transfer heat energy from one
side to the other. If an electron in the n-type element is added to a high-current DC

power supply, it will travel in the opposite direction to the current flow, while hole in
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a p-type element will move in the same direction, both of which are removing heat

energy [17].
2.2 Thermoelectric Cooling System

A thermoelectric cooler (TEC) is a solid-state cooling system that uses the Peltier effect
to work. Heat would be absorbed into one junction and removed from the other in
proportion to the current if a potential is applied between two junctions. When
temperature stabilization or cooling below ambient is needed, thermoelectric coolers
are used. Thermoelectric coolers are solid-state machines that do not have any moving
parts, fluids, or gases. The basic laws of thermodynamics refer to TEC in the same way
as they do to traditional heat pumps, absorption refrigerators, and other heat-transfer
instruments. A TEC, on the other hand, is built and structured differently than a
standard refrigerator, necessitating knowledge of materials and semiconductor

technology in addition to heat transfer.
2.2.1 Working Principle of thermoelectric coolers

Thermoelectric cooling is a method of transferring heat from one side of a system to
another. It is accomplished by applying voltage between two electrodes that are
attached to a semiconductor material. The Peltier Effect, which causes a temperature
difference, can be used for cooling, heating, and precise temperature control in many
applications. TE coolers, also referred as Peltier coolers, are solid-state heat pumps that
use the Peltier effect to dissipate heat and require DC voltage. An array of n-and p-type
semiconductor materials soldered between two ceramic plates makes up a
thermoelectric cooler. Electric current passes through the system during operation,
causing heat transfer as well as temperature difference through the ceramic plates,
resulting in one hot and one cold side of TEC. The performance of the thermoelectric
cooler is influenced by one factor, heat conduction. Conventional heat conduction can
transport heat from the hot to the cold side of TE materials. Heat will be created as a
result of the current flow in the materials due to the Joule effect. Each junction will
receive a portion of the Joulean heat. It is common to consider that each junction

receives half of the Joulean heat. The Thomson effect is also present. The net Thomson
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coefficient (c,-04) for a pair of n-and p-type TE elements becomes zero as current flows
through the material with a constant Seebeck coefficient. As a result, the Thomson

Effect is ignored.
2.2.2 Applications of thermoelectric coolers

Thermoelectric coolers are suitable for applications requiring heat removal from
milliwatts to hundreds of watts. In thermoelectrics, however, there is a standard axiom:
the smaller the better. Thermoelectric cooling systems come in a variety of shapes and
sizes, as well as various levels of heat pumping capability, so they can meet a wide
range of industry needs. Industrial, military, aerospace, defense, radio-electronics,
telecommunication, medical and scientific/laboratory organizations use these devices.
A thermoelectric cooler, unlike a basic heat sink, can lower an object's temperature
under ambient while still stabilizing the temperature of structures that are exposed to
greatly varied ambient conditions. Thermoelectric cooling modules are typically used
in the following applications: microprocessor cooling, night vision equipment,
parametric amplifiers, refrigerators, wine cabinets, precision device cooling
(microprocessors and laser), microtome stage coolers, wet process temperature
controller, infrared detectors, dewpoint hygrometers, blood analyzers, cooled personal

garments, integrated circuit coolers, hypothermia blankets, automobile seat cooler etc.

The performance of the TEC system is currently not comparable to the performance of
compressor-type systems. The gap between the two types of coolers is likely to close
over time, but until then, TEC will be limited to applications where it has clear
advantages. A TE device's performance is apparently independent of capacity, which
is one of its most distinguishing features. As a consequence, it has a distinct advantage
when it comes to cooling small enclosures. The use of the thermoelectric cooling device
for portable boxes has been considered beneficial by manufacturers. Absorption
refrigerators compete in this area, and although they have the benefit of being
refrigerant-operated, they are not effective as TEC when using electricity. The TE
devices are also unaffected by inclination or movement, making them suitable to use

on ships.
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The Peltier effect has the advantage of being able to heat as well as cool. Thus,
foodstuffs can be kept refrigerated until they are ready to be consumed, at which point
they can be heated to the proper temperature. Air conditioning or heat pumps are two
of the most promising areas of application. As compared to the limit that can be
achieved, the necessary temperature difference in source and sink is often small.
Compressor units respond to this condition by turning on for short durations, while
TEC systems may run at the optimal current continuously. This enables them to quickly

adjust to temperature changes in the sink if heating or cooling is needed.
2.2.3 Advantages of thermoelectric coolers

Thermoelectric coolers, unlike mechanical refrigeration systems, have no moving
parts. Perhaps, the most significant advantage of TECs over other cooling systems is

the easiness to control.
They offer various advantages as mentioned below:

= No working fluids and gases

= (Qperation in any orientation and zero gravity

= No moving elements

®  Reduced size and weight

® No electrical or acoustical noise

=  No friction

= High resistance to vibration or shock

=  Environment friendly

= Ability to cool below the ambient temperature

= Precise temperature control (+/- 0.1°C)

= Convenient power supply

® High reliability (Greater than 200000 hours)

* Low maintenance

= Less expensive (20% to 40%) than compressor or absorption systems
=  Ability to use the same module for cooling and heating

= Flexible control
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2.2.4 Drawbacks of thermoelectric coolers
Thermoelectric cooling devices have the following significant drawbacks:

= Efficiency at dismal level

= Consumes a significant amount of electricity, making it costly to use in large-
scale applications

= Current flow itself generates considerable heat, which contributes to the total
heat dissipation

= Higher temperature differentials necessitate complex, multistage TEC systems.

= Condensation may occur resulting in a short circuit, if device components are

excessively cooled

2.3 Current Research Works on Thermoelectric Coolers

The thermoelectric cooler modules are electronic components that work on the
principle of the Peltier effect. It functions as a heat pump moving heat from one side of
the device to the other. Based on type, thermoelectric cooler modules are categorized
as bulk thermoelectric modules, micro thermoelectric modules, and thin-film
thermoelectric modules. The growing adoption of electric vehicles, growing inclination
toward renewable energy sources, and increase in demand for energy-efficient
consumer electronics are the key factors driving the thermoelectric coolers market.
However, the high cost of thermoelectric modules, design complexity, and heat
dissipation issues restrain market growth. The reduced size of the TE elements is one
goal for TE module manufacturers. Various benefits can be achieved if TEC are made
lighter and smaller. When the size of a TEC is reduced, however, we run into issues
with heat transfer. It is difficult to transfer heat (source to sink) when end plates are
small in cross-section. Increasing the gap between the TE elements would almost
certainly solve the issue. But conduction, convection, and radiation heat losses increase
substantially. The best compromise between unnecessary thermal resistance and
undesirable heat losses can be found by placing the TE elements at the appropriate

spacing.
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2.3.1 Performance improvisation of thermoelectric cooling systems

Thermoelectric cooling systems could have different architectures based on the shapes
of heat source and heat sink, such as the traditional flat plate and annular structure. In
addition, for high temperature applications, segmented structure may be implemented,
and cascaded structure has been suggested. In addition, various thermoelectric leg
geometries, including standard rectangular and asymmetric geometric shapes, have
been tested. Thermoelectric element’s height/length, cross-sectional area of TE
elements, number of TE elements and shape of elements are the four major parameters

which are paid much attention to during geometry optimization.

The thermoelectric element length is a significant parameter that can be optimized to
improve the thermoelectric cooler's performance. Cheng et al. [18] reported that the
benefit of optimizing the dimensions of the thermoelectric cooler elements is that it
increases the rate of cooling. Shen et al. [19] investigated the efficiency of a segmented
thermoelectric cooler. The segment number appeared to be more susceptible to the
thermal conductivity of the thermoelectric material, according to the study. The two
segmented thermoelectric element using distinct thermoelectric materials of almost
similar Seebeck coefficient value, with a significant difference of figure of merit, could
get the better performance of cooling without enhancing the overall figure of merit of
thermoelectric cooler. They observed that as element length increases, maximum
temperature difference, maximum coefficient of performance, maximum cooling
power, and all lowers. Three separate double-stage TECs were optimized by Wang et
al. [20]. To improve the cooling capacity and coefficient of performance, they
discovered that the number of thermoelectric elements on the hot side should be higher
than the number of thermoelectric elements on the cold side. Besides this, the authors
believed that the only way to reliably predict double-stage TEC output is to use
temperature dependent TE materials properties. Lamba et al. [21] used a
thermodynamic model to study a thermoelectric cooler and discovered that the
Thomson effect improved the cooling rate of TEC. Lin etal. [22] improved a trapezoid-
shaped thermoelectric cooler with two stages. To improve performance of device and

reduce thermal resistance (inter-stage), ceramic plates (intermediate) were removed.
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The trapezoid leg shape ratio on the hot-stage had an effect on the maximum COP and

maximum rate of cooling, they discovered.

A variety of publications have published on studies on the experimental calculation and
generalization of physical parameters of TEC systems. Fraisse et al. [23] have
compared various modeling methods and measured the accuracy of certain simplified
models, while preserving the invariance of other parameters. Riffat et al. [24] used a
small prototype device to build a computer model for simulating the efficiency of a
novel TE heat pump. The thermoelectric parameters were determined using a quadratic
empirical equation based on the hot side temperature and cold side temperature. In his
classic textbook, Rowe [4] discussed temperature dependent properties of physical
parameters. These parameters were validated by using them to solve a thermal
resistance issue in TEC device [25]. The results showed that the errors remained below
5%. To define their module criteria, Chen et al.[26], Lineykin et al. [27], and Luo et
al.[28] used curves for performances and many range values from TEC vendor
datasheets. The key benefit of this approach is that the solutions can be found without
having to use p-n type pellet data. Huang et al.[29] and Mitrani et al.[30] looked at how
a TEC's output changed as the cold and hot side temperatures changed, and how TEC
performed under such thermoelectric conditions. The electrical resistance had been
obtained from the voltage and current curves. The effective value of Seebeck
coefficient was calculated by dividing the open circuit (measured) by the temperature

difference (external).

Significant attempts have been made to boost device efficiency thereby lowering
energy consumption. Cai et al. [31] built an air source TE heat pump device that can
deliver cold air and hot water at the same time. The thermal conductance as well as
specific heat allocations in heat exchangers (cold and hot side), they found, could have
a significant impact on COP and cooling capacity. Zhou et al. [32] proposed a TE
supported evaporative cooling device (indirect). The TEC units are located between
many channels of the evaporative cooling device (cross-flow flat plate) to improve heat
transfer capacity at the hot side of TEC. The performance of a heat sink assisted TEC

within a square duct was investigated numerically and experimentally by Seo et al.[33].
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It was observed that the heat sink's various parameters affect the TEC system's
efficiency. Theoretical study of a thermoelectric device fitted with an office space in
Morocco was suggested by Allouhi et al. [34]. The number of TE modules needed to
obtain a maximum COP of 2.0 was determined to be 12 in this study. Liu et al. [35]
developed a conceptual model for a PV-thermally-compound TE ventilator framework
that generates electric power in the winter while also preheating the fresh air, allowing

for full solar energy utilization.

To simplify TEC system with totally temperature-dependent thermoelectric material
properties, McCarty [36] reported a numerical technique of one-dimensional result. The
precision of the numerical TEC model was further verified by experimental results.
Finned arrangement of heat pipes could reach greater than 200 W/K values of UA
(overall heat conductance x area) for gas flow systems, according to existing

technologies, since they have larger efficient areas for heat transfer.

A novel TEC architecture was proposed by Owoyele et al. [37]. The effects of different
geometry parameters were investigated, and it was discovered that the corrugated
thermoelectric cooler worked better. It was more cost-effective for applications
requiring low value of cooling power density. In a corrugated TEC, proper thickness
selection was suggested for minimizing losses. Using simulated annealing, Khanh et
al. [38] optimized the geometry of thermoelectric coolers. To increase the rate of
refrigeration, the dimensions of thermoelectric coolers were optimized using simulated
annealing. Lamba et al. [39] optimized the geometric parameters of a trapezoidal-
shaped heat pump using a genetic algorithm. After 20 runs, the population of the GA
converged rapidly, demonstrating that it is a cost and time-effective method. They
noticed that the Thomson effect had a negative impact on the system's heating load,
and that contact resistance had a negative impact on the system's performance. Soprani
et al. [40] used topology optimization to improve TEC efficiency. Also, a three-
dimensional finite-element method was used. The experimental outcome and the model
predictions were very similar to each other. Electronic devices that were actively cooled

were designed using the optimization process.
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Saifizi et al. [41] designed and tested a hybrid device that used a direct air to air heat
pump to hold vaccine packages at a low temperature. Lal and Kumari [42] investigated
the performance of a cost-oriented TEC in an experimental environment. With a
minimum attainable temperature of 2.3°C, the optimum amount of the COP was
recorded to be 0.26. Dongareet al. [43] designed and updated a real-world TEC device
with 18 litre volume. From 33°C to 22°C, it took one hour to maintain this temperature
with coefficient of performance of 0.2-0.6. Ebrahimi et al. [44] developed a model with
micro-combination of heating, cooling and power generation features. They used a
thermoelectric cooler as the cooling system. Shafee et al. [45] designed and tested a
thermoelectric heating as well as cooling system that was cascaded and incorporated.
For this cascading and integration configuration, the coefficient of performance were
0.02 and 0.294, respectively. Adeyanju et al. [46] investigated a fast drink cooler
relying on TEC in attempt to chilling a glass of water. The volumetric size of glass was
0.5 litre and the time taken to chill was 2 minutes. It was done both experimentally and
theoretically. Chiba et al. [47] investigated the Peltier and Seebeck effects in multistage

thermoelectric cooler depending on hydrogen liquefier.

The finite element approach was used to perform three-dimensional numerical
simulation by Qiu et al. [48]. A sandwiched construction of thermoelectric cooler using
uniform cross-section as well as non-uniform cross-section was used. To illustrate the
working mechanism of the factors at play, a detailed mathematical model was built.
For an input of smaller portion of thermoelectric element, non-uniform section type
TEC is beneficial with more cooling capacity with 6%-12% improvement. However,
the coefficient of performance was identical. A modest element height (1.5 mm) will
greatly boost the cooling rate of the thermoelectric cooler as compared to 3.0 mm height
of TE element, with a 52.96 percent increase in peak cooling rate. A -20.66 percent
change in peak COP was evaluated. For the COP and cooling rate of the thermoelectric
cooler, the contact layers provided different effect patterns and sensitivities. The TEC's
output deteriorated as the solder thickness increased. The thickness of copper layer, on
the other hand, had the opposite effect. The maximum COP and maximum cooling

capacity were taken into consideration for a Pareto-optimal front with the help of
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NSGA-II by Lu et al. [49]. The effect of design variables like electric current and

element structure on the performance of thermoelectric cooler has been demonstrated.

An electrically disconnected double-stage TEC's exergy as well as exergoeconomic
analysis is reported by Nemati et al. [50]. The effects of electrode length, applied
current, cross-sectional area ratio and stage-wise number of electrodes were studied.
At first stage, the optimum current is lower as compared to the current at second stage.
The maximum second law efficiency is achieved at small values of current. The exergy
efficiency improves with an increment in electrode numbers (both stages). Smaller
optimal values of the cross-sectional area ratio and greater applied currents have better
economic efficiency. The effects of electrical current, air flow rate, air inlet
temperature, water flow rate and water inlet temperature, were investigated using a
Peltier air cooler by Dizaji et al. [51]. The exergetic performance has a minimum value
when the DC voltage reaches an extreme. The exergetic performance was high for
warmer temperature of air inlet. The rate of air flow was also high. A theoretical
evaluation of the optimum performance of a TE cooler was done by Tan et al. [52]. The
optimization objectives were chosen to be cold exergy and second law efficiency. The
effects of several main parameters on cooling performance, such as thermal
conductance allocation ratio, electric current, and cooling temperature, were
theoretically investigated. This was realized that there is an optimum cooling
temperature that leads to maximum cooling rate and second law efficiency. A heat sink
design optimization model for a TEC device was proposed by Zhu et al. [53]. The TEC
system was optimized using an entropy generation minimization process. The cooling
fluid’s heat capacity rate is sensitive parameter and must be chosen appropriately to

minimize entropy generation.

Maximum rate of refrigeration, maximum electric current and voltage at different hot
side temperatures were calculated using COMSOL® multiphysics by Panigrahi et al.
[54]. At a given hot side temperature, the low cold side temperature attracted low rate
of cooling. At a given cold side temperature, the rate of cooling increased with an
increment in current followed by hot side temperature. The results have also shown

that, regardless of cold side temperature, the COP for a given relative current value is
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higher in a higher hot side temperature. Analytically, the partial differential equations
that control the function of a TEC were solved by Fong et al. [55]. It was carried out in
order to calculate the temperature profile within the TE element and system’s COP and
cooling capacity. The thermoelectric cooler's transient behavior could be used as an
optimization method for different design setups in order to satisfy particular packaging
requirements. Using CFD, a TEC model with a heat sink was developed by Seo et al.
[33]. As a result of the time-dependent characteristics revealed by the numerical
solutions, the cooling capacity of TEC differ over time. Teixeira et al. [56] showed that
a TEC can be made using cylindrical or cubic geometry of elements and performs
equally. According to simulations, increasing the cross-sectional area of the TE
elements increases the power output of a TE device. Caglar et al. [57] designed and
fabricated a portable thermoelectric refrigerator. This refrigerator was tested at various
ambient temperatures and for COP, a method for determining optimal operating
conditions was defined. It was also observed that when the cooled space temperature

drops from 293 K to 254.8 K, the system’s COP drops from 0.351 to 0.011.
2.3.2 Improvements in figure of merits of thermoelectric materials

The figure of merit (Z) is a measurement of a thermoelectric material's performance. Z
is determined by three critical material parameters: the Seebeck coefficient (), the
thermal conductivity (x), and the electrical conductivity (y). At absolute temperature
(T), Z is expressed in dimensionless form. ZT=a&’yT/k is used to define the
dimensionless figure of merit. Alternatively, Z7 is also defined as (2°/px) T, where p is
the electrical resistivity. A large power factor (&°/p) is required to enhance
thermoelectric performance. A good thermoelectric material should possess a large
Seebeck coefficient (@), low thermal conductivity (x), and high electrical conductivity
(y). The conversion efficiency of TE devices is directly related to the dimensionless
figure of merit of their constituting materials. Thus a high value of the figure of merit

is highly desirable.

In recent years, researchers applied new approaches and techniques in maximizing the

ZT values of various thermoelectric materials. The available thermoelectric materials
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exhibit varying performance in the different temperature ranges. Improvement in each
available thermoelectric material is a focused goal of researchers for a sustainable
alternative of conventional energy converters. Earlier, the performance of the
semiconductors used in TE applications was dependent on the available pure and
perfect single crystals. However, these materials can be doped by adding small
quantities of impurities. These impurities act as the electron donor for the parent
materials. Most traditional semiconductors have cubic structures, whereas anisotropic
crystals are used for TE applications. The task of designing high-performance
thermoelectric materials is to adjust the physical parameters of interconnected «, o, and
x for a crystalline structure. Thermoelectric transport includes the flow of thermal
energy and charge. The energy of phonons (vibrational waves of atoms) represents the
thermal energy. Electrons scattering on phonons creates electrical resistance. Through
incorporating some new scattering mechanisms, nanostructures provide an opportunity
to sever the connection between electric and thermal transport. The lattice thermal
conductivity needs to be reduced for improvement in TE performance. Mass
fluctuations increment through vacancies, and interstitial atoms result in higher phonon
scattering that can lead to better TE performance. Sintering of bulk materials and
melting production are the techniques used for research efforts to get improved TE
materials. This review summarizes recent approaches to enhance the Z7 of various
thermoelectric materials. There is a wide variety of elements as well as compounds
which may be categorized as TE materials. It is to be noted that every thermoelectric
material exhibits different performance at different temperatures. Hence, it is not
possible to recommend a single TE material that is suitable for all practical ranges of
temperature in real-world applications. In the present review, TE materials are
classified based on their suitability for low, medium, and high-temperature

applications.
Low-temperature thermoelectric materials (<500 K)

BixTes and its alloys with Z7 values of around 0.9-1.0 are considered prominent TE
materials at room temperature and widely used for practical thermoelectric applications

[58], [59]. Hu et al. [60] demonstrated that the porous structure affects thermoelectric
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performance. As porosity increased, electrical and thermal conductivity decreased
significantly. Reducing thermal conductivity compensates for the deterioration in
electrical conductivity and improves the Z7 value. A sample premixed with five wt
percent NH4HCO3 was reported with 1.1 value of maximum Z7 at temperature 343 K.
This was around 20 percent better than that of the entirely dense sample with 0.92 value
of ZT. Bi-containing SboTes and the related alloys with a high thermoelectric FOM can
be futuristic options to use in thermoelectric devices. Sby.xBixTe; samples were milled,
pressed, and annealed under vacuum for 3 hours at 250°C by Adam et al. [61]. Bi was
added to the binary Sb,Te; system. An increased Seebeck coefficient and power factor
were obtained for SbissBiossTes with the reduced value of thermal conductivity.
Subsequently, a high ZT of 1.14 at 400 K was attained. The sample composition of
(Bi2Tes)o.15+(SbaTes)o.ss was prepared to shift maximum Z7 to the high-temperature
zone by Madavali et al. [62]. The maximum Z7 values of 1.3 and 1.07 were reported at

400 K and 300 K, respectively.

Tellurium is the prevailing thermoelectric material utilized in low to medium range of
temperature. However, it contains an inferior thermoelectric efficiency with a low value
of ZT. An enhancement in the performance of amorphous silicon has been reported by
Banerjee et al. [63]. The magneto-TE ZT in 3-D Dirac semimetal Cd3As> crystal was
reported by Wang et al. [64]. The magnetic field very effectively reduces thermal
conductivity and electric conductivity. The maximum Z7 value of 1.1 was obtained at

350 K temperature under 7 T of the magnetic field.

A hypothesis of thermoelectric transport properties in 2-D semiconducting quantum
well structures is built up by Yelgel et al. [65]. It is discovered that diminishing the
well thickness pronouncedly affects upgrading the Z7 value. At 350 K temperature, the
maximum Z7 value of 0.97 is obtained for Bi»Se3/Bi>Tes/BizSes. At 440 K temperature,
the maximum Z7 value of 1.945 is obtained for Sb,Tes/BixTes/Sb,Tes. CaMnOs has a
generally high Seebeck coefficient; however, the electrical conductivity (y) is quite low
(within the temperature range 300—1000 K). Hence, an un-doped material brings a low
power factor (a’c). The bismuth doping of Ca;xBixMnOs has been reported by
Paengson et al. [66]. With x range of 0-0.05, TE materials were setup. The solid-state
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reaction and hot pressing techniques were used. Bi doping increased -carrier
concentration for all samples with different x. The electrical resistivity diminished with
expanding bismuth content. The maximum Z7 value of 0.065 at 473 K was found for
Cag.97Bi0.03MnO:s. It is worth mentioning that the Z7 value was increased by 95% at the
same temperature compared to CaMnQO3. BixTes and the family of similar compounds
potentially satisfy the thermoelectric efficiency levels at low temperatures. However,

the dimensionless figure of merit values decreases severely at a temperature over 450

K.

The bulk BijgLuo.1Tes samples with diverse micro-grained particles were fabricated
using cold isolated pressing (CIP) with annealing at high temperature and secondly by
spark plasma sintering (at 653 and 683 K) by Yaprintsev et al. [67]. The maximum ZT
~0.9 for 450-500 K range of temperature range is obtained. The summary of recent ZT'
improvements of thermoelectric materials at low temperatures discussed in this study

is presented below in Table 2.1.

Table 2.1 Summary of recent Z7 improvements of TE materials at low temperatures

Method for
Thermoelectr _ Impact on ZT
Researchers Year | ] properties
1c Material Performance
enhancement
e Max.
Dimensionless

figure of merit

(ZTmax) of 1.11 at
Pre-mixing with

Hu et al. [60] 2020 | Bip4SbigTes 343 K

NH4sHCO3

e 20% increment in
ZTmax as compared
with fully dense
material

ZTmax value of 1.14 at
400 K for SbyTes

Adam et al. [61] | 2020 SbyTes Bi-containing
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®  ZTmax value of 1.3

Madavali et 2018 (BixTes)x + Increasing at 400 K
al. [62] (SbaTes)1x SboTes content | ¢ ZTmax value of
1.07 at 300 K
Banerjee et Amorphous . . ZT around ~0.64+0.13
2018 . Arsenic doping
al. [63] Silicon at room temperature
Enhancement
ZTmax value of 1.1 at
Wang et al. [64] | 2018 Cd3As by the magnetic
350 K
field
ZTmax=0.97 at 350 K
BizSes/BizTe
for
3/Bi2Ses and ) . ) .
Yelgel and By varying the | BixSes/BixTes/BiaSes
. 2014 SboTes/B .
Srivastava [65] ) well thickness. and ZTmax =1.945 at
12Tes/Sb,
440 K for
Tes
SbyTes/BixTes/SbaTes

®  ZTmax value of

0.065 at 473 K for

Bi doping and Cao.97Bi0.03MnO3
Paengson )
2017 CaMnO;3 hot pressing of | e  95% increment in
et al. [66]

CaMnOs3 ZTmax as compared
with un-doped
material

Fabrication by
Yaprintsev cold isostatic ZTmax value ~ 0.9 for
2017 | BijoLuo.iTes )
etal. [67] pressing and 450-500 K
SPS

Medium-temperature thermoelectric materials (500-900 K)

CuAgSe exhibits excellent potential due to its fantastic carrier mobility. It also has low
thermal conductivity. To prepare monodisperse CuAgSe nanocrystals, a scalable

colloidal synthesis has been reported by Zuo et al. [68]. The gathered powder test was
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cleaned by a non-sulfur substance of NaNH,. It was done to expel the organic ligands
from the surface. After that, annealing process was also done. A 0.68 value of
maximum Z7 at 566 K was obtained. The obtained material shows the potential of TE
applications for mid-range temperatures. The material before annealing exhibits a
temperature- controlled transition from n-type toward p-type. This makes it suitable for
thermal control transistor applications. CoSbs skutterudite is considered potential TE
material for power generation. La Filler atoms are used to minimize lattice thermal
conductivity for the skutterudite to get better TE performance [69], [70]. Bashir et al.
[71] reported a high ZT value of 1.15 at 692 K with La and In as the Ino3LaosCo4Sbi>
skutterudite. BiCuSeO contains low thermal conductivity and an average power factor.
BiCuSO was doped with Pb and effectively synthesized by high pressure by Zhu et al.
[72]. BiCuSeO doped with Pb increases the carrier concentration. This Pb doping
improves the power factor. The thermal conductivity is smothered by Pb doping. At
700 K temperature, the maximum Z7 of 0.14 is achieved. Synthetisation with feasible
high temperature and pressure techniques can increase the TE performance of CuzSe
bulk materials. At 723 K, a high ZT value of 1.19 was reported for Cu,Se synthesized
at 3 GPaby Xue et al. [73]. Recently, GeTe and its derivatives have gained considerable
attention as promising thermoelectric materials. Perumal et al. [74] reported a

maximum Z7 value of 2.1 for In and Bi co-doped GeTe at 723 K.

The synthesization of a group of TiNiSn-based alloys has been performed by Chen et
al. [75]. It was done by way of an easy solid-state reaction followed by the SPS method.
The amount and mixture of the heterogeneous phase were precisely managed, which
results in a successful decrement of thermal conductivity (up to 2.3-3.0 Wm™'K™).
Besides, TE figure-of-merit was enhanced up to 0.49 at 750 K temperature. Silicon-
Germanium based alloys are appealing. For radioisotope thermoelectric power
generation at an excessive temperature (more than 1000°C), they offer a good choice
of TE material. On the other side, Mesostructured Ing25C04Sbi2 and Ing 25 Ybo.0sC04Sbi2
samples have been synthesized by Benyahia et al. [76]. The samples were fabricated
through melting and annealing. Then, the ball-milling procedure was applied to
minimize size and sintered through the SPS method. With a mean grain size of 400 nm,

a maximum dimensionless FOM of 1.4 at 750 K temperature is obtained. It was
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achieved in the BM Ino25C04Sb12+0% CeO,. TiNiSn-based half-Heusler (HH) alloys
are widely studied. These TE materials show a high-temperature stabilization.
However, the thermal conductivity is constantly enormously high, and hence, further
ZT enhancement is difficult. SiC nanoparticles were brought into the matrix of
Pbo.osNao.o2Te doped with SrTe by Ai et al. [77]. The increased Seebeck coefficient and

decreased electrical conductivity resulted in a remarkable peak ZT of 1.73 at 750 K.

Copper selenide is a promising TE material because of its fantastic electrical properties.
A hydrothermal technique to incorporate astounding f-CuzSeixIx nanopowder with a
cost-effective minimum consumption of energy is reported by Wang et al. [78]. The
nanopowder with different levels of doped iodine was used. Utilizing this
straightforward and modest methodology, an improved Z7 of 1.13 is obtained at a
temperature of 773 K in iodine-doped CuzSe (x = 0.03) pellets after hot squeezing.
Recently, the synthesis of p-type SiGe with Boron using varied proportion is reported
by Murugasami et al.[79]. The material was sintered through the spark plasma sintering
technique. Doped with Bis at % synthesized SiGe alloy exhibit the enhanced Z7-of
0.525 at 800°C temperature. A considerable improvement of approximately 9.38 % is
obtained. Recently, the enhancement of Skutterudite performance is reported by Yang
et al. [80]. Tellurium doped skutterudite has been shown to have promising TE
properties using nano-micro level pores. Cobalt, antimony, and tellurium powders were
utterly blended with a nominal composition of Co4Sbi15Teos. Then the material was
stacked into carbon cauldrons and kept inside quartz tubes below vacuum for heating.
The acquired ingots were ground into powders utilizing two successive methods, first
by a mortar and then by ball milling below vacuum. The two powders (without ball
milling and with ball milling) with different proportions were blended, and after that,
sintered using spark plasma sintering technique. The annealing process below vacuum
was also done on the obtained bulk material. The authors reported that annealed nano-
particles carry some randomly allotted nano-pores with a range of sizes from 200 nm
to 2 um. The development of these nano-sized pores is due to strain during sintering.
The thermal conductivity drops drastically which is a desired effect. A 1.2 value of the
maximum dimensionless FOM is obtained for the annealed material at a temperature

of 800 K. A significant increment of approx. 35% was reported. The thermoelectric
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properties of n-type doped Mg> (Si0.4Snoe)1—y Biy solid solutions solid solutions is
investigated theoretically by Yelgel et al. [81]. From 300 K to 800 K temperature
range, the selected y range is 0.005-0.06 for doping Bi with available experimental
data. It was found that an appropriate y can increase Z7. The maximum Z7 is obtained

with y =0.03 at 800 K and values 1.82.

The graphene nanoplate incorporated into CuxSe samples has been fabricated by Li et
al. [82]. The ball milling technique was applied. Then, sintering through the SPS
method was done. The homogeneous dispersion of the carbon phase reduced the Cu,Se
particles to form an excellent dense construction. Maximum Z7 reached a high 1.7
value at 873 K. This gives an appropriate technique to use carbon engineering to

maximize TE performance for CuxSe and family compounds.

The deliberate actuated dislocations and vacancies are compelling in diminishing the
thermal conductivity of polycrystalline SnS, as reported by Asfandiyar et al. [83]. Low
thermal conductivity and high electrical conductivity Sno.g9Ago.0osS sample were
obtained at 877 K. Ag doping bring high power factor, and an enhanced Z7 of 1.1 at
877 K was recorded for Sno.99Ago.00sS. N-type half-Heusler NbCoSn performs well in
TE performance, but p-type performs poorly. Yan et al. [84] showed that by changing
the Fermi level indicates that Sc is a suitable dopant. ZTmax value of 0.13 at 879 K has

been reported.

The summary of recent Z7 improvements of thermoelectric materials at medium

temperatures discussed in present study is given below in Table 2.2.

Table 2.2 Summary of recent Z7 improvements of TE materials at medium

temperatures
Method for
Thermoelectric . Impact on ZT
Researchers | Year properties
Material Performance
enhancement
Colloidal
synthesis of | ZTmax value of 0.68 at
Zuo et al. [68] | 2018 CuAgSe monodisperse 566 K
CuAgSe NCs
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Bashir et al. La and In ZTmax value of 1.15 at
[71] 2018 CoSb; filling 692 K
. Doping with | ZTmax value of 0.14 at
Zhuetal. [72] | 2018 BiCuSO Ph 700 K
Synthesis
Xue et al. [73] | 2019 CuzSe with High £ max V;‘gelgf Llat
pressure
Perumal et al. In and Bi- ZTmax value of 2.1 at
[74] 2019 GeTe doping 723 K
Chen et al. TiNiSn-based Synthesis ZTmax value of 0.49 at
[75] 2017 half-Heusler with solid- 750 K
(HH) alloys state reaction
Synthesis by a
. melting-
Benyahia et 2018 | TnoasCosSbia annealing - ZTmax value of 1.4 at
al. [76] . 750 K
ball-milling —
SPS method
SiC ZTmax Value Of 1.73 at
Aietal. [77] | 2020 PbTe dispersing and 750 K for
SrTe doping PboosNaooTe/
4mol%SrTe composite
Wane et al Syrgﬁegles of ZTmax value of 1.13 at
& " 12019 CuzSe 2 773 K for CuaSeixIx
[78] alloys doped (x=0.03)
with iodine '
Murteasami Syngilésels O | 2o value of 0.525 at
& 2019 SiGe 800°C for doped with
et al. [79] alloys doped B
with Boron I3
Nano-
microporous y qu.
structure in Dlmen510nle§s
Co4Sbi1.5Teos figure of merit
Te-doped materials via (ZTmax) of 1.2 at
Yang et al. . . 800 K for annealed
2019 skutterudite annealing the
[80] - sample (N10-A100)
(CosSbi15Teos) nano o) .
CouSby1sTeos | ® 33.7% increment in
/ ' ' ZTmax as compared
C0sSby1sTeos with dense material
composites (NO)
Mg>
. (S10.4Sno6)1-y | ZTmax value of 1.82 at
Yelgel [81] | 2016 | Mg>Si04Snos Bi solid 00 K
solutions
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By graphene
Lietal. [82] | 2018 CusSe nanoplate ZTmax value of 1.7 at
. . 873 K
mcorporation
Intentional-
Asfandiyar et di;rllg:;t?gns ZTmax value of 1.1 at
> 2020 SnS or 877 K for
al. [83] and vacancies Sne soA S
and Ag 0.99A.80.005
doping
S ZTmax value of 0.13 at
Yan et al. [84] | 2020 NbCoSn substitution at max :
. 879 K
the Nb site

High-temperature thermoelectric materials (>900 K)

Lead selenide (PbSe) displays a temperature-dependent Seebeck coefficient, low
thermal conductivity, and low electrical resistivity. Further, it has resolved the issue
that emerges to get both n and p-type legs. A simultaneous advancement of thermal
and electrical properties of p-type PbSe has been reported by Zhao et al.[85]. The
density hypothesis for estimations of valence band energy levels was used. Between
Lead selenide and nanostructures of CdSi—xSex/ZnSi—xSex, appropriate valence band
alignments were introduced. A highly enhanced dimensionless figure of merit of 1.6 at
923 K was attained at Pbo.osNag.02Se+3%Cds. Due to its high TE efficiency, Si-Ge
alloys are considered valuable TE materials operating at high temperatures. The
influence on TE properties of B-doped Si-Ge-Au nanocomposites was examined, taken
as SiesxGes1AusBx by Muthusamy et al. [86]. At 973 K, a maximum Z7 value of 1.63
was reported at x=3. The phonon-liquid electron-crystal concept for copper sulfide with
reduced thermal conductivity and higher thermoelectric performance has been
proposed by He et al. [87]. A high ZT value of 1.7 was reported at 1000 K by using
copper deficiency as CuzS with x=0.03.

Half-Heusler compounds are increasingly attracting attention because of their strong
mechanical and electrical properties at high temperatures. At 1200 K, through heavier
Hf doping the p-type FeNbSb heavy-band half-Heusler alloys with 1.5 value of high
ZT was reported by Fu et al. [88]. Yb14ZnSbi, is considered for intermediate valence
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interest. With rare earth (RE) solution as Yb14.xRExZnSbi1 was investigated by Wille
et al. [89]. The dimensionless FOM was reported as high as 0.7 at 1275 K with x=0.5.

The summary of recent Z7 improvements of thermoelectric materials at high

temperatures discussed in present study is given below in Table 2.3.

Table 2.3 Summary of recent ZT improvements of TE materials at high temperatures

Method for
Thermoelectric Impact on ZT
Researchers Year properties
Material Performance
enhancement

Integration of
band structure
Zhao et al. [85] | 2013 PbSe with
hierarchical
structuring

ZTmax value of 1.6 at
923 K

Muthusamy et al. ZTmax value of 1.63

2020 Si-Ge-Au Boron Doping

[86] at 973 K
) ZTmax value of 1.7 at
He et al. [87] 2014 CuzS Cu deficiency 1000 K
. ZTmax value of 1.5 at
Fu et al. [88] 2015 FeNbSb Hf doping 1200 K
Wille et al. [89] | 2019 | Yb1uZnSbi, | Containing RE | Z7m Vél;lse I°<fO'7 at

From this review, it can be highlighted that in the recent past, material researchers are
successfully applying new approaches to upgrade the performance of available
materials for a particular temperature range. A promising new approach is to create
nano-level and macro-level pores in tellurium doped skutterudite to enhance ZT by
approximately 35%. Another interesting approach is introducing a facile method for
colloidal synthesis of copper-silver selenide. With ZTmax value of 0.68 at temperature
566 K, this resulted as a promising candidate for TE research in the intermediate
temperature range. For greater commercialization of thermoelectric applications,
improved materials with high values of ZT are required at prevailing operating

temperatures. This will boost the manufacture of better performing TE modules.
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2.4 Conclusion of the Literature Review

In recent years, thermoelectric coolers have been used extensively because of its light
weight, environment friendly and solid state structure and other benefits. Despite the
benefits of thermoelectric cooling devices, their low performance and high material
costs have inhibited widespread adoption of the technology. As a result, rigorous
research is being conducted on geometry, operating parameters and material
optimization in order to improve the performance of thermoelectric coolers.
Thermoelectric cooler performance optimization is a primary research goal. Various
strategies are being used to improve the efficiency of thermoelectric materials. These
advancements in Z7 values could close the gap in performance between conventional
bismuth-tellurium based materials and newer materials. However, the costs of
candidate materials, costs to process those materials into TE elements, and cost to
compensate the material loss are significant for the real commercial applications of
newly invented materials. The non-availability of the requisite raw materials might
result in holding the production of TE devices. Furthermore, TE materials have only
been studied in terms of their efficiency to date, with no study into their lifecycle
results. More extensive work on that would be useful. On the other side, for various
applications of thermoelectric cooling technology, system level design optimization
has been shown to be beneficial and significant. The study and understanding of the
interaction within thermal, electric, and structural parameters is critical for revealing

various physical characteristics and important to achieve performance enhancement.
2.4.1 Motivation of the work

It was apparent from the preceding sections that thermoelectric cooler is an important
cooling device for a variety of applications. However, thermoelectric coolers have
certain performance limitations. Such devices have a low cooling capacity, coefficient
of performance and exergetic efficiency. There is a lot of scope for improvement with
thermoelectric coolers. Many researchers are currently working to widen the demand
for TEC devices' applicability. The most notable approach is to enhance TE material

properties, since TE output is profoundly limited by the materials used. The second
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method involves optimizing the device by using dimensional structural parameters as
variables to obtain the best possible device performance for a given variety of materials.
The third method is to optimize the device using operating parameters as variables in
order to obtain the best possible performance. The key benefit of geometry and
structure optimization is that the amount of material required for optimal performance
can be minimized, resulting in increased efficiency and lower material costs. The
optimization of input electric current is also an effective and feasible approach to
enhance TEC performance. A simultaneous consideration of geometric and operating
parameters can also be used to enhance TEC performance. It may assist in the precise

design of a realistic TEC device.

2.5 Summary

In Chapter 2, thermoelectric concepts such as Seebeck effect, Peltier effect, Thomson
effect and Joule effect are discussed. The relationship among various thermoelectric
coefficients is presented. The basic information about thermoelectric coolers, their
applications, advantages and drawbacks are also discussed. A state of art literature
review to provide a summary of the base of knowledge already available involving
thermoelectric coolers is presented. Numerous design and performance improvement
of prior TEC systems, and significant works done in the context of numerous

thermoelectric materials are also discussed.
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CHAPTER 3

METHODOLOGY AND PILOT STUDY

3.1 Introduction

As described in the previous chapter, a lot of researches has been done to improve the
performance of thermoelectric cooling system setups with different working solutions.
In some studies, the performance of the TEC was investigated on the basis of geometry
configurations while in some other studies, the research was carried out on the basis of
operating parameters. Some analyses, available in the literature, also report about the
usefulness of various thermoelectric materials as working solutions for application in

cooling.

The study of thermoelectric cooling systems incorporating optimum values of design
variables is timely in view of the demand for clean energy converters. To effectively
simulate and design complicated thermoelectric cooling systems, examining the
behavior of parameters is significant. It was pointed out in the previous chapter that a
combination of geometric and operating parameters also has the potential to be used as
performance optimization of thermoelectric coolers. A feasible approach to the
problem of optimal design of TECs for cooling electronic/telecommunication
components with both the geometric and operating variables is the basis of this work.
The maximized cooling capacity and maximized COP are the important findings of the
first part of this research work. In the second part, optimized TEC performance is
obtained with energy and exergy point of view based on the first law and second law
of thermodynamics. Modeling is often considered to be the definitive guide for gaining
an insight into the device’s principle of operation. The proper methodology is crucial

to the success of any research aimed at finding the best design.
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3.2 Methodology

The inferences are obtained from the analysis of published literature. From the

inferences, the objectives are determined. Finally, from the objectives, a methodology

is decided. The purpose of the research in this thesis is to analyze thermoelectric

cooling system and model it for better performance optimization goals. The

methodology adopted and followed in the implementation of this research work is as

follows:

1y

2)

3)

4)

)

The theoretical model of a single-stage thermoelectric cooling system has been
designed.

The geometric and operating parameters to be used as design variables have been
identified.

Two different stochastic algorithms, namely genetic algorithm, and simulated
annealing have been used for a pilot study on cooling capacity or rate of
refrigeration based on a simplified model. The optimization results using these two
algorithms have been compared and a suitable technique has been selected to
proceed further.

The next objective was to use detailed mathematical models for performance
optimization of TEC based on two criteria: General Cooling Performance
Parameters (Cooling capacity and Coefficient of performance) and Energy based
Performance Parameters (Energy Efficiency and Exergy efficiency). With the help
of a suitable stochastic method, these parameters have been optimized. The
optimization results have been analyzed.

A method for validation of optimization results was required. Three-dimensional
finite-element models have been developed and the performances have been

predicted using ANSYS@.

The investigation scheme for this research work is given in the flowchart as shown in

Figure 3.1.
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Thermoelectric Cooler
(Various performance optimization objectives)

!

Identify the important geometric and operating
input parameters to use as design variables

|

Optimization setup and preliminary results for cooling capacity
using genetic algorithm and simulated annealing

(Comparison of preliminary results to choose an optimization
technique to proceed with further studies in this work)

!

Development of detailed mathematical models

!

r

|

General Cooling Performance Parameters

- Cooling Capacity or Rate of Refrigeration

- Coefticient of Performance

Energy based Performance Parameters

-First Law Efficiency
-Second Law Efficiency

!

|

!

Optimizations using suitable stochastic technique

!

Analysis of the results

!

Development of 3-D finite-element models and
simulation for results validation

!

Conclusions

Figure 3.1 Scheme of investigation
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3.3 Assumptions

To simplify the thermoelectric cooling system, the below-mentioned assumptions are

made:

(1) The thermoelectric cooler is a single-stage module made of N thermoelectric
couples that are identical and connected electrically in series and thermally
parallel.

(i1) The n-type and p-type TE elements possess the same length and area of cross-
section.

(ii1))  The electrical contact resistance is present.

(iv)  Thomson effect is ignored.

(v) The numerical model of the thermoelectric cooler is for a steady-state system.

(vi)  The basic assumption is that heat transfer occurs along the length of TE
elements.

(vi)  In the thermoelectric cooling system, heat transfer occurs at a finite rate. The
electrical resistive losses are essentially irreversible and inevitable in nature.

(viii) In the three-dimensional finite-element simulations, the convection losses from

the exposed surfaces are considered.
3.4 Description of TEC Model

Figure 3.2 depicts a single-stage thermoelectric cooler schematic. The TEC system

comprises the following major parts:

(1) One thermoelectric cooling module
(2) Cold and hot side material
(3) External hot side heat sink

On the cold side of the junctions, an electrically shielded and thermally conductive
ceramic material is in thermal contact with a heat source. On the hot side of the
junctions, it is connected with a heat sink. To form an electrical circuit inside the

thermoelectric module, an electrically conductive material is alternately connected to
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the cold and hot sides. Copper is a strong conductor of both electricity and heat. Heat

is dissipated to the ambient atmosphere via the external hot side heat exchanger.

Q . .
Heat Absorption (Cold Side)

1
[+—] Ceramic
Copper
n p n P n p
TE Elements
5 |—>I ]
opper
zzrarrllic Heat Sink

J U uuuuytL

| | : Heat Rejection (Hot Side)
|

Current — — |

Figure 3.2 Schematic of the single-stage TEC

Optimized performance management of a thermoelectric cooler can be challenging.
Over the past few years, thermoelectric cooling technology has been a major interest
among researchers. TEC is bringing significant advantages with outstanding potential.
We aim to work on ameliorating the performance of the thermoelectric cooler by
considering a practical or realistic model approach. Many of the approaches have not
been able to incorporate various realistic issues so far and are only correct if a variety
of assumptions are made. As the assumptions made in such models are not realistic,
they often give erroneous results. In this presented work, various effects and issues are

taken into consideration that have not been paid attention to in the previous work.

3.4.1 Electrical contact resistance

The numerous losses such as electrical contact resistance, thermal resistance, and heat
losses are not included in the modelling equations. The issue is that the multiple losses,
which are generally unexplained, are very difficult to account for. The electrical contact
resistance can cause the extreme reduction in the performance of a thermoelectric
cooler among all adverse factors. At the interfaces of n-type and p-type thermoelectric

materials and metal connecting layers, the electrical contact resistance (7.) is considered
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in this work for practical consideration. Engineering experts reveal the fact that when
manufacturing defects occur, electrical contact resistance can increase significantly.
With a reduction in the value of thermoelectric elements’ length, the effect of electrical
contact resistance gradually increases. The effect of electrical contact resistance on the
performance of thermoelectric coolers becomes significant when the TE elements-

metal connecting layer is comparable with the height of TE elements.

Owing to a limited calculated value, direct measurement of electrical contact electrical
resistance experiences significant difficulties. The literature data for electrical contact
resistance shows its variation from 1x10® Q m? to 1x107'2 Q m? [90], [91]. In addition
to energy losses and the increase in TEC dimensions, the existence of electrical contact
resistance can also contribute to a substantial reduction in an obtainable temperature
drop. The greater value of electrical contact resistance leads to a significant increase in
the input power. The electric contact resistance should be considered to obtain the

realistic model equations of TEC.

3.4.2 Thermal resistance

In several practical applications, a key factor in the deterioration of the TEC
performance is thermal resistance. It is worth noticing that practically all the heat flow
does not take place within the TE elements only. The thermal resistance may be divided
into three major categories: thermal resistance in between the thermoelectric module
and the actual heat source, the thermoelectric module itself, and between the

thermoelectric module and sink.

Ceramic substrates that serve as the thermoelectric module's electrical insulators induce
some thermal resistance. Conducting strips also cause certain thermal resistance. An
increment in the thermal resistance will result caused due to the processing technology
and the connection mode between the heat/cold source and the thermoelectric module.
When the electric power is supplied to a thermoelectric cooling module, one side

becomes cold and the other side is heated.

The heat flows from the cold side to the hot side according to thermodynamics laws.

There can be a significant temperature change over their length, even though solid
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copper conductors are being used to disperse the heat flux. The use of a heat sink offers
a solution to this problem. The hot side of the thermoelectric cooler must be connected
to a proper heat sink. The heat sink dissipates the heat pumped by the system and the
heat created due to the Joule effect. The heat sink is the essential element of a TEC
system. TEC operating characteristics are related to the temperature of the heat sink
and hence, its importance to the system performance should be emphasized. The

efficiency of the heat sink is generally characterized in terms of thermal resistance.

3.4.3 Packaging density

Packaging density refers to the occupied area (in percentage) of n-type and p-type TE
elements with reference to the total area of the thermoelectric cooler. One of the
remarkable characteristics of the thermoelectric cooling module is the high packaging
density of thermocouples. Many advances in the performance of thermoelectric cooling

technology are possible by improving the packaging density of TE elements.

The packaging density of TE legs can vary from 25% to 90% [92]-[94]. The
conventional method of manufacturing limits the shape, size, and packaging density of
thermoelectric elements. Advanced manufacturing techniques such as lithographic
patterning and laser additive manufacturing enable high packaging density. The

packaging density is also related to the ability of effective transfer of heat.

3.4.4 Space restriction

Thermoelectric coolers are available in a range of sizes and for numerous applications.
However, thermoelectric coolers are suitable for applications with tight constraints of
geometric space. A custom assembly can also be specified to meet unique space
constraints or requirements for the environment. Thermoelectric coolers are widely
used in telecommunications, medical, space, optoelectronics, aerospace, military

equipment for cooling, being light in weight and small in size.

Practically, in general, thermoelectric coolers are available from 3.0 mm x 3.0 mm in

size. However, the smallest size as per manufacturer’s catalogue is 1.0 mm x 1.0 mm.

40



In order to maximize efficiency and performance for the application area, TEC

embedded into the assembly can be customized.

3.4.5 Interface temperatures

The important task of the numerical optimization for better performance of
thermoelectric cooling is to know exact values of the hot side, cold side, and
intermediate temperatures of the device. Knowing temperature precisely is always
preferred for design efforts. It is important to note that designing an appropriate TEC

for any application depends on getting their critical values.

It is important that the relevant electrical and thermal parameters be incorporated into
design process. Parameters such as space restriction and packaging density deserve to

be included as well.

3.5 Optimization Methodologies

3.5.1 Introduction

Optimization is a technique that aims at finding the best alternatives available. The
alternatives available are termed feasible solutions. The procedure for determining their
quality involves a numerical function. This numerical function is called the objective
function. An optimal solution is a viable solution that yields the best (maximum or
minimum) value of the objective function. To define the objective function, the
heuristic is to include only elements that can be reasonably calculated and controlled

via design decisions.

The word heuristic implies that it utilizes human experience that is intuitive or proven.
The design variables may be an integer or real or a combination of both. It depends on
the nature of the problem. The problem can either be unconstrained or constrained. The
objective function and constraints can be linear or non-linear. Based on the function
properties, the optimization problems could also be convex or non-convex,

differentiable or non-differentiable.
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In an optimization process, there are some fundamental steps involved:

1. To specify the objective function.
To indicate whether we want to maximize or minimize.
To specify the design variable set.
To relate the design variables to the objective function.

To define constraint equations.

A i

To specify the method of solution for the optimization problem. This is termed
as optimization approach or algorithm.

7. To execute the procedure and converge to solution(s).
3.5.2 Classification of optimization problems

It is difficult to furnish the taxonomy of optimization. However, it may be understood

in these important manners.
Continuous Optimization and Discrete Optimization

Some models make sense only if the variables start taking values from some kind of a
discrete set, often a subgroup of integers, while other models have variables that can
accept any real value. Discrete optimization problems are models with discrete
variables; continuous optimization problems are models with continuous variables. The
objective of a discrete optimization problem is to find an object from a countable set
that is an integer, permutation, or graph. However, upgradation in algorithms combined
with advancements in computational technology have significantly increased the size
and scope of discrete optimization problems that can be efficiently solved. In discrete
optimization, continuous optimization algorithms are significant since a sequence of

continuous sub problems is generated by many discrete optimization algorithms.
Unconstrained Optimization and Constrained Optimization

Another major distinction is between optimization problems in which the variables
have no limit constraints and optimization problems in which variables have lower and

upper limit constraints. Constraints that impose lower or upper limits on design
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variables are inequality constraints by nature. Sometimes we provide equality
constraints. In several practical applications, unconstrained optimization problems
appear directly. They often appear in the reformulation of problems of constrained
optimization. The constraints are removed in the objective function by applying a
penalty term in the reformulated problems. Problems of constrained optimization
emerge from applications in which the variables are explicitly constrained. The
constraints on the design variables can differ widely. The constraints can be simple
limits or bounds. The constraints can also be a set of equalities and inequalities which
make the more complex relationship of the variables. It is possible to further classify
constrained optimization problems based on the nature of the constraints (such as non-
linear, linear, convex) and also based on the class of the functions (such as

differentiable or non-differentiable).
Single or Multi-Objective Optimization

Most problems in optimization are having a single objective function. In the single
objective optimization problem, the main goal is to determine the best possible solution
corresponding to the maximum or minimum value of a single objective function. There
are also cases of optimization problems having multiple objective functions. These
problems involve two or more objective functions which are to be maximized or
minimized. Multi-objective optimization problems are found in many areas, such as
engineering, logistics, and economics. The aim of multi-objective optimization
problems is to find a set of optimal solutions. This set of optimal solutions defines the
best trade-off between two or more competing or conflicting objectives. For example,
designing a new component might require weight minimization while maximizing
strength. As another example, maximizing the expected rate of return and minimizing
the risk could be involved in selecting a portfolio. In practice, multi-objective problems
are often restructured as single-objective problems. This can be done by creating a
weighted combination of various objectives. This can also be done by replacing a few

of the objectives with constraints.
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3.5.3 Optimization methods

The optimization problem can be solved by an approximate method or an exact method,
depending on the complexity of the optimization problem. Exact methods produce
optimal solutions and ensure their optimality. However, they are considered to be time-
consuming and are not used for large problems. Approximate (or heuristic) techniques
produce high-quality solutions for practical use in a reasonable period of time.
However, there is no guarantee of determining an optimum global solution. There are
two sub-categories of algorithms in the category of approximate methods:
approximation and heuristic. Approximation algorithms give provable solution quality.
They give provable run-time bounds. To determine worst-case bounds is the goal of
designing the approximation algorithm. The analysis of approximation algorithms
offers more understanding of the complexity of the problem and can assist in the design
of effective heuristics. The approximation algorithms, however, are problem-
dependent. Their applicability is limited by this feature. Besides, achievable
approximations are too far from the optimal global solution in practice. This makes
these algorithms not very practical for many real applications. Heuristic algorithms
provide good solutions in large-scale cases of problems. They allow achieving
satisfactory performance at affordable costs for a wide variety of problems. In general,

there is no approximation guarantee for heuristics on the solutions obtained.

Most real-world problems in search and optimization include complexities such as
nonlinearities, non-convexity, discontinuities, multiple disciplines, mixed types of
variables, and large dimensionality. A combination of such complexities makes
classical algorithms inefficient, inapplicable, or impractical. There are no established
mathematically inspired algorithms to find the optimal solution within a limited
computational time for all such problems. Thus, search and optimization algorithms are
typically developed by using certain heuristics to solve such problems for practicality.
The term heuristic, which originated in Greek, means ‘to discover’. A heuristic
approach is a rule-of-thumb technique that does not guarantee optimality and
convergence. However, they work well in most cases and deliver solutions with

acceptable quality. In optimization, the use of a heuristic approach is not new.
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Heuristics, however, have been developed in the past based on the principle of either
conventional optimization methods or traditional techniques of artificial intelligence.

Nowadays, genetics, neuroscience, physics, and other sciences also inspire heuristics.

Heuristic algorithms may be categorized into two families: metaheuristics and specific
heuristics. Specific heuristics are customized and built to solve a particular problem
and/or case. Metaheuristics are algorithms for general purposes that can be used to
solve almost any problem of optimization. The term Meta means ‘higher level’. In the
context of resolving search and optimization kinds of problems, a metaheuristic
approach is especially important and relevant. It defines a technique that utilizes one or

more than one heuristics. It inherits all the necessary properties.

A metaheuristic technique:-

(a) instead of specifically attempting to determine the exact optimum solution,
attempts to determine a near-optimal solution

(b) normally has no rigorous evidence of convergence to the optimum solution

(c) is generally computationally quick than exhaustive search.

These techniques are iterative in nature. In their search method, these techniques often
use stochastic operations to modify initial candidate solutions (one or more). Usually,
the random sampling of the design search space is used to generate the initial candidate
solutions. Several real-world problems are complicated due to inherent practicalities.
Algorithms for classical optimization can not always be applicable. They may not be
fairly good in pragmatically resolving such problems. Researchers and practitioners
have pursued metaheuristic methods without disregarding the significance of classical
algorithms in the progress of the search and optimization field. Instead of awaiting for
a provable technique to be established, a near-optimal solution can be attained for such
problems. In the recent past, the key reason for the success of metaheuristic techniques
is the ability to deal with different complexities of the problems and to provide a fairly

acceptable solution.
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3.5.4 Deterministic and stochastic algorithms

The methods for optimization can differ significantly from one to another. For varied
categories of optimization problems, we often use different optimization methods.
There can be no unified approach. In general, algorithms for optimization are divided

into two broad categories:

(1) Deterministic algorithms

(i1) Stochastic algorithms

The deterministic algorithm is the algorithm in which output is uniquely defined. A
deterministic algorithm is the algorithm that follows a fixed set of steps. The
deterministic algorithm would always achieves the same result. A rigorous method is
followed by deterministic algorithms. The path and values are repeatable. This
repeatability exists for both design variables and the functions. During reruns, the
algorithm operates in precisely the same way. In deterministic optimization, the data
for the given problem is presumed to be accurately known. However, for many real
problems, for a number of reasons, the data cannot be precisely known. Deterministic
algorithms could have some poor inputs and computing could go to the worst-case
runtime. The deterministic algorithm obtains solution with reasonable computation
time. However, these algorithms often struggle to have any solution for complicated
problems and their usefulness declines as discontinuities or non-convexity exist. Few
examples of deterministic algorithms are Simplex method, Newton-Raphson method,
Hooke-Jeeves pattern search method and Nelder-Mead downhill simplex method. A
stochastic algorithm is the algorithm that is non-deterministic and depends on
probabilistic practices. The algorithm’s behaviour is not completely determined by the
input. In stochastic algorithm, randomness is inherent to maximize or minimize an
objective function. A stochastic algorithm is a random search, alongwith hints by a
selected heuristics (or meta-heuristics) to direct the next potential solution to evaluate.
During reruns, the algorithm can operate differently. The convexity in unimodal
functions ensures that the final solution is also the global optimum. However, a local
optimum is possible in case of multimodal functions. Randomness with certain

variations can help to avoid local optima and improve the possibility of reaching a
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global optimum. Few popular examples of stochastic algorithms are genetic algorithm,

simulated annealing, particle swarm optimization and ant colony optimization.
3.6 Genetic Algorithm

The Genetic algorithm (GA), introduced by John Holland and his team at the University
of Michigan, is a population based search and optimization technique [95]. GA is a
stochastic method and applies the evolutionary concepts found in nature. The
development of this approach was inspired by the two main principles of natural
evolution: natural selection and genetic dynamics. In natural genetics, the basic
objective is the preservation of the fit genes and remove of the redundant. New
generations are created by changing the genetic code. Genetic algorithm mimics the
evolutionary processes such as selection, crossover and mutation. GA is able to deal

with many complex optimization problems.
3.6.1 Basic procedure of the genetic algorithm

The genetic algorithm is a stochastic global search technique. GA begins with a
population of potential solutions [96], [97]. Each individual in the population is referred
to as a chromosome. A randomly selected assortment of chromosomes serves as the
initial population. The term chromosome corresponds to a numerical value or values
that indicate a candidate solution to the problem. In a chromosome, each setting is
called a gene. The representations used in the genetic algorithm are binary alphabets,
integers or real numbers. In the population, each chromosome is evaluated and a fitness
value is assigned to indicate how good the solution is. The term' fitness' is taken from
the theory of evolution. Fitness evaluation is performed by an objective function. The
objective function characterizes the performance of individual in the problem domain.
As the algorithm advances, it is expected that the individual fitness and total fitness

(population) will increase.

After the total population has been tested, the following steps are used to create a new

population:-
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(1) Selection

From the current population, we need to choose two parent chromosomes based on
their fitness. The objective function serves the basis to choose pairs of individuals. The
better the fitness value, the more likely the particular chromosome will be chosen.
Selection methods, such as roulette wheel selection, rank-based selection, tournament
selection, elitism selection, niching selection, steady state selection and Boltzmann
selection have been considered as operators. Elitism, in particular, ensures that the best

chromosomes from each generation would pass to the next generation without change.
(i1) Crossover

If a pair of chromosomes has been chosen, crossover to produce offspring will take
place. Crossover combines the elements of the two parent chromosomes to produce
two offspring. The two offspring replace the parents chromosomes. With a certain
crossover probability cross-over the parents. This is done by exchanging their
encodings to form offspring with characteristics taken from both parent chromosomes.
A crossover probability of 1.0 implies that all the chromosomes selected for
reproduction are used. This means that there are no survivors. Empirical studies,
however, have shown that better outcomes are obtained with a crossover probability in

between 0.65 and 0.85.
(ii1) Mutation

Another genetic operator, mutation introduces variability into the gene pool by
randomly modifying genes. With no mutation, offspring chromosomes will be
restricted to genes present within the initial population. With a probability of mutation,

mutate new offspring at every locus which represents position in chromosome.

All the above-mentioned steps must be repeated till a new population of chromosomes
(of the same size as that of previous population) has been created. Each new population
is termed a generation. A further iteration of the algorithm uses the new generated
population. In the current population, each of the chromosomes is evaluated by using

fitness function. This evaluation is done in the same manner as the initial population
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was done. As all possible settings are not being tried, to decide when to stop,
termination criteria need to be defined. Typically, these criteria take the form of a
maximum number of generations. At the end, the chromosomes having best fitness is
retained and applied to return the best settings. When the termination criterion is met,
the single best program of the population generated during the run is harvested. This
is considered as the result of the run. If the run is successful, the result could be a
solution (or approximate solution) to the problem. A flow chart of simple genetic

algorithm is shown in Figure 3.3.

Begin

[ Initialize Population ]

Gen=0

—{ Evaluation ]—-[ Assign Fitness ]

No

Termination
criteria met?

[ Selection ]

[ Gen=Gen + 1 ] [ Crossover ]

[ Mutation ]

Figure 3.3 Flow Chart of a simple genetic algorithm
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3.6.2 Encoding of chromosomes

The chromosome should contain information about the solution which it serves in some
way. The first step in solving the problem is encoding of chromosomes, which is highly
dependent on the problem. Binary encoding, value encoding, permutation encoding,
and tree encoding are examples of encoding methods. In binary encoding chromosomes
are a string of bits, 0 or 1. In the chromosome, each position represents a specific
characteristics of the problem. Each chromosome is a string of values when value
encoding is used. Value encoding is used when complex values, such as real numbers,
are present and binary encoding is inadequate. Every chromosome in permutation
encoding is a string of numbers that represents the number in a sequence. Any
chromosome is a tree of certain objects in tree encoding, such as functions or

commands in programming language.

3.7 Simulated Annealing

Simulated annealing (SA) is a heuristic-based algorithm that allows for the search for
a solution to a given problem. Annealing is a well-known thermal process of heating
up a solid and then cooling it slowly until it crystallizes. At high temperatures, atoms
of the material possess high energies. In the molten state at high temperature, atoms are
able to move freely. As cooling proceeds, the atoms begins to get ordered. The
annealing process improve the quality of a solid and obtains low energy state of the
solid. If the initial temperature is too low or cooling process is insufficiently slow, the
system can become quenched, forming defects or stuck in a state of local minimum
energy (metastable states). Simulated annealing is based on the same principle. The
idea of SA is based on a paper by Metropolis et al. [98] and developed by Kirkpatrick,
Gelatt and Vecchi [99]. Simulated annealing starts at a very high temperature, with the
input values being given a broad range of variation. Temperature is permitted to fall as
the algorithm progresses. This limits the degree that can be allowed in the inputs to
vary. This often leads to a better solution for the algorithm in a similar manner as the
annealing process improves the crystal structure of a metal. As the temperature
decreases, changes occur at the inputs, leading to successively better solutions. With a

certain probability, this algorithm also allows to accept worse solutions to avoid chance

50



of being stuck in a local minimum. However, the control parameters (e.g. initial
temperature, rate of cooling etc.) of the algorithm should be defined from empirical

basis to maximize the performance.
3.7.1 Basic procedure of the simulated annealing

Simulated annealing is a stochastic search and optimization technique. SA may be used
to determine the objective function's minimum value. In general, SA starts with an
initial state and a high temperature. The state of the system is considered at energy E.
By the analogy of thermodynamic system, energy E is the function which is to be
minimized. At a state i, the energy level is considered as E;. At a fixed temperature 7,
by small perturbation, a subsequent state j is generated randomly. Assume Ej; as the

energy level at state ;.

If E;<E;: Statej will be accepted right away

In other words, supposing minimization problem, if the new solution has smaller value

of the objective function compared to that of old solution, the new solution is accepted.

If E; > E;: State j will be accepted with the probability using Boltzmann distribution

Ej-E;

factor, i.e. e ksT (ks= Boltzmann constant, 7= Temperature)

At temperature 7, the system gradually achieves thermal equilibrium. When
equilibrium is achieved, temperature 7 can be decreased. This process is repeated
several times until the termination criteria is met. In the algorithm, temperature, 7 is

the control parameter and it must be defined carefully.

The initial temperature, the iterations to be performed at each temperature and at each
step, how much does the temperature drop as the cooling proceeds are important
considerations for this algorithm. Each solution is associated with a particular state of
the system and optimal solution is associated with ground state. A flow chart of

simulated annealing process is shown in Figure 3.4.
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Start with Initial Design Point (X;), Initial High Temperature
(1), Number of iterations (n) and Temp. Reduction Factor (¢)

v

Evaluate Objective Function (f;) = f (X))
Set Iteration number (i) = 1
Set Cycle number (p) =1

v
Generate New Design Point (X;.;) in the vicinity of X;.
Compute f.,=f (X;+;) and Af=f.,-f;
v

Accept or Reject X;., using Metropolis Criterion
Update iteration number as 1 = i+1

v

Is the no. of iterations
1>n?

No

Update the no. of cycles as p = p+1
Set iteration no. 1 =1

v

Reduce Temperature

Convergence criteria
satisfied

No

A

Stop

Figure 3.4 Flow Chart of a simulated annealing

3.7.2 Important SA parameters

The terms in simulated annealing have a relationship with that of physical annealing as

described in Table 3.1.
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Table 3.1 Relationship between simulated annealing and physical annealing

Simulated Annealing Physical Annealing
Objective function Energy
Feasible Solutions System States

Neighbouring Solutions Change of State
Optimal Solution Frozen State
Control parameter Temperature

The choice of certain parameters are important in simulated annealing. The initial
temperature is important parameter. Initial temperature must be sufficiently high to
allow easy exchange of solutions in the neighbourhood. Otherwise, the final solution
may be close or same to the starting solution. However, if the initial temperature is
quite high, almost all changes will be accepted. On the other side if initial temperature

is too low, acceptance will be rare and will lead to limited diversity of the solution.

Another important parameter in SA is the maximum iterations (n) to be performed at
each temperature. Iterations may be fixed or varied in number. The number of iterations
is increased at lower temperatures to explore local minima. Final temperature is also
crucial. It is normal to allow the temperature to drop to zero. However, it is not
necessary because the chances of accepting a worse step will be the same as the
temperature approaches zero. A suitable low temperature or the system being “frozen”
at the current temperature may also be used as stopping conditions. The temperature
reduction factor (c) is also important parameter. Naturally, the higher the value of
temperature reduction factor, the longer it will take to get the temperature down to the

stopping point.
3.8 Pilot Optimization Study

There are many complexities to perform real-world optimization. It is well recognized
that no single method or algorithm works best on all or even a wide range of

optimization problems. Some techniques work only for discrete or continuous variables
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but not for both kinds. Some methods work for a very small number of design variables.
Some techniques require a reasonably significant number of evaluations to be carried
out in order to determine an optimal solution. . In order to select the best technique for
a given optimization problem, one should first know the nature of the design space
being searched. The vastness of the design search space is governed by the number and

bounds of the design variables.

Stochastic optimization methods have been rapidly increasing in popularity over the
past decade or two, with a variety of techniques. These techniques are becoming
“industry standard” methods for solving complex optimization problems. There are lots
of stochastic algorithms available to choose from. Understanding any specific
algorithm requires some time. After formulating an appropriate mathematical model of
a specific type of problem, we try out a solver and observe whether the optimized
solutions are satisfactory. Stochastic algorithms are the specialized algorithms whose

designs are capable of exploiting the specific structure of the problem.

The pilot study step of this work has specific purpose that is to select a stochastic
optimization technique to proceed for further research in this work. Genetic algorithm
and simulated annealing are popular stochastic algorithms for global optimization
problems. They are popular and commonly used in actually solving engineering
optimization problems due to their good ability to solve problems. The global
optimized solution to the problem can be found by randomly searching in GA and SA.
However, there are some limitations in every algorithm which is in practice. In this
pilot study, GA and SA results for the same performance optimization of TEC problem

are compared and checked for their relative performances.
3.8.1 Description of the TEC system and constituents of the methodology

Figure 3.5 depicts the physical model of a single-stage thermoelectric cooler. One
thermoelectric module, cold and hot side material, and an external hot side heat sink
are included. The investigation starts with the established phenomenological
relationships in the literature. The Peltier effect allows thermoelectric cooling to take

place. A temperature difference is generated when DC current flows through a number
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of pairs of p-type and n-type thermoelectric elements connected electrically in series

and thermally in parallel [4], [100].

Q
ﬂ ‘ Heat Absorption (Cold Side)

Tc —
A Ceramic
Copper
Th n p n n
?, TE Elements

Heat Sink

Juuuu L

| | Heat Rejection (Hot Side)
I

Current — —— |

Figure 3.5 Single-stage TEC

Thermal conduction is taking place from the hot side of the TEC to the cold side.
Current flow in thermoelectric materials produces Joule heat, which will be produced
as well. Half of the Joule heat emitted will be distributed to each side of the module.
The heat source on the cold side of the junctions and the heat sink on the hot side of
the junctions are in thermal contact with a thermally conductive and electrically
insulated substance. As shown in Figure 3.5, the electrically conductive material is
alternately connected to the hot and cold sides of the thermoelectric cooling module to
establish an electrical circuit. Heat is dissipated to the ambient environment via the

external hot side heat exchanger.
The heat balance equations at the TEC module's two junctions are as follows:-

— 74

Q.=2N|IaT.- 7 5

kA(Th—T.) 1 <pL E)l a1
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onlrer kA(Th_Tc)+112<pL+2Vc) 35
Qn = a Th 7 3 y y (3.2)

Where Q) is the rate of heat rejection from the hot junction. Q. is the rate of heat
absorption at the cold junction, which is generally referred to as the cooling power or
rate of refrigeration (ROR). The Seebeck coefficient (a), electrical resistivity (p),
thermal conductivity (k), and electrical contact resistance (7.) are all thermoelectric
material properties. The cold and hot junction temperatures, respectively, are 7c and 7},
and the length and cross-sectional area of p-type and n-type TE elements are L and A.
The electric current in the TEC module is /, and the total number of thermoelectric
couples is N. Heat flows Y2 I? (pL/A+2r./A) and kA (Ty —T.)/L describes to Joule heat
and thermal conduction, respectively. At the hot junction, laT} is the Peltier heat.

Similarly, at the cold junction, /a7, shows the Peltier heat.

Bismuth telluride is the material for the thermoelectric elements used in this study. The
average of the hot and cold side temperatures (7av.) is used to determine the properties
of thermoelectric material. Melcor Corporation provided the equations for this

temperature range as specified by Fraisse et al. [23] and described as follows:

a = (22224 + 930.6 Tyye — 0.9905 T2,,) X 107° (3.3)
p= (5112 + 163.4 T,ye + 0.6279 TZ,,) x 10710 (3.4)
k = (62605 — 277.7 Type + 0.4131T2,,) X 10~ (3.5)

The thermal resistance of the hot side heat sink is considered in this study in order to
address its effect on the estimation of temperature at the hot junction. The system's

performance will satisfy the equation below.

Th = Qh X Rth + Ta (36)

Where Ry refers to the thermal resistance of heat exchanger (at hot side) and 7, refers

to the ambient temperature.
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3.8.2 Description of the pilot optimization problem

The cooling capacity or rate of refrigeration of a single stage TEC is examined in order
to evaluate device’s performance. Since space in electronic devices is limited, the TEC
must be designed as compacted as feasible. The area of cross-section of the restricted
space (S) is set to 25 mm? in this study. Additionally, the maximum length of TE
elements is restricted, limiting the total amount of space available. The design variables
for the optimization process are the length of p-type and n-type elements (L), area of
cross-section of TE elements (4), number of thermoelectric couples (V) in TEC, and
input electric current (/). The objective now is to determine the values of L, 4, N, and /
in order to obtain the best output, i.e., maximum cooling capacity or ROR for the

thermoelectric cooling system in restricted space.

The optimization of cooling capacity or ROR of TEC is presented as the single

objective constrained optimization problem as described in equation (3.7).

Maximize ROR )
subject to
Imin <I< Imax .
Lmin <L < Lmax (3‘7)
Amin <A< Amax
Nmin <N < Nmax %

At hot side heat exchanger, the thermal resistance is set as 0.1°C/W. The ROR is
reduced and the hot-side temperature is raised as the thermal resistance of the hot side
heat exchanger increases. The electrical contact resistance of 1x10°® Q-m? is another
fixed design parameter. The temperature at the cold junction is set as 293.15 K. The
ambient temperature is assumed as 298.15 K. Because of realistic manufacturing
constraints, the packaging density is set at 80%. According to real-world applications,
the four design variables may vary within some ranges. The length of TE elements may
vary from 0.5 mm to 1.5 mm. The cross-sectional area of TE elements may vary within
a range of 0.25-1.0 mm?. The total space is limited to 25 mm? x 1.5 mm = 37.5 mm?
due to the available area of cross-section (S) and the upper limit of length. The number

of thermocouples (V) is a dependent variable, as its value is determined by the
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thermoelectric cooler's available cross-sectional area and the cross-sectional area of the
TE components. The number of thermocouples is rounded down to the nearest integer
using equation (3.8).

N = S X packaging density

A (3.8)

With 25 mm? of the available cross-sectional area of the restricted space and a
packaging density of 0.8, the number of thermocouples in this work will range from 10
to 40. The electric current can vary from 0.1 A to 3.0 A. The hot side temperature (7%)
is initially set to a guessed value in order to measure material properties using equations
(3.3), (3.4), and (3.5). (3.5). The new value of T} is calculated using equations (3.1),
(3.2), and (3.6). This difference between the guessed and new value of 7 is used to
iteratively change the guess value of 7} until the difference is negligible. To solve this
optimization problem, we used genetic algorithm and simulated annealing as

optimization techniques in this analysis.
3.8.3 Optimization and results using GA

For this single objective optimization, Deb and Agarwal's real-variable genetic
algorithm with the SBX operator is used [101]. The algorithm is developed in the C
programming language [102]. Genetic algorithm needs a population of data points to
be analyzed over several generations to reach at an optimum solution. Table 3.2 shows
genetic algorithm parameters, used in the single-objective optimization of cooling
capacity or rate of refrigeration. Since GA is stochastic, the simulation was run five

times and the best one is reported.

Table 3.2 Parameters Settings for GA

Population size 20

Termination Criteria 1000 generations
Mutation probability 0.25

Crossover probability 0.80

Number of runs 5
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With genetic algorithm, the search process is completed rapidly. Figure 3.6 shows the
best run's optimization history in terms of the optimized average ROR for the entire
population by generation number. The optimal values of 7, L, and 4 are found as 2.360
A, 0.542 mm, and 1.0 mm?respectively. The optimal number of thermoelectric couples
is 10. With these optimal values of design variables, the genetic algorithm achieved the
best ROR of 1.144869 W. The optimal length of TE elements is found as 0.542 mm. It
establishes that it is specific while maximizing ROR. It does not meet any of the
permitted range's variable bounds of 0.5-1.5 mm. The optimum cross-sectional area of
TE elements was 1.0 mm?, which was the upper variable bound. Therefore, it
emphasizes the importance of exploring the upper bound of the TE element's

permissible cross-sectional area range.

OPTIMIZATION OF RATE OF REFRIGERATION (ROR) USING GA
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Figure 3.6 GA convergence curve of optimized ROR
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This simulation was run several times with different settings to see whether multiple
optima in the search space were possible. The current optimization problem has three
distinct optima with the same ROR values, as discovered. As a result, this is a

multimodal function optimization problem.

Table 3.3 shows the optimum parameters for these captured peaks. Optima-1, Optima-
2, and Optima-3 are the three captured peaks of the objective function. If these optimum
solution vectors as mentioned in Table 3.3 are focused, in all three cases, the optimum

length of thermoelectric elements ‘L' is found to be 0.542 mm.

Table 3.3 GA optimization results

Optimized
S 1 L A
N ) (am) () N ROR Label
0. mm mm
(Watts)

1 2.360 0.542 1.0 10 1.144869 Optima -1
2 1.180 0.542 0.5 20 1.144869 Optima-2
3 0.944 0.542 0.4 25 1.144869 Optima-3

3.8.4 Optimization and results using SA

Another robust stochastic algorithm, simulated annealing, is used to check these
optimization results and the searchability of genetic algorithm. Simulated annealing is
a global optimization technique that uses a random search procedure. It is similar to the
annealing process and use for solving a problem related to optimization. This process
practices the careful control of cooling rate and temperature that controls the search.
Initially, the temperature parameter is set to a high value. Before reducing the
temperature at each instance until the convergence conditions are met, a number of
iterations are conducted. Xin-She Yang [103] developed the simulated annealing
source code, which is robust for MATLAB® and can handle non-linear constraints. It
was used in this research. The simulation was performed using a range of different SA
settings. Table 3.4 lists SA parameters with best-obtained performance, applied to

maximize ROR.
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Table 3.4 Parameters Settings for SA

Number of iterations

500
per temperature level
Initial Temperature 1.0
Final Temperature le'!?
Boltzmann Constant 1
Cooling Factor 0.8

SA captured the maximum ROR as 1.144869 watts. The Optimum ROR captured by
SA is 1.144869 watts. The solution vector is identical to Optima-1 of GA results. This
simulation was run multiple times with various settings, but SA was only able to
capture one best peak, as mentioned in Table 3.5. The optimized value of ROR and
corresponding optimal design parameters are doubly ensured by these identical GA and

SA performance.

Table 3.5 SA optimization results

Optimized
S. 1 L A
N *) (m) (m?) N ROR Label
0. mm mm
(Watts)
1 2.360 0.542 1.0 10 1.144869 Optima -1

In the mathematical model used in this analysis, ROR is defined as a function of /, L,
A, and N. The independent design variables are /, L, and 4, while N is a dependent
design variable since it is defined by the value of 4 and the equation (3.8). The optimal
value of L in all results of GA and SA simulations is found as 0.542 mm. Though ROR
has three different variables, i.e. I, L, and A4. If L is fixed at 0.542 mm as found in all
solutions for this problem, ROR can be represented with / and 4 in a 3D plot. Hence, a
three-dimensional plot is created using equation (3.1) and L is set to 0.542 mm, as
illustrated in Figure 3.7. The X-axis, Y-axis, and Z-axis are used to represent the

parameters /, A, and ROR, respectively. Following that, three GA-discovered optima
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are superimposed, as listed in Table 3.3. In the same order as reported in Table 3.3,
these are labeled as Optima-1, Optima-2, and Optima-3. According to Table 3.3 and
Table 3.5, Optima-1 is discovered by GA and SA, but Optima-2 and Optima-3 are
discovered only by GA. The combined selection of the geometric structural parameters
and electric current used as design variables in this study provides a guide to future

research. Designers can handle space restriction for the case at hand and improve ROR.

ROR - Rate of Refrigeration Representative Optimized
A - C.S. Area of TE Elements ROR surface with length

| - Input Current “L” fixed as 0.542 mm

L - Length of TE Element

Optima-3 (GA)

ROR (W)
Optima-2 (GA)

Figure 3.7 Multiple optima labelled at the ROR surface with thermoelectric
element length L = 0.542 mm
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3.8.5 Comparison of the pilot optimization results

Using genetic algorithm and simulated annealing, this work attempted to determine the
optimum design parameters for improving a critical performance indicator (ROR) of a
thermoelectric cooler. This study has shown that the geometric structural parameters of
the TE elements and the input current affect the ROR of TEC. These parameters can be
adjusted to improve the performance of thermoelectric cooler. The ROR of a TEC was

successfully optimized in this work within the restricted space of 37.5 mm?,

The optimum ROR in all solution vectors is 1.144869 W. Genetic algorithm has
discovered each of the three possible optima. Thus, it can handle this multimodal
optimization problem. Though the simulation was performed several times with
different settings, simulated annealing was unable to locate multiple optima. Thus, the
conspicuous observation of genetic algorithm and simulated annealing findings in the
present multimodal optimization problem is that GA search outperformed SA and

discovered multiple optima.

3.9 Summary

In this chapter, the description of the thermoelectric cooling system model is presented.
The important characteristics are discussed which are crucial to understand the practical
TEC system. The standard equations are far away from that of real thermoelectric
cooling systems. The described effects are used to predict the optimized performance
in the later part of this study. Recognizing the theoretical boundaries of any area of
research involves clear analysis of continuously applied assumptions. The major
assumptions are highlighted which are used later according to the need of the objective.
The methodology used to perform this research is described. An overview of
optimization methodologies is presented. The basic descriptions of two stochastic
algorithms, namely genetic algorithm and simulated annealing are given which are used
for this study. There are many complexities to perform real-world optimization. It is
well recognized that no single method and checked for steady and satisfactory
optimization performance. A pilot study was conducted to find a suitable algorithm for

this type of optimization problem from a set of two stochastic algorithms. This pilot
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study was conducted for the optimization of rate of refrigeration and a certain
configuration of TEC system was used. Using GA and SA, this pilot optimization study
attempted to determine the best design parameters for improving a critical performance
measure (ROR) of TEC. In the said analysis, the GA outperformed the SA search. On
the basis of pilot study, GA has been selected to proceed for the performance

optimization of TEC system for further research in this work.
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CHAPTER 4

OPTIMIZATION OF THE COOLING CAPACITY OF
THERMOELECTRIC COOLER

4.1 Introduction

Thermoelectric energy conversion technique has tried to be a pioneer in green
technologies. J.Peltier discovered the Peltier effect, which is a well-known term and is
at the core of a thermoelectric cooler (TEC). Thermoelectric cooler is a low-
maintenance solid-state system that do not need any moving parts or refrigerants.
Unlike conventional refrigerator or cooler systems, TEC does not contain unfavourable
chlorofluorocarbons (CFCs). An input current of electricity flows through n-type and
p-type TE elements in thermoelectric coolers, generating a temperature gradient.
Thermoelectric coolers of small size have applications in laser, optical, and radio-
electronic instruments. Noiseless operation, Modular design, low maintenance, and
high reliability open up new thermoelectric cooling application possibilities [2], [104]—

[106].

Thermoelectric cooling is environmentally friendly, making it a viable option for future
cooling. However, compared to compressor-based systems, thermoelectric coolers
have a restricted range of applications. The reasons are their low cooling power or rate
of refrigeration (ROR). Some researchers have previously devoted to the development
of newer semiconductor materials with a high value of figure of merit. However, a
comparable refrigeration rate has yet to be reached. Hence, achieving the maximum
possible cooling power or ROR with the available semiconductor materials is a
challenge. Furthermore, the key challenge in increasing thermoelectric cooler market

penetration is to increase cooling capacity within available space.
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4.1.1 Description of the main TEC model

The schematic diagram in Figure 4.1 illustrates a basic single-stage TEC design.
Multiple thermoelectric (TE) elements are used to construct a thermoelectric cooling
device. Electrically, these TE elements are connected in series. Interconnecting p-type
and n-type TE elements is achieved with copper tabs. Between two ceramic substrates
(thermally conducting), this array arrangement is sandwiched. The exploded view of a
practical TEC device is depicted in Figure 4.2. A thermocouple is the basic physical
unit of a thermoelectric cooler's physical model. A thermocouple is the pair of
semiconductor p-type and n-type dissimilar elements. The TE elements pair count can
be from few to hundreds, depending on the design. On the one side, TEC has a high
manufacturing cost, and on the other side, many TE products are expensive. In addition,
predicting the temperatures at interfaces are very difficult. Hence, the performance
prediction of the thermoelectric cooling system (with heat sink) is also complicated.
Furthermore, the thermal resistances in the ceramic substrates, copper conductors, and
heat sink contribute to the overall heat flow resistance in the thermoelectric cooling
system. The performance optimization problem is difficult to solve because of these
challenges. The effects of thermal resistance as well as electrical contact resistance are
considered in this research. The effects of Joule heating and thermal conduction are
also taken into account. A thermal-resistance model has been created for this research
study to make the analysis of thermal resistances easier. To develop more realistic
thermoelectric cooler model, this model contains thermal resistances of ceramic
substrates, copper parts, and hot side heat sink. Figure 4.3 illustrates a pair of
semiconductor p-type and n-type TE elements. The model of thermal resistance

developed for this study is also demonstrated.

Using heat flow as an electrical analogy to the model of thermal resistance as shown in

Figure 4.3 (b), the temperatures at the TEC's hot and cold surfaces can be expressed as:

Ty, = Qh(Rhs + R + Rcu) + T, (4.1)

Te = Teo — Qc(Rcr + Rcu) 4.2)
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Input Power
Cold Side TE
Elements P
a,
2 |
Tho <

Hot Side - R,. (Heat Sink)

a
(Ambient)

(a) (b)
Figure 4.3 (a) Thermoelectric couple (b) Thermal resistance model [107]

Where 7. and 7 denote the temperatures on the cold and hot sides of semiconductor p-type
and n-type dissimilar elements, respectively. O, denotes the rate at which heat is rejected from
the hot side. Q. is the rate at which heat is absorbed on the cold side, which is commonly known
as the cooling capacity. Th and T, denote the temperatures at the thermoelectric cooler's hot
and cold surfaces, respectively. Rxs denotes the thermal resistance of the hot side heat sink in
thermoelectric cooling system, R.- denotes the thermal resistance of the ceramics, and R

denotes the thermal resistance of the copper parts. 7, denotes the ambient temperature.

A few reasonable assumptions are taken into account in this study.
(a) Heat transfer is taking place along the length of TE elements.
(b) The cross-section and length of the thermoelectric elements are similar.
(c) Thomson effect is not taken into account.
(d) Steady-state condition is prevailing.
The circuit of dissimilar semiconductors has a constant electric current flowing through it. Heat

1s moved to one of TEC's two sides. As a result, one side becomes cool while the other becomes
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hot. Heat is dissipated to the ambient environment by a heat sink connected to the hot side
ceramic substrate. Depending on which way the electric current flows, a thermoelectric couple
provides cooling or heating. Equation (3.1) and equation (3.2) represent the heat energy
balance on the cold and hot sides of the thermoelectric cooler. 7. and 7, denotes the
temperature at the interface of TE elements and copper tabs at the cold and hot sides,

respectively, and are used for the same relation in each of the work's referred equations.

The choice of thermoelectric materials has a direct impact on TEC performance. The TE
element's material properties are temperature-dependent. The thermoelectric material bismuth
telluride (BixTes) is a commonly used thermoelectric material in thermoelectric coolers. The
material properties of BixTes that were used in this work, according to Fraisse et al. [23] are

described in equations (3.3), (3.4) and (3.5).
4.2 Optimization Problem

Researchers have been exploring the possibility of using solid-state thermoelectric (TE)
technology as a potential green energy conversion system. A thermoelectric cooler is used to
cool various electronic devices where space constraints are very common. Hence, it is vital to
think about TEC performance optimization with space constraints. The mathematical
formulation of the single-objective optimization problem for maximizing the cooling power of

TEC is as follows:

( Maximize Q.
Subject to
Imin <I< Imax
9 Lmin < L < Lyax 4.3)
Amin <A< Amax
2AXN
(55—) <5
\ PD

The number of thermoelectric couples (N) is an integer design variable. The value of N is
calculated using equation (3.8) and is rounded down to the nearest integer. S is the available
cross-sectional area of the restricted space wherein the TEC is placed. PD denotes the

packaging density and A4 is the cross-sectional area of thermoelectric elements.
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The optimization problem, as stated in equation (4.3), was solved by employing some unique
parameter values. The values for the properties and parameters used in this work are mentioned

in Table 4.1.

Table 4.1 Values of parameters and properties

Description Parameter Value
Ambient temperature T, 298.15 K or 25°C
Cold surface temperature Teo 293.15 K or 20°C
Heat sink thermal resistance Ris 0.10 °C/W
Electrical contact resistance Fe 1x10° Qm?
Available cross-sectional area )
of the restricted space S 225 mm
Packaging density PD 80%
Ceramic thermal conductivity ker 35.3 W/ m-°C
Copper thermal conductivity keu 386 W/ m-°C

Lower and upper bounds constrain the design variables in the current analysis. From a practical
standpoint, the length and cross-sectional area of p-type and n-type TE elements have been set
to 1.0-2.0 mm and 1.0-2.0 mm?, respectively. 0.1-3.0 A has been chosen as the input electric
current range. The dependent variable N will range between 45 and 90 as equation (3.8)
governs its value. The design variables used in this optimization process have lower and upper

bounds, as shown in Table 4.2.

Table 4.2 Bounds of the design variables

Variable Lower limit Upper limit
Length of TE elements, mm 1.0 2.0
C.S. area of TE elements, mm? 1.0 2.0
Electric current, A 0.1 3.0
Number of thermoelectric couples 45 90
(dependent variable)

Copper tabs and ceramic substrates have thicknesses of 0.1 mm and 0.2 mm, respectively. The
surface area of the ceramic substrates on both the cold and hot sides is equal to the size of the
thermoelectric cooler. The copper tab's total surface area is 90% of the size of the
thermoelectric cooler on either side. R, and R, are calculated as 0.001279345 °C/W and
0.025181 °C/W, respectively. All such values are based on catalogues from thermoelectric

coolers manufacturing firms.
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The word "genetic algorithm" refers to an evolutionary algorithm that is based on natural
genetics. The first step in the genetic algorithm is the establishment of a population of possible
solutions (individuals). Every member of the population shall be assigned a fitness value based
on the value of the objective function. In order to produce better solutions, new generations
are created through the selection, recombination and mutation of solutions. The new
generation's fitness is determined. This cycle is repeated indefinitely until the stopping
criterion is met. The aim of a genetic algorithm is to find an optimal solution to design
problems. This entails the objective function being minimized or maximized. Genetic
algorithms are a type of population-based optimization technique used to find optimal or nearly
optimal solutions. GA's capability has been widely recognized for its ability to produce
excellent results on both classic discrete and continuous optimization problems in terms of
robustness and solution consistency. The performance of a genetic algorithm is dependent on
a number of genetic parameters, including population size, crossover rate, and mutation rate.
Genetic algorithm parameters are critical, and a different combination of parameters can result
in a major change in GA output. The various genetic algorithm parameters and operators are
usually chosen based on recommendations from experts in the field of genetic algorithms. In
this work, Deb and Agarwal's real-variable GA with the SBX operator is used [101]. Table 4.3
shows the values of the GA parameters used in this analysis, such as population size, crossover,
mutation, and number of generations. The findings are published after several runs of the

genetic algorithm converged on the same optimal solution.

Table 4.3 Parameters Settings for GA

Number of runs 5

Population size 50

Probability of crossover 0.80

Probability of mutation 0.25
Termination Criteria 1000 generations
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4.2 Implementation of GA

To apply GA to the optimization problem mentioned in equation (4.3), solution vectors must
be evaluated for fitness. However, the procedure for determining the fitness function is tricky
in this situation. For the initial calculation of Oy and Q, the uncertain values of 7. and 7}, are
guessed. The unknown values of 7¢ and 7} are initially guessed for approximately estimate Qx
and Q.. The initial guess for 7. and 7} is consistent with the temperature conditions observed
at TEC, i.e., T»>T, and T.<T.,. In practice, these requirements must be met. The initial values
will be updated iteratively until the exact value is found. Equation (4.1) and equation (4.2) are
used to compute new values of 7j and 7. that are termed as 7, and T... These are updated
repeatedly to corresponding new values until there is no difference between the old values and

new values. The Q. and Oy, values are then accepted.

A flowchart for genetic algorithm implementation for this optimization problem is given in

Figure 4.4.

The brief steps of the fitness evaluation procedure for a population individual (solution vector)

followed in this work are described below.

(a) The hot side and cold side temperatures of TE elements (7}, and 7¢) are initially assigned to
a guessed value.

(b) The material properties are calculated using equations (3.3), (3.4) and (3.5).

(c) The expected values of Q. and Oy, are calculated using equations (3.1) and (3.2).

(d) Using equations (4.1) and (4.2) the new values of 7}, and 7. are calculated. These are termed
as Ty, and T¢p, respectively.

(e) If the difference of guessed values and new values is considerable, then guessed value is
updated as 7%= T, and Tc = Ten. Go to step (b) and repeat the iteration.

(f) If the difference of guessed values and new values is small, then accept the solution. Take
the next individual in the GA population to evaluate until all individuals of the current

generation are evaluated.
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Figure 4.4 Flowchart for calculation of 7, Te, Q. and Oy, for any solution vector [107]
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4.2 Results and Discussion

In this segment of present work, cooling capacity O, the first performance index of TEC is
maximized. The algorithm of this study is coded in C language. The GA source code is
developed by Deb and used in this work [102]. Multiple runs of 1000 generations have been
repeated, and the best run is reported in Table 4.4 on which algorithm converged several times

during various runs.

Table 4.4 Result of GA based optimization for maximum Q.

Optimized Optimal Values of Design Variables
O N
1 L 4
(Dependent)
8.476807 W 2993 A 1.0 mm 1.607 mm? 56

The corresponding values of 7, and 7. at optimum values of design variables are 28.59°C and
19.78°C, respectively. The hot surface temperature (75,) of TEC is 27.84°C. The heat rejection
rate (QOy) at the hot side is 28.401 W. The obtained COP value for the maximized Q. is 0.425.
It can be shown that L is approaching the lower bound of the permitted range, while the other
parameters have optimum values without approaching any of the permitted range's bounds.
The maximization of Q. at a different set of design parameters is well established as a result of
this result. The findings of this study show that by adjusting these design variables,
thermoelectric coolers can increase their cooling ability and compete with compressor-based
cooling devices. The TEC's performance is affected by the complex effects of electrical contact
resistance and thermal resistance. For optimization and analysis, these variables must always

be included in the model.
4.5 Summary

This section of the study explains how to increase the cooling power of a thermoelectric cooler
for a specific need using a new analytical model. The current and geometric parameters of the

thermoelectric cooler were set to be variables in order to evaluate more than one factor at the
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same time. The aim of the study was to investigate the optimum current, length of n-type and
p-type TE elements, and cross-sectional area of TE elements while staying within space
constraints. The length of the thermoelectric components, their cross-sectional area, and the
input electric current all had a significant impact on the TEC output. The genetic algorithm
was successful in solving the problem of performance optimization to optimize cooling
capacity. This stochastic optimization algorithm based on natural genetics theory turned out to
be the right choice. Over many runs, the genetic algorithm successfully converged to the same
optimal performance. Any space constraint can be solved by achieving the best possible results.

This research will support TEC designers who are working on specific cooling goals.
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CHAPTER 5

OPTIMIZATION OF THE COEFFICIENT OF
PERFORMANCE OF THERMOELECTRIC COOLER

5.1 Introduction

Technically, the term efficiency refers to the ratio of work output to power input in a system.
This term is rarely used in heat pumping applications since it is possible to extract more heat
than the power required to transfer the heat. The term ‘Coefficient of Performance’ (COP) is
used instead of efficiency when referring to such applications. In general, COP is described as
the ratio of the desired effect of heat transfer to the cost of achieving that effect in terms of
work. Another important performance indicator for thermoelectric coolers is the coefficient of

performance.

For a thermoelectric cooler, COP is the ratio of heat absorbed (from the cold side) to the electric

power consumption and described by the following equation:-

Coefficient of Performance, COP = % (5.1

The input electric power (P) can be evaluated by the following relationship:-

Input Electric Power, P=0Q,—0Q, (5.2)

It is important to note that the performance of the heat exchange processes on the hot and cold
sides of the TEC has a direct effect on the system's COP. The system's efficiency increases as

the coefficient of performance increases. From an economic perspective, the best cooling
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performance is one that pumps the heat in greatest amount with minimum expenditure of
electrical energy. It's also worth noting that by maintaining the temperature difference in
between the cold side and hot side of the system as small as possible, higher COP values can
be obtained. The COP performance of TEC has improved only marginally over the last two
decades. The major focus of effort has been on improving the thermocouple materials' figure
of merit. Bismuth telluride (Bi>Tes) is the finest low-temperature thermoelectric material
currently available, and it is commonly used in thermoelectric coolers. There have also been
other new approaches to the TEC design of improved COP proposed. The effect of the size of
the thermoelectric elements on the COP has also been demonstrated in studies. However, a
combination of geometric and operating parameters are yet to be dealt with. The new method
of design and analysis for the high COP performance of TEC used in this study include

structural parameteres and electric current.

5.2 Optimization Problem

The single-objective optimization problem for maximization of the Coefficient of Performance

(COP) of TEC is formulated mathematically as:

( Maximize COP
Subject to
Imin <I< Imax
A Linin < L < Liax (5.3)
Amin <A< Amax
2A XN
(55—) <5
\ PD

Different parameters influence this objective function, but only three are chosen as decision
variables because they can easily adjust in real-world situations. The aim of the optimization
problem is to determine /, L, and A4, as well as the number of thermocouples, in order to
maximize COP. In this problem, the total number of thermoelectric couples (V) is an integer
design variable. As explained in the previous chapter, its value is calculated using equation
(3.8) and is rounded down to the nearest integer. S is the available cross-sectional area of the

restricted space wherein the TEC is placed. PD denotes the packaging density.
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The decision variables are identical to those used in the main problem of single-objective
optimization of cooling capacity. Table 4.2 showed the lower and upper bounds of variables.
The goal of this optimization problem is to find the design variables within the variable bounds
that result in the maximum coefficient of performance of the device. The optimization problem,
as presented in equation (5.3) has been solved using some specific values of parameters. The
values of the parameters and properties that were used in this COP maximization research are
identical to that of the optimization problem of the cooling capacity and described in the Table

4.1.
5.3 Implementation of GA

The problem is solved using the genetic algorithm, which optimizes the values of each
parameter to increase coefficient of performance. The fitness evaluation of solution vectors is
necessary to apply the genetic algorithm to the optimization problem defined in the equation
(5.3). The similar approach has been used as used in the maximization of cooling capacity of
the main problem and described in the previous chapter with the help of a flowchart in Figure

4.4. The procedure that was used was as follows:

(1) Firstly, the cold side and hot side temperatures of TE elements (7 and 7¢) are initially
assigned to a guessed value.

(2) Equations (3.3), (3.4), and (3.5) are used to estimate material properties.

(3) Equations (3.1) and (3.2) are used to measure the expected value of Q. and Q.

(4) The new values of 7, and T, are determined using equations (4.1) and (4.2). These are
termed as Th, and T, respectively.

(5) If the difference between the guessed and new values is relevant, the guessed value is
changed to 7= T, and Tc = Tes. Return to step (b) and iterate again.

(6) Accept the solution if the difference between the guessed and new values is minimal. Take
the next individual in the GA population to evaluate until all individuals of the current

generation are evaluated.

Table 5.1 shows the values of the GA parameters used in this analysis, such as population size,
crossover, mutation, and generation number. Multiple GA runs converged to the same best

solution, and the results are reported.
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Table 5.1 Parameters Settings for GA

Population size 20

Crossover probability 0.80

Mutation probability 0.25
Termination Criteria 1000 generations
Number of runs 5

5.4 Results & Discussion

To optimize the second performance index of thermoelectric cooler, the coefficient of
performance (COP) is maximized. The assumptions and boundary conditions are the same as
those used in the optimization of Q.. The parameters of GA are used to solve this optimization
problem, as mentioned in Table 5.1. Implementing genetic algorithm in this problem follows
the same steps as those for optimizing cooling capacity and are depicted in Figure 4.4 with the
aid of a flowchart. To achieve the highest-quality solutions, several 1000-generation runs were
performed, with the best GA run being reported in Table 5.2. GA converged to the same results

in different runs, which is worth noting.

Table 5.2 Result of GA based optimization for maximum COP

Optimized Optimal Values of Design Variables
copP N
1 L A
(Dependent)
4.11 0.283 A 2.0 mm 1.956 mm? 45

With this value of maximum COP, the corresponding Q. is obtained as 0.745992 W. The
corresponding values of 7;, and 7. are 25.11°C and 19.97°C, respectively. The thermoelectric
cooler's hot surface temperature (77,) is 25.09°C. The heat rejection rate (Q;) at the hot side of
TEC is 0.927 W. The optimal values of / and A4 design variables are unique, while the optimal

value of L is hitting the upper boundary. As can be seen, COP has significantly increased, and

80



cooling capacity is just 8.8% of Max. Q. obtained, as mentioned in Table 5.2. A design
variable L is found to reach its lower bound for high Q. thus hitting its upper bound for high
COP.

From these two results (single-objective optimization of Q. and single-objective optimization
of COP), it is well established that maximization of cooling capacity and maximization of
coefficient of performance are obtained at a different set of design parameters. Also, maximum
Q. does not mean maximum COP, and vice versa. As a result, these goals are at conflicts with
one another. If there is no specific objective interest, Pareto solutions by multi-objective
optimization can be used to resolve these conflicting performance objectives. It would be
beneficial to identify a range of solutions from which the decision-maker can choose depending

on the specifications of the application.

The results of the two single-objective optimization problems (Cooling capacity, Q. and COP)
show that with these design variables, thermoelectric coolers may enhance their cooling
capacity or coefficient of performance to compete with traditional compressor-based systems.
The complex impacts of electrical contact resistance and thermal resistance deteriorate the
TEC performance. For optimization and analysis, these factors must always be included in the

model.
5.5 Summary

This chapter reports the maximized COP value of a taken case of thermoelectric cooler. It is
clearly shown how these design variables (/, L, 4) in a thermoelectric cooling system can be
suitably selected to maximize the COP of the TEC system. A similarity in the GA procedure
has been shown in the optimization attempts for Q. and COP but the optimal design variables
are not identical. It is concluded that the COP is maximum i.e. 4.11 at the optimized value of
parameters when the input electric current (/), length of TE elements (L), cross-sectional area

of TE elements (4) are 0.283 A, 2.0 mm and 1.956 mm? respectively.

Results reported in previous and this chapter revealed that the coefficient of performance
(COP) and cooling capacity have an inverse relationship. Maximum cooling capacity does not

always correspond to the best COP, and vice versa. The maximum cooling capacity is
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facilitated by smaller length of thermoelectric elements, while the maximum coefficient of
performance is obtained by greater length of TE elements. Specific values of cross-sectional
area of p-type and n-type TE elements and electric current as per the objective requirements
are needed for the best performance. Any space constraint can be tackled to produce the best
possible results. A high COP is beneficial in order to reduce electricity consumption and waste

heat production.
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CHAPTER 6

ANALYSIS AND OPTIMIZATION OF FIRST AND SECOND
LAW EFFICIENCY OF THERMOELECTRIC COOLER

6.1 Introduction

Each system or process conserves energy. However, the concept of energy conservation alone
is insufficient to represent certain key aspects of resource use. At present, more than three-
fourths of refrigeration systems work on vapour compression and use refrigerants. These
systems are one of the most important factors of stratospheric ozone depletion. The adverse
environmental impacts of chloro-fluoro-carbons (CFCs), hydro-chloro-fluoro-carbons
(HCFCs), and hydro-fluoro-carbons (HFCs) used in vapour compression-based cooling
systems have forced the energy researchers to strongly explore renewable alternatives. A
promising eco-friendly replacement for the cooling systems using refrigerants is thermoelectric
cooler (TEC). A thermoelectric cooler is a solid-state and practically silent device. TEC is
powered by the Peltier effect and achieved by supplying electric current through n-type and p-
type thermoelectric material. TEC does not have moving components. Thermoelectric coolers
are significant because of the need for steady, small size and environmental sustainability for
many applications. Thermoelectric coolers are prominently used for cooling requirements of
small volumes. These are preferred in various high technology applications such as electronics,
space, medicine, telecommunications, and others. TECs are best suited to areas that are not

accessible to compressors.

Notwithstanding, currently, thermoelectric coolers have low rate of cooling and energy
conversion efficiency compared to other traditional cooling technologies that impeded their
wide-spread usage [108]. Various models and hypotheses have been presented in the literature

on this problem, and several solutions have been suggested [18], [109], [118]-[127], [110],
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[128], [129], [111]-[117]. A significant number of papers are concerned with the design and
simulation of thermoelectric cooling or heat pumping systems. However, it is important to note
that most of these optimization attempts were primarily made to improve rate of cooling or
coefficient of performance (COP) of TEC. Energy has two faces: Exergy and Anergy. The
expression "exergy" derives from the Greek terms ex and ergon, representing from and work
[130]. Exergy represents available part of energy. Anergy shows dispersed part of energy
source or lost potential. Very few articles appear to deal with the exergy aspects of the
thermoelectric cooling or heat pumping devices, two of such articles which are prominent
Kaushik et al. [131] and Nami et al. [132]. Kaushik et al. [131] performed exergy analysis of
reversible, endoreversible, exoreversible, and irreversible heat pump. Analytical expressions
of thermodynamic models were derived. Exergy output for the different temperature difference
between hot and cold sides was observed. It was found that exergy output increases at a higher
temperature difference. The increment in contact resistance reduces exergy output. Nami et al.
[132] reported a comparison of single-stage and two-stage thermoelectric devices for COP and
exergetic efficiencies. It was established that a higher current is needed in a single-stage device
for maximum values of energy efficiency and exergy efficiency. The research on exergy is
focused on the quality of energy used to assess the energy process in compliance with ideal
thermodynamic equality [133], [134]. The exergy study is used to recognize exergy losses. It
is used to understand irreversible energy conversion losses in the design of the system. To
provide effective efficiency and meet several design requirements, computer-aided design,
optimization, and analysis have been important parts for the design of thermoelectric cooling

systems.

A focussed effort on optimization of TEC to achieve maximum energy and exergy efficiencies
is presented now. The TEC geometry and current can change the efficiencies, and optimum
values can be obtained under given circumstances. In this study, an optimization method for
the TEC design for improved results has been attempted by considering three of the main
parameters: namely electric current, length of thermoelectric elements, and cross-sectional area

of thermoelectric elements.
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6.2 Thermodynamics Formulations

A thermoelectric cooler consists of several couples made out of n-type and p-type
thermoelectric elements. These thermoelectric (TE) elements are tied together electrically by
using highly conductive copper tabs. These elements are connected thermally parallel.

Between two ceramic layers, this structure is sandwiched.

72'0 - ac

Ceramic 1

(’N

Input Power
A
TE Elements <\ K
Th
[ ] o
Ceramic l
Tho -
Heat Sink
7; &

Figure 6.1 (a) Exploded view of TEC (b) Various parts for thermal resistances

For simplifying the complexity of calculation, some assumptions are made for this study.
e Heat transfer takes place along the length of thermoelectric elements.
e The cross-section and length of the thermoelectric elements are similar.
e Thomson effect is not considered.

e Steady-state condition is prevailing.
A thermoelectric cooling system is configured to transfer thermal energy from the source at

temperature 7., to a sink at a higher temperature 74,. The basic units of a TEC are
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thermocouples that possess temperatures 7. and 7} at cold and hot junctions respectively.
The material properties and heat balance equations are fundamentally established for
thermocouple portions of TEC. In the present work, we have modelled TEC realistically
considering copper and ceramic effects with cold and hot side temperatures of 7, and Tj,
for GA based optimization and finite-element simulations. An exploded view of the TEC
and various parts for thermal resistances in TEC are shown in Figure 6.1. Electric power is
provided as input to the TEC system, and the Peltier effect is at work according to the
direction of electric current. Thermoelectric coolers are inherently irreversible because the
flow of heat and current is necessary during operation. These irreversibilities are the reason

for the requirement of the performance optimization of thermoelectric coolers.

The reversible cycle concept as explained by Sadi Carnot is well established and significant.
Thermodynamically, a practical thermoelectric cooler can be modelled as an irreversible
reversed heat engine. An irreversible thermoelectric cooler possesses both types of the
irreversibilities, i.e., internal and external. The internal irreversibility is generated as TEC
operates between cold and hot junctions of p-type and n-type thermoelectric elements at
temperatures 7. and T}, respectively. The external irreversibility is generated due to the
finite temperature gap (7c.-7c) responsible for heat absorption rate, Q. at the cold side of the
TEC system. On the hot side, it is due to the temperature gap (74-Tho) responsible for heat
rejection rate, 0. So far in all reported research, the authors have taken 7.=T7¢, and Tx=Tho
which leads to modelling error. In the present work, a more realistic model has been used
and 7. is separately computed and not taken equal to 7. 7 and T}, are also separately

calculated.

At the cold side of the thermoelectric cooler, the heat energy balance may be expressed as:-

QC = QPeltier - Qconduction - Q]oule (6‘2)

At the hot side of the thermoelectric cooler, the heat energy balance may be expressed as:-

Qh = QPeltier - Qconduction + Q]oule (6‘2)
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The Peltier heat (Qpeisier) at the cold and hot sides corresponds to /a7, and /o T, respectively.
The irreversible heat transfer due to conduction (Qconducion) at the cold side and hot side
corresponds to K(7»-Tc). The irreversible Joule heat generation (QJjowe) corresponds to %2
PR. In these expressions, / refers to supplied electric current (A), a is the Seebeck
coefficient (V/K) and R represents the electrical resistance. 7. and T} are the cold side and
hot side temperatures (K) of n-type and p-type elements. If N represents the total number of
thermoelectric couples used in the thermoelectric cooler, the heat energy balance equations

become:

0. =2N|rat. — k(T -T.) - 2112 ®) (6.3)

Qn =2N_1a Te— K(Ty —T,) +2i[2(R )_ (6.4)

If k and 7. represent the thermal conductivity (W/mK) and the electrical contact resistance
(Qm?), respectively. L and A represent the length (m) and cross-sectional area (m?) of n-
type and p-type thermoelectric elements, respectively. Equations (6.3) and (6.4) can be

rearranged as:

QC—ZN[IOITC—#—Z—] (7‘*‘22) (65)
Qh—ZNllaTh—f-FZ—[ <7+22> (66)

The choice of the thermoelectric element’s material directly affects TEC performance.
Bismuth telluride (BixTe3) is considered as the most popular material and used in practical
thermoelectric coolers. The temperature-dependent properties of Bismuth telluride used in

this study are calculated from the below-mentioned expressions as specified [135].

a = (22224 + 930.6 Tpe — 0.9905 T2,,) x 10~° (6.7)
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p = (5112 + 163.4 Ty, + 0.6279 T2,,) x 10710 (6.8)

k = (62605 — 277.7 Tpp,e + 0.4131T2,,) X 107* (6.9)
Where,
Average Temperature,T,,, = 0.5 X (T, + Ty)

The irreversible heat flow rate with the heat source or TEC cold surface temperature (7c,)

to the cold side temperature of n-type and p-type elements (7¢) is given by:

Oc=UcAc(Teo — T¢) (6.10)

Similarly, the irreversible heat flow rate with the hot side temperature of n-type and p-type

elements (7%) to the heat sink or TEC hot surface temperature (7%o) is given by:

On=Up Ap(Ty, — Tho) (6.11)

In the above expressions, U. and Uy, represent the overall heat transfer coefficients (W/m?K)
while 4. and 4 represent heat transfer surface areas (m?) at the cold and hot surfaces of

TEC.

Thermal conductance is reciprocal thermal resistance. We have used a thermal resistance
model and have incorporated thermal resistances of ceramic substrates, copper conductors,
and heat sink at the hot side for realistic TEC model consideration. By using thermal

resistance models, equations (6.10) and (6.11) are restructured as:

T, = Qh(Rhs +Rer +Ry) + T, (6.12)

Te = Teo — QC(RCT + Rcu) (6.13)

Where, Rps, Rer, and R, are the thermal resistances (°C/W) of the ceramic substrates, copper

conductors and heat sink.

From the ‘available work’ or ‘exergy’ point of view, it is well established by the researchers
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that the exergy input to the thermoelectric cooling system is equal to the input electric power
(P), and it is 100% exergy. The concept of exergy needs the first law of thermodynamics as
well as the second law of thermodynamics. In the thermoelectric cooling system, the
temperature of the cold side of TEC (7%,) is less than the environment temperature (7,). The

temperature difference (7,-7c,) leads to the absorption of heat from the refrigerated space.
The first law of thermodynamics can be applied to obtain:
Exergy Input = Input Electric Power (P) = Q, — Q. (6.14)

Applying the second law of thermodynamics for irreversible TEC, we can write:

<< _<t <o (6.15)

The second law of thermodynamics can also be applied to obtain rate of entropy generation

as:

Rate of Entropy Generation, Sge, = <7?—h — ’I?_C> >0 (6.16)
ho co

If we combine the first law and second law of thermodynamics used for conservation of
energy and non-conservation of entropy, exergy balance for a thermodynamic system can

be obtained as:
Exergy Input = Exergy Output + Exergy Losses (6.17)

Exergy Input
(6.18)
= Exergy Output + (Exergy Waste Emission

+ Exergy Destruction)

The exergy output refers to the thermal exergy deposited at the cold side of the
thermoelectric cooler. This exergy transfer accompanying heat transfer Q. can be calculated
by [136]-[138]:
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T,
Exergy Output =Q. <T—O — 1) (6.19)

co

Where T, represents a typical environment or outside temperature.
Exergy Waste Emission or Exergy lost represents the exergy rejected at the hot side of the

thermoelectric cooler (If present) and can be written as [116]:

T,
Exergy Lost = Qy, <1 - —O> (6.20)
Tho

Substituting equations (6.14), (6.19), and (6.20) into equation (6.18), Irreversibility or

exergy destruction in the process can be obtained as:

Irreversibility or Exergy Destruction =T, (& - &> = Ty Sgen (6.21)

Tho Tco
First law efficiency or energy efficiency of a thermoelectric cooler is obtained as:

Energy Output QO
Energy Input  Q, — Q.

First Law Efficiency or Energy Efficiency (n;) = (6.22)

The second law efficiency or exergy efficiency is a measure of approach to reversibility or
ideality. A key goal of exergy analysis is to identify this significant efficiency and actual

values of exergy losses with the identification of possible reasons [139].

Exergy Output

Second Law Efficiency or Exergy Efficiency (n;;) = Exergy Inpit (6.23)

Alternatively, this can be expressed as:

Exergy Losses

=1 6.24
i Exergy Input ( )
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The purpose of the thermoelectric cooler is to absorb heat from the space to be cooled. Thus,
it helps in increasing exergy output while this heat absorption takes place. The exergy
efficiency of a thermoelectric cooler can be understood as the ratio of minimum exergy or
work requirement to the actual exergy input. For simplicity, the thermal reservoir at hot
surface temperature T}, is set to be the typical environment. Hence, Th, is the outside
temperature (7,) for the thermoelectric cooler.

Hence,

T
Exergy Output =Q. (# — 1) (6.25)
co

Second law efficiency or exergy efficiency of an irreversible thermoelectric cooler is
obtained as:

Tho _
Qe (TCO 1) _ ThoSgen (6.26)

:—:1
nn p p

This establishes a relationship between first law efficiency (7;) and second law efficiency

(1) of the thermoelectric cooler:

T’Il = —
1 6.27)

The COP of the thermoelectric cooler is the ratio of useful energy to the required energy

and is equal to energy efficiency as described in equation (6.22). According to the reversed

(7ie-1)

performance (COP), the highest theoretical COP of thermoelectric cooler working within

Carnot cycle phenomenon, represents the Carnot or reversible Coefficient of

temperature bounds 7., and T%,. Hence, the second law efficiency of TEC can also be

expressed as:

_ Actual COP Actual COP
" Reversible COP or Maximum COP

N (6.28)
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It is clear that second law efficiency indicates the irreversibilities associated with the

thermoelectric cooling system and can vary from 0 to 1.
6.3 Optimization Problem

In this part of work, two objectives are optimized separately. The first optimization
problem's objective is the first law efficiency (7;), which is of significance to obtain higher
energy efficiency in a restricted space. The second optimization problem's objective is the
second law efficiency (n17), which is important to achieve a higher exergy efficiency. After
modelling, we select the design variables to achieve optimum engineering goals. The
geometry, material and operating conditions play a vital role in designing a TEC with higher
performances. The restriction of space in designing TEC is a major constraint. At present,
thermoelectric coolers are widely used in the high technology fields such as electronics,
telecommunications, space, and others. Space restrictions are very prevalent in these fields
and hence there are practical limits to the size of the thermoelectric cooler. Therefore, the
space constraints of the thermoelectric elements are very relevant assumptions to consider.
This study uses the approach to select three design variables, i.e., length of n-type and p-
type TE elements, the cross-sectional area of n-type and p-type TE elements, and the input

electric current.
6.3.1 Maximization of first law efficiency

The first single-objective optimization problem for maximization of the energy efficiency

or first law efficiency (7;) of the thermoelectric cooler is formulated mathematically as:

( Maximize n;
Subject to
Imin <I< Imax
4 Linin < L < Liax (6.29)
Amin <A< Amax

<2A xN> <s
PD -

Where, (Lnin, Imax), (Lmin, Lmax) and (Amin, Amax) are the bounds of design variables 7, L and

92



A, respectively. N is an integer design variable and computed using equation (3.8) and is
rounded down to the nearest integer. S is the available cross-sectional area for TEC. PD is

the packaging density.

The bounds of the design variables of this optimization study are listed in Table 6.1.

Table 6.1 Lower and upper bounds of design variables

Variable Description Lower limit Upper limit
1 Input electric current, A 1.0 2.0
I Length of n-type and p-type 10 20
TE elements, mm
4 Cross-sectional area of n-type 0.1 3.0

and p-type TE elements, mm?

Besides, the total number of thermoelectric couples (V) depends on the cross-sectional area

of TE elements and packaging density. Its value can be evaluated using this equation:

N = Available area (S) for TEC x packaging density (PD)

6.30
2xA ( )

The detailed specifications of the thermoelectric cooling system considered for this work

are presented in Table 6.2.

Table 6.2 Specifications of the thermoelectric cooling system

Description Parameter Value
Available cross-sectional area 2
of the restricted space S 225 mm
Packaging density PD 80%
Ambient temperature T, 25°Cor 298.15 K
Cold surface temperature Teo 20°C or 293.15 K
Electrical contact resistance re 1x10%Qm?
Thermal resistance of heat sink Rps 0.10 °C/W
Ceramic thermal conductivity ker 35.3 W/m°C
Copper thermal conductivity Keu 386 W/m-°C

The lower bound and upper bound of the number of thermoelectric couples is the dependent
variable and become 45 and 90, respectively for the present work. The cold side and hot
side ceramic substrates are 0.2 mm in thickness. The cold side and hot side copper tabs are

considered 90% of the available cross-sectional area of TEC and 0.1 mm in thickness.
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6.3.2 Maximization of second law efficiency

The second single-objective optimization problem for maximization of the exergy
efficiency or second law efficiency (nz) of the thermoelectric cooler is formulated

mathematically as:

( Maximize ny
Subject to
Iin =1 < Imax
Amin <A< Amax
<2A X N) <s
\ PD )~

The bounds of design variables and specifications of thermoelectric cooling system
resulting in variations of output are identical to previous optimization problem of

maximization of energy efficiency.
6.4 Implementation of GA

In complex engineering applications, the implementation of stochastic algorithms has
become popular and common. The stochastic algorithm, like genetic algorithm attempts to
perform a global search within the search space of design variables. Because of the
promising potential researchers are using stochastic methods to evaluate, predict, and
optimize different systems. Genetic algorithm (GA), which is used for this study, uses a
population of individuals to search the design space. In the literature, many coding schemes
are available for genetic algorithm such as binary-coded GA, gray coded GA, integer genes,
and real-coded GA (RGA). RGA is more popular than others because of its inherent
potential to directly provide numeric value solutions with no need to code and decode the
solutions. Many real-world applications have shown the advantage of RGA compared to
others. The simulated binary crossover (SBX) operator performs excellently in optimization
problems with continuous search space. The real-variable GA is implemented in this paper
as created by Deb and Agarwal (1995). GA parameters settings used for this work are given
in Table 6.3.
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Table 6.3 Parameters settings for GA

Population size 50

Crossover probability 0.80

Mutation probability 0.25
Termination Criteria 1000 generations
Number of runs 5

The GA solution procedure adopted for this work has major steps similar to previous
problems. The population is initialized. Then 7} and 7. values are guessed to compute TE
material properties and subsequently Q. and Qs. After that new values of 7 and 7. are
computed and old values are replaced with new values. This process is repeated until the
difference in new and old values of 7, and 7. becomes negligible. If the conditions are
satisfied, the individual (solution) of the population is accepted. The individual of the
population is evaluated for fitness value. The next individual of the current population is
taken and the process discussed above is repeated. After the entire population is evaluated,
a new population is formed by using selection, crossover, and mutation operators of genetic
algorithm. Then, the entire process is repeated for a stipulated number of maximum

generations. Finally, the important statistics of generations are reported.

6.5 Results & Discussion

In two single-objective optimization problems, the energy efficiency and the exergy
efficiency of the irreversible thermoelectric cooler are maximized using genetic algorithm.
Genetic algorithm based optimizations are coded in C language. In this study, the GA source
code developed by Deb [102] was employed. Multiple independent runs were performed
for each optimization problem. Table 6.4 contains the best optimization results after 1000
generations for multiple runs of energy efficiency maximization and exergy efficiency

maximization. These best results are repeatedly found over various runs.
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Table 6.4 Results of GA based optimization for maximization of energy and exergy

efficiencies
Optimal Values of Design Variables
Case ni ni N
1 L A
(Dependent)
Optimization of
energy 4.116 | 0.0715 0.28A |[2.0mm | 1.956 mm? 45
efficiency
Optimization of
exergy 4.116 | 0.0715 028 A |2.0mm | 1.956 mm? 45
efficiency

The optimal values of design variables are identical for both the optimization problems as
per simulation results. The optimum input current to obtain maximum energy and exergy
efficiency are with the same values of 0.28A. This finding of results is a reliable match as
reported by researchers [116], [131]. This study found that besides input current, the length
and cross-sectional area of TE elements to obtain maximum energy and exergy efficiencies

are also the same.

In the optimized solutions, the length of TE element is found as 2.0 mm which is the upper
limit of the range. The other design variables (/ and A) are unique and well between the
bounds of given ranges. Depending on the optimal design values of three different variables,
the corresponding temperature 7} is obtained as 25.11°C, and T is found as 19.97°C. The
corresponding hot surface temperature (77,) is estimated as 25.09°C. The rate of cooling
(Oc) and the rate of heat rejection (Qp) are achieved as 0.746 W and 0.927 W, respectively.

Exergy parameters for optimized exergy efficiency are given in Table 6.5.

Table 6.5 Exergy parameters for maximized exergy efficiency (#1)

Maximized Exergy Exergy Entropy
) Exergy Output )
Exergy Efficiency Input Destructed Generation Rate
7.15% 0.1874 W 0.0134 W 0.1740 W 0.5835x10° W/K
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The heat rejection increases the rate of entropy generation (Seen) and exergy destruction in
the TEC system. The work provided to the TEC system includes exergy transfer towards
the cold side and loss of available work due to the irreversibility of the system. Hence, the
required work exceeds the threshold value. Sge, is minimized for maximum exergy
efficiency. The exergy efficiency or second law efficiency is maximized and achieved as

7.15%.
6.6 Summary

In this chapter, the energy and exergy efficiencies of TEC are discussed. Designers have
been looking for better ways to improve energetic and exergetic performance for energy
converters. The objective of the first and second laws of thermodynamic analysis of this
research is to determine the maximized energy efficiency (7;) and exergy efficiency (y) of
a thermoelectric cooler. This work introduced a new approach by selecting three design
variables, i.e., length of n-type and p-type TE elements, the cross-sectional area of n-type
and p-type TE elements, and the input electric current. A thermal resistance model has been
used in the analytical model. The thermal resistances of ceramic substrates, copper
conductors, and heat sink at the hot side have been incorporated for realistic TEC model
consideration. Unlike previous research, the cold side and hot side junction temperatures

were taken different from TEC’s surface temperatures.

Previous studies [116], [131] indicate that #; and #; are maximum at the same current. This
study has shown that the maximum values of #; and 7y are obtained not only at the same
current but also at the same values of length and cross-sectional area of thermoelectric
elements. If we consider three performance indicators for thermoelectric coolers, i.e.,
cooling capacity, energy efficiency (7;) and exergy efficiency (), through this work it is

clear that maximum 7 automatically assures maximum #;.

For environmental consideration, it is recommended that the maximization of exergy
efficiency should be the basis of TEC design. The improvement in exergy efficiency is a
reflection of the thermodynamic improvement of the thermoelectric cooling operation and
high sustainable score. Exergy analysis includes all losses (irreversibilities) in the parts and

complete thermoelectric cooling system. Irreversibilities can be minimized to get maximum
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exergy efficiency, which makes the TEC system more sustainable.

The ZT value of thermoelectric materials plays an important role in characterizing the
performance of TEC. It is important to develop more efficient thermoelectric materials with
a focus on maximizing Z7T value. When significant advances in the peak value of the
dimensionless figure of merit of thermoelectric materials will be found, the exergy

efficiency of TEC can be higher than the vapour compression refrigeration systems.
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CHAPTER 7

VALIDATION OF RESULTS BY FINITE ELEMENT
METHOD

7.1 Introduction

In present times, the computational models that are capable of accurately capturing the
geometric, as well as physical phenomena, are used for complex designs. In today’s
computational times, the importance of physical modeling and computer algorithms and
methodologies can not be overstated. The finite element method (FEM) is a popular
numerical technique. The FEM is a numerical technique used in science and engineering to
find approximated solutions to problems. These problems are controlled by the components
such as mathematical (differential) equations, boundary conditions, and the geometries. In
FEM, the problems specified in geometric space (domain) are split into small regions or
elements (mesh) to find the local solutions within the elements’ boundaries. A global
solution can be achieved by stitching these local solutions on these elements back together.
The elements are linked by nodes, which are where the unknowns would be calculated. The
governing differential equations explaining physics are used to derive the finite element
equations to every element. These equations (finite element) are combined to form a large
number of algebraic equations and the boundary conditions are imposed in order to solve

for solutions (at each nodes).
In general, the FEM method procedure consists of certain steps:

(a) Construct the geometry of the problem. Then, a finite element mesh is generated on the
geometry. A mesh may have elements of different forms (such as line, brick, and
triangle). These elements are linked at nodes that contain the problem unknowns.

(b) Choose the element types. The number of unknowns and, as a result, the computational
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time will increase if an element is selected having more nodes. If a more complex
interpolation function is used, the solution accuracy also can improve.

(c) To derive the finite element equations (from governing equations) is the important step.
The derived equations are algebraic equations that can be numerically computed.

(d) All of the finite element equations are then put together to form a broad set of equations
(algebraic equations).

(e) The boundary conditions are imposed on the algebraic equations before the nodal
unknowns are solved. The displacements in a structural problem and the temperatures
in a heat transfer problem are the nodal unknowns.

(f) The solution of many other quantities of interest is then possible. For heat transfer

problem, once the nodal temperatures are known, heat fluxes can be determined.
7.2 Advantages of ANSYS®

To verify GA results, a finite-element simulation tool was required, and ANSYS®
workbench was chosen for this work. ANSYS® is a finite element analysis software. It is
widely used for analyzing and optimizing a large class of complex engineering problems.
The workbench feature in ANSYS® simplifies the software's use via a graphical user
interface (GUI). ANSYS®™ workbench is used to solve a wide range of problems in many
fields such as thermal, structural, electrical, fluid flow, electromagnetics etc. There are
several advantages to using ANSYS®. The geometric shapes (two-dimensional and three-
dimensional) can be created and also can be imported from different CAD software.
ANSYS® can integrate several formulae into an unified platform, making the analysis
process easier and quicker. For example, thermal and structural analysis can be integrated.
It has collection of engineering materials and corresponding properties. New materials can
also be created. It has robust foundation and capability for multi-physics and enables the
user to solve complicated analyses. It has a strong simulation capability that allows it to

demonstrate perfect results.

7.3 Procedure involved in Finite Element Simulation Using ANSYS®

The basic simulation procedure with ANSYS® workbench involved the three major phases,

pre-processing, solution and post-processing [140]. Each phase of the simulation analysis

100



is designed to address the related functional requirements. Figure 7.1 illustrates the general

procedure of ANSYS® workbench simulation study.

Physical Problem

Pre-Processing
(important steps)

(i) Analysis type

(ii) Import or create geometric model
(iii) Material properties

(iv) Unit type

(v) Meshing of the model

(vi) Boundary conditions

Solution
Solving problem

Post-processing

(i) View results

(i) Analyze results

Figure 7.1 General procedure of simulation analysis using ANSYS® workbench

7.3.1 Pre-processing

The usual key steps involved in the pre-processing stage are selection of analysis type (tool
for solving class of problem), creating or importing 3D geometric model, specifying
materials properties, unit type, assigning appropriate materials, and meshing of the model.
In this work, Thermal-Electric tool was used for the analysis as it was suitable for this class

of engineering problem. The toolbox region is shown in Figure 7.2.
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Figure 7.2 Toolbox region of ANSYS®

The problem related engineering data (such as density of a material, specific heat capacity
of a material etc.) is provided during this stage. The geometric model can be either created
or imported. In this work, the 3D models are created using DesignModeler which is a
parametric solid modelling feature of the ANSYS® software and shown in Figure 7.3. The
desired unit system for the work can be selected. The appropriate materials are assigned to
the model. The model is discretized into small elements and the mesh is generated. The

boundary conditions are specified, initial and other settings are provided.
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7.3.2 Solution

In this phase, the problem is solved for the solutions. If the information given in the previous
steps is complete, this step is performed by the ANSYS® solver. At last, the set of equations

that results are solved.
7.3.3 Post-processing

The user will check and analyze the results after obtaining a solution in a session. In this
phase of post-processing, the solutions are displayed in various forms (such as surface plots,
colour contours etc.). The results are reviewed according to the choice (graphical display or

the listing of various findings).

7.4 Simulations for Results Validation

Finite-element simulation is a computational tool for resolving real-world complex
engineering problems. The genetic algorithm optimization results are validated using finite
element simulations. ANSYS® is a very useful, common purpose finite-element simulation
tool. It is used to numerically solve a broad range of engineering problems. Hence, ANSYS®
is used in this work. The ANSYS® Thermal-Electric module can solve the thermal and

electrical couple-field of TEC.
7.4.1 Simulation for result validation of optimized cooling capacity

For the steady-state analysis of the TEC model, the thermal-electric module is used in this
study. The model is set up as a non-linear three-dimensional finite-element model.
According to the GA result for optimization of cooling capacity (as reported in chapter 4),
the model in this work is developed using a single pair of n-type and p-type components.
This study employs a novel approach to account for the effect of electric contact resistance
on the TEC performance. The finite-element simulation incorporates four additional
geometrical parts labelled as ‘Contact’ that are used to model the effect of the electric
contact resistance. The material properties of these parts are based on the thermo-electric
behavior of electrical contact resistance. At each end of the TE elements, ‘Contact’
geometries are formed. Figure 7.4 displays the full schematic of the TEC model for Finite-

element simulation to verify GA performance.
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Contact

Current /

Figure 7.4 Schematic of thermoelectric cooler for finite-element simulation to validate

GA results

The length of n-type and p-type elements is considered as 1.0 mm to validate GA predictions
for maximum Q. as can be seen in Table 4.4. The thermoelectric elements have a 1.27 mm
square cross-section. The distance between elements of the p-and n-types is 0.31 mm. The
material properties for this simulation are computed at average temperature (7,.) of 7; and
T, values obtained during the GA-based optimization of Q.. Table 7.1 displays the modelled

TEC's finite-element simulation input parameters.

Table 7.1 Finite-element simulation input parameters for maximum Q.

o Value per pair of TE
Description Parameter
Elements
Cooling Capacity O 0.1514 W
Electric current 1 2.993 A
Temperature Tho 27.84 °C
(At the hot side of TEC)
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To model adiabatic heat transfer from the exposed surfaces of thermoelectric cooler, a slight
convection loss of 0.000001 W/mK was applied on all surfaces except the ones on which
boundary conditions mentioned in Table 7.1 are specified. The computationally generated
mesh, electrical voltage, and temperature distribution across the finite-element model of the

thermoelectric cooler are illustrated in Figure 7.5.

In Table 7.2, the parameters obtained from the finite-element simulation are compared to
the genetic algorithm results. The results obtained from genetic algorithm-based
optimization and those obtained from finite-element simulation for a single pair of
thermoelectric elements are found to be very similar. The finite-element simulation result
represents a three-dimensional solution based on a numerical technique, while the genetic
algorithm results are based on one-dimensional analytical equations. Hence, the
optimization result obtained by genetic algorithm is verified through the solutions of the

thermal-electric module of ANSYS®.

Table 7.2 Comparison of GA and ANSYS® results for maximum cooling capacity (Q.)

Description Parameter GA ANSYS® Remarks
Cold surface
Teo 20 °C 20.25 °C
temperature
Rate of heat Value per pair
iecti On 0.507 W 0.508 W of TE elements
rejection
Input Electric
P 0.356 W 0.357 W
Power
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7.4.2 Simulation for result validation of optimized COP

ANSYS® software is used to perform a finite-element simulation for maximum coefficient
of performance in this section. The steady-state thermoelectric cooler model is made up of
thermoelectric elements with a length of 2.0 mm, as mentioned in Table 5.2. The
thermoelectric elements have a 1.4 mm square cross-section. The n-type and p-type
thermoelectric elements are 0.38 mm apart. The temperature-dependent material properties
are computed on the basis of average of 7}, and 7. observed during genetic algorithm based
optimization of coefficient of performance. Table 7.3 displays the thermoelectric cooler

model's input parameters for finite element simulation.

Table 7.3 Finite-element simulation input parameters for maximum coefficient of

performance (COP)
Value per pair of TE

Description Parameter
Elements
Cooling Capacity O. 0.0165 W
Electric current 1 0.283 A

Temperature
_ Tho 25.09 °C
(At the hot side of TEC)

The proposed genetic algorithm based COP optimization is validated using three-
dimensional finite element analysis. The three-dimensional steady-state thermoelectric
cooler model is created, and for maximum coefficient of performance, genetic algorithm

based optimization predictions are tested.

For this finite-element simulation, the mesh, electric voltage, and temperature distribution

are shown in Figure 7.6.
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The GA results and the results from the finite-element simulation agree well. Table 7.4

compares and reports the parameters for GA and finite-element simulation performance.

Table 7.4 Comparison of GA and ANSY S® results for maximum coefficient of performance

(COP)

Description Parameter GA ANSYS® Remarks
Cold surface
Tto 20 °C 19.61 °C
temperature
Value per pair
Rate of heat perp
. On 0.021 W 0.021 W of TE elements
rejection
Input Electric
P 0.004 W 0.004 W
Power

The ANSYS® result is consistent with GA-based optimization results for the maximization
of COP. With Q. and P values from finite-element simulation, COP is very nearly matched.
Hence, the optimization result is verified through the solutions of the thermal-electric

module of ANSYS®.

Validated finite-element numerical simulation are beneficial as experimental methods are
normally costly and time-consuming, even impossible sometimes. The strong agreement
between these findings and optimization results obtained wusing the genetic
algorithm demonstrates the efficacy of our method in this study. In the next part of this

study, a similar approach will be applied to validate other results.
7.4.3 Simulation for result validation of optimized first law and second law efficiency

Finite-element simulation is a powerful computational tool for approximate solutions to
various complex real-world engineering problems with given boundary conditions. It has
become an important software application for the assessment of real-world engineering

problems. In this segment, finite-element simulation is performed to validate GA results for
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maximization of energy and exergy efficiencies. Since the maximum energy and exergy
efficiency are achieved with the same amount of 7, L, and 4, either of the two maximization
results can be evaluated. The maximum exergy efficiency has been selected to be verified.
Because of environmental considerations, it may be the recommended basis for TEC design.
A three-dimensional non-linear finite-element model has been set up. Following the genetic
algorithm result, this finite-element model consists of a thermoelectric cooler structure with

one pair of n-type and p-type thermoelectric elements.

The input parameters for finite-element simulations to validate the genetic algorithm result
of maximum exergy efficiency of thermoelectric cooler are given in Table 7.5. A small
convection loss of 0.000001 W/mK is applied to all surfaces of the adiabatic heat transfer
models from the exposed surfaces of the thermoelectric cooling device, except for those for

which the boundary conditions are defined in Table 7.5.

Table 7.5 Finite-element simulation input parameters for maximum exergy efficiency (7;)

o Value per pair of TE
Description Parameter
Elements
Cooling Capacity O. 0.0165 W
Electric current 1 0.28 A
Temperature Tho 25.09 °C
(At the hot side of TEC)

The steady-state finite-element TEC model for validating GA results has thermoelectric
elements of length and cross-sectional area as reported in Table 6.4. The material properties
of thermoelectric elements are temperature-dependent and computed using 7% and 7}, values.
The GA predictions for maximum exergy efficiency (#7) were tested. The mesh generated
for this simulation, electric voltage distribution, and temperature distribution are shown in

Figure 7.7.

The result of the finite-element simulation is in strong alignment with those predicted by
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genetic algorithm. Table 7.6 shows the comparison of the findings.

Table 7.6 Comparison of GA and ANSYS® results for maximum exergy efficiency (1)

Description Parameter GA ANSYS® Remarks
Input Electric
P 0.004 W 0.004 W
Power

Value per pair

On 0.021 W 0.021 W of TE elements

Rate of heat

rejection

Cold surface
Teo 20 °C 19.61 °C
temperature

As can be seen from the comparison presented in Table 7.6, the values of P and QO are
nearly identical, while T, differs slightly which is quite acceptable. The ANSYS® result
strongly matches the genetic algorithm result. With the values of O, O, Tho, Tco, and I from
finite-element simulation, the maximum value of exergy efficiency is very closely matched
to GA result. The ANSYS® thermal-electric module solutions validate the GA optimization

result.

Over the last few decades, the finite-element analysis has evolved into a critical technology
for modeling and simulation of a wide range of engineering systems. As techniques for rapid
and efficient modeling and simulation become more important in the development of
advanced engineering devices, the use of finite-element analsyis has increased significantly.
In this work, the finite-element numerical simulations display excellent concordance with

GA solutions.
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7.5 Summary

In this chapter, the finite element simulations are performed to validate GA based
optimization results as reported in chapter 4-6. The three dimensional finite-element models
are prepared as well as finite-element simulations are conducted using ANSYS® software.
By using material library tool, the material properties (such as thermal conductivity,
Seebeck coefficient, electrical conductivity etc.) were applied. The boundary conditions
were applied before obtaining simulation results. In this study, the performances of finite-
element simulations are compared with GA results. The below-mentioned significant points

are made from this work.

e The engineering problem could be solved successfully when the simulation setup
allows for the physical effect to be added to the model.

e The genetic algorithm solutions are examined using finite-element simulation with
the ANSYS® thermal-electric module. The GA results are based on 1-D analytical
equations, while the finite-element simulation result provides a 3-D solution based
on a numerical technique.

e The optimal configurations obtained through genetic algorithm based optimization
aimed for maximization of cooling capacity, maximization of coefficient of
performance and maximization of exergy efficiency were compared with the finite-
element simulation results.

e The GA results and finite-element simulation results for a single pair of
thermoelectric elements are found to be nearly identical. They are in close
agreement. As an outcome, the GA optimization results are validated using

ANSYS® thermal-electric module solutions.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

8.1 Conclusions

The solid-state energy conversion technology of thermoelectrics is of significant relevance.
A thermoelectric cooler has the capability to convert electrical energy into a heat flux. The
potential application for temperature control and the recent improvements in the
performance of thermoelectric coolers have attracted great interest among researchers.
Thermoelectric coolers are widely used in many application domains such as electronics,
medicine, space, telecommunications, and several others. Thermoelectric cooling systems
are needed for modern laser, radio-electronic, and optical systems to operate efficiently.
Thermoelectric coolers have some significant benefits such as:

e No moving parts

e No refrigerants

e Ecologically clean energy conversion

e Reduced weight and size

e Low-noise mode of operation

e (apable to operate in every spatial position

e High reliability

All of these benefits make thermoelectric coolers a potential alternate. However, the TEC
performance has remained inferior as compared to the conventional compressor based
cooling devices. In order to compete with traditional cooling devices, thermoelectric
coolers need improvements in various performance parameters such as cooling capacity,

coefficient of performance, and exergetic efficiency. A TEC system is affected by contact
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resistances. Hence, the overall modelling of the system is quite critical. This research
provides novel optimization strategies to the field of thermoelectric cooling systems. With
its original work, this research adds to the existing knowledge about thermoelectric cooling
systems. The intent to provide optimized solutions for TEC with maximization objectives
of important performance parameters with a new set of design variables has been

accomplished.

The following are the main characteristics of the current work:

= This study contributes with a unique modeling and optimization strategy for
thermoelectric cooling systems. The dimensional structural and operating variables
of the TEC system are efficaciously incorporated for the performance optimization
within the space restrictions. The length (L) and cross-sectional area (4) of p-type
and n-type thermoelectric elements, and input electric current (/) have have been set
as design variables. No study has reported the simultaneous use of these variables.

» This research also considers the various kinds of significant effects such as thermal
contact resistance, electrical contact resistance, and heat sink resistance. Not all
these aspects were taken simultaneously by previous researchers, which makes the
work distinct.

* The two popular stochastic algorithms namely genetic algorithm (GA) and
simulated annealing (SA) are considered to find out the optimum results with the
design variables. By integrating suitable heuristics in the optimization algorithm, the
task of determining interface temperatures is incorporated to find accurate feasible
solutions. In previous studies, end temperatures have been used to calculate
performance parameters instead of interface temperatures. The exact temperatures
at interfaces are used in this research. It makes the current analysis more precise due

to the accurate model.

Based on the present work, the following conclusions are drawn.

1. When genetic algorithm and simulated annealing are used for a pilot optimization study,
it has been observed that both GA and SA converged to the same optimal value of the

objective function. SA has obtained a single optimal solution. However, GA has
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discovered three optimal solutions having the same objective function value at different
sets of design variables. GA has been able to capture the multimodality of the pilot
problem. Hence considering the performance, GA is found as a suitable choice in this
class of optimization problem.

Taking L, 4, and [ as independent design variables, 8.476 W value of the maximum
cooling capacity (Q.) is obtained. At the maximized Q. condition, the COP is 0.425.
Within the permitted range of 1.0-2.0 mm, the optimal value of L is 1.0 mm. The
optimal /, 4, and N for maximum Q. are found as 2.993 A, 1.607 mm?* and 56
respectively. It is then concluded that the length of thermoelectric elements is best to be
on the lower side to achieve maximum Q..

. From second optimization study, the maximum COP is found as 4.11. The optimal 7, L,
A4, and N are 0.283 A, 2.0 mm, 1.956 mm?> and 45. The maximized COP is obtained
with a corresponding 0.745992 W value of Q.. In this case, L hits the upper limit of the
range. It is observed that a higher value of L is desired for maximizing COP. The
optimization results for Q. and COP indicate that both objectives conflict. An optimum
Q. does not ensure an optimum COP and vice versa. Under these circumstances, only
one performance parameter can be maximized according to the need. It has been noticed
that during Q. optimization, the typical TE element length is considerably less than the
optimal length to maximize COP.

. An optimal current of 2.993 A for maximum Q. and 0.283 A for maximum COP is
found. It is observed that a higher value of current is desired for increasing heat transfer
due to the Peltier effect. However, it also increases Joule heating and affects the TEC
performance. With a high current, a low value of L/4 ratio is required to reduce the Joule
effect and optimize Q.. The electrical power and Joule heating is a quadratic function of
current. Hence, to maximize COP, a lower value of current is needed.

Based on the present analysis, it has been observed that a lower L/4 for optimum Q. and
higher L/4 for optimum COP are required. At optimized conditions of Q. and COP, L/4A
ratios are 0.622 and 1.022 respectively. A trade-off between two objectives may be used
to play a balanced TEC performance. A suitable L/4 within the range 0.622 - 1.022 may
be selected for this decision in combination with the current value ranging from

2.993 - 0.283 A.

123



6. The single objective optimization results for energy efficiency (7;) and the exergy
efficiency (nn) demonstrate that at the same current, both the efficiencies are
maximized. This aspect is supported by the previously reported work [131]. Further,
this study has established that the maximum #; and 7 (4.116 and 0.0715 respectively)
are obtained not only at the same current but also at the same value of the length and
cross-sectional area of thermoelectric elements. It is an important bearing that by
maximizing second law efficiency rather than both, we ensure that we have achieved
optimized first law efficiency.

7. The numerical simulation abilities of finite-element ANSYS® software have been
successfully used to validate GA results. The simulation results for Q., COP, and exergy
efficiency are very close to GA results. The temperatures are varying within 2%. The
heat rejection rate and the input electric power are varied by less than 1%. Finite-element
simulation results confirmed the GA results. Hence, it is concluded that all of the
mathematical GA results obtained using a 1-D heat transfer model are validated by a 3-
D analysis performed using ANSYS®. With the values of On, Tho, Teo, and I from finite-
element simulation the maximum values of Q., COP, and exergy efficiency are very

closely matched to GA predictions.
8.2 Recommendations for Future Work

In this study, significant work has been done for the performance optimization of
thermoelectric coolers. There is still potential for future investigations. The following

future research directions are recommended.

e The approach of this work can be considered for the investigation of multi-stage
TEC systems in future research.

e [t is recommended that researchers continue to use the models described here to
optimize the performance of thermoelectric coolers with non-constant elements’
area.

e It may be worthwhile to investigate the performance of annular TEC as well.

e Experiments in conjunction with numerical optimization can be performed.
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Thermoelectric coolers (TECs) use the Peltier effect for thermal management of
electronic devices. They offer high reliability and low noise operation but limited in use
due to low performance. In the present work, through the use of a genetic algorithm
(GA), two single-objective optimizations associated with two separate objectives are
carried out, aiming maximization of cooling capacity and maximization of the
coefficient of performance (COP) of TEC with space restrictions. Interfacial thermal
resistance and electrical contact resistance are taken into consideration to obtain a more
realistic model. This paper presents a new approach to finding appropriate solutions by
optimally arranging the length of n-type and p-type thermoelectric (TE) elements, the
cross-sectional area of TE elements, and input electric current. To validate the GA
predictions, three-dimensional steady-state TEC models are prepared, and finite-
element simulations are carried out using ANSYS®. Close agreement between the GA
and ANSY S® has been observed. This study provides a new mathematical optimization
model that is more realistic and is quite close to the physical construction of TEC

modules manufactured by industry.

1. INTRODUCTION

The solid-state thermoelectric (TE) technology attract great
attention of the researchers because of its potential use as
green energy conversion devices. The Peltier effect of
thermoelectric technology offers direct conversion of
electrical energy into temperature difference. Conversely, the
Seebeck effect of TE technology provides the conversion of
thermal energy of temperature differential into electric power
[1]. A thermoelectric cooler (TEC) dissipates the heat and
removes the hotspots of the electronic devices in an
environment-friendly manner using the Peltier effect. A TEC
could be installed easily within a restricted space due to its
practical manufacturing possibility in small sizes.
Thermoelectric coolers must be appropriately designed and

manufactured to meet the necessary performance requirements.

Two essential performance parameters of a TEC are the
cooling capacity and the coefficient of performance. The
cooling capacity of thermoelectric coolers ranges from
milliwatts to watts depending on the requirements. The
maximum cooling effect or higher COP for a thermoelectric
cooler can be achieved through upgraded TE materials and
improved device design.

The efficiency of TE materials increases with a material
property known as figure of merit (Z). The term Z is defined
as 0*/RK, where a is the Seebeck coefficient, R is the electrical
resistance, K is the thermal conductance. With absolute
temperature (7), the dimensionless figure of merit (Z7) is used
to characterize TE materials. A higher value of Z7T corresponds
to better cooling performance. Hicks et al. described that the
value of ZT could be enhanced by reducing the dimensions of
thermoelectric materials [2, 3]. At room temperature,
Venkatasubramanian et al. [4] reported a ZT~2.4 for p-type
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Bi,Tes/Sb,Tes superlattice devices. Peak ZT values of different
TE materials are attainable at different temperatures. Over the
past two decades, significant progress in maximizing Z7 has
been made in developing thermoelectric materials [5-10].

With the significant ongoing efforts to improve TE
materials, the researchers also focus on designing and
assembling the TECs. The investigations established that the
geometric structure of thermoelectric elements affects the
performance of thermoelectric coolers [11-15]. Huang et al.
[16] combined a three dimensional TEC model with a
simplified conjugate-gradient technique. They reported that at
a fixed temperature difference and fixed current, a substantial
value of the total area of TE elements with small element
length can maximize cooling capacity. Yang et al. [17]
reported that micro-thermoelectric coolers operating in a
transient regime could provide a better cooling effect. Nain et
al. [18] reported that a suitable value of dimensionless current
can enhance the performance of TEC. Pareto-optimal
solutions were obtained for different settings of temperature
ratio. Shen et al. [19] reported that a two-segmented TE
element structure can reduce the joule heating effect from 50%
to 35% on the cold side. The results showed a remarkable
118.1% improvement in maximum cooling capacity. Nain et
al. [20] optimized cooling capacity and COP performance of
TEC wusing dimensional structural parameters as design
variables. The geometrical parameters were optimized to find
Pareto-optimal solutions. Jeong [21] reported that the COP of
TEC can be increased by optimal values of current and length
of thermoelements. Lee [22] proposed a dimensional analysis
approach to find out the optimal design of TE devices with
feasible mechanical constraints. Mijangos et al. [23] reported
a novel design of asymmetrical legs to enhance the
performance of TE devices.


https://crossmark.crossref.org/dialog/?doi=10.18280/mmep.070313&domain=pdf

Literature reports several studies on performance
optimization of TEC [13, 15, 24-29]. However, in the current
study, the two performance parameters, namely, cooling
capacity and coefficient of performance, are optimized as two
single-objective optimization problems. So far, the standard
approach has been to choose either a set of geometric design
variables or operating design variables. In this paper, a
combined set of three design variables, electric current, length
of n-type and p-type TE elements and cross-sectional area of
TE elements is chosen in both optimization problems. The
optimization algorithm mathematical model is customized to
handle the presence of ceramic substrate, copper contacts,
electric contact resistances at the interface, and heat sink,
which are essential parts in the fabrication of a TEC module in
industrial applications. It is a new aspect of modelling TEC.
The geometry of the thermoelectric element plays a vital role
in the performance of the thermoelectric cooler. However,
tight geometric space constraints are found in many
telecommunications and other scientific applications. The
TEC is used for cooling electronic devices where space
restrictions are quite prevalent. Hence, consideration of
performance optimization of TEC with space restrictions is a
very valid assumption. The genetic algorithm is used to
maximize the cooling capacity and COP of a TEC with space
restrictions in two different optimization problems. The
optimization results are validated through finite-element
simulations using ANSYS®.

2. DESCRIPTION OF
COOLER MODEL

A  THERMOELECTRIC

The general schematic diagram of a practical single-stage
thermoelectric cooler is shown in Figure 1 (a). A
thermoelectric cooler (TEC) consists of many thermoelectric
(TE) elements. These thermoelectric elements are assembled
electrically in series. Copper tabs are used to interconnect n-
type and p-type elements. This array configuration is
sandwiched between two thermally conducting ceramic
substrates. Figure 1 (b) is an exploded view diagram of a
practical TEC system.

The basic unit of the physical model of a TEC is a
thermocouple (pair of n-type and p-type semiconductor
thermoelectric  elements). The number of pairs of
thermoelectric elements may vary from several to hundreds.
On the one hand, the manufacturing cost of TEC is high, and
on the other hand, many TE materials are high-priced. Further,
to predict the performance of a TEC with a heat sink, knowing
the temperature at important points is quite difficult. Also, the
thermal resistances in the heat sink, copper conductors, and
ceramic substrates play a significant role in the total resistance
to heat flow inthe TEC system. These issues make the
performance optimization problem challenging to solve. In
this work, the effects of electrical contact resistance and
thermal resistance are included. The impact of Joule heat and
thermal conduction are included as well.

In this work, to simplify the investigation considering
thermal resistances, a thermal-resistance model has been
developed. This model includes thermal resistance of copper
tabs, ceramic substrates, and cold side heat sink for developing
a more realistic TEC model. A thermocouple and the
developed thermal resistance model for this work is shown in
Figure 2.
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Figure 2. (a) Thermoelectric couple (b) Thermal resistance
model

By applying the electrical analogy of the heat flow to the
thermal resistance model shown in Figure 2(b), the
temperatures at the TEC hot surface and the cold surface can
be expressed as

Th :Qh(Rhs + Rcr + Rcu) +Ta (l)



Tc :Tco _Qc (Rcr + Rcu ) (2)
where, Thand Tcare the hot and cold side temperatures (K) of
n-type and p-type elements. Qn is the heat rejection rate (W)
from the hot side. Q. is the heat absorption rate at the cold side
(W), which is referred to as the cooling capacity in common
usage. Teoand Tho are the temperatures (K) at the cold surface
and hot surface of TEC, respectively. Rps is the thermal
resistance (°C/W) of the heat sink attached to the hot side of
TEC, Rc is the thermal resistance (°C/W) of the ceramic
substrates, and Ry is the thermal resistance (°C/W) of the
copper tabs. Tais the ambient temperature (K).
In the current study, some reasonable assumptions are
considered.
(a) Heat transfer is assumed to take place along the length
of TE elements.
(b) The thermoelectric elements have the same cross-
section and length.
(c) Thomson effect is not considered.
(d) Steady-state condition is prevailing.

A constant electric current pass through the circuit of
dissimilar semiconductors. The heat is pumped to one of the
two sides. It results in making one side cool and another side
hot. A heat sink attached externally to the hot side ceramic
substrate dissipates heat to the ambient environment. A
thermoelectric couple produces cooling or heating effect
depending on the direction of the electric current. Eq. (3) and
Eq. (4) shows the heat energy balance at the cold and the hot
side of the thermoelectric cooler. 7, and 7} correspond to the
temperature at TE element-copper conductor interface at the
cold side and hot side, respectively, and used with the same
reference in each referred equation of this paper.

KA(T,-T.) 1 ,(pL .r)]
—2N|laT —— ) 22| Py ol
Q @l L 2 Laa) @
KAT,-T.) 1.,(pL .r)]
—2N|laT, —— ) 22l Py ol
Q I aly 2 A A | 4

where, thermoelectric material properties «, p, k are the
Seebeck coefficient (V/K), electrical resistivity (Qm) and
thermal conductivity (W/mK), respectively. r. is the electrical
contact resistance (Qm?). L and A are the length (m) and cross-
sectional area (m?) of n-type and p-type thermoelectric
elements, respectively. | is the supplied electric current (A),
and N is the total number of thermoelectric couples. There are
three essential terms on the right side of Eq. (3) and Eq. (4).
The first terms, laTcand loTy, represent the Peltier heat at the
cold junction and hot junction, respectively. The second heat
transfer term kA (T —T¢)/L is due to thermal conduction. The
third term % 12 (pL/A+2r/A) represents the Joule heat
generation.

The selection of thermoelectric materials directly affects the
performance of TEC. The material properties of
thermoelectric elements are temperature dependent. Bismuth
telluride (Bi>Tes) is the popular thermoelectric material used
in thermoelectric coolers. The material properties of Bi,Tes
used in this work are given below, as specified by Fraisse et al.
[30]. Tav is the average of Tc and Th.
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a=(22224+930.6T,,, —0.9905T., )x10°° (5)
p=(5112+163.4T,, +0.6279T7 )x10* (6)
k =(62605-277.7T,,, +0.4131T7, )x10™* 7)

Cooling capacity (Qc) is one of the significant performance
indexes of TEC, which is used in this study. The Coefficient
of Performance (COP) is another crucial performance index of
thermoelectric coolers. Both performance indexes are
considered in the current study. COP is the ratio of cooling
capacity to power consumption and defined by the following
equation.

Q

Coefficient of Performance, COP = FC

®)

The input electric power (P), as shown in Figure 2(b), can
be calculated by the following relationship.

Input Electric Power,P =Q, —Q, )

The cost-competitive and high-performance TEC system
will pave the way for a promising future of such green devices.

3. METHODOLOGY

The wvarious geometrical, material and operational
parameters affect the cooling performance of the
thermoelectric cooler. Besides, the restricted maximum area of
cooling devices, which depends on its application in electronic
devices, is a significant constraint for TEC design.
Performance optimization is vital to enhance the use of
thermoelectric coolers in real-world applications. In this study,
the objective is to maximize the cooling capacity of TEC with
space restrictions. This paper presents a new approach by
selecting electric current, length of n-type and p-type TE
elements and cross-sectional area of TE elements as design
variables.

3.1 Optimization of cooling capacity of TEC

The  single-objective  optimization  problem  for
maximization of the cooling capacity of TEC is formulated
mathematically as:

Maximize Q,
Subjectto
Imin << Imax

Lyn SL<L

inSASAnax

(10)

Further, the total number of thermoelectric couples (N) is a
dependent design variable. Its value depends on the cross-
sectional area of n-type and p-type thermoelectric elements
and computed using Eq. (11).



N = Availablearea(S)of TEC x packaging density

2x A (1D

The optimization problem, as mentioned in Eq. (10) has
been solved using some specific values of parameters. Table 1
lists the values of the parameters and properties used in this
work.

Table 1. Values of parameters and properties

Description Parameter Value
Cold surface temperature Teo 293.15 K or 20°C
Ambient temperature Ta 298.15 K or 25°C
Heat sink thermal resistance Rhs 0.10 °C/W
Electrical contact resistance re 1x 108 Q m?
Available C.S. area of TEC S 15 mm x 15 mm
Packaging density PD 80%
Ceramic thermal conductivity Ker 35.3W/m<
Copper thermal conductivity Keu 386 W/m-<C

The design variables in the present study are constrained by
lower and upper bounds. From a practical viewpoint, the range
for length and cross-sectional area of n-type and p-type TE

elements is taken as 1.0-2.0 mm and 1.0-2.0 mm?, respectively.

The range for input electric current is taken as 0.1-3.0 A. The
dependent design variable N will vary from 45 to 90 as it is
governed by Eq. (11). The thicknesses of ceramic substrates
and copper tabs are taken as 0.2 mm and 0.1 mm, respectively.
The surface area of the ceramic substrate on each side is
considered identical to the size of TEC. The total surface area
of the copper tab on each side is considered 90% of the size of
TEC. R, and R., are computed as 0.025181 °C/W and
0.001279345 °C/W, respectively. All these values are taken
with the help of TEC manufacturing companies’ catalogues.

Genetic algorithm (GA) is an evolutionary algorithm based
on natural genetics. The genetic algorithm begins with the
creation of a population of possible solutions (called
individuals). Based on the value of the objective function, each
member of the population is assigned a fitness value. To
evolve better solutions, new generations are created by
undergoing selection, recombination, and mutation of
solutions. The fitness of the new generation is evaluated. This
cycle is repeated over generations until the stopping criterion
is met. The objective of GA is to search for an appropriate
solution for the design problems. This involves maximization
or minimization of the objective function.

Genetic algorithm is a population-based optimization
approach to find optimal or near-optimal solutions. In terms of
quality and robustness of solutions, GA's capability has been
widely recognized for providing excellent results on classic
discrete and continuous optimization problems. The genetic
algorithm's performance depends on many genetic parameters
such as population size, crossover, and mutation rate. GA
parameters play an important role, and a different combination
of parameters may lead to a significant GA performance
change. The smaller population size helps faster convergence
than larger population sizes. The decision on various GA
parameters and operators are usually selected based on
recommendations made by GA researchers.

The real-variable GA employing SBX operator created by
Deb and Agarwal is used in this study [31]. Table 2 lists the
values of the GA parameters like population size, crossover,
mutation & number of generations that are used in the present
study. The results are reported after multiple runs of GA
converged to the same best solution.
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Table 2. Values of GA parameters

Parameter Value
Population size 50
Crossover probability 0.80
Mutation probability 0.25
Number of generations 1000

3.2 Optimization of Coefficient of Performance (COP) of
TEC

The objective of the second optimization problem is the
maximization of the coefficient of performance of TEC. The
design variables are the same as those selected in the previous
problem. The fixed values of the parameters and properties are
identical to the values used in the previous problem and
described in Table 1. The thicknesses of ceramic substrates
and copper tabs have the same values of 0.2 mm and 0.1 mm,
respectively. This new problem is mathematically expressed
as:

Maximize COP

Subjectto
Imin < I < Imax

L, SL<L,,

Anin <A< A\nax

(12)

The goal of this optimization problem is to find the design
variables within the variable bounds that result in the
maximum COP of the device.

3.3 Optimization procedure

To apply the genetic algorithm to the optimization problems
described in Eq. (10) and Eq. (12), the fitness evaluation of
solution vectors is required. However, the procedure for
evaluating fitness function is slightly tricky for this problem.
The unknown values of Tn and T. are initially guessed for
approximately estimate Q. and Qn. The initial guess for T, and
T. satisfies TEC's prevailing temperature conditions, i.e.,
Th >Ta and T. <Te. In principle, these conditions must be
satisfied. The initial guess will be iteratively modified and
reach the exact value. Eq. (1) and Eq. (2) are used to calculate
new values of Ty and T that are termed as Th, and Ten. These
are updated repeatedly to corresponding new values until the
difference in old values and new values are negligible. Then
the values of Q¢ and Qn are accepted.

A flowchart for GA implementation for these two
optimization problems are given in Figure 3.

The brief steps of the fitness evaluation procedure for a
population individual (solution vector) followed in this work
are described below.

(@)
(b)
(©)
(d)
(€)

The hot side and cold side temperatures of TE elements
(Tn and T¢) are initially assigned to a guessed value.
The material properties are estimated using Eq. (5), (6)
and (7).

The expected values of Q¢ and Qn are calculated using
Eqg. (3) and (4).

Using Eg. (1) and (2) the new values of Ty and T, are
calculated. These are termed as Tnn and Ten, respectively.
If the difference of guessed values and new values is
considerable, then guessed value is updated as Th = Thn



and T = Ten. Go to step (b) and repeat the iteration.

(f) If the difference of guessed values and new values is
small, then accept the solution. Take the next individual
in the GA population to evaluate until all individuals of
the current generation are evaluated.

Initialize Population

'

Generation=0 R
. ! Generation=

L ) Generation+1
Evaluate fitness of

individuals

!

Take first Individual of
the population

T
Yy

Guess T, and T,

¥
Calculate N from Eq.
(11) and

Calculate a,p and k from
Eq. (5), Eq. 6) and Eq.
(7

'

Calculate Q. and Q,,
from Eq. (3) and Eq. (4)

'

Calculate T, and 7T,
from Eq. (1) and Eq. (2)

Update
T=T,, and
Tv=Tim

Is |Ty-Tyy | < Tolerance?
and
Is |T,-T., | < Tolerance?

Qutput Values of I, L, and A,
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Is the fitness Take next
of each individu- Individual J
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Apply GA
Maximum Operations:
Generation Selection, |
reached? Crossover
and Mutation

Report optimal solution and

fitness vector

Figure 3. Flowchart for GA implementation

4. RESULTS AND DISCUSSIONS

In the first segment of present work, cooling capacity Qc,
the first performance index of TEC is maximized. The
algorithm of this study is coded in C language. The GA source
code is developed by Deb and used in this work [32]. Multiple
runs of 1000 generations have been repeated, and the best run
is reported in Table 3 on which algorithm converged several
times during various runs.

Table 3. Result of GA based optimization for maximum Q.

Optimized Optimal Values of Design Variables
Q: I L A N
(Dependent)
8.476807 W 2993A 1.0mm 1.607 mm? 56

At optimal values of design variables, the corresponding
values of Tn and T, are found at 28.59°C and 19.78°C,
respectively. The hot surface temperature (Th,) of TEC is
27.84°C. The heat rejection rate (Qp) at the hot side is 28.401
W. For the maximized Q, the value of COP obtained is 0.425.
It can be observed that L is hitting lower bound while other
parameters have optimal values without hitting any bound of
the permitted range.

To optimize the second performance index of TEC, the
coefficient of performance (COP) is maximized. The
boundary conditions and assumptions are similar to those
considered during the optimization of Q. This optimization
problem is solved using the same parameters of GA, as
mentioned in Table 2. The steps to implement GA in this
problem are similar to those used in the optimization of
cooling capacity and shown with the help of a flowchart in
Figure 3. Several runs of 1000 generations have been
performed to reach solutions with the highest quality, and the
best run is reported in Table 4. It is worth mentioning that GA
converged to the same results in various runs.

Table 4. Result of GA optimization for maximum COP

Optimized Optimal Values of Design Variables
COP | L A N
(Dependent)
4.11 0.283A 20mm 1956 mm? 45

With this maximum COP, the corresponding Qc is obtained
as 0.745992 W. The corresponding values of Tn and T are
25.11°C and 19.97°C, respectively. The hot surface
temperature (Tho) of the thermoelectric cooler is 25.09°C. The
heat rejection rate (Qn) at the hot side is 0.927 W. The optimal
values of | and A design variables are unique, while the optimal
value of L is hitting the upper boundary. It can be seen that
COP increased significantly, and cooling capacity is just 8.8%
of Max. Q. obtained, as mentioned in Table 4. It is found that
a design variable L hits its lower bound for high Q¢ while for
high COP, L hits its upper bound.

From these two results, it is well established that
maximization of Q. and maximization of COP are obtained at
a different set of design parameters. Also, maximum Q. does
not ensure providing optimal COP and vice-versa. This means
that these objectives are conflicting. The resolution of these
conflicting design objectives will be Pareto solutions through
multi-objective optimization if there is no specific objective
interest. It will be useful to determine a set of solutions that
will allow the decision-maker to choose among them



according to the application's requirement.

The results of this study show that it is possible to improve
the cooling capacity or COP of the thermoelectric coolers with
these design variables to be competitive with compressor-
based cooling devices. The complex impacts of electrical
contact resistance and thermal resistance deteriorate the TEC
performance. These factors always need to be included in the
model for optimization and analysis.

5. FINITE-ELEMENT SIMULATION FOR RESULT
VALIDATION

Finite-element simulation is a computational method for
solving complex engineering problems of the real-world. The
finite element simulations are performed to validate the
optimization results of GA. ANSYS® is a useful, common-
purpose finite-element method tool. It is used to solve a broad
range of engineering problems numerically. Hence ANSYS®
is used in the current study. The Thermal-electric module of
ANSYS® is capable of providing simultaneous solutions of
thermal and electrical fields. The present work makes use of
the thermal-electric module for the steady-state analysis of the
TEC model. A three-dimensional non-linear finite-element
model is setup. The model in this work is set up with one pair
of n-type and p-type elements as per the GA result. A new
approach to incorporate the effect of electric contact resistance
on the performance of TEC is used in the present study. The
finite-element simulation includes four additional geometric
parts termed as ‘Contact’ and used for modelling of the electric
contact resistance effect. These parts have material properties
as per the thermo-electric behaviour of electrical contact
resistance. The contact geometries are created at each end of
the TE elements. The complete schematic of the TEC model
for Finite-element simulation to validate GA results is shown
in Figure 4.

N 4 ///h /“/l/,a‘“
‘ < > == ,'

Contact

Current, |

Figure 4. Schematic of TEC for finite-element simulation to
validate GA results

5.1 Finite-element simulation for maximum Qc

To validate GA predictions for maximum Qc, the length of
n-type and p-type elements is taken as 1.0 mm, as reported in
Table 3. The TE elements are of the square cross-section of
1.27 mm. The distance between n-type and p-type elements is
0.31 mm. The material properties for the simulation are
computed at average (Tave) Of Th and T values obtained during
the GA based optimization of Q.. The finite-element
simulation input parameters of the modelled TEC are given in
Table 5.

To model adiabatic heat transfer from the exposed surfaces
of TEC, a small convection loss of 0.000001 W/mK was
applied on all surfaces except the ones on which boundary
conditions mentioned in Table 5 are specified. The
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computationally generated mesh, electric voltage, and
temperature distribution across the finite-element model of the
thermoelectric cooler are shown in Figure 5.

Table 5. Finite-element simulation input parameters for

maximum Qc
Description Parameter Value per pair
of TE Elements
Cooling Capacity Qc 0.1514 W
Current | 2993 A
Temperature (hot side of TEC) Tho 27.84°C

0 0.001 (m)
0.0005

1
3/19/2020 8:16 PM

0.1194 Max
0.10613
0.092864
0.079598
0.066331
0.053065
0.039799
0.026533
0.013266

0 Min 0 0.001 ()

3/19/2020 817 PM

28.793 Max
27.808
26,824
25,839
24.854
23.869
22,884
21,899
20914
19.929 Min 0

0.001 (m)
L S
0.0005

©

Figure 5. (a) Mesh (b) Voltage distribution (c) Temperature
distribution in the finite-element model for maximum Q¢

The parameters obtained from finite-element simulation are
compared with the GA results and reported in Table 6. It is
observed that the results for a single pair of TE elements from
GA simulation and those obtained from finite-element
simulation are in close agreement. The finite-element
simulation result represents a 3-D solution based on a
numerical technique, while GA results are based on 1-D
analytical equations. Hence, the optimization result obtained
by GA is verified through the solutions of the thermal-electric
module of ANSYS®.



Table 6. Comparison of results for maximum Qc

Parameter GA ANSYS® Remarks
Teo 20°C 20.25°C )

Qn 0.507 W 0.508 W Value per pair

P 0.356 W 0357 W of TE elements

5.2 Finite-element simulation for maximum COP

In this segment, the finite-element simulation for maximum
COP is performed with ANSYS® software. The steady-state
TEC model consists of TE elements with 2.0 mm length, as
reported in Table 4. The TE elements are of the square cross-
section of 1.4 mm. The distance between n-type and p-type
elements is 0.38 mm. The temperature-dependent material
properties are calculated based on the average of Tp, and T
found during GA based optimization of COP. The input
parameters of the TEC model for finite-element simulation are
given in Table 7.

Table 7. Finite-element simulation input parameters for
maximum COP

Value per pair of TE

Description Parameter
Elements
C00|Igg Capacity Qc 0.0165 W
urrent
) | 0.283 A
Temperature (hot side T 25.09°C
of TEC) " :

The three-dimensional steady-state TEC model is created,
and predictions of GA based optimization are tested for
maximum COP. For this simulation, the mesh, electric voltage,
and temperature distribution are shown in Figure 6. The finite-
element simulation results agree well with the GA results. The
parameters for GA and finite-element simulation results have
been compared and reported in Table 8.

o

0.002 {m)
0.001

3/20/2020 8:37 AM

0.01572 Max
0.013973
0.012227

0.01048
0.0087333
0.0069867
0.00524 X
0.0034933 &;'
0.0017467 0 0.002 (rm) A
0 Min _0,001:

(b)
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25.149 Max
24,529
23.909
23.29

22,67

22,051
21431
20811
20192
19.572 Min

0

0.002 ()
0.001

©

Figure 6. (a) Mesh (b) Voltage distribution (c) Temperature
distribution in the finite-element model for maximum COP

The ANSYS® result is consistent with GA based
optimization results for the maximization of COP. Hence, the
optimization result is verified through the solutions of the
thermal-electric module of ANSYS®.

Table 8. Comparison of results for maximum COP

Parameter GA ANSYS® Remarks
Teo 20°C 19.61°C Value per pair
Qn 0.021 W 0.021 W of TE elements
P 0.004 W 0.004 W

6. CONCLUSIONS

This paper presents an effective method with a new
analytical model to improve cooling capacity and coefficient
of performance of thermoelectric cooler for a specific need. In
order to analyze more than one factor simultaneously, the
thermoelectric cooler's current and geometric parameters were
set to be variables. The described study emphasized to find out
the optimal values of current, length of n-type and p-type TE
elements and cross-sectional area of TE elements within size
restrictions on space. It was found that length, the cross-
sectional area of thermoelectric elements, and input electric
current had a great influence on the TEC performance.
Performance optimizations to maximize cooling capacity and
to maximize COP were successfully performed by the genetic
algorithm. The use of this stochastic optimization algorithm
based on natural genetics theory proved to be the right option.
The genetic algorithm successfully converged to the same
optimal results over several runs. The finite-element
simulations through ANSYS® validated the GA result.

The work suggests that these design variables should be
appropriately selected in practical application. Results
revealed that the relationship between the coefficient of
performance and cooling capacity is inverse. The maximum
cooling capacity does not provide optimum COP and vice-
versa. The smaller length of thermoelectric elements facilitates
maximum cooling capacity whereas greater length of elements
obtains maximum coefficient of performance. The best
performance requires specific values of electric current and
cross-sectional area of TE elements as per the objective
requirements. The appropriate optimum results can be
achieved for any space restriction. This study can guide the
TEC designers working for some specific cooling targets. The
use of microprocessor-based control of input power



parameters to get an optimal cooling with the best possible
COP under dynamic conditions needs to be explored.
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NOMENCLATURE

A cross-sectional area of TE elements, m?
COP coefficient of performance

| electric current, A

k thermal conductivity, W/m K
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L

N

P
PD
Q.
Qn
Rhs
RCT
RCU
S
Te
Th
TCO
Tho
Ta
Tave
Z

Greek symbols

length of thermoelectric element, m
number of thermoelectric couples

power input, W

packaging density

heat absorption rate at the cold side, W
heat rejection rate from the hot side, W
thermal resistance of heat sink, °C/W
thermal resistance of ceramic, °C/W
thermal resistance of copper, °C/W
available cross-sectional area of TEC, m?
temperature at the cold side of elements, K
temperature at the hot side of elements, K
temperature at the cold surface of TEC, K
temperature at the hot surface of TEC, K
ambient temperature, K

average of Tcand Tp, K

figure of merit, 1/K

Seebeck coefficient, V/K
electrical resistivity, Q m
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Abstract: The efficient thermal management of thermoelectric cooler (TEC) as
a sustainable cooling technology is important. The energy loss, electrical power
requirement, and irreversibility of the TEC system need to be minimized. Hence,
the loss of energy and energy quality (exergy) are two significant points of
concern. Thus, energy and exergy efficiency can be used as the key indicators to
optimize TEC’s performance. Through this work, authors separately optimized
TEC energy efficiency (1) and exergy efficiency (77u7) considering thermoelectric
elements geometry and electric current by using the genetic algorithm (GA). The
effects of electrical contact resistance and thermal resistance are considered in
the mathematical model of this work. Unlike previously reported works, the
authors have used junction temperatures different from surface temperatures at
the respective cold and hot sides of TEC. This study reveals that maximum
energy and exergy efficiencies are obtainable at the same values of electric
current, length, and cross-sectional area of thermoelectric elements. It is
significant as these identical optimum design variables assert maximum #; and
ni. At cold surface temperature (7¢) of 20°C, the maximum energy efficiency of
4.11 and the maximum exergy efficiency of 0.0715 are obtained. Exergy
efficiency can be used as the basis to choose TEC since it assures better energy
quality and connects with sustainable development. The genetic algorithm
optimization result is validated through ANSYS® finite-element simulation. This
study will help enhance actual TEC performance.
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1 Introduction

At present, more than three-fourths of refrigeration systems work on vapour compression
and use refrigerants. These systems are one of the most important factors of stratospheric
ozone depletion. The adverse environmental impacts of chloro-fluoro-carbons (CFCs),
hydro-chloro-fluoro-carbons (HCFCs), and hydro-fluoro-carbons (HFCs) used in vapour
compression-based cooling systems have forced the energy researchers to strongly explore
renewable alternatives. A promising eco-friendly replacement for the cooling systems
using refrigerants is thermoelectric cooler (TEC). A thermoelectric cooler is a solid-state
and practically silent device. TEC is powered by the Peltier effect and achieved by
supplying electric current through n-type and p-type thermoelectric material. TEC does not
have moving components. Thermoelectric coolers are significant because of the need for
steady, small size and environmental sustainability for many applications. Thermoelectric
coolers are prominently used for cooling requirements of small volumes. These are
preferred in various high technology applications such as electronics, space, medicine,
telecommunications, and others. TECs are best suited to areas that are not accessible to
COMPIessors.

Notwithstanding, currently, thermoelectric coolers have low rate of cooling and energy
conversion efficiency compared to other traditional cooling technologies that impeded their
wide-spread usage (Hermes and Barbosa, 2012). Various models and hypotheses have been
presented in the literature on this problem, and several solutions have been suggested
(Abramzon, 2007; Astrain et al., 2003; Cheng and Lin, 2005; Fabian-Mijangos et al., 2017;
Ferreira-Teixeira and Pereira, 2018; Ghoshal et al., 2002; Giri and Nain, 2019; Huang et
al., 2013; Jeong, 2014; Lee, 2013; Lee and Kim, 2007; Manikandan et al., 2016; Miner et
al., 1999; Nain et al., 2010; Pan et al., 2007; Seifert and Pluschke, 2014; Shen et al., 2020;
Thiébaut et al., 2017; Volklein et al., 1999; Yamanashi, 1996; Yu and Wang, 2009; Zhang,
2010). A significant number of papers are concerned with the design and simulation of
thermoelectric cooling or heat pumping systems. However, it is important to note that most
of these optimization attempts were primarily made to improve rate of cooling or
coefficient of performance (COP) of TEC. Energy has two faces: Exergy and Anergy. The
expression "exergy" derives from the Greek terms ex and ergon, representing from and
work (Dincer and Rosen, 2013). Exergy represents available part of energy. Anergy shows
dispersed part of energy source or lost potential. Very few articles appear to deal with the
exergy aspects of the thermoelectric cooling or heat pumping devices, two of such articles
which are prominent (Kaushik et al., 2015) and (Nami et al., 2017). Kaushik et al. (2015)
performed exergy analysis of reversible, endoreversible, exoreversible, and irreversible
heat pump. Analytical expressions of thermodynamic models were derived. Exergy output
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for the different temperature difference between hot and cold sides was observed. It was
found that exergy output increases at a higher temperature difference. The increment in
contact resistance reduces exergy output. Nami et al. (2017) reported a comparison of
single-stage and two-stage thermoelectric devices for COP and exergetic efficiencies. It
was established that a higher current is needed in a single-stage device for maximum values
of'energy efficiency and exergy efficiency. The research on exergy is focused on the quality
of energy used to assess the energy process in compliance with ideal thermodynamic
equality (Bejan, 2002; Dincer and Kanoglu, 2017). The exergy study is used to recognize
exergy losses. It is used to understand irreversible energy conversion losses in the design
of the system. To provide effective efficiency and meet several design requirements,
computer-aided design, optimization, and analysis have been important parts for the design
of thermoelectric cooling systems.

This work is a focussed effort on optimization of TEC to achieve maximum energy and
exergy efficiencies. The TEC geometry and current can change the efficiencies, and
optimum values can be obtained under given circumstances. In this article, the authors
attempted to present an optimization method for the TEC design for improved results by
considering three of the main parameters: namely electric current, length of thermoelectric
elements, and cross-sectional area of thermoelectric elements. Thereafter, a three-
dimensional TEC model is developed, and finite-element simulation is carried out
following the optimized value of exergy efficiency to validate GA results.

2 System description

A thermoelectric cooler consists of several couples made out of n-type and p-type
thermoelectric elements, as shown in Figure 1. These thermoelectric (TE) elements are tied
together electrically by using highly conductive copper tabs. These elements are connected
thermally parallel. This arrangement is sandwiched between two ceramic layers.

Figure 1 Schematic diagram of a Thermoelectric Cooler

/TCD ﬂ Heat Absorption (Cold Side)
Ceramic
’\T Copper
n T‘ P n n
I b TE Elements
2~ Tho
Heat Sink

| | Heat Rejection (Hot Side)

Current e—————— |
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A thermoelectric cooling system is configured to transfer thermal energy from the source
at temperature 7, to a sink at a higher temperature 7j,. The basic units of a TEC are
thermocouples that possess temperatures 7. and 7 at cold and hot junctions respectively.
Unlike previous works in the TEC system, the authors have used a model that appreciates
the difference between T, and 7. at the cold side and the difference between T}, and 7}, at
the hot side. The material properties and heat balance equations are fundamentally
established for thermocouple portions of TEC. In the present work, the authors have
modelled TEC realistically considering copper and ceramic effects with cold and hot side
temperatures of T, and T, for GA based optimization and finite-element simulations.
Electric power is provided as input to the TEC system, and the Peltier effect is at work
according to the direction of electric current.

Thermoelectric coolers are inherently irreversible because the flow of heat and current is
necessary during operation. These irreversibilities are the reason for the requirement of the
performance optimization of thermoelectric coolers.

3 Theoretical model of an irreversible TEC system

The reversible cycle concept as explained by Sadi Carnot is well established and
significant. Thermodynamically, a practical thermoelectric cooler can be modelled as an
irreversible reversed heat engine. An irreversible thermoelectric cooler possesses both
types of the irreversibilities, i.e., internal and external. The internal irreversibility is
generated as TEC operates between cold and hot junctions of n-type and p-type
thermoelectric elements at temperatures 7. and T, respectively. The external irreversibility
is generated for temperature gap 7.,-7. carrying heat absorption rate, Q. at the cold side
and for temperature gap 7-Tj, carrying heat rejection rate, QO at the hot side of the TEC
system. In the present work, unlike previous papers, the authors have used temperature 7.
different from 7c, and temperature 7, different from 7.

At the cold side of the thermoelectric cooler, the heat energy balance may be expressed
as:-

QC = QPeltier - Qconduction - Q}oule (1)
At the hot side of the thermoelectric cooler, the heat energy balance may be expressed as:-
Qh = QPeltier - Qconduction + Q]oule (2)

The Peltier heat (Opericr) at the cold and hot sides corresponds to la7. and /a7 respectively.
The irreversible heat transfer due to conduction (Qconducion) at the cold side and hot side
corresponds to K(7;-T,). The irreversible Joule heat generation (QJue) corresponds to Y2
PR. In these expressions, I refers to supplied electric current (A), « is the Seebeck
coefficient (V/K) and R represents the electrical resistance. 7. and T} are the cold side and
hot side temperatures (K) of n-type and p-type elements. If N represents the total number
of thermoelectric couples used in the thermoelectric cooler, the heat energy balance
equations become:

Q.=2N [1 aTe=K(Ty —T.) =3 P (R )] 3)
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Qn=2N [I aT.—K(T, —-T,)+ zll2 (R )] (€))

If k and r. represent the thermal conductivity (W/mK) and the electrical contact resistance
(Q@m?), respectively. L and 4 represent the length (m) and cross-sectional area (m?) of n-
type and p-type thermoelectric elements, respectively. Equations (3) and (4) can be
rearranged as:

B KA(Th—T,) 1 ) pL I'e
QC—ZN[I(XTC T 2—1 (X‘l‘ZK) (5)
_ KA(T,—T, 1 ) pL I'e
Qh—zN[I(XTh—T-l'Z—I (X-l'zz) (6)

The choice of the thermoelectric element’s material directly affects TEC performance.
Bismuth telluride (BiyTes3) is the premium material used in thermoelectric coolers. The
temperature-dependent properties of Bismuth telluride used in this study are calculated
from the below-mentioned expressions as specified (Fraisse et al., 2013).

a = (22224 4 930.6 Ty, — 0.9905 TZ,,) x 1077 (N
p = (5112 + 163.4 T, + 0.6279 TZ,.) x 10710 €))
k = (62605 — 277.7 Ty, + 0.4131 T2,.) x 107* 9

Where, Average Temperature, Ty, = 0.5.(T, + T)

The irreversible heat flow rate with the heat source or TEC cold surface temperature (7co)
to the cold side temperature of n-type and p-type elements (7,) is given by:

Qc :Uc Ac(Tco - Tc) (10)

Similarly, the irreversible heat flow rate with the hot side temperature of n-type and p-type
elements (7%) to the heat sink or TEC hot surface temperature (7o) is given by:

Qu=Up Ap(Tp, — To) 11

In the above expressions, U, and U, represent the overall heat transfer coefficients
(W/m?K) while 4. and 4, represent heat transfer surface areas (m?) at the cold and hot
surfaces of TEC.

Thermal conductance is reciprocal thermal resistance. The authors have used a thermal
resistance model. They have incorporated thermal resistances of ceramic substrates, copper
conductors, and heat sink at the hot side for realistic TEC model consideration. By using
thermal resistance models, Equations (10) and (11) are restructured as:

Tp = Qn(Rps + Rer + Ry + 1, (12)
T, = Teo = Qc(Rer + Rey) (13)

Where, Ry, R., and R, are the thermal resistances (°C/W) of the ceramic substrates, copper
conductors and heat sink.

From the ‘available work’ or ‘exergy’ point of view, it is well established by the researchers
that the exergy input to the thermoelectric cooling system is equal to the input electric
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power (P), and it is 100% exergy. The concept of exergy needs the first law of
thermodynamics as well as the second law of thermodynamics. In the thermoelectric
cooling system, the temperature of the cold side of TEC (7¢,) is less than the environment
temperature (7,). The temperature difference (7,-T¢,) leads to the absorption of heat from
the refrigerated space.

The first law of thermodynamics can be applied to obtain:
Exergy Input = Input Electric Power (P) = Q, — Q. (14)

Applying the second law of thermodynamics for irreversible TEC, we can write:

Xe_Z2h o (15)
Tco Tho

The second law of thermodynamics can also be applied to obtain rate of entropy generation
as:

. Qn Q
Rate of Entropy Generation,Sgen, = (—h - —C) >0 (16)
Tho Tco
If we combine the first law and second law of thermodynamics used for conservation of
energy and non-conservation of entropy, exergy balance for a thermodynamic system can
be obtained as:

Exergy Input = Exergy Output + Exergy Losses an

Exergy Input = Exergy Output + (Exergy Waste Emission
+ Exergy Destruction) (18)

The exergy output refers to the thermal exergy deposited at the cold side of the
thermoelectric cooler. This exergy transfer accompanying heat transfer Q. can be
calculated by (Bejan, 2016; Cengel, Yunus A. Boles, Michael A. Kanoglu, 2019; Moran et
al., 2018):

T,
Exergy Output =Q, (T—O - 1) (19)
co

Where T, represents a typical environment or outside temperature.

Exergy Waste Emission or Exergy lost represents the exergy rejected at the hot side of the
thermoelectric cooler (If present) and can be written as (Manikandan et al., 2016):

T,

Exergy Lost = Qy, (1 - —0) (20)
Tho

Substituting Equations (14), (19), and (20) into Equation (18), Irreversibility or exergy

destruction in the process can be obtained as:

Irreversibility or Exergy Destruction = T, (& - &> = To Sgen 21)

Tha Tca

First law efficiency or energy efficiency of a thermoelectric cooler is obtained as:
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Energy Output Q.

First Law Efficiency or Energy Efficiency (n;) = Energy Input 7

Oc
= — (22)
Qh - Qc
The Second law efficiency or exergy efficiency is a measure of approach to reversibility or
ideality. A key goal of exergy analysis is to identify this significant efficiency and actual
values of exergy losses with the identification of possible reasons (Dincer, 2016).

Exergy Output

Second Law Efficiency or Exergy Efficiency (n;;) = Exergy Input (23)
Alternatively, this can be expressed as:

Exergy Losses
=1 (24)

h Exergy Input

The purpose of the thermoelectric cooler is to absorb heat from the space to be cooled.
Thus, it helps in increasing exergy output while this heat absorption takes place. The exergy
efficiency of a thermoelectric cooler can be understood as the ratio of minimum exergy or
work requirement to the actual exergy input. For simplicity, the thermal reservoir at hot
surface temperature 7Ty, is set to be the typical environment. Hence, T}, is the outside
temperature (7,) for the thermoelectric cooler.

Hence,

_ Tho
Exergy Output =Q, (——1 (25)
TCO
Second law efficiency or exergy efficiency of an irreversible thermoelectric cooler is
obtained as:

T,
0 (F2-1) 1,5
— co —1_ hovgen
N - p 1 —p (26)

This establishes a relationship between first law efficiency (#;) and second law efficiency
(7)) of the thermoelectric cooler:

U
= —7 (27)

(72-1)

The COP of the thermoelectric cooler is the ratio of useful energy to the required energy
and is equal to energy efficiency as described in Equation (22). According to the reversed

m represents the Carnot or reversible Coefficient of
-ho_q
Tco

performance (COP), the highest theoretical COP of thermoelectric cooler working within
temperature bounds 7, and 7. Hence, the second law efficiency of TEC can also be
expressed as:

Carnot cycle phenomenon,
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_ Actual COP Actual COP
" Reversible COP or Maximum COP

N (28)

It is clear that Second law efficiency indicates the irreversibilities associated with the
thermoelectric cooling system and can vary from 0 to 1.

4 Optimization model formulation and implementation of genetic algorithm

In this study, two objectives are optimized separately. The first optimization problem's
objective is the First Law Efficiency (#;), which is of significance to obtain higher energy
efficiency in a restricted space. The second optimization problem's objective is the Second
Law Efficiency (#1), which is important to achieve a higher exergy efficiency. After
modelling, we select the design variables to achieve optimum engineering goals. The
geometry, material and operating conditions play a vital role in designing a TEC with
higher performances. The restriction of space in designing TEC is a major constraint. At
present, thermoelectric coolers are widely used in the high technology fields such as
electronics, telecommunications, space, and others. Space restrictions are very prevalent in
these fields and hence there are practical limits to the size of the thermoelectric cooler.
Therefore, the space constraints of the thermoelectric elements are very relevant
assumptions to consider. This study introduces a new approach by selecting three design
variables, i.e., length of n-type and p-type TE elements, the cross-sectional area of n-type
and p-type TE elements and the input electric current. For simplifying the complexity of
calculation, some assumptions are made for this study.

Heat transfer is assumed to take place along the length of TE elements.
The thermoelectric elements have the same cross-section and length.
Thomson effect is not considered.

Steady-state condition is prevailing.

4.1 Optimization of energy efficiency or first law efficiency (1;)

The first single-objective optimization problem for maximization of the energy efficiency
or first law efficiency (#;) of the thermoelectric cooler is formulated mathematically as:

Maximize n;
Subject to
Imin <I< Imax (29)
Lmin <L< Lmax
Amin <A< Amax

Where, (Znin, Imax)s (Lminy Lmax) and (Amin, Amax) are the bounds of design variables 7, L and
A, respectively. The bounds of the design variables of this optimization study are listed in
Table 1.



Title

Table 1 Lower and upper bounds of design variables

Variable Description Lower Bound Upper Bound
1 Input electric current, A 0.1 3.0
L Length of n-type and p-type TE 1.0 2.0
elements, mm
A Cross-sectional area of n-type and 1.0 2.0

p-type TE elements, mm?

Besides, the total number of thermoelectric couples (V) depends on the cross-sectional area
of TE elements and packaging density. Its value can be evaluated using this equation:

N = Available area (S) of TEC x packaging density (PD)

2xA G0

The detailed specifications of the thermoelectric cooling system considered for this work
are presented in Table 2.

Table 2 Specifications of the thermoelectric cooling system

Description Parameter Value
Available C.S. area of TEC S 15 mm x 15 mm
Packaging density PD 80%
Ambient temperature T, 25°C or298.15K
Cold surface temperature Teo 20°C or 293.15 K
Electrical contact resistance re 1x10%Qm?
Thermal resistance of heat sink Ris 0.10 °C/W
Ceramic thermal conductivity ker 35.3 W/m°C
Copper thermal conductivity keu 386 W/m-°C

The lower bound and upper bound of the number of thermoelectric couples is the dependent
variable and become 45 and 90, respectively for the present work. The cold side and hot
side ceramic substrates are 0.2 mm in thickness. The cold side and hot side copper tabs are
considered 90% of the available cross-sectional area of TEC and 0.1 mm in thickness. The
parameter values as described in Table 1 and Table 2 are based on information provided
by TEC manufacturers on technical catalogues.
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4.2 Optimization of exergy efficiency or second law efficiency ()

The second single-objective optimization problem for maximization of the exergy
efficiency or second law efficiency (ny;) of the thermoelectric cooler is formulated
mathematically as:

Maximize ny;
Subject to
Imin <I< Imax (31)
Lmin <L< Lmax
Amin <A< Amax

The bounds of design variables and specifications of thermoelectric cooling system
resulting in variations of output are identical to previous optimization problem of
maximization of energy efficiency as discussed in section 4.1.

4.3 Implementation of Genetic Algorithm

In complex engineering applications, the implementation of stochastic algorithms has
become popular and common. The stochastic algorithm, like genetic algorithm attempts to
perform a global search within the search space of design variables. Because of the
promising potential researchers are using stochastic methods to evaluate, predict, and
optimize different systems.

Genetic algorithm (GA), which is used for this study, uses a population of individuals to
search the design space. It is based on natural genetics. A population represents a set of
solutions. Each individual of a population represents a candidate solution. The initial
population is processed for fitness evaluation. Each individual of the population is assigned
a fitness score based on the objective function. GA performs its evolution by undergoing
processes inspired by evolutionary biology. New generations are created using selection,
crossover, and mutation of solutions. In each generation, the individuals are evaluated for
fitness scores. Individuals with the highest fitness are chosen to produce offspring for the
new generation. GA tries the search process in whole design space and has the ability to
concentrate on global optimum or near-global optimum location. After completion of
certain generations, GA population finally converges towards the optimum solution.

In the literature, many coding schemes are available for genetic algorithm such as binary-
coded GA, gray coded GA, integer genes, and real-coded GA (RGA). RGA is more popular
than others because of its inherent potential to directly provide numeric value solutions
with no need to code and decode the solutions. Many real-world applications have shown
the advantage of RGA compared to others. The simulated binary crossover (SBX) operator
performs excellently in optimization problems with continuous search space. The real-
variable GA is implemented in this paper as created by Deb and Agarwal (1995). GA
parameters settings used for this work are given in Table 3.
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Table 3 GA parameters

Parameter Value
Population Size 50
Generations limit 1000
Crossover probability 0.80
Mutation probability 0.25

The GA solution procedure adopted for this study has the major steps as described below:
Major Steps used for Genetic Algorithm Optimization Process

Input: TEC dataset and GA parameters

Output: Optimum solution as per the objective

Begin

a. Initialize the population

b. Guess the values of 7; and T

c.  Compute the values of TE material properties and Q. and Oy using Equations (5-9).
d. Compute new values of T, and T, and replace old values with new values.

e. Repeat the process until the difference in new and old values of 7} and 7. becomes

negligible.

f.  Accept the individual (solution) of the population, if it satisfies the conditions at
step-e mentioned above.

g. Evaluate the individual of the population for fitness values.

h. Take the next individual of the current population and repeat the process discussed
above.

i.  After the entire population is evaluated, a new population is formed by using
selection, crossover, and mutation operators of genetic algorithm.

j-  The entire process is repeated for a stipulated number of maximum generations.

k. The important statistics of generations are reported.

5 Results and discussion

In two single-objective optimization problems, the energy efficiency and the exergy
efficiency of the irreversible thermoelectric cooler are maximized using genetic algorithm.
Genetic algorithm based optimizations are coded in C language. In this study, the GA
source code developed by Deb (2001) was employed. Multiple independent runs were
performed for each optimization problem. Table 4 contains the best optimization results
after 1000 generations for multiple runs of energy efficiency maximization and exergy
efficiency maximization. These best results are repeatedly found over various runs.

The optimal values of design variables are identical for both the optimization problems as
per simulation results. The optimum input current to obtain maximum energy and exergy
efficiency are with the same values of 0.28A. This finding of results is a reliable match as
reported by researchers (Kaushik et al., 2015; Manikandan et al., 2016). This study found
that besides input current, the length and cross-sectional area of TE elements to obtain
maximum energy and exergy efficiencies are also the same. The overall findings of this
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study are superior to previous approaches because the previous studies reported similar
values of one variable while other parameters were kept constant to obtain peak values of
1 and ny. In the optimized solutions, the length of TE element is found as 2.0 mm which
is the upper limit of the range. The other design variables (/ and A) are unique and well
between the bounds of given ranges. Depending on the optimal design values of three
different variables, the corresponding temperature 7} is obtained as 25.11°C, and T¢ is
found as 19.97°C. The corresponding hot surface temperature (7},) is estimated as 25.09°C.
The rate of cooling (Q.) and the rate of heat rejection (Q) are achieved as 0.746 W and
0.927 W, respectively. Exergy parameters for optimized exergy efficiency are given in
Table 5.

Table 4 Results of GA based optimization for maximization of Energy and Exergy
Efficiencies

Optimal Values of Design Variables

Case 7l nu 1 L A N
(Dependent)
Optimization
of Energy 4116 0.0715 028 A 20mm  1.956 mm? 45
Efficiency
Optimization
of Exergy 4116 0.0715 028 A 20mm  1.956 mm? 45
Efficiency

Table 5 Exergy parameters for maximized exergy efficiency ()

Maximized Exergy Exergy Exergy Exergy Entropy
Efficiency Input Output Destructed Generation Rate
7.15% 0.1874 W 0.0134 W 0.1740 W 0.5835x103 W/K

The heat rejection increases the rate of entropy generation (S,es) and exergy destruction in
the TEC system. The work provided to the TEC system includes exergy transfer towards
the cold side and loss of available work due to the irreversibility of the system. Hence, the
required work exceeds the threshold value. Sge, is minimized for maximum exergy
efficiency. The exergy efficiency or second law efficiency is maximized and achieved as
7.15%.

6 Finite-element simulation with ANSYS®

The finite-element simulation is an effective computational method for approximate
solutions to a number of complex real-world engineering problems with boundary
conditions. It has become a key software for the analysis of real-world problems in the
engineering domain. The authors have used finite-element simulation to validate GA result.
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Since the maximum energy and exergy efficiency are obtained at the same amount of 7, L,
and 4, any of the two maximization results can be tested. The authors have selected
maximum exergy efficiency to be verified as it can be the preferred basis of TEC design
because of environmental concerns. The ANSYS® is a multi-purpose analysis tool to
generate the finite-element model and perform simulation for a wide range of engineering
areas. ANSYS® is capable of providing coupled solutions to electric and thermal fields that
are required for TEC simulation. Hence, the authors have used ANSYS® for finite-element
simulation for this work. There are three major steps involved in the finite-element analysis
of the thermoelectric cooling system using ANSYS® : (a) Finite-element model generation
(b) Finding solution after specifying boundary conditions (c) Reviewing plots and results

A non-linear three-dimensional finite-element model has been set up. This finite-element
model consists of a TEC structure with one pair of n-type and p-type thermoelectric
elements following GA result. The authors have used a new approach for taking
consideration of electrical contact resistances in both the junctions. A new geometric part
at each end of each thermoelectric element is added to incorporate the effect of electrical
contact resistances. These new parts are termed as ‘Contact Resistance’, and the complete
TEC structure for finite-element simulation is shown in Figure 2. Each ‘Contact
Resistance’ part has material properties pertinent to thermo-electric behaviour of electrical
contact resistance.

Figure 2 TEC structure for finite-element simulation

Q

| I
ﬁ‘

n p Contact Resistance

Current —>

Qp

The input parameters for finite-element simulations to validate genetic algorithm result of
maximum exergy efficiency of TEC are given in Table 6. Except for those for which the
boundary conditions are specified in Table 6, a small convection loss of 0.000001 W/mK
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is added to all surfaces of the adiabatic heat transfer models from the exposed surfaces of
the thermoelectric cooling system.

Table 6 Input Parameters for Finite-element simulations to validate GA result of
maximum exergy efficiency

Description Parameter Value per pair of
TE Elements

Rate of Cooling O. 0.0165 W

Current 1 0.28 A

Hot Side Temperature Tho 25.09 °C

of TEC

The steady-state finite-element TEC model for validating GA results has thermoelectric
elements of length and cross-sectional area as reported in Table 4. The material properties
of thermoelectric elements are temperature-dependent and computed using 7. and Tj
values. The GA predictions for maximum exergy efficiency were tested. The mesh
generated for this simulation, electric voltage distribution, and temperature distribution are
shown in Figure 3.

Figure 3 (a) Mesh generation (b) Temperature distribution (c) Voltage distribution in
the Finite-Element Model for Maximum Exergy Efficiency

a) Mesh generation
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(b) Temperature distribution

25.149 Max
24,529
23.909

23.29

22.67

22.051
21.431
20.811
20,192
19.572 Min

(c) Voltage distribution

Time:
6/13/2020 7:38 PM

0.01572 Max
0.013973
0.012227
0.01048
0.0087333
0.0069867
0.00524
0.0034933
0.0017467

0 Min

The result of the finite-element simulation is in strong alignment with those predicted by
GA. This comparison of the results is shown in Table 7.
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Table 7 Comparison of GA and ANSYS® results for maximum exergy efficiency

Description Parameter GA ANSYS® Remarks
Input Electric Power P 0.004 W 0.004 W Value for one
Rate of heat rejection O 0.021 W 0.021 W pair of TE
Cold surface temperature Teo 20 °C 19.61 °C elements

As can be seen from the comparison presented in Table 7, the values of P and Q) perfectly
match while T, slightly differs which is quite acceptable. The ANSYS® result strongly
matches the GA result. The GA optimization result is verified by the ANSYS® thermal-
electric module solutions.

7 Conclusion

The purpose of the first and second laws of thermodynamic analysis of this work is to find
maximized energy efficiency (7;) and exergy efficiency (nz) of a TEC. This study
introduces a new approach by selecting three design variables, i.e., length of n-type and p-
type TE elements, the cross-sectional area of n-type and p-type TE elements, and the input
electric current. The authors have used a thermal resistance model in both analytical and
numerical models. The thermal resistances of ceramic substrates, copper conductors, and
heat sink at the hot side have been incorporated for realistic TEC model consideration.
Unlike previously reported works, the authors have used junction temperatures different
from surface temperatures at the respective cold and hot sides of TEC.

Previous studies (Kaushik et al., 2015; Manikandan et al., 2016) indicate that #; and #; are
maximum at the same current. This study has shown that the maximum values of #; and 7
are obtained not only at the same current but the length and cross-sectional area of
thermoelectric elements are also the same. In previous studies, the identical electric current
for maximum #; and ny were recorded, while other parameters were kept constant. If we
consider three performance indicators for thermoelectric coolers, i.e., cooling capacity,
energy efficiency (7;) and exergy efficiency (), through this work it is clear that
maximum #; automatically assures maximum 7;.

For environmental consideration, the authors recommend the maximization of exergy
efficiency as the basis of TEC design. The improvement in exergy efficiency is a reflection
of the thermodynamic improvement of the thermoelectric cooling operation and high
sustainable score. Exergy analysis includes all losses (irreversibilities) in the parts and
complete thermoelectric cooling system. Irreversibilities can be minimized to get
maximum exergy efficiency, which makes the TEC system more sustainable.

Since it is a numerical simulation, a different technique is required to validate the GA
result. Hence, the authors have tried to validate the maximized exergy efficiency solution
and tested with the finite-element TEC model. The genetic algorithm solution is validated
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through finite-element simulation using ANSYS® thermal-electric module which is well
in agreement with each other.

The dimensionless figure of merit (Z7) of thermoelectric materials plays an important role
in characterizing the performance of TEC. It is important to develop more efficient
thermoelectric materials with a focus on maximizing Z7 value. When significant advances
in the peak value of the dimensionless figure of merit of thermoelectric materials will be
found, the exergy efficiency of TEC can be higher than the vapour compression
refrigeration systems. Future research on sustainable TEC design should consider different
thermoelectric materials at different temperatures range.
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Thermoelectric Cooler in Restricted Space using
Stochastic Algorithms
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Abstract: In the present study, a mathematical model of single
stage thermoelectric cooler (TEC) is reported. This model is then
employed to optimize the rate of refrigeration (ROR) which is one
of the important performance measures of TEC. Two stochastic
algorithms, namely, the genetic algorithm (GA) and simulated
annealing (SA) are employed for optimizing the said performance
of TEC for restricted space. The selected design variables are the
geometric structural parameters of TEC elements and the input
current. This study also includes the thermal resistance of hot side
heat exchanger and electrical contact resistances into
consideration. The results show that these design variables can be
optimally set to maximize ROR within restricted space very
significantly. The two algorithms for optimization attained almost
the same values of design variables that lead to optimum ROR,
though the GA could locate multi-modal optimum and hence can
be used by the designer to choose among various options of design
variables without compromising on the optimized value of ROR. .

Index Terms: Single-stage thermoelectric cooler, Rate of
refrigeration, Genetic algorithm, Simulated annealing

I. INTRODUCTION

Thermoelectric technology has endeavoured to pave the
way for green energy devices. A thermoelectric cooler (TEC)
fundamentally works on the Peltier effect, a well-known
principle discovered by Jean Peltier in 1834. Thermoelectric
coolers are hassle-free solid state devices with nho moving
components and no refrigerants. These devices produce no
harmful chlorofluorocarbons (CFCs) compared to traditional
refrigeration or cooling systems. In thermoelectric coolers,
electric current flows through p-and n-type semiconductor
elements and a temperature gradient is established. The small
size thermoelectric coolers have applications in fields such as
optical, laser, radio-electronic devices. Modular design, high
reliability, low maintenance, and noiseless operation provide
benefice for new horizons of TEC applications [1], [2], [3],
[4]. Eco-friendliness of thermoelectric cooling makes these
devices suitable for the cooling method of the future.
However, thermoelectric coolers are limited in applications
due to their low rate of refrigeration (ROR) and low
coefficient of performance (COP) compared to
compressor-based systems. In the past, some researchers have
worked to synthesize newer semiconductor materials with a
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high figure of merit. But comparable refrigeration rate and
coefficient of performance are still not achieved. Hence, itisa
challenge to achieve the highest possible ROR and COP with
the available semiconductor materials. Further, to increase
market penetration of thermoelectric coolers, the main
challenge is to upgrade its ROR and COP within available
space.

The conversion of electrical energy into a temperature
gradient depends on the figure of merit (Z), which is managed
by the properties of thermoelectric materials and determined
by «’/RK; « represents Seebeck coefficient, R represents
electric resistance and K represents overall thermal
conductance. Numerous research is carried out to maximize
the figure of merit of the thermoelectric materials which
provide optimum cooling effects [5], [6], [7], [8].

The performance of thermoelectric coolers with different
arrangements has been reported by the researchers. Martnez
et al. [9] used the thermoelectric system for temperature
control without the use of any external electrical power
source. The heat generated in the internal source was
transformed into the electricity and supplied for cooling of the
device. It was highlighted that thermal resistance between
the source of heat and environment can be lowered by
25-30%. Chang et al. [10] reported the performance of
thermoelectric air cooling module employed in the electronic
devices. The results show that at a specific heat load, the
module reaches the best cooling performance at an optimum
input current. Commercially available  solid-state
thermoelectric devices may be used for their electrical power
generation capabilities when coupled to a thermometric
refrigerator or heat pump. The DC current provided to run a
thermoelectric refrigerator can also be generated from solar
cells.

Many researchers have done experimental investigations of
a TEC coupled with a solar cell. Dai et al. [11] investigated a
thermoelectric refrigeration system driven by solar energy.
The temperature in the refrigerator was successfully
maintained between 5 to 10°C with a COP of 0.3. A solar
driven thermoelectric cooling module with a waste heat
refrigeration unit designed for green building application has
been investigated by Cheng et al. [12]. It was found that the
approach was able to produce a 16.2°C temperature
difference between the ambient temperature and the air
temperature in the model
house. An analysis
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of TEC performance has been conducted for high power
electronic packages such as processors by Zhang et al. [13].
The cooling configurations and optimum current resulted in
substantial thermal enhancements.

Huang et al. [14] used the conjugate-gradient method for
TEC geometry optimization at a fixed current and fixed
temperature difference to achieve optimized cooling rate. The
effects of applied current and temperature difference on the
optimal geometry were discussed. A review of cooling
parameters and related performance along with possible
approaches to improve COP of TEC has been presented by
Enescu and Virjoghe [15]. Lin and Yu [16] indicated that
trapezoid-type two-stage Peltier couples can reduce thermal
resistance followed by improved cooling capacity and COP.
Nain et al. [17] optimize structural parameters to improve
ROR and COP of a single-stage TEC.

The importance of the development of high performance
and cost controlled cooling systems for small enclosures is
significant. In this study, a mathematical model of single stage
thermoelectric cooler is used for establishing the rate of
refrigeration in terms of design variables and material
properties. Then this ROR is optimized by two stochastic
optimization techniques, namely, genetic algorithm (GA) and
simulated annealing (SA) independently [18], [19], [20], [21]
[22]. Genetic algorithm and simulated annealing are the
stochastic algorithms that are able to search large regions of
the solution’s space without being trapped in local optima.
The design variables that maximize ROR within considered
available space are reported.

Il. MATHEMATICAL MODELLING

The physical model of a single stage thermoelectric cooler
is shown in Fig. 1. It includes one thermoelectric module,
corresponding cold, and hot side material, and external hot
side heat exchanger.

HEAT ABSORPTION

—

METAL

STRIP
CERAMIC
SUBSTRATE

TE
ELEMENT

HEAT REJECTION

|+

—
— 1 || D.C. POWER SOURCE

Fig. 1: Schematic Diagram Of A Single Stage
Thermoelectric Cooler

The present analysis starts with the phenomenological
relations described in the literature [23], [24]. The Peltier
effect is the basis for thermoelectric cooling. As a result of DC
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current flow through a number of pairs of n- and p-type
thermoelectric elements linked together electrically in series
and thermally in parallel, a temperature difference is created.
The thermal conduction from the hot side of the module to the
cold side. The Joule heat resulting from the current flow in the
thermoelectric materials will also be generated. Half the Joule
heat thus generated will flow on each side of the module. An
electrically insulated and thermally conductive material is in
thermal contact with a heat source on the cold side of the
junctions and with a heat sink on the hot side of the junctions.
The electrically conductive material is alternately attached to
the cold and hot side to form an electrical circuit inside the
thermoelectric module as shown in Fig.1. The external hot
side heat exchanger dissipates heat to the ambient
environment.

The equations for heat balance at the two junctions of the
module are:-

Qe 2N[laTm BT _ip( oty ()

L A

g2 N[laT- 2 2p(Z425)] @
Where, Qy is the rate of heat rejection from the hot junction
and Q. is the rate of heat absorption at the cold junction which
is referred as the rate of refrigeration (ROR) in common
usage. Thermoelectric material properties a, p, k and r. are the
Seebeck  coefficient, electrical  resistivity, thermal
conductivity, and electrical contact resistance, respectively.
Thand T are the hot and cold junction temperatures and L and
A are the length and cross-sectional area of thermoelectric
elements, respectively. | is the input electric current and N is
the number of thermoelectric couples in the module. Heat
flows kA (T, —T)/L and % 12 (pL/A+2r./A) refers to thermal
conduction and Joule heat, respectively. IaT; is the Peltier
heat at the hot junction and laT, is the Peltier heat at the cold
junction.

The material of the thermoelectric elements used in this
study is bismuth telluride. The thermoelectric material
properties are based on the average temperature (T,.) of the
cold and hot side temperatures. The equations for this
temperature range are provided by Melcor [25] and described
as follows:

a = (22224 + 930.6 Ty, — 09905 T3,) x 107° (3

p= (5112 + 163.4 Ty, +0.6279 T3, ) x 1075 (4
k = (62605 —277.7 Ty, + 04131 T5,) x 1074 (5

In this work, the thermal resistance of hot side heat exchanger
is taken into account in order to discuss its effect on the hot
junction temperature prediction and performance of the
system in such a way that following equation is satisfied.

Th =Qn%Bm +T; (6)
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Where Ry, is the thermal resistance of hot side heat exchanger
and T, is the ambient temperature.

I1l. NUMERICAL OPTIMIZATION OF SINGLE
STAGETEC

In order to analyze the performance of a single stage TEC,
the rate of refrigeration of the system is examined. The
thermoelectric cooler has to be designed as compact as
possible because the space in electronic equipment is limited.
In this study, the cross-sectional area of the thermoelectric
cooler (S) is fixed as 25 mm’. Further, there is also a
restriction on the maximum length of elements which makes
the total space restricted. The optimization process starts by
selecting the length of elements (L), cross-sectional area of
elements (A), a number of thermoelectric couples (N) in TEC
and input current (1) to be the design variables. The objective
is now to find the values of L, A, N and | for achieving the best
performance, i.e., max ROR using equation (1) for the
thermoelectric cooling system in restricted space.

The optimization of the rate of refrigeration of
thermoelectric cooler is stated as the following single
objective constrained optimization problem

Maximize ROR
subject to
'ir:l:nz':'z =Il= fm:z.r
Lmz’n =L = max (7)
A?m’n =4 = J'{!:'mz.r
Nmz':lz =N = N:'ﬂﬁ.t‘

The thermal resistance of hot side heat exchanger is fixed
as 0.1°CW™. An increase in thermal resistance of hot side
heat exchanger decreases the rate of refrigeration and
increases the hot-side temperature. The other fixed design
parameters are the electrical contact resistance as 1x107®
Q-m?, cold junction temperature as 293.15 K and ambient
temperature as 298.15 K. The packaging density is taken as
80% considering practical manufacturing limitation. The four
design variables are allowed to vary within certain ranges as
per real-world applications. The length and cross-sectional
area of elements are in the range of 0.5-1.5 mm and 0.25-1.0
mm?, respectively. The available cross-sectional area of TEC
and the maximum length of elements makes the total space
restricted as 25 mm? x 1.5 mm = 37.5 mm®.

The number of thermocouples (N) is a dependent variable,
as its value depends on the available cross-sectional area of
thermoelectric cooler and the cross-sectional area of TE
elements. The number of thermocouples is rounded down to
the nearest integer which is obtained using equation (8).

Sxpackaging density (8)
2xA

J.hhrz

The available TEC cross-sectional area of 25 mm? with 0.8
packaging density allows the number of thermocouples to
vary from 10 to 40 in this work. The input current is allowed
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to vary in the range of 0.1-3.0 ampere. The hot side
temperature (Ty) is initially fixed to some guessed value so
that the material properties can be obtained using equations
(3), (4) and (5). Employing equations (1), (2) and (6), the new
value of T, is calculated. This difference of guessed and the
new value of Ty is used to modify the guess value of T
iteratively, till the difference becomes negligible. In this
work, we have separately applied genetic algorithm &
simulated annealing as optimization tools for the same
optimization problem.

IV. OPTIMIZATION RESULTS

(A) Optimization results using GA

The real-variable genetic algorithm employing SBX
operator developed by Deb and Agarwal is used for single
objective optimization [20]. The algorithm is coded in C
language. GA requires a population of data points to be
evaluated over multiple generations to reach an optimal
solution. Table | shows GA parameters, applied in the single
objective optimization of ROR. Since the genetic algorithm is
a stochastic algorithm, therefore, the simulation was run five
times and the best one is reported. The parameters values
which are used in optimization by GA are reported in Table I.

Table I. Parameters Settings for GA

Population size 20
Crossover probability 0.80
Mutation probability 0.25

Termination Criteria 1000 generations

Number of runs 5

The search process is completed very quickly with GA. The
optimization history for best run in terms of the optimized
average ROR for the entire population with generation
number is shown in Fig. 2. Under the set conditions GA has
achieved the optimum ROR as 1.144869 W at a current (1) of
2.360 A, TE element length (L) of 0.542 mm, cross-sectional
area of TE element (A) of 1.0 mm? The optimal value of the
length of TE elements is 0.542 mm and it demonstrates that it
is unique while maximizing ROR and does not hit any variable
bound of the permitted range of 0.5-1.5 mm. The optimal
value of the cross-sectional area of TE elements hit the upper
variable bound of 1.0 mm? and hence, it signifies the
importance of exploring the upper limit of the permitted range
of cross-sectional area of TE element. The optimal number of
thermoelectric couples (N) is 10.
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Fig. 2: GA Convergence Curve Of Optimized ROR

Additionally, in order to examine the possibility of multiple
optima in the search space, this simulation was repeated many
times with different settings. It was found that the present
optimization problem is having three distinct optima with
same values of ROR. Hence, it is a case of multimodal
function optimization. The optimal parameters for these
captured peaks are reported in Table Il. These three captured
peaks of the objective function are labeled as Optima-1,
Optima-2, and Optima-3. If we observe all three optimum
solution vectors reported in Table I, it is found that the
optimal value of the length of TE elements ‘L’ is 0.542 mm in
all three cases.

Table Il. GA optimization results

Table I11. Parameters Settings for SA
Initial Temperature 1.0
Final Temperature 1e™°
Cooling Factor 0.8
Boltzmann Constant 1

Number of iterations 500

per temperature level
The Optimum ROR captured by SA is 1.144869 watts. The
solution vector is identical to one obtained from GA and
labeled as Optima-1 in Table Il. This simulation was also
carried out several times with different settings but SA is able
to capture only single best peak as reported in Table IV.
These identical results obtained from GA and SA doubly
ensure the optimized value of ROR and corresponding
optimal design parameters.

Table V. SA optimization result

S. | L A N | Optimized Label
No. | (A) | (mm) | (mm? ROR
(Watts)
1 |2360|0542 | 10 |10 | 1.144869 | Optima
-1

Optimized
'\?6 ('L\) (mLm) (m?nz) N ROR Label
. (Watts)
1 | 2360|0542 | 1.0 |10 1.144869 Op_tima
2 (1180 | 0542 | 05 |20 | 1144869 | OPUM
3 /0944|0542 | 04 |25/ 1.144869 Op_téma

(B) Optimization results using SA

These optimization results and searchability of GA is
checked by applying another robust stochastic algorithm
which is simulated annealing. Simulated annealing is a
random search procedure for global optimization problems,
and it resembles the annealing process to solve an
optimization problem. The process uses the careful control of
temperature and cooling rate that controls the search. The
temperature parameter is high at the start and a number of
iterations are executed before lowering the temperature at
each instant till the convergence criteria is satisfied. The SA
source code that works robustly for MATLAB® and able to
handle non-linear constraints is developed by Xin-She Yang
and used in this work [26]. The simulation was run with
different settings of SA. Table I1l shows SA parameters with
best-obtained performance, applied in optimizing ROR.

Retrieval Number B2701078219/19©BEIESP
DOI: 10.35940/ijrte.B2701.078219

2309

The mathematical model of the present work has defined
ROR as a function of I, L, A, and N. The variables I, L and A
are the independent design variables whereas N is a dependent
design variable because it is calculated by using the value of A
and employing equation (8). We observe from Table Il and
Table IV that the optimal value of L is 0.542 mm in all the
results discovered by GA and SA. Though ROR is a function
of three independent variables namely I, L and A. If we fix L
at 0.542 mm as found in all solutions of this optimization
problem, it is possible to represent ROR with two remaining
independent variables I and A in a 3D plot by using equation
(1). Hence a 3D plot is drawn employing equation (1) with L
fixed at 0.542 mm and shown in Fig. 3. The parameters I, A
and ROR are shown on the X-axis, Y-axis, and Z-axis,
respectively. Then, we have superimposed the three optima
which were discovered by GA and reported in Table 1. These
are labeled as Optima-1, Optima-2, and Optima-3 in the same
order as reported in Table I1. If we refer to Table Il and Table
IV, we find that the Optima-1 is discovered by both, GA and
SA while the Optima-2 and Optima-3 are discovered by GA
only. Though the optimum ROR is 1.144869 W in all the
solutions vectors, GA has discovered all three possible optima
and hence, it is able to handle this multimodal optimization
problem. SA was unable to find multiple optima though the
simulation was run at repeated times with different settings.
Hence, in the present multimodal problem, GA has partially
outperformed SA.
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ROR - Rate of Refrigeration
A - C.S. Area of TE Elements
| - Input Current

L - Length of TE Element

Representative optimized
ROR surface with length 'L*
fixed as 0.542 mm

ROR (W)

(GA & SA)

Fig. 3 Multiple optima labeled at the ROR surface with
thermoelectric element length L = 0.542 mm

V. CONCLUSION

The importance of TECs is significant in the present
scenario when the world is facing the challenge to provide
devices which are ecologically green and the cost-effective.
Thus, it is important to study these devices to derive their
maximum performance within the technological limitation of
manufacturing. This work attempted to find out the optimum
design parameters to improve an important performance
measure (ROR) of TEC using GA and SA. This work has
demonstrated that the geometric structural parameters of the
thermoelectric elements and the input current have an
influence on the rate of refrigeration of TEC and can be
suitably varied to enhance the performance of TEC. The ROR
of thermoelectric cooler within the total restricted space of
37.5 mm?® of TEC was successfully optimized in this work.
The conspicuous observation of GA and SA results in present
work is that GA search outperformed SA and located multiple
optima. The combined selection of input current and the
geometric structural parameters used as design variables in
this work provides a guide to future research. The current
optimization problem can also be attempted by using different
optimization methods as Huang et al. have employed in their
work [14]. Designers can handle space restriction for the case
at hand and improve ROR.
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Review of Recent Progresses )
in Thermoelectric Materials L

Jitendra Mohan Giri and Pawan Kumar Singh Nain

Abstract Thermoelectric (TE) technology facilitates the direct conversion of heat
into electricity and vice versa. Thermoelectric materials attract researchers since they
facilitate a promising green energy solution in the form of solid-state cooling and
power generation. However, the low energy conversion efficiency restricts the use
of TE materials in real-world applications. Developing highly efficient thermoelec-
tric materials is necessary to benefit the environment as well as the economy. The
performance of a particular TE material is generally evaluated by the dimensionless
figure of merit (ZT). Recent years have witnessed progress with new techniques
in maximizing the ZT values of various thermoelectric materials. In this review, we
summarize recent development in thermoelectric materials for a specific temperature
range, which has been developed to improve their maximum Z7 value up to 95% at
the same temperature.

Keywords Thermoelectric materials - Thermoelectric performance *
Dimensionless figure of merit - Seebeck coefficient

1 Introduction

The environmental issues resulting from unsustainable consumption of fossil fuels
are well known. Thermoelectric (TE) devices are compact, noiseless, and environ-
mentally friendly and exhibit a leading potential for sustainable development. The
thermoelectric module is a p-type and n-type semiconductor element-based solid-
state device that converts the thermal energy with temperature difference into electric
power (known as Seebeck effect) and also capable of converting electrical energy
into temperature gradient (known as Peltier effect). Based on the directions of energy
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conversion, these devices are termed as thermoelectric coolers (TEC) and thermo-
electric generator (TEG). Thermoelectric generators allow obtaining electricity from
any heat source, which shows fantastic application potential. From micro-scale appli-
cations to large-scale applications, thermoelectric coolers offer a futuristic role in
cooling systems as they work without any moving element involving working fluid.

2 Background

Thermoelectricity is based on two primary thermoelectric effects; the Seebeck effect
and the Peltier effect. According to the Seebeck effect, an electromotive force emerges
through the electrical circuit consisting of p-type and n-type semiconductor materials
and connected in series when contacts are maintained at different temperatures.
According to the Peltier effect, if the electric current passes through the circuit of
p-type and n-type semiconductor materials, interconnected in series, heat flows from
one side to the other side. So, one side of the thermoelectric module is cooled while
the other side gets heated.

The performance of any thermoelectric material is generally recognized by the
figure of merit (Z). Z depends on three essential material parameters: Seebeck coef-
ficient (), electrical conductivity (o), and thermal conductivity (k) and usually
expressed in the dimensionless form at an absolute temperature (7). The dimen-
sionless figure of merit (Z7) is defined as ZT = S20 T/k. Alternatively, ZT is also
defined as (S%/p«) T, where p is the electrical resistivity. A large power factor (5%/p)
is required to enhance thermoelectric performance. A good thermoelectric material
should possess a large Seebeck coefficient (S), low thermal conductivity (o), and
high electrical conductivity (k). The conversion efficiency of TE devices is directly
related to the dimensionless figure of merit of their constituting materials. Thus, a
high value of the figure of merit is highly desirable.

3 Recent Progresses to Enhance ZT of Thermoelectric
Materials

In recent years, researchers applied new approaches and techniques in maximizing
the ZT values of various thermoelectric materials. The available thermoelectric mate-
rials exhibit varying performance in the different temperature ranges. Improvement
in each available thermoelectric material is a focused goal of researchers for a sustain-
able alternative of conventional energy converters. Earlier, the performance of the
semiconductors used in TE applications was dependent on the available pure and
perfect single crystals. However, these materials can be doped by adding small quan-
tities of impurities. These impurities act as the electron donor for the parent materials.
Most traditional semiconductors have cubic structures, whereas anisotropic crystals
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are used for TE applications. The task of designing high-performance thermoelectric
materials is to adjust the physical parameters of interconnected S, o, and « for a crys-
talline structure. Thermoelectric transport includes the flow of thermal energy and
charge. The energy of phonons (vibrational waves of atoms) represents the thermal
energy. Electron scattering on phonons creates electrical resistance. Through incor-
porating some new scattering mechanisms, nanostructures provide an opportunity
to sever the connection between electric and thermal transport. The lattice thermal
conductivity needs to be reduced for improvement in TE performance. Mass fluc-
tuations increase through vacancies, and interstitial atoms result in higher phonon
scattering that can lead to better TE performance. Sintering of bulk materials and
melting production are the techniques used for research efforts to get improved TE
materials. This work summarizes recent approaches to enhance the ZT of various
thermoelectric materials. There is a wide variety of elements and compounds which
can be categorized as thermoelectric materials. It is to be noted that every thermo-
electric material exhibits different performance at different temperatures. Hence,
it is not possible to recommend a single TE material that is suitable for all prac-
tical ranges of temperature in real-world applications. Thus in the present study, the
authors have classified the TE materials based on their suitability for low-, medium-,
and high-temperature applications.

3.1 Low-Temperature Thermoelectric Materials (300-500 K)

Bi, Te; and its alloys with ZT values of around 0.9-1.0 are considered prominent TE
materials at room temperature and widely used for practical thermoelectric applica-
tions [1, 2]. Hu et al. demonstrated that the porous structure affects thermoelectric
performance [3]. As porosity increased, electrical and thermal conductivity decreased
significantly. Reducing thermal conductivity compensates for the deterioration in
electrical conductivity and improves the ZT value. A sample premixed with five
wt percent NHyHCO; was reported with 1.1 value of maximum ZT at temperature
343 K. This was around 20% better than that of the entirely dense sample with 0.92
value of ZT. Bi-containing Sb,Tes and the related alloys with a high thermoelectric
figure of merit can be futuristic options to use in thermoelectric devices. Sb, xBix Tes
samples were milled, pressed, and annealed under vacuum for 3 h at 250 °C by Adam
et al. [4]. Bi was added to the binary Sb,Tes system. An increased Seebeck coeffi-
cient and power factor were obtained for Sby ¢5Big35Te; with the reduced value of
thermal conductivity. Subsequently, a high ZT of 1.14 at 400 K was achieved. The
sample composition of (Bi;Tes)o.15 + (SbyTes)ogs was prepared to shift maximum
ZT to the high-temperature zone by Madavali et al. [5]. The maximum Z7 values of
1.3 and 1.07 were reported at 400 K and 300 K, respectively.

Tellurium is the prevailing thermoelectric material utilized in low to medium
range of temperature. However, it contains an inferior thermoelectric efficiency with
a low value of ZT. An enhancement in the performance of amorphous silicon has
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been reported by Banerjee et al. [6]. They applied the method of arsenic ion implan-
tation. The low-temperature dopant activation was done. It was observed that the ZT
value of amorphous silicon (a-Si) thin films could be enhanced by seven orders at
room temperature. Arsenic doping at low-temperature results in the enhancement
of electrical conductivity. Empowering a-Si as a conspicuous TE material may be
useful for sustainable energy applications at room temperature with maximum ZT
up to 0.77. The magneto-thermoelectric figure of merit (ZT') in 3-D Dirac semimetal
Cd3As; crystal was reported by Wang et al. [7]. The magnetic field very effectively
reduces electric conductivity and thermal conductivity. A maximum Z7 value of 1.1
was obtained at 350 K temperature under 7 T of the magnetic field.

A hypothesis of thermoelectric transport properties in 2-D semiconducting
quantum well structures is built up by Yelgel et al. [8]. Within the temperature
range 50-600 K, computations are performed for n-type 0.1 wt% CuBr-doped
Bi,Se;/Bi, Tes/Bi,Ses and also for p-type 3 wt% Te-doped Sb,Tes/Biy Te;/Sb,Tes
quantum well frameworks. It is discovered that diminishing the well thickness
pronouncedly affects upgrading the ZT value. At 350 K temperature, the maximum
ZT value of 0.97 is obtained for Bi,Se;/Bi, Tes/BiSe;. At 440 K temperature, the
maximum ZT value of 1.945 is obtained for Sb,Tes/Bi, Tes/Sb,Te;, CaMnOj3 has a
generally high Seebeck coefficient; however, the electrical conductivity (o) is quite
low (within the temperature range 300—1000 K). Hence, an un-doped material brings
a low power factor (§%0). The bismuth doping of Ca; \BiyMnOj; has been reported
by Paengson et al. [9]. With x range of 0-0.05, TE materials were setup. The solid-
state reaction and hot pressing techniques were used. Bi doping increased carrier
concentration for all samples with different x. The electrical resistivity diminished
with expanding bismuth content. The maximum ZT value of 0.065 at 473 K was
found for Cag 97Big 93 MnOs. It is worth mentioning that the ZT value was increased
by 95% at the same temperature compared to CaMnO;. Bi,Te; and the family of
similar compounds potentially satisfy the thermoelectric efficiency levels at low
temperatures. However, the dimensionless figure of merit values decreases severely
at a temperature over 450 K. The bulk Bi; gLug;Tes; samples with diverse micro-
grained particles were fabricated using cold isolated pressing (CIP) with annealing
at high temperature and secondly by spark plasma sintering (at 653 and 683 K) by
Yaprintsev et al. [10]. The maximum ZT ~ 0.9 for 450-500 K range of temperature
range is obtained.

The summary of recent ZT improvements of thermoelectric materials at low
temperatures discussed in this study is presented in Table 1.

3.2 Medium-Temperature Thermoelectric Materials
(500-900 K)

CuAgSe exhibits excellent potential due to its fantastic carrier mobility. It also has
low thermal conductivity. To prepare monodisperse CuAgSe nanocrystals, a scalable
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Table 1 Summary of recent ZT improvements of TE materials at low temperatures

Researchers | Year | Thermoelectric material Method for Impact on ZT performance
properties
enhancement
Hu et al. 2020 | Big4Sbj ¢Tes Pre-mixing ¢ Max. Dimensionless
with figure of merit (ZT max)
NH4HCO3 of 1.11 at 343 K
¢ 20% increment in ZT max
as compared with fully
dense material
Adam et al. | 2020 | SbyTes Bi-containing | ZT ax value of 1.14 at
400 K for Sby Tes
Madavali 2018 | (BipTes)x + (SbpTe3);—x | Increasing o ZT max value of 1.3 at
et al. Sb,Tes content 400 K
® ZT max value of 1.07 at
300 K
Banerjee 2018 | Amorphous silicon Arsenic doping | ZT around ~0.64 4 0.13 at
etal. room temperature
Wang etal. |2018 | Cd3As» Enhancement | ZT .« value of 1.1 at
by the magnetic | 350 K
field
Yelgel and | 2014 | Bi;Se3/BiyTez/BizSes and | By varying the | ZT ax = 0.97 at 350 K for
Srivastava Sby Te3/Biy Tes/Sby Tes well thickness+ | BipSe3/Bi; Tes/BipSes and
ZT max = 1.945 at 440 K
for Sb, Te3/Biy Te3/Sby Tes
Paengson 2017 | CaMnO3 Bidoping and | ¢ ZT ,,x value of 0.065 at
et al. hot pressing of 473 K for
CaMnO3 Cag.97Big.03MnO3
* 95% increment in ZT max
as compared with
un-doped material
Yaprintsev | 2017 | Bij gLug Tes Fabrication by | ZT n,x value ~0.9 for
et al. cold isostatic 450-500 K
pressing and
SPS

colloidal synthesis has been reported by Zuo et al. [11]. The gathered powder test
was cleaned by a non-sulfur substance of NaNH,. It was done to expel the organic
ligands from the surface. After that, annealing process was also done. A 0.68 value
of maximum ZT at 566 K was obtained. The obtained material shows the potential of
TE applications for mid-range temperatures. The material before annealing exhibits
atemperature- controlled transition from n-type toward p-type. This makes it suitable
for thermal control transistor applications. CoSbs skutterudite is considered potential
TE material for power generation. La Filler atoms are used to minimize lattice thermal
conductivity for the skutterudite to get better TE performance [12, 13]. Bashir et al.
reported a high ZT value of 1.15 at 692 K with La and In as the Ing3LagsCo4Sb,
skutterudite [14]. BiCuSeO contains low thermal conductivity and an average power
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factor. BiCuSO was doped with Pb and effectively synthesized by high pressure by
Zhu et al. [15]. BiCuSeO doped with Pb increases the carrier concentration. This
Pb doping improves the power factor. The thermal conductivity is smothered by Pb
doping. At 700 K temperature, the maximum Z7 of 0.14 is achieved. Synthesization
with feasible high-pressure and high-temperature techniques can increase the TE
performance of Cu,Se bulk materials. At 723 K, a high ZT value of 1.19 was reported
for Cu,Se synthesized at 3 GPa by Xue et al. [16]. Recently, GeTe and its derivatives
have gained considerable attention as promising thermoelectric materials. Perumal
etal. [17] reported a maximum Z7 value of 2.1 for In and Bi co-doped GeTe at 723 K.

The synthesization of a group of TiNiSn-based alloys has been performed by
Chen et al. [18]. It was done by way of an easy solid-state reaction followed by the
SPS method. The amount and mixture of the heterogeneous phase were precisely
managed, which results in a successful decrement of thermal conductivity (up to
2.3-3.0 Wm~!K~!). Besides, TE figure of merit was enhanced up to 0.49 at 750 K
temperature. Silicon—germanium-based alloys are appealing. For radioisotope ther-
moelectric power generation at an excessive temperature (more than 1000 °C), they
offer a good choice of TE material. On the other side, mesostructured Ing5sCo4Sby,
and Ing,5Ybgo05CosSby, samples have been synthesized by Benyahia et al. [19].
The samples were fabricated through melting and annealing. Then, the ball-milling
procedure was applied to minimize size and sintered through the SPS method. With a
mean grain size of 400 nm, a maximum dimensionless figure of merit of 1.4 at 750 K
temperature is obtained. It was achieved in the BM Ing,5C04Sbyy + 0% CeO,.
TiNiSn-based half-Heusler (HH) alloys are widely studied. These thermoelectric
materials show a high-temperature stabilization. However, the thermal conductivity
is constantly enormously high, and hence, further ZT' enhancement is difficult. SiC
nanoparticles were brought into the matrix of Pbg 9gNag g, Te doped with SrTe by Ai
et al. [20]. The increased Seebeck coefficient and decreased electrical conductivity
resulted in a remarkable peak ZT of 1.73 at 750 K.

Copper selenide is a promising thermoelectric material because of its fantastic
electrical properties. A hydrothermal technique to incorporate astounding @3-
Cu,Se;_Ix nanopowder with a cost-effective minimum consumption of energy is
reported by Wang et al. [21]. The nanopowder with different levels of doped iodine
was used. Utilizing this straightforward and modest methodology, an improved ZT
of 1.13 is obtained at a temperature of 773 K in iodine-doped Cu,Se (x = 0.03)
pellets after hot squeezing. Recently, the synthesis of p-type SiGe with boron using
varied proportion is reported by Murugasami et al. [22]. The material was sintered
through the spark plasma sintering technique. Doped with B s at.% synthesized
SiGe alloy exhibits the enhanced ZT of 0.525 at 800 °C temperature. A consider-
able improvement of approximately 9.38% is obtained. Recently, the enhancement
of skutterudite performance is reported by Yang et al. [23]. Tellurium-doped skut-
terudite has been shown to have promising TE properties using nano-micro-level
pores. Cobalt, antimony, and tellurium powders were utterly blended with a nominal
composition of Co4Sby; 5Teq 5. Then, the material was stacked into carbon cauldrons
and kept inside quartz tubes below vacuum for heating. The acquired ingots were
ground into powders utilizing two successive methods, first by a mortar and then
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by ball milling below vacuum. The two powders (without ball milling and with ball
milling) with different proportions were blended, and after that, sintered using spark
plasma sintering technique. The annealing process below vacuum was also done on
the obtained bulk material. The authors reported that annealed nanoparticles carry
some randomly allotted nanopores with a range of sizes from 200 nm to 2 pm. The
development of these nanosized pores is due to strain during sintering. The thermal
conductivity drops drastically which is a desired effect. A 1.2 value of the maximum
dimensionless figure of merit is obtained for the annealed material at a temperature
of 800 K. A significant increment of approx. 35% was reported. The thermoelectric
properties of n-type-doped Mg, (Sig4Sngs)i—y Biy solid solutions are investigated
theoretically by Yelgel [24]. From 300 to 800 K temperature range, the selected y
range is 0.005-0.06 for doping Bi with available experimental data. It was found that
an appropriate y can increase Z7. The maximum Z7 is obtained with y = 0.03 at
800 K and values 1.82.

The graphene nanoplate incorporated into Cu,Se samples has been fabricated by
Li et al. [25]. The ball-milling technique was applied. Then, sintering through the
SPS method was done. The homogeneous dispersion of the carbon phase reduced the
Cu,Se particles to form an excellent dense construction. Maximum Z7 reached a high
1.7 value at 873 K. This gives an appropriate technique to use carbon engineering to
maximize TE performance for Cu,;Se and family compounds. The deliberate actuated
dislocations and vacancies are compelling in diminishing the thermal conductivity of
polycrystalline SnS, as reported by Asfandiyar et al. [26]. Low thermal conductivity
and high electrical conductivity Sngg9Ago.00sS sample were obtained at 877 K. Ag
doping brings high power factor, and an enhanced ZT of 1.1 at 877 K was recorded
for Snp.g9Ago.00sS. N-type half-Heusler NbCoSn performs well in TE performance,
but p-type performs poorly. Replacing Sc at Nb site may change the n-type NbCoSn
to a p-type semiconductor as reported by Yan et al. [27] by changing the Fermi level,
indicating that Sc is a suitable p-type dopant. ZT ,,x value of 0.13 at 879 K has been
reported.

The summary of recent ZT improvements of thermoelectric materials at medium
temperatures discussed in this study is presented in Table 2.

3.3 High-Temperature Thermoelectric Materials (>900 K)

Lead selenide (PbSe) displays a temperature-dependent Seebeck coefficient, low
thermal conductivity, and low electrical resistivity. Further, it has resolved the issue
that emerges to get both n- and p-type legs. A simultaneous advancement of thermal
and electrical properties of p-type PbSe has been reported by Zhao et al. [28]. The
density hypothesis for estimations of valence band energy levels was used. Between
lead selenide and nanostructures of CdS;_Sex/ZnS;_Sey, appropriate valence band
alignments were introduced. A highly enhanced dimensionless figure of merit of 1.6
at 923 K was attained at Pby 9gNag 0o Se + 3%Cds. Due to its high TE efficiency, Si-Ge
alloys are considered valuable TE materials operating at high temperatures. The effect
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Table 3 Summary of recent ZT improvements of TE materials at high temperatures

Researchers Year | Thermoelectric | Method for Impact on ZT
material properties performance
enhancement
Zhao et al. 2013 | PbSe Integration of band | ZT p,« value of 1.6 at
structure with 923 K
hierarchical
structuring
Muthusamy etal. | 2020 | Si—-Ge-Au Boron doping ZT max value of 1.63 at
973 K
He et al. 2014 | Cu,S Cu deficiency ZT max value of 1.7 at
1000 K
Fu et al. 2015 | FeNbSb Hf doping ZT max value of 1.5 at
1200 K
Wille et al. 2019 | Ybj4ZnSby; Containing RE ZT max value of 0.7 at
1275 K

on thermoelectric properties of B-doped Si-Ge-Au nanocomposites was investigated,
taken as Sigs_xGes; AuyBy by Muthusamy et al. [29]. At 973 K, a maximum ZT
value of 1.63 was reported at x = 3. The phonon-liquid electron-crystal concept for
copper sulfide with reduced thermal conductivity and higher thermoelectric perfor-
mance has been proposed by He et al. [30]. A high ZT value of 1.7 was reported at
1000 K by using copper deficiency as Cu,_S with x = 0.03.

Half-Heusler compounds are increasingly attracting attention because of their
strong mechanical and electrical properties at high temperatures. At 1200 K, through
heavier Hf doping the p-type FeNbSb heavy-band half-Heusler alloys with 1.5 value
of high ZT was reported by Fu et al. [31]. Yb14ZnSby; is considered for intermediate
valence interest. With rare earth (RE) solution as Yb;4_xRE«ZnSb;; was investigated
by Wille et al. [32]. The dimensionless figure of merit was reported as high as 0.7 at
1275 K with x = 0.5.

The summary of recent ZT improvements of thermoelectric materials at high
temperatures discussed in this study is presented in Table 3.

4 Conclusion

Exploring advancement in thermoelectric materials for sustainable energy solutions
is the contemporary area of interest. The ZT value of thermoelectric materials should
be enhanced for a broad range of potential applications of thermoelectric devices.
From this study, it can be highlighted that:

¢ In the recent past, material researchers are successfully applying new approaches
to upgrade the performance of available materials for a particular temperature
range.
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e A promising new approach is to create nanolevel and macro-level pores in
tellurium doped skutterudite to enhance ZT by approximately 35%.

e Another interesting approach is introducing a facile method for colloidal synthesis
of copper-silver selenide. With ZT ', value of 0.68 at temperature 566 K, this
resulted as a promising candidate for TE research in the intermediate temperature
range.

The significant outcomes of researchers will boost the applicability of TE devices
contribution to the present world’s green energy solutions. For greater commercial-
ization of thermoelectric applications, improved materials with high values of ZT
are required at prevailing operating temperatures. This will boost the manufacture of
better performing TE modules. These advancements in ZT values could close the gap
in performance between conventional bismuth-tellurium-based materials and newer
materials. The costs to invent newer thermoelectric materials are quite different
from the production cost of those materials. The costs of candidate materials, costs
to process those materials into TE elements, and cost to compensate the material
loss are significant for the real commercial applications of newly researched mate-
rials. The non-availability of the requisite raw materials might result in holding the
production of TE devices. More extensive work on that would be useful.
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