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ABSTRACT

According to theUNFCCC COP-27 agenda, producing clean energy has become the
main initiative of every country. One promising kind of renewable energy is the
thermoelectric generator. There are many facets to a thermoelectric generator, such as
the principle of thermoelectricity, the dtory of solar and waste heat based
thermoelectric power generation, thermoelectric hybrid systems, thermoelectric
materials (silicon, ceramics, and pol ymer
arrangement, operating temperature range, figure oft,nmopular modeling and
simulation tools, environmental impact, future improvements, exploitation of TEGs in a
wi de vari ety of applicationso, and S0
Thermoelectric generator (TEG) heat recovery systems and theiglotdfhTEG to
produce energy from the human body are also discussed, as is the performance of
different solar concentrators (parabolic dish, Fresnel lens, solar furnace, etc. with their
optical concentration)In this research, numerical simulation ofGaant Water Lens

Solar Thermoelectric Generator (GWLSTEG) system has been carried out, that
employs a giant water lens as a solar concentrator and atempkrature
nanostructured Bie; thermoelectric module (TEM) he wo different softwares;Sot

Trace br ray tracing through the water lens and COMSOL for simulation of #ieBi
module have been used. Following the simulated values, manufactured a similar giant
water lens as a solar concentrator to focus the sun rays on an aluminium receiver plate
integrated with ByTe; TEM and experimentsvere conducted. Heat flux intensity is
noticed to have increased four to five folds, i.e., from 1135 to 4580°W#nough the

water lens concentrator. Maximum temperature on the hot junction achieved® 225
(498K) ard maximum temperature difference of 38q463K) is achieved between the

hot and cold junctions. The system was able to attain a maximum overall system
efficiency of 12.04%. Also, it can be noticed that these parameters show maximum
values at the time ohe day when the relative humidity and velocity of the air is lowest,
i.e., 12.5% at 14:00 hrs, and also the maximum power output obtained through the
device is 7W. After experimenting, suggestions have also been given to provide a better
software simulatio alternative to carry out evaluations and modifications in the process

of GWLSTEG functioning in order to get the same results to save time while making it



more costeffective. This researchelpsacademia, researchers, and industrialigh
deep insight into customization of TEG projects in qualitative and quantitative ways

before actual realization.
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Chapter 1

INTRODUCTION

On this planetearttd where petroleum derivatives command as vital energycesur

there is requirement for technicallgnd economically feasible sustainable power
sources. The procedures through which petroleum derivatives are produced don't
happen suftiiently quicky to renew their sources to fulfil the needs of society and
burning of norrenewable energy sources produces carbon diosatbpn monaxide,

an ozone harming gas responsible for boosting the temperattine '&arth, means
pollution and emission of heat, caused by the usage of conventional technologies result

in global warmind1],[2].

By the end of year 2050, the number of people living in cities is projected to
increase to 9 billion worldwide. In order to provide food security and better nutrition for
a rising populabn, governments and najovernment organizations throughout the
globe are focusingn agreater sources of agriculture (for fodd). On the other hand
there will be a corresponding rise in electricitgmand[4]. Therefore in addition to
conventional fuels.e, coal, diesel etc.,even biogas is also being used for electricity
production[5], [6], [7]. Thereforethe research for cleaner, more sustainable sources has
become a worldwide concein view of exponentially raising cost of energy and the

environmental concerrausediue to slapdash use of fossil f{@].

The am of availing green and clean options can be better served by converting
the solar andwaste thermal energy into useful electrical energy, i.e., Thermoelectric
Power [9]. Among the practicé} available technologies for the solutidrEGs are
expanding interest in lightfahe fact that these solid state devices can change heat
released from various sourcesoinglectric power utilizing theSeebeckeffect. The
conduction of charge carriers takes place due to temperature difference between hot side
and cold sideThe most important part of any TEGtiermoelectric modules which is
solid-state integrated circuit that utiligeSeebeckeffect out of three thermoelectric

effects known as the Pelti&@eebecland Thomson impadeffects



Peltier effect is recimcal to the Seebeckeffect, discovered in 1830. As
indicated by this, heat is absorbed or generated whenever a current passes through a
junction between different materials, dependamgthe direction of the currenthus, if
a current is forced through thermocouple by connecting an electrical source, one
junction will become cold and will thus absorb energy from the ambient, and the other
junction will become hot and dissipate heat to the surroundings. This principle can be
used for evacuation of he@te, cooling/refrigeration) from one area and releasing it to
another area (i.e heating) through electrical means. This principle is being used to

maintain cold and hot chambers in service carts used by airhp<igss

Peltier coolers, also known as thermoelectric coolers, are cooling devices
commercialized to exhibit high performance, dissipate high heat flux preciseleay
low temperature. The thermoelectric device carries the higher temperature on the
surface; by pumping heat to maintain a particular junction temperature, it serves its
purpose as temperature regulatbi].Thermoelectric coolers, when used with air or
liquid cooling, allow for a negative temperature gradient to be created and thermal
resistance to be decreased. The effectiveness of a heat exchanger's hot side is affected
by the thermoelectric generator's puit[12].

The heat required at theot junctionof TEG may be provided by (i) burning
fossil fuel (gas or oilife) (ii) concentrated solar power (iii) decay of radioisotope (iv)
decay of nuclear fuel (v) power plants (vi) factoriedustrial machines (vii) motor
vehicles exhaust of automobiles (vii) computers (ix) human bodies@Gaventional
heat engines aresed in solar thermal technology to convert a temperature difference
into electricity. TEGs may use this temperature difference to generate ele¢rdlity
but these are comparatively smaller in size, so less electricity is producede#\cfe
thermocouples may be effective, but they are often more fb&tlyhe numerous focal
points of this energy transformation incorporgteen technologysolid state operation,
the norappearance of poisonous residuals, immense adaptability, the absence of
moving parts or chemical reactiosilent operatios, due to the absence of any
mechanical movememindlong life (20-25 years)15], [16], [17]. It can be extensively
used in isolated ptes and remote areas whemergy conversion technologies are
unavailablg18].



The various aspects ahy TEG device development are; TE material, synthesis
of high FOM thermoelectric materials, techniques of achieving high ZT (i.e improving
power factor or by reduction in thermal conductivity), design criteria of the TEG,
operating temperatureange of TEG performance efficiency of wasteheat recovery
system, Solar radiatigrenvironmental aspect, advancemdybrid system, modelling,

simulation, cost and applications of TEGs in different af£8k

The essentiaparts of any TE module are TE legs, copper or any highly
conductive substta andceramic plateThe legs are made up of TE elemeamntype as
well as ptype) [20],whosefigure of merit/thermoelectric efficiency is an important
factor and legs are alternately connected i.e.nta#ly in parallel and electrically in
serieqg10]. A basic TEG generally comprises one set of thermocouples. The voltage and
power yield of one set is little. A few such units might be associated with arrangement
to get a workable voltage. The workable voltage depends on the TE properties of the
thermoeletric material i.e, Seebeckcoefficient (s), thermal conductivity (k) and
el ectrical conduct iZV, iwhigh signiies the figdre df @dviit, ( Z T ) .
governs the TEM efficiency as ZTs/ k § . I n this expre}isi on,
the recprocal ofe |l ect ri cal .cPeak T catueswof G20 hgvel heen
observedn thermoelectric materialso far, esulting in poor conversion efficiency and
relegating these materials $somespecialized used.he Seebecleffect of metallic TE
elemant is found low. TheSeebeckcoefficient (s, uv/k) and the FOM (ZT) for some
metals are as; for Bismuth75, 0.208, for Nickel:18, 0.112x108, for Copper; +2.5,
0.231x10’ etc[13][21][22].

Settingup an appropriate correlation among various TE physical parameters like
electrical conductivity Seebeckcoefficient, and thermal conductivity for a crystalline
structure is an ultimate requirement foreating TE materials with unriled
functioning. A high Seebeckcoefficient (s), low thermal conductivity (k) and high
electrical conductivity §) are alluring for TE materials. In this way, appropriate
balancebetweenSeebeckcoefficient, thermal conductivity and electrical conductivity
of a materialis required tooptimize theselE properties. By and large, as of nte
research has concentrated on creating different TE structurelsiging efficient TE
materials, becausehé significance of this parameter (efficiency) is all around

remembered; it is a It up, pervasive, routinely utilized parameter for material,



devices, hardware and process portrayal both in the thermoelectric industry and in
research activitiegl 3] [23].

Semiconductor materials have considerably higher TE coefficients. Extrinsic
Semiconductor materials (binary compounds) produceagusismuth(Bi), antimony
(Sb), tellurium (Te) and selenium (Se) hawghhFOM and are utilizeth TE legs. Lead
telluride is the most usually utilized material at temgtureunderneath 606C. In this
range of temp, the FOM (ZT) for lead telluride iste range of 0.2 to 0.8. This is an
intermetallic compound containing around 61.9% Pb and 38.1% Te in its pure form.
Both lead and tellurium are soluble to a little degree in PbTe. An abundance of Te
prompts a gype semiconductor, while an ovabundanceof Pb prompts an -type
material. Silicon germanium (&e) combinations are the best materials in the high
temperaturerange (over 600C). They likewise have great mechanical propeitigh
mechanical strength, lowoefficient of thermal expansion andht in weight[24].

A highly efficient TE element delivers a net voltageacound 306600 pv per
degree Klvin. A module (thermopile) is formed by series connection of large number
of such elements. In a typical commercial module, an electrical output of 10W at 6V
and with 100°C at the hot junction is acquired. The thermal efficiency of a TEG is
generally very low (around 8%). Higher efficiencies of the order of 14% are being
endeavoted to make it compete wiolar PV systemi25][26].

As a result of the high cost of TE material, these generators are not widely
utilized as a parbf commercial applications. In the low Power range {1000W),
fossil fuel based TEG utilizing gas as a fuel might be more sparing thendi@Ge
driven generators. It provides a handy, reliable and simple auxiliary source of standby
power, particularly dr remote zones. Because of their reliability and stiess, these
are utilized agart of military applications. Kerosene fuelled thermoelectric generators
are being utilized by peasants in remote territories of Siberia. Radioisotope (polonium)
fuelled and nuclear fuelled TEG have been utilized as a paspate applications, for
example;moon probes, satellites and weather stations. High cost and low efficiency are

main disadvantagef TEGs[27].

Since 1821, when Thom&eebecKirst used a temperature gradient to produce
the electric potential, scientists have been aware of the thermoelectric effect. However,

limited efficiency confined their use to thermocouple sensors and specialized fields like
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space exploratio28]. The explorers of deep space exploration from RAShose
thermoelectric because of their reliability and resistance to the eleffg®jisThe
‘cordlessElectic Company' manufactured a model 'TH5G00' of a thermoelectric
generator. Like the transistor or microchip, this electric generator is solid state, makes
no noise, and has no moving parts. This generator consumes natural gas or propane. The
efficiency isasserted to be 12%. This generator has the output of 5 KW, 115 V, 60 HZ
enough to power an average US house. Weighing only 27 pounds, the generator can be
carried like a briefcase; with the push obwatton, itdelivers full electric power in just

20 secods[24].

Nowadays, the applications of thermoelectric generati@seen in every sector
of various industries worldwideAs far as applications of TEG are concerned, low
power applicatios of TEG can be seen in wrist wath (1pW-10pW), in
microelectronicsCPU cooling (10uW100uW), in consumer applicatiomine cooler
(100uW-10mW), in space for electrical power and coolimyager (L0mWLW), in
remote wireless sensengtwork (1W10W), in biomedical devicesacemaker (10W
1kW), and on large scale waste heat recowenysport vehicle (1kVWLO-kW) [30].

As far aswaste heat recoveris discussednearly 70% of world energy is
known to be wastedEGs have been employed in automobiles for many reasons, like
reducing carbon emissions and enhancing the engine's overall efficiency. Challenges
and opportunities present for ETC and TEG ayst used in compact cars powered
through an Sl engine that is turbocharged and an analysis for investigating the
advantages attained by the ETC and TEG was carried out. This analysis was conducted
through a dynamic engine vehicle model and validated agtnasavailable transient
experimental data and steashate datg31]. In a model gperimental analysis for
heavyduty DE (Dieselengine) and TEM test rig was made over the EGR path, and a
good agreement was observed with a simulated one. Both the models were equipped
with the prototype TE{32].

In a waste heat recovery system,-tiipe heat exchanger is found comparatively
more efficient and compact than the tube heat exchg®8prmheFEA method through
ANSYS, COMSOL 5.4 Multiphysics and MATLABetc. are used for the analysis of
TEG under the nomniform and transient heat flux in waste heat reco\yad). An

advanced model of irreversible TEG was developed. The results exhibited that the law



of external heat transfer affects the optimaifgenance and the characteristic of TE
device. With the law of Newtonian heat transfer, the maximum efficiency and the
output power are found maximum as compared to the various laws of heat f@bisfer
Anothe, one of the methods that have been in practice is the use of segmented TE leg to
maximize efficiency. A mathematical model of the segmented TEG based on those TE
materials which have low temperature was developed. The outcome shows that
maximum conversio efficiency and output power of the segmented TEG is more
significant when coolant is brought into use for the cooling source. For the heat source,

diesel engine is usda@6].

TEGs wereinstalled in Porsche car. Results from this TEG system, installed in
Porsche 944's exhaust were published in 2008, around 29 years after thefisgstem
installed. In this system, F Technology enabled TEG to generate 200Vipaier by
conversio of heat. With a vision of generating 1kW of power, 2 years down the line,
they mounted a TEG on a Truck, but initially, they generated only 400W of power.
After a series of improvements and achieving the 1KW target, many problems were

facedwith applyingnew HZ14 converters during durability te$f0].

The TEGs were modified and remodeled for hybrid sports utility vehicles to
generate 180W of power, and to be capable of charging 300 V batteries WkE&Ss
implemented in displacement enggrie Marlow, Visteon, BMW and BSST industries
and their results were published in DEER conferd@6&[37]. To reduce greenhouse
gas emissions and current daily average demand for gasoline by up tbe5¥nited
States had set a target to implement TEGs in 90% of cars for the internal cooling
system, and hence the dependence on conventorainditioning will be reduce[®].

TE modul eds efficiency of conversion signif.i
as the cost. To attain the tatgd efficiency, it is practically approached to generate

electrical power and thermal energy and applygeperation within a single system

[38].

TEGs have also entered the space indusWgyager | space probe used
thermoelectric modules for the first time to meet the demands of energy in outer space,
making it simple, lightweight and increasing the efficiency of the space pashe

Nuclear Batteries that convert heat into electrieaergy are broadly termed as



Radioisotope Thermoelectric Generators (RTG). Since safety and reliability are the
primary concern of a space mission, RTG thermocouples use decomposition of
radioactive plubnium238 as the hot and outer space as cold junctions of a
thermocouple, respectively0]. Optimization and improvisation of RTG resulted in
creating Radioisotope thermoelectric generator with multiple applications (MMRTG),
which is more flexible and reliable in meggithe demands of a variety of missions like
generating electricity on small scale and also capable of quickly generating 100W,
because of its modular design, it works equally well in the vacuum of space, as it does
on planets. MMRTG also ensures a highegrée of safety and optimization of energy
levels to a minimum lifespan of 14 years and a reduced weight. MMRTG coofsist
4.8kg of plutonium dioxide, which initially produces 120W of electric power and
2000W of thermal power with the help of speciallysideed modules with general

purpose heat sour¢g9].

Furthermore, it reduces electricity consumption and uses the available energy in
aircraft, making it commercially viable by reduciggseous pollutants and reducing
operational costs. Also, refrigeration systems with TEG modules used in the aviation
industry are portable, lightweight, and with reduced power consumption as compared
with conventional refrigerating systenjdl]. TEG being more reliable, efficient,
compact and minimum maintenance makes it safer aseassDespite being less
efficient and high cost, it reduces weight and fuel consumption in aviation indogtry,

about 0.5%, which is making it cestfectivefor the aviation industrj42].

The application of TEGs can also be seen in residential areas in the form of wall
mounted TEG and woestove TEGand lecause of the demand foew and more
efficient techniques for energy conservation and generatiore and more research is
being carried out on the application of thermoelectric modules, which refwaitedhe
creation of alternatives like TEG installed in walls of the buildings and usage of the

waste heat in industry as well as in residential facil[d&3.

TEG in a wood stove is one of theogt predominant applications to revive the
waste heat and generation of electrical power. Initially, in 200Z Héchnology
developed a wood stove TEG, which can generate around 20W of power vty @

of output voltagpi4]. Furthermore, one of the researchers used a conventional wood
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stove which consists of the hottest region at the top of the furnace and the cooler part
below the ash pit. Based on the results of several experiments, it is concludel that T
modules should be placed near the upper right corner of the-stowel to get the best
temperature gradient. With a temperature difference of@3&tween the hot side (275

°C) and the cold side (123 °C), an opmrcuit voltage of 4.1V is produced. Wi 2
modules connected in series increased to/5ahd to 5.7V with 3 modules electrically
connected in series. The prediction of the addition of 4.1V with every module collapsed
because the decrement of temperature takes place with increment of edety leads

to the decrement of the hot surface temperdép

Also, commercially available modules were tested for rural applicatmoavail
at a lower cost. Method of mounting thermoelectric modules experimental tests were
conducted on TE modules based on bismuth telluride to gauge their efficiency. If
anyone wants the most efficient TEG power system, there will be need to makeasure
heat is being transferred effectively from the module's input to its o fytand also
the location of the proposed system becomes important that can be decided by multiple
simulation results. TE modules can be used conveniently. However, the heat exchanger
should be degned and manufactured at local workshop as per the need for this.
Generated electricity can feed the electric fan of the -sboke and increase the
efficiency of combustion and reduce the fuel consumption and emission of greenhouse

gases. Extra electricpower will be supplied to power LE)47].

If a building is outfitted with TEGs, the sunlight streaming in through the
windows can be harnessed to power electronics and appliances. Here TEG generates
electrical energy with the help of the temperature difference in the exterior and interior
of the room[48]. For the experimental verification of the concept, a room with a
dimension of 4.5m x 3m x 3m was under observation and the thickness of the walls was
considered as 0.5m using only one afléhe room average temperature difference was
18 °C taking a time period of 6 months and TE modules were deployed to the only one
wall out of four. 18 °C was the average temperature difference recorded for six months
of the year between the interior andtezior. The power developed during the process,
by one module was found to be 5W. If we consider that all the walls produce the same
temperature difference, we can install many modules to meet the energy demands of the

appliances in a buildingt9].



For the sake of proper utilization of the resources and improving the overall
efficiency of the industrial plant and proper utilization of waste heat is very important.
A TEG is can be mounted on furnaces to utilize the waste heat to produce electrical
enggy. Furthermore, a TEG can be mounted on the exterior of a device exposed to a hot
surface, by allowing the heat collection block to absorb residual heat from industrial
ducts and chimneyq20]. The advaced thermoelectric micrgeneration work
developed by WULF GLATZ contributed to developing small, rigid, versatile, and
flexible low maintenance thermoelectric materials. As a result the power generated got
doublad, when nickelcopper alloy was replaceditiv bismuth tellurium in devices
which use the same princip]@0]. Al so, devices | i ke fAngreen t
are capable of sequestering theah from any source and generating power and

ultimately reducinghe environmental temperatufd6].

For a low temperature gradient processing, several researches are being carried
out to develop appropriate thermoelectric materials that may utiliz8ebbecleffect.
It can be seen in a rectangular shaped box fabricated with a provision of chanakls for
circulation and forced ventilation, having insulation on the outside and layers of the
generator panels are exposed to hot air, air flows by alternate couremt procedure
resulting in linear decrement of temperature, thereby using a certairofpait to
generate electricity and other adf it passed to next line of channel. Temperature
drop takes place between parallel channels; two adjacent channels create a temperature
difference resulting in generation of electricity. Generally, in a &eettanger unit with
several stages, forced air is used to move heat around. Also, the specific output power is

a function of the thickness oftgpe material and-type materia[20], [51].

A TE module can be colgd with an autonomous sensor to absorb heat from a
heat source. It will allow the TEG to make enough voltage to power the sensor without
an outside source of powé@ihe TE module TGM254-1.0-1.3 with dimensiorf40mm x
40mm x 3.6mm)has 254 fp pairs conacted electronically in series and thermally in
parallel The maxi mum voltage (V), out put curr el
[44][52]. In another systemhé module was heated with the help of a heaer heat
sink was deployed to the opposite side for cooling pugadseemperature difference

could be maintained to produce desired power. NTC thermistors were used to quantify
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the temperature on both sides. ©DéOwpl&8r ature d
°C. When the temperature diffei@e was found to be less than°@, the DGDC

converter turned off. This condition does not enable the TEG to produce voltage. A

stepup converter as an assistance source is connected when the temperature reaches
above 4 AC. Above T 8. 5 -upConvertethcempletelf uat i on
arises and then the sensor takes power from TEG 2dlyV is the value of voltage of

TEG that is required to stay connected to the sensor observed on test. At this, voltag
temperature sensor and microcontroller can be supplied with a power of 0.9 mW and a

current of 0.4 mA53].

With the development of small therretements and semiconductors, it is now
possible to utilizea very small amount of heat to generate electric power, which
eventually can run power devices such as wireless sensors, watches, mobile phones etc
[54]. Companies like Micropelt, Nextreme and Therhife, with the help of several
techniques use thin films tmanufacture micréhermoegctric generators and modules.
Leading watch manufacturers like Seiko and Citizen worked on developing technology
that can power a wristwatch by converting radiated body heat, i.e. thermal energy to
electrical energyThere are everal applications of using human body as a source of
themal energy, which is the resuwf development and improvement of micro TEGs
[20],[55].

Bert Gyselinckx's group played a significant role in designing &6 can be used
in network made of body sensors. When these were placed at most convenient places of
body to obtain maximum human thermal energy, these devices were initially able to
obtain an output voltage of 2.idabateeygby st ored
using bismuth telluride (BTes) TEG [56]. Leading to further development in a similar
area, A TEGpowered health monitoring system was developethe J. Penders group.
Which consist of a pulse type generator that powers a wireless pulse oximeter and a
wireless monitoring system. But instead of placing TEG on head, it is mounted on wrist
for a voltage of 4V and t h[87]. phearountafevel opec
oxygen in the blood is measured by the setisat is placed on the finger dhe left
side. The oximeter is fed by the bracelet pl
individual's pulse and the surrounding environnj2@i[37][57].
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Sol ar e n er g pebddits suchnmes nrenewable, renewable source,
pollution-free source, and sustainable energy sources, have gam&edf attention
during the last several decadé&8]. Many methods exist for collecting solar energy
directly, like photovoltaics and solar thermals are the most common (mostly make use
of fAconcent r atPkotbvokaiw byatem hpscalsoeproveh its utility in water
pumping [59]. Every country is trying to integrate its renewable power system with
conventional power system to meet the energy demand, however, when tegsshien
energy sources are combined with the traditional electric power grid, they have both

positive and negative effedis0].

Solar energy has a big solution being a promising ogtiothe field captured
by photovoltaicsTEGs and solar thermal powean be intgrated on the consuwer
scaleto industriatscale. However solar thermal systems have a natdrsantageof
utilization of all the wavelengths of incoming radiatioAn attempt attheoretical and
analytical investigation of renewable power source based Thermoelectric Generator
(STEG) around the globe has also been made and tredemivics are bep
investigated as a feasible power solution for snalesto large scale applicati¢iil].
The concentrator, absorber and thermoelectric modules are the main components of any
STEG.Aisol ar thermoelectric generators (STEG

option for producing electrical pow§gt3].

For solar TE modulesdirect, radiations are needed for maximum rated power, so
solar tackers are used to achieve maximum efficiency. Solar tracking system increases
the cost of TEG power. Researchers have compared solar panels with TEGs. The
comparison study dealt with efficiey, power generation capability and capacity, cost,
size, potential consumer applications, and system installation complexity to generate
power.it isfound that TEG perform better ieachaspect in different environmental

condition.

In 1888, Weston eélveloped and patented a system that focused sunlight onto a black
absorber surface of a thermoelectric module, marking the beginning of the era of STEG
design[13]. Then, an STEG was presented, which consisted of a battery for storing the
produced electrical energy, a pump for sending the cooling water towards the TE
modul eds cold side, and a customizabl e mo

made an experiment and published the resils STEG comprised of 10 of hot
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sidetemperaturs2],[63]. Coblentz did not report the devi
though. The T experimental report on the efficiency of STEG was provided by Maria

Telkes in the year 1954, by utilizing the flat plate collectamluined with the ZnSb/

BiSb thermocoupl¢63], [64], [65]. The efficiency of this device was 0.6%tmout the

addition of a focusing lens and 3.4% with 1¢h8]. Until 2011, parabola troughs made

up 96.3% of all CSPs, and their greatest efficiency was 2[66Y&7][68]. Meanwhile,

the resultant systemdés electrical efficiency
issue is that CSPs camly harvest DNI rays, therefore their efficiency drops when the

sky is overca$69] [28].

Until the year 2011, the results demonstratedTby | kes i n the year 19F¢
surpassed. In the year 2011, Kraemer et al. surpassed these results with an experiment
demonstrating an efficiency of 4.6%ith nanostructured STEG with Hie; [70][71].

The selective absorber in the presented design acted as a heat concentrator, and the
vacuum aclosure helped in reducing losses due to conduction and convgtapn

They created a STEG on a flat screen using nanostructured thermoelectric materials and

a selective absorber. In addition, Kraemer et al. anticipated that a betteeneffi

materi al has a AzZT = 20 along with an Aopt.i
efficiency of 14% [72][73].

STEG was reported by G. Chen, i n the yea
CPM approacho for highlighting [fdhlethimost | mpo
study, Chen arguesor boosting the STEG6s efficiency
the thermal concentrator using a selective absorber. For a module running °& 527
with an average ZT of 1, Chen anticipated that STEG efficiency of abo@b i
possi bl efoldwpitahconehtfation and 260001 d t her mall concentr a
subsequent publication, Bie; and skutteruditewere cascaded and segmentada
STEG with selective surface absorlber improvementpy McEnaney et al[72]. The
anticipated maximum efficiency of the cascaded scheme was 16% €600 catch
t he whole spectrum of | ight -temthetraataialei eSVleE Ga
was devel oped comptypsei hgga sTysaddgkuterudite,d n
and a ptype leg made of skutterudite and dn,;Shy; [75]. AHIi gher optic
concentration (20800 Suns and jT= 1000°C) and active coolingn the cold side of
the TE® were projected to achieve an efficiency of%8n the aforementioed study
[28].
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STEGOG6s o pfodusesoretizethighooptical concentration to get maximum
efficiency. Over a range of 0.2X000X optical concentration, generator of single stage
is preferred. Thermaectric conversion efficiency of 13% temonstrated for high
concentrations when employg selective surfaces and cuttiedge TE materialg76].
A 15.9 % efficiency is achieved at 1273 K by the glass lens based STEG receiving 100
suns solar irradiance and having thermoelectric material (ZT=1), this can be raieed up
23.5% with a material having (ZT=P3]. For the value of FOMZT=0.8, 1.2, and 1.5,
STEG efficiency was found to be 4.5%, 6.8%, and 7[289. A 4.6 % efficiency is
achieved by a flapanel solar thermoelectric generators (STEGS) under AM 1.5G
(1kW/n?) conditions. However, oncentrated STEGs demonstrably outperform

conventional flat panel28].

The RSTEG changes the refraction of the transchifunlight and the solar
energy concentration via lens mounted for the phase change, hence variable efficiency
can be achieved by changing phase change maftérialin a STEG where Spectrally
selective (U = 0.13 and U = 0.954) sol ar
good amount of he@4]. In aSolar pond system with TEG havimgcontrol box for
controlling the power, four TEMs were used. Each TEM comprises two TE chips, one
thermal conduction flaboard, one thermal absorber, and 2 cold sinks. The result

obtained was approximately 11\k8].

In all these systems efficiency from 1 to18% is aehd, however the cost of the
system reachegery highas the higher optical concentration isigwved The research
gap can be identified as (i) almost no work has been done in the field of thermoelectric
generator integrated with Giant water lens concentrator. (ii) High cost of presently
available solar concentrators such -parabolic dish TEG, esnel lens TEG, solar
furnace TEG etc. (iii) Complex design of presently available concentrators, which is not

easily adaptable by common public.

Therefore to find out the solution and new exploration, in this project efforts have
been made to develojne BipTe; based TEG employing a water lens as the solar
concentrator at thirteen to twertyo times lower cost (very low cost) within the
efficiency range of presently available thermoelectric systEor. this, numerical
simulation of a modeled GWLSTEGas been carried out using two different soft

wares. The tracing of the concentrated solar radiation over the absorber surface through
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the giant water lens has been carried out int&ak, hence transmittance of polythene

is optimized, and the thermalnd electricalanalysis of the TEG module has been
conductedby means ofCOMSOL-multiphysicssoftware. Then for experimenting, a
linear lowdensity polyethylene (LLDPE)/transparent plastic of 400 um thickness
(8o ) has been used to make a paraboligpehand water is poured into this in
order to take the shape of a lens. The whole system works as acBterax lens that

has been used to concentrate the sun rays over alumatisanberplate placed at the
focus of the giant water len$he duminium ab®rberplate forms the hot junction of

the BibTe; thermoelectric module that generates electricity owin§debeclkeffect in
semiconductors. A four to fiveold increase in the intensity of solar radiation over the
receiver plate has been achieved through the water lens concentrator at a relatively
much lower cost as compared to the other concentrators of the s@maedciz3 to 27

times more expensive. The purpose of the whole experiment is to make water lens
STEGs more efficient and budget friendly for industrial and domestic use because 60%
of households access electricity in India, which means around 40% of hlolssal®

deprived of electricityThe organization of this work is as follows:

In Chapter-1 Introductionto TEG is giver Chapter-2 provides thoroughiterature
review and research ga@hapter-3 covers Methodology in Chapter-4 Results and
Validationare discussedt alsogives brief idea aboubtal cost estimation of the sap,
and finally Chapter-5 is dedicated tothe Conclusion and Futureresearch

recommendations
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Chapter 2

LITERATURE SURVEY

Using traditional technology leads to pollution, heat generation, and the release of
greenhouse gases, all of which contribute to global warming. Thermoelectric Power
Generation converts waste heat into usable electricity, which helps achievallodé go
providing renewable energy options. Botlype and pype legs are necessary for a
TEG to function properly. The legs are constructed from TE material, with the thermal
and electrical connections switching back and forth in a randomized pattera. Mor
conversion efficiency and output power can be achieved with segmented TE legs

compared to simplep36]. The TE element's figure of merit is crucial fadtb].

The fundamental issue in focusing TEG is the heat source. Producers aim for
opti mal efficiency by desica ooncergrationi{0elX i c o n ¢
1000X) o, since this is what drives TEG al
numerical model. The thermoelectric conversion efficiency is shown at 13% for this
high concentration by using accessible selective surfaces andngadte
thermoelectric materials. The RSTEG (Refracted Solar Thermoelectric Generator) is a
lenstype concentrator that alters the refraction of the phase change material, which in
turn alters the refraction of sunlight, resulting in a peak conversiotiesftly of 60
86%. Solar pond is a significant alternative heat source. TEG is used to transfer the heat
in the solar pond's LCZ (Low Convective Zone) into power. 11W is generated from the
solar pond by a TEG system consisting of two cold sinks and fours[BEM[78].

TEG may also use waste heat from sources like cars, furnaces, etc. TEGs have
been used in cars for a variety of reasansluding decreasing carbon emissions and
increasing overall engine economy. An investigation of the exceptional qualities
acquired by the ETC and TEG systems utilized in tiny automobiles powered by a
turbocharged Sl engine, as well as the associatedengel, were explord@1]. The
EGR (Exhaust Gas Recirculation) route was analyzed experimentally for adégvy
DE (Diesel engine) an@EM test equipment, and excellent agreement was shown
between the simulated and experimental results. The prototype TEG was installed in

both vehicles, leading to increased efficie{®3)].
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The system's efficiency is determined in large part by the absorber's
characteristics in addition to the concentrator's transmittance and reflectance. Good
amounts of heat may be extracted from the sun using a Fresnel lens and a spectrally
selective solaabsorber (= 0.13 and = 0.954). The entire system efficiency and cost are
greatly impacted by the conversion efficiency of the TE module. High efficiency may
be attained by the use of a cogeneration system, which converts waste heat into
electricity [38]. ANunseirmuclaalt i on and modeling of TEGO
accomplished with AANSYsS,csCOBMAQL avud t MATLAB
which implement the FEA approach. It is possible to modetluroform transient heat
flow, waste heat flux, and solar energy flusing ray tracing with the help of Sorace
Program[34]. TEG has several benefits, including its lowise level during operation,
its extended (25 year) lifespan, and its lack of potentially harmful byprod[ict It

has a wide range of applications in rural locales. There have been several advances.

While other studies may focus on certain parts of thermoelectric technology, this
one attempt to provide a compegisive overview of the field by discussing
developments in all relevant areas of study. Researchers and businesses can use the
information in this review to fineune their thermoelectric generator (TEG) project
based on factor s ssolarhadiaiaen, conipatibiliy) avadability ot | i mat e,
waste heat from vehicles and factories, hybridization with other thermoelectric
technologies, hot side temperature, materials, modeling and simulation methods, and

TEG applicationso.
2.1 Thermoelectricity Concept

Thermoelectricity is the process by which an electrical current may be generated
directly from heat obtained from both renewable and-memewable sources using a
thermoelectric generator (TEG) and tlesebeckeffect. Figure 2.1 (a) depicts a
commercial TEG module, anigure 2.1 (b) depicts charge carrier camction in a
singlestage TEGFigure2.2 (a) depicts the conduction of majoriif charge carriers in

the nleg, i.e., electrons, where&sgure 2.2 (b) depicts the conduction of majoriof

charge carriers in thelpg, i.e., holes.

In the year 1821, the German scientistT h o mas Sédebdtta nmsed a
compass needle to demonstrate theafthat he named after himself, tBeebeck
effect, which is simply the induction of voltage within 2 junctions of 2 distinct
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conductors stored at distinct temperatUi®s]. The needle was sandwiched between
two metal conductors with temperatwgentrolled connectionsThe metals' divergent
reactions to the temperature differential resulted in the formation of a current loop and a
magnetic field. The TE dBeebecleffect describes the creation of an electric field in a
conductor or semiconductor in response to a temperaifferential. The magnitude of

the deflection depended on the different grades of the conducting material and was
insensitive to overall temperature differences between the junctiSesbeck
experimented with several substances, including naturalceaductors like zinc
sulfide (ZnSb) and lead sulfide (PbS). It's fascinating to think that if similar components
had been used to construct TEG in the early nineteenth century, efficiency levels

comparable to modern steam motors may have been attainedp@iheircuit voltage

generated between a conductor's two nodes is referred to &eebeckcoefficient
[79].
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Thermopiles make up the bulk of TEG. Each thermopile consists of N thermocouples
(TCs) wired in series and wired in parallel for electrical and thermal integration,

respectively, as shown Figure2.3 andFigure2.4 (a).

Electron Current » Cool Side Electron Current » (
Thermal
Flow
Electron Current » Hot Side Electron Current »

Figure 2.3: Charge career flow in mukstage TEG17]

Veer=NaasAT

W

'A%
R @) (b)

Figure 2.4: (a) Principle of working (b) Electrical circuit of TEG

More than one thermopile I;iked together to increagmwer productiorf37].
Thermocoufes are made by joining together two materials with oppoSiegbeck
coefficients. TheSeebeckeffect generates a voltage across two thermocouple joints
when one of them is heated beyond room temperature and the other is cooled below it
[22]. Voltage and power may be expresse{B@§

W 0 Y (2.1)

The Seebeckcoefficient for a thermocouple made up of two materials A Bnid
denot gegd BwndUi t c an abresUtkpwhenudtabirteendl resistance U

is considered; this is because, when connected in series, the internal resistance of each
thermocouple is added, making total internal resistance proportionsl Even if

adding more thermocouples (TCs) causes the voltage to rise, it also raises the overall
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internal resistanc&igure 2.4 (b). The internal resistance ofT&G, denoted by Rg,

may be calculated as:

Y o C (2.2)

The electrical resistivity of the metal contact as well as A and B are denoted
wi t h the, AgelgpLAarid LB denoteghe flow of the heat via the length of
the arms; on the other hand, LC denotes the flow of the heat via the length of the metal.
Sc, S, and S respectively denote the metal contagt A0 s and ofdléaeasc r os s
Electrical resistivity of conductors A, B and the metal contact are denoted by,
" i @& Q. Thermocouples' metal contacts)land arm lengths (Land Lg) are the
pathways for heat transfera,SSs, and & represent the crossectioral areas of the A,

B, and metal contacts, respectively.

The equation for TEG's total output power (P) is:
0 © — (2.3)

TEG'sinternal resistances are denoted hy While the external load's resistance is
denoted by Rec. The output voltage is denoted byVIf the resistance of the load, R
is equal to the resistance of the TEG itselfzdRthen the TEG will be able to tramit
its maximum possible power. The greatest power output may be expressed as:

) S (24)

Various advantages make it extraordinary; such as silent operations, absence of any
type of mechanical movement, long operating [1€]. Its effectiveness as green
technology does not produce any hazardouprbguctsduringits usagg17]. It can be
extensively used in unattended places and remote areas thieeenergy conversion

technology is less or absdi8].
2.2 Types of TEM based on material

Materials that can conduct both heat and electricity are known as thermoelectric
materiab. Seebeck a German physicist, discovered in 1823 that differences in
temperature between teaials may generate a vol@&[0]. French watchmaker Peltier

wrote about the anomalous temperature differential he'd discovered on the boundary of

19



two distinct conductors ian essay he published in 1834ese two events demonstrate
that either heat can generate electricity or that éb#gtcan be used to generate heat or

coolthe desired system as showrFigure2.5 [81].

o’rV\/

Heatflow, Q
Heat flow, Q

Current flow, /
L

.
Power generation mode Active refrigeration mode

Current flow, |

Figure 2.5: (a) Power generation mode; (bx#ve refrigeration modé1]
2.2.1 Metal based TEM

Solar cells, gas sensors, optoelectronic devices, passive optics, catalysis, corrosion
prevention, environmental protection, etc. may all benefit from the wide range of
functional capabilities shown by metal oxide nanostructures. The visual, electrical,
chemical, and mechanical properties of metal oxides are largely determined by the
oxide's crystal structure, content, native defects, doping, etc. The morphological and
structural features of material are greatly influenced by the processing and growth
factars [23]. Oxides' band gap and electrical structure may be tuned by chahgin

size and shape, making thenefus in many different contex{82].

Solar cells and other optoelectronic devices, TCOs, plasmonics, photonic integrated
circuits, chemical sensors, catalysis, corrosion prevention, thermal protection, and
energy conversion and storage are pudw of the many potential useldeavydoped
semiconductors are thought to be the most effective thermoelectric materials. It is
generally accepted that a band gap is required for a high thermoelectric power factor

and figure of merit to be achieved.
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zT=(30/a) * T i s lesshfigure afi medatnttsati kest describes the
thermoelectric efficiency of a materiaWh e r e i Seebedc otehfef i ci ent | )
electrical conductivity, G is the ther mal
The first two numbers, S and, seibe electrical transport, while is linked to thermal
transport. Together, they form the thermoelectric power factoror®F=S 1 t i s ¢ o ml
practice to utilize the power factor as a filter to narrow down the pool of possible
thermoelectric materials. Neds are the most electrically conductive materials, but they

also have the loweS&eebeclcoefficient[83].

Their Seebeckcoefficient is low because the density of states surrounding the
chemical potential is symmetrical. Metals typically have an even distribution of hot
electrons above and cold empty stabetow the chemical potential. Therefore, the
Anumber of electrons diffusing from the cc
the number of electrons diffusing in the other way when a temperature gradient is
present. In semiconductors, howevarstissue does not arise since a band gap restricts
the diffusion of carriers to only one kifi@4]. The typical semiconductor hassaebeck
coefficient that is two orders of magnitude greater than that of a metal. This advantage
of semiconductors was initially recoged by loffe6 and opened the way for several
demonstrative successes using doped semiconductors with high zT values. The
influence of band gap on thermoelectric characteristics of materials usirgatwiotoy
models forthe electronic structure was lategsearched by numerous groups, including
AChasmar & Strattono and fASofo & Mahan, 0 \
materials must have band gap bigger tharO&BT [85]. The modern thermoelgic

community is mostly concerned with strongly doped semiconductors.
2.2.2 Ceramic based TEM

Modules of thermoelectric ceramics are made out of calcium cobalt oxide, calcium
samarium manganese oxide, and other bulk oxide and foam materials, and are essential
to energy conversion technologies like thermoelectric power generators. Because of
their open porous foam structure, thegn make more physical contact with the hot
medium, resulting in more efficient electric power generation. Because of how they're
built, they may be used to create thermoelectric modules that are both effective and
efficient for use with gaseous and liquid waste heat so{86¢s
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Both traditional (noroxide) and cuttingedge (oxide) ceramics may be used as
thermoelectric (TE) materials. In the business world, standard thermoelectric ceramic
materials are used. There are three distinct categories based on the temperatures at
which they may functiorj87]:

i) Wor kabl e at temper at wthéBy noacsxidel ow as
ceramics, such as g&es, (Bi-Sb)yTes, Bi,Te; etc., based on

Antimony (Sb) or Tellurium (Te) or Selenium (Se) alloys.

i) Lead (Pb) alloy notxide ceramics, such as PbTe, can withstand

temperatures from room temperature to 850 kelvins.

iii) Ceramics made of Silicon and Germanium (SiGe) can withstand

temperatures up to 1300 K without oxidation.

Traditional thermoelectric ceramics materials continue to be widely used for
thermoelectric power generating technology's commercial and practdeledions due
to their ¢ omp a [88.tHoweeel, theyaie gdisondus, @xpensive, and
have poor thermal stability, making them unabie for use in efficient thermoelectric
power production. Since they are stable at high temperatures and in atgximn
highly durable, lacking in security elements, lightweight, small thermal expansion, and
low cost (cheap), the novel thermoelecttazamics (oxide ceramics) are alternative TE
materials and promising candidates for power generation applications. Thermoelectric
ceramics with new applications include doped ZnO, N&GoCaCo,O9 and SrTiQ
oxides.

2.2.3 Polymer based TEM

The inherent low het conductivity, lightweight, simple procesability, possibly
ultralow cost, and environmentalbenign features of polymers make them a
particularly appealing candidate for exploitation as a -gexieration thermoelectric
material. The thermoelectric germance may be effectively enhanced by using
polymer materials due to their poor heat conductivity. Unfortunately, they have poor
electrical conductivity[89]. Polymers with a high doping level may exhibit great
electrical conductivity, but their impaire&teebeclcoefficient leads to an extremely low
ZT. To meet this need, conjugdt polymer composites are now the focus of much

research and development.

22



However, polymer TE materials often have a low figofenerit due to their
poor electrical conductivity. Chemical or electrochemical doping, molecular structure
modification,and pr oduct i-based composiies or blgndsethe simplest and
most costkeffective way for altering polymer characteristics, have all been tried to
i mprove the TE performance of organic TE
made from soltion-processed polymer/inorganic or organic hybrids, allowing for the

efficient fabriation of TE generators at sc§88].

Electrical conductivity of polymer thermoelectric materjaBolymers often have
inherently low carrier mobility (typically 1 cffV-s) and narrow to moderagnergy

gaps (~13 eV) between their lowest unoccupied molecular orbital (LUMO, conduction
band) and their highest occupied molecular orbital (HOMO, valence band).There is a
wide variation in the electrical conductivity arfBeebeckcoefficient of polymer
thermoelectric materials, from T08/cm to 10S/cm and 1@ V/ K xt1@e W/ Ko ,
respectively. Unlike in inorganic TE materials, the correlation between electrical
conductivity and theSeebeckcoefficient is negative in conducting polymers. Similar
efforts were performed with polymer/inorganic particle composites for several inorganic
materials. lodinaloped polyacetylene was the first semiconducting polymer, with

electrical conductivity of 13 x 10* S/cm.

Conjugated polymers include the category ahdaucting polymers. In their natural,
undoped condition, conjugated polymers may act as either semiconductors or insulators
[87]. They are organic macromolecules with a backbone chain of alternating double and
single bonds (Peierls instability); their overlappirgrbitals generate a system of
d el oc a-leczoasy whichmay lead to advantageous optical and electrical
characteristics. Several hundred monomers make up the repeating units of the
conjugated polymer chain. Also, they are hardly soluble unless you introduce some

pliable sidechain substituents.
2.2.4 Semiconductor based TEM

Heavily doped semiconductors in the 1BBOuVK® Seebeckcoefficient region are
ideal thermoelectric materials. At reasonable amounts of the carrier concentration, the
electrical resistivity is seen to fall within the range of-8.(&| -cm) Good themoelectric
materials are unusual because they have a high value of the 'power factbnjsSs
because most semiconductors do not acquire such favorable valuesSwic&.the
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demonstration of relevant capabilities throughout a ryeldir period betwen the late
1940s and the mid950s, researchers have been focusing on the issue of synthesizing

and characterizing semiconductisigbstances with high ZT valuf9].

In terms of thermoelectric effects, semiconductors' bandtatel surpasses that of
metals.Because the Fermi energy is below the conduction ihadstate density is not
uniform in that region. As a result, the system is receptive to charge transport into a
lower energy state because the average electron energy of the conduction band is greater
than the Fermi energy. In contrast, metals have caitubands where the Fermi
energy is located. Since the average conduction electron energy is therefore near to the
Fermi energy, the forces pushing for charge transport are less. Thermoelectric properties

make semiconductors a natural choice.

2.3 TE Properties

2.3.1 SeebeckCoefficient

ThomasSeebecldiscovered in 1821 that a closed circuit comprised of two dissimilar
metals would allow an electric current to flow continuously so long as the junctions of

the metals were kept at two different temperatures.

In 1821, German physicigt Estonian Thomas Johai@eebecldiscovered that
the temperature difference between junctions of two metals would cause a compass
needle to be deflected by the closed loop formed by the combination of the two metals.
This discovery iknown as theSeebecleffect, which is the change directly from the
difference in temperature to the power. This is because, depending on the temperature
differential, various metals react in various ways, generating loop currents and magnetic
fields. Seeleck labels this event as thermomagnetic because he fails to recognize the
presence of electric currents. The word dthe
by Danish scientist Hans Christian Orsted. This phenomenon generates a voltage on the
order of microvolts per kelvin. At normal temperature, t8eebeckcoefficient of a
coppern i c k e | al | Begbedkeltagé it dirdatlyKproportional to the junction
temperature difference. The junction voltage increases asethgetature difference

increaseq91].

The Seebeckoefficient may be calculated fromisHformula
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(2.9

When one end of a conductor is heated and the other is cooled, electrons with
greater thermal velocities at the hot junction diffuse to the cold jun@eebeckound
that an EMF was generated when he heated or cooled one end of a metal bar relative to
the other. He played around with junctions, which are just mechanical connections
between dissimilar conducting materials. He discovered that by heating one of two
electrically linked junctions and cooling the other, he could force a compass needle to
swene along the wire connecting the junctions. In his mind, he had found a technique
to convert heat into a magnetic field. Subsequent research confirmed that the variation

in emf V (Lenz's Law) was caused by the diffusion of electrons in the circuit.

An actual temperature sensor may be built using an amplified version $ééeck
effect experiment. To calibrate your device, you'll need an external method of
monitoring the temperature gradient between the two nodes.

2.3.2 Thermal Conductivity

A material's hetaconduction properties are quantified by its thermal conductivity. The

symbol for this is often written as & or

Materials with low thermal conductivity allow for slower heat transmission
compared to those with high thermal conductivity. Metads, ihstance, have great
thermal conductivity and transfer heat extremely efficiently, whereas insulating
materials like Styrofoam have the opposite property. Heat sink applications make
extensive use of high thermal conductivity materials, whereas tharsuddtion makes
use of low thermal conductivity materials. Thermal resistance is defined as the inverse

of thermal conductivity92].

Where q is the heat flow, k 1is the
temperature gradient, we get the defining equation for thermal conductivity:cg¥ .
Fourier's Law of Thermodyamics describes this phenomen8averal techniques exist
for determining a material's thermal conductivity, but each one is only applicable to a
certain class of substances. Measurement methods may be broken down into two broad
classes: steadstate andransient. The steaetate methods use the material's steady

state state to infer its thermal conductivity, whereas the transient methods use the
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system's instantaneous state as it approaches steady state. Sinestateadgthods do

not include time, a intricate signal analysis is necessary (steady state implies constant
signals). The time needed to attain steady state also prevents quick measurement,
therefore a welkngineered experimentgb@aratus is normally necess{®y.

The experimental investigation of fluids' thermal characteristics is more
challenging than that of solid materials. Thisbscausgwithout certain precautions,
other forms of rergy movement than thermal conduction are also present: convective
and radiative. An insulating barrier layer may also contribute to seemingly lower heat
conductivity. The capacity of a substance to transport heat (i.e., an intense attribute) is
measuredy its specific thermal conductivityAbsolute thermal conductivity, on the
other hand, is a component attribute that may be used to evaluate thearinsfat
efficiency of several components (i.e., a broad property). Size and form, such as
thickness and@rea, are considered when identifying a component, as opposed to merely
the material itself. Components of the same material but with various dimensions, or
components of different dimensions composed of different materials, may be compared

and contrasteth terms of their thermatansfe capabilities in this fashiof®3].

ATher mal cn drueftervg tty@ 4 material ' s dabil
it i s expressed adfsuifavenaret for apemperatsrg gradientof nmet e r
K per wunit thickness of 1 mo. Therefore, t h

conductivity is:

- — — 26
Where:

= specific thermal conductivity (W (K m))
P= power (W)

A= area (M) = 1 nf during measurement

t = thickness (m) = 1 m during measurement

@t = temperature difference(K, or AC) = 1 K
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2.3.3 Electrical Conductivity

The capacity of a substance to conduct electricity is quantified by its electrical
conductivity. Specific conductance is another name for electrical conductivity. A
material's conductivity comes from its very naturBhe symbol for electrical

conductivity is fAdGo06 and the SI wunit for i

92 is often employed in the field of el ec

represented by the Greek letter. Specific conductance, a measure of water eityducti
relative to that of pure water at 25°C, is often repoj@ddl

2.3.4 Relationship between Conductivity and Resistivity

The reciprocal of electrical resistivity
a = 1/ (2.7

When the material's cross section is constaetresistivity is:

} = RA/ I (2.9

In this equation, R represents the material's electrical resistance, A itsectssal

area, and is its length.

A metallic conductor's electrical conductivity rises with decreasing temperature.
Resistance in superconductors reduces to zero below a specific temperature, allowing an
electrical current to flow around a loop of superconducting without any external
power being providedBand electrons or band holes are responsible for conduction in
many materials. Whole ions, bearing their net electrical charge, go across electrolytes.
The conductivity of electrolyte solutions depends criticaltythe concentration of the

ionic gecies present in the solutifdb].
2.3.5 Materials with Good and Poor Electrical Conductivity

Materials like metals and plasma have excellent electrical conductivity. Silver is the
finest conductor because of its low resistance to electricity. Glass and distilled water,
two common electrical insulators, conduct electricity very poorly. Most elentbat

aren't metals on the periodic table are terrible at conducting heat and electricity.
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Semiconductors have a conductivity that falls somewhere in between that of an insulator

and a conductor.

The best Conductors include the following:

T ASi |l ver
1 Copper
1 Gold

T Aluminum
1 Zinc
T Nickel
T Brasso
Materials such as the following are not good electrical conductors.

T ARubber

1 Glass

1 Plastic

T Dry Wood

1 Diamond

T Air

9 Pure Water (not salt water, which

There is a close and crucial relationship between elattgonductivity and

i s

electrical conductance. Different from electrical conductance, which is a characteristic

of a specific electrical component like a wire, electrical conductivity is a property of the

substance itself (like silver).

One definition 6 electrical conductivity is the amount of voltage needed for a

certain quantity of electric current to flow. The ease with which mobile electrons may

be formed is governed by tinmimberof electrons in the outermost shell. The number of
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atoms per unit vaime is another, less crucial component since it controls how many
electrons are available to move in response to an electric field. Copper and aluminum
are examples of conductors because of their great electrical conductivity. Electrical
insulators, or simply insulators when there's no chance of mistake with thermal
insulation, are materials with poor conductivity like rubber and glass. Semiconductors
are different kind of material that fall somewhere in the middle, and examples include
silicon and germanm. Because the electrons in their outermost shell are free to move
about, metals in general have high conductivity (another way of saying metals tend to

be conductors). In general, the conductivity of nonmetals is rather poor.
2.3.6 Figure of Merit (2)

Sinc® and o vary with temperature, the 1is
calcul ate the figure of merit, Z, arises
the Joule heating and thermal conduction processes, it is clear that average \aldes of

are necessary. However, it may be argued that the value of S at the cold junction should

be used instead, given the confined nature of the Peltier effect. Taking into

consideration the Thomson effect reveals that this conclusion is ind@®gct

For the whole el ement, t he amount o f
which is equal to UTdSI by Kelvin's seconc
of this cooling. Therefore, an overall rate of cooling should be used in place of the

Peltier cooling STcl.
Y'YO -0 "'YQTY (2.9

Cold and hot junctions are denoted by the subscripts C and H, respectively, in this
case. Now, in the formula for the total cooling, the Thomson component is negligible in

comparison to the Peltier term. As a result, it is not too far off to say
QY Y, QY Y Y'Y (2.10
It is then found that

Y'YO -0 YQY — YO (2.1)
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If the average value of tHeeebeclcoefficient, S, is utilized instead of the value
at the cold junction, then the Thomson effect will be accounted for. The mean values of
all parameters are factd into the figure of merit, (Z)97].Z, as described by Eq
(2.12)., is a figure of merit used to compare thermoelectric materials, however, it may
be a pain to work with. Therefore, the quality indicator Z is defined for a certain

material as
O Y- (2.12

In all but extreme cases, a thermoelectric device's figure of merit, Z, will be
exactly equal to the average of the elemental figures of merit, Zp and Zn. Z is best
understood as a convolutedean of Zp and Zn. The fact that Zp and Zn values in
modern thermocouples that are optimal for thermoelectric applications are seldom
substantially divergent justifies the use of a single figure of merit, as stated by Eq
(2.12[98].

2.3.7 Thermoelectric Efficiency

Thermoelectric effect describes a set of occurrences where a change in one temperature
causes a change in another, or vice versaSHebecleffect (which generates a voltage

from temperature differences), the Pelidfect (which uses electric current to propel

heat movement), and the Thomson effect are all particular names for these processes
(upon presence of electric current and a temperature gradient, reversible heating and
cooling within a conductor will occurWWhile the thermoelectric effect is nonzero in all
materials, it is often too modest to be practically relevant. Howevercdsivmaterials

with a significant thermoelectric effect (and other essential qualities) are being studied
for use in power producn and refrigeration, among other potential uses. Bismuth
telluride (BpTes)is the foundation of almost all thermoelectric materi@$y.

As a potential method for the regeneration of energy from waste heat,
thermoelectric materials are employed in thermoelectric systems for cooling or heating
in specialized gplications. A device's thermoelectric efficiency is calculated by
dividing its total power output to ¢hloadby its total heat outpytt00]. An expression
for the efficiency of a thermoelectric gener

(2.13
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Typically, the figure of merit ZT of a thermoelectric device is used to represent its

maximum efficiency, which is defined:as

d (2.14

In which the temperature of the surface being coolejl i€Tsubtracted from the
temperature at the hot junction {j]IWith knowledge of the temperature d@eplent
characteristics, a and(l, as well as the heat and electrical current flowing through the
material, the efficiency of a singleg thermoelectric device may be determined. A-real
world thermoelectric device -ypeasliagypes of t
connected by metal o. Then, the combined
electrical and thermal losses from the interconnects and the environment, yielding the

maxi mum e fpi){lell. ency ( d

When these losses are disregarded, an imprecise estimate for ZT is

Oy (2.15

In this notation, the subscripts n and p denote characteristicsyperand gype
semiconducting thermoelectric materials, respectively; denotes the electricaitgsist
averaged throughout the temperature range; T denotes the average temperature

difference between the hot and cold surfaces.

2.4 Governing parameters of thermoelectric material selection:

intrinsic material properties

Having a narrow band gap semiconductor, high carrier mobility, and low thermal
conductivity is what Slack outlined as necessary for a successful thermoelectric material
back in 1995. An excellent thermoelectric material, according to Mahan, is often a

semconductor with a small band gap and high mobility carr{€.

Rapid industialization has brought with it the dilemma of diminishing energy
resources, particularly fossil fuels, which threatens the steady progress of civilization
over the long run. The future power demands can't be met without investing in and
developing renewdé and sustainable energy sources, and the rising need for energy is
driving this effort. Thermoelectric devices can useSkebecleffect for converting the
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waste heat generated or produced from exhaust system of the engine, industrial
processes, and furaces i nto useful electricity, whil e
emerging energy conversion technologies still fall short in efficiency, cost, and long

term stabilityo. Thermoelectric (TE) mat er i
moving pars, lack of vibration, absence of noise, absence of pollution, and high

stability, play a pivotal role in the quest for sustainable eneffigient technologies. In
addition, TE materials present possibilitie
energy harvesting, the novel concept of thermal power wave sources, automobiles,

wood stoves, and diesel power plants, and can mitigate some of the negative effects of

globalwarmingad t he resul ti[h0gl. cl i mate changeo

There have been several developments in TE materials since 1990, and they may
generally be split into two groups. ASkutter
half Heusler (FeVSbe t ¢ . ) , and silicideo are al/l examp
(FeSi, MgSi, etc.). Various compounds based on metal oxides make up the second
group of TE materials. NaG0,, Y03, Ca(Mn,In)Q, (Zn,Al)O, and FgD3 are some of
the most common oxides usediay. The study of oxides was pioneered in Japan, and it
has since expanded to include a wide range of materials. A metal oxide is a good TE
material choice because (a) it is stable at high temperatures, (b) it has a short mean free

path of phonons, and)(d is inexpensive.

Choosing the right materials is an important part of creating anything with a
physical form. When designing a product, the primary focus should be on finding the
most costeffective materials without sacrificing desired propetti is necessary to
consider the qualities and prices of potential materials before making a final decision on
which one to use. Using a material index or performance index that takes into account
the required material qualities may greatly aid the natselection process. To reduce
heat loss for a given temperature differential, a thermal blanket's thermal conductivity
must be low. Understanding the materials' qualities and how they will perform under
normal use is crucial for any designer. Materiasy in a wide range of critical ways,
including their Astrengt h, durability, flexi
castability, weldability, hardenability, machinktly, electrical conductivity etc. as
shown inFigure?2.6.
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A system's or a material's intrinsic quality cannot be artificially added. Materials'
chemical makeup and 3D structure are primary deterrtsr@ntheir intrinsic qualities
[103]. An object's intrinsic properties are those that it has by its nature, unaffected by
other influences such as its environment. Properties that are contingent on the object's

context are said to be extrinsic (or relational).

O3 Structural parameters
B Cohesive energy per discrete atom
0O Binding energy density

Composition and
Oxidation State
Effect

Band Gap

Band Structure

Mechanical

Properties Shape, Size and

Interparticle
Distance Effect

Support and Confinement
Effect

Figure 2.6: Intrinsic properties of nanomateria[103]
2.4.1 Energy Gapand Band Structure of Semiconductor

A band gap, also known as an energy gap, is a region of the energy spectrum in a solid's
electronic bad structure where no stable electronic states may existbahd gap, as
shown inFigure 2.7 of the electronic band structure of solids, is the energy difference
(in electron volts) between the valence band and the conduction band in insulators and
semiconductors. It's the work dobg an atom to release a valence electron so it may
travel freely in the crystal lattice and act as a charge carrier to carry electricity. In
chemistry, it is associated with the HOMO/LUMO gap. In a solid, current can only flow

if electrons are moving frorihe valence band to the conduction band. If both bands are
filled, however, current cannot go through the solid (see carrier generation and
recombination). This means that the band gap plays a crucial role in defining a solid's
electrical conductivity. Bah gaps determine whether a material is an insulator,
semiconductor, or conductor; in the latter case, the valence and conduction bands

overlap, making the barghp very narrow or nonexist¢h4].
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The energyband structure of a solid is unique to each kind of material. The vastly
different electrical properties of different materials may be traced back to this
underlying differace in band structure. Electrons are restricted to certain energy levels
inside semiconductors and insulators. Band gap describes the energy separation between
the valence band's upper and lower energy levels. Electrons may hop from one
frequency range tanother. There is, however, a critical energy threshold below which
an electron cannot go from the valence band to the conduction band. Varying materials
have different energy needs. Absorbing either a phonon (heat) or a photon provides

electrons with enagh energy to enter the conduction band (light).

At absolute zero, a semiconductor acts like an insulator, but at temperatures over its
melting point, it permits thermal excitation of electrons into its conduction band. On the
other hand, an insulatdias a huge band gap. There may not be a band gap in
conductors if the valence and conduction bands ovgfl@p]. The band gap aa
significant impact on the conductivity of intrinsic semiconductors. Only electrons with
enough thermal energy to be stimulated over the band gap and the electron holes left

behind when this happens are accessible as charge carriers for conduction.
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%
r

F

Conduction Band

Energy ———»
Energy —»
»

T Conduction Band o
Band Gap e e g Conduction Band
Band Gap ¢ . e- g- e- e- e- e- e- e-
Valence Band Valence Band Valence Band
B e BE- - 2~ 2- 8- E= - 2- 2- E-EEh =S =5 e-
Insulators Semiconductors Conductors

Figure 2.7: Classification of Energy Banf<5]

As the temperature of amé&onductor increases, the energy of its band gap typically
decreases. To a lesser degree, the band gap will be influenced by the interaction
between the lattice photons and the unbound electrons and holes. An empirical
expression may be used to explaire tbonnection between band gap energy and

temperature:
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oY Oon — (2.16

whereEy( 0) , U and b are material constants.

Due to the existence of continuous energy levels, thel lgap in a typical
semiconductor crystal remains unchanging. 8Sigpendent changes to the band gap in a
guantum dot crystal allow for the generation of a broad spectrum of energies between
the valence and conduction bands. It is also known as the impagtuamtum
confinement{106]. Pressure also affects the size of the band gap. The electrical band

structure determines whether a band gap is direct or indirect.
2.4.2 Concentration of Charge Carrier

The number of charge carriers in a given volume is referred to as the claarge
density. The Sl unit of measurement is the, per cubic meter. In theory, it may vary
depending on location, just like any other density. Carrier concentration, on the other
hand, is often reported as a single quantity that stands in for the acarage density

across the material as showrFigure2.8 [107].

Semiconductors are distinguished from other materials by the ease with which
thermal stimulation (increased temperature) may promote certain electrons from the
valence to the conduction band. As a result, it gains conductivity as the temperature
rises. As a result, there is a temperatlependent change in the inherent carrier
concentration of a semiconductor, wi t h
higher temperatures (vacancies). To be clear, only free electrons are meant to be

considered charge carriers.

L. 1
(

_ - Conduction
T band

|3
0

= T YWalence

- !\ba nd

Density of states

Figure 2.8: Relation between density of state and energylga
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The band gap also affects the intrinsic carrier concentration sinoatiiols how
readily the electrons may flow through the material. Since the band gap and temperature
at which the most electrons are free for conductivity must be taken into account to
achieve maximum conductivity, we may deduce that the intrinsic caoreeatration

is already riated to solar cell efficien¢¥08].

The hole population in -pype semiconductors far outnumbers the electron
population. Boron and gallium are frequent choices for doping sitacomake it ptype.
In p-type semiconductors, the Fermi level lies below the intrinsic Fermi level, putting it
Aicl oser to the val ence Anavypetsenticonductoristae condu
common electronic material. An impurity is introduced intoeengonductor material
(of ten silicon or ger mani um) during produc
bi smut h, or any other chemical el ement 6 mi ¢
impurities are what they are termediffusion due to difference in chargearrier

concentration is shown irigure2.9.

::> ( Diffusion of Electrons)

e e o
o 0O I -
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Higher Concentration Area Lower
Concentration
Area

Figure 2.9: Diffusion of electrord.08]
2.4.3 Mobility

Mobility is the rate of drift per electric field strength. By applying an electric field,
el ectrons may be Adriftedo or have their vel
meters per second Electron moliliis a quantitative measure of the influence of

electric field on electron motion.

When an electric field is applied to a metal or semiconductor, electron mobility
describes how rapidly the electron may travel through the material. For holes, a
comparal# quantity known as hol@obility exists. Carrier mobility may mean either
electron or hole mobilityThe mobility of electrons and holes in a fluid subject to an

applied electric field are subsets of the more general phenomenon of electrical mobility
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of charged particles in a fluidVhen an electric field E is applied across a material, the
electrons in that material will move at a mean speed, known as the drift velocity. After

that, we may characterize electron mobility as
w ‘0 (2.17

The standard unit of measure for electron mobility is the centimeter squared per
second crfi(Vis). This is not the same as thé/ rfvts) mobility unit used in the SI
system. 1f(Vis)=1dcm?/(Vis) is the relationship between theffihe product of
carrier mobility and concentration determines the conductivity. A large number of
electrons with low mobility may provide the same conductivity as a small number of
electrons with high mobility. Since mosnetals’ electrical behavior is based on
conductivity alone, it often does not matter whether of these two is true. As a result,
mobility plays little role in the physics of metals. However, the presence of humerous
low-mobility electrons against a smalumber of higkhmobility electrons may have a
profound effect on the operation of transistors and other semiconductor devices. This
means that mobility is a crucial metric for semiconductor materials. Increased
portability almost usually improves gadget foemance, everything else being equal
[108].

The mobility of a semiconductor changes with the concentrations of impurities,
defects, electrons, holes, temperature, and the donor and acceptor concentrations. Th
electric field has a role as well, especially at high fields when the velocity is saturated.
The Hall Effect or inference from transistor behavior may be used to fikbidility is
often tested experimentally and is found to be highly dependent ornhotinities in
the material and temperature. Values for mobility are often shown in the form of a table
or chart. Electrons and holes in a gabse have distinct mobilities.

2.5 Selection of TEGAccording to Operating Temperature
2.5.1 Low Temperature (<250°C) TEGs:

I n this temperature range, t he most comn
furnace door s, el ectrical circuits, and r
also claimed a low temperature range (Z50for the materials used, which incksl

metallic and buffer connection$22]. As was previouslymentioned, bismuth
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telluride/selenitenas a high ZT in the low temperature range (HABI’C) [109].
Therefore, thesmaterials have seen extensive application in the production of TEGs. In
order to get a low temperature for TEG's input, many attempts were made to build
organic materiabased TEG$110] as an alternative to bismuth telluride/selefz8].

Table 2.1summarizes the performance of a variety of TE materials throughout-a low

temperature range.

Table2.1: Various low temperature range TE material

Thermo | Th/T. Interconnect | Buffer | Efficiency | Remarks Ref.
elements ) layers
material (%)
e at the
ends
150°C/24°C | N/A Nickel | 5.8 Analyses off [111]

thermoelectric

and efficiency

& performance

s

m under

m -

& conditions of

= extreme
temperature
variation

245°C/20°C | Silver N/A 8.5 Mg-Ag based| [112]

2 materials

&S

0 have excellen

3 thermoelectric

o .

S conversion

o

< efficiency.

)

=
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147°C The cold end Gold | N/A Organic

/67°C has silver| thermoelectric
. _ [113]
attached to it materials
whereas thq
hot end hag

aluminum.

p-type poly[Cy(Cu-ett)] and rtype
poly[Na,(Ni-ett)]

2.5.2 Mid T emperature range (250650°C) TEG

Automotive exhausts, gas turbine exhausts, drying and baking oven,-lsidam
exhausts, etc. are all examples of sources that contribute to tempdrature range
(250-650°C) stated by the summary of several THEGK4]. BiCuSeO, CgC;0q, IN,03,
NaCa0O, CaMnQ, LaNiO;, and SrTiQ are popular thermodynamic materials due to
their cheap cost and simplicity of manufacture. These materials show their greatest

thermoelectric performance at temperatures >65[116]. In

Table 2.2, it is shown how different types of TE materials perform in the moderate

temperature range.

Table2.2: Various mid temperature range TE material

e Q@ — = 0| >
o 8 2] 8 S5 o 2|2 E
c|E °S o 5 » o 45

2 E 5= g ¢ £S5 %8 §¢ &
> 8 EIF £ E| D B £|E &
p-type 420°C /20| N/A N/A 5.8 Thermoelec| [116]
ZnSb °C tric

generators
n-type

use [73]
Constantan

thermocoup

les, which
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are  made
from a
direct
connection
between p
and n wires.
n-type 500°C/10 | Stripe of Ag | Ag/Fe/Ag | 6 The [22],
PbTe 0C + Fe production | [117]
of the
contacts ig
done
through
diffusion
bonding.
Skutterudit | 500°C Aluminum Molybden | 7 Brazing is| [118]
e of p type| /40°C um used to
and n type create the
connections
Skutterudit| 55¢°C N/A CoSi in|9 Energy [119]]
e of p type| /70°C p-type and harvesting 120],
and n type CoSkinn- materials [36],
type [121]
p & n type| 550°C N/A N/A 10 TEM and| [122],
skutterudit | /90°C modules [123],
e [124],
[116],
[125]
ShTes/Pb | 600°C Copper (Cu) | CopgFe, | 11 Thermoelec| [126],
Te as p|/10°C for PbTe tric [127]
type and side and materials
Bi>Tes/Pb for use in
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Te as n Ni at environmen
type Bi,Tes/Sh tal energy
Te; sides research,
contact
creation
using liquid
In-Ga
eutectic
alloys, and
segmented
thermoelect
ric devices

2.5.3 High Temperature range (>650C) TEG

This heat comes from a variety of industrial processes and facilities, such as hydrogen
factories, steel heating furnaces, metal refining furnaces, etc. Natural radioactive decay
also generates very hot h¢a00-1000C) (e.g., Pekg). Those TEG that operates at such

high temperatureisc al | e d sfiortaodpieo t her moel ectri c power
di Silicide (bFeSp) was suggested in 1964 for use in thermoelectric powenptiot

at temperatures oves00 °C because of its stability with regard to evaporation and
oxidation sublimation and the presence of hazardous compdB88ht&Performance of

Hi gh temperature range TdbE23materi al 0 i s sur

Table2.3: High temperature range TE material
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n- 700°C TiSi, N/A 3 Thermo electrig [88]

Fe&.03C00.07S11.9 generators mad

9A0.01/P- of FeSi,
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MnSi1.73

n & p-type|870F°C/31 | Molybdenu | Pressur| 7 Thermo electrig [22]
SiGe alloys °C m e power
contact generators
n & p-type|553C Molybdenu | Carbon | N/A | Thermoelectric | [117
SiGe alloys 144°C m module, Linearn ]
Shaped SGe
materials,
n & p-type| 1000C/ | With Ti | N/A N/A Si-Ge Unicouple [3]
SiGe alloys 300°C layer, hot materials
shoes
connected.
p and n
type SiMo
(i.,e. MoSi;
in
the Si
matri
n- type | 773C Connection| N/A 1.1 Fabrication off [128
Caygdagogvin | /383C among the all oxides| |
O3 & p type p and n thermoelectric
type are generators
Ca.75Gth 2:C0y
made
09
through Pt
p-type wire.
Segmented le( 1000C/ | N/A N/A 15 Generation of [129
of p-type | 152C New Space| ],
(Yb14MnShy4/ Based Nuclea| [130
Technologies ]
CaydFessCos
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Shy and n
type
(Lag-xTey/(Ba,
YbCo,Shyo)
Segmented le¢ 70°C N/A N/A 15 High efficiency| [131
of n-type 127°C Segmental 1,

thermoelectric | [35]
[CoSh + .
) Uni-couples
Bix(Te/Se)]
and
p type
[Zn4xCdXxSh
+Zn,Sh; +
(Bi/Sb),Tes]
n-type 735C Copper on Cu on|5.3 Materials base( [132
MnSiy 7sGeyo1 | /50°C cold side| n-type on silica:| ][13
and ptype and Mo on| and characterization| 3]
MQ2Sio.535M.4 hot side Ni/Pb/ assembly, an(
Ge&y.0Bio.o2 Ni on design

p-type

Table 2.4 provides a higHevel summary of TE performance based on the
performance of various materials, and it includes theoretical and experimental analyses
from a small number of researchers. Selvpassible TE materials have been used by
several research organizations throughout the wddble2.4 provides a summary and

analysis of a wide variety of Tiateral and studies.
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Table 2.4: Thermoelectric performance of miscellaneous TEG materials

TEG (Material) Methodology Research Findings Ref.
study
Temperature Finite  difference A single TE filament [134]
Evaluationdependent method/ provides a
thermoelectric Domeni cal|power output, ho
performance  basl | equation. surface temperature (
upon materials 398.15 K and 6 mv o
open circuit voltage.
High TE performancg Synthesis Proceg By Ni alloying to Ag site| [135], [136],
of MgAgShb-based Composition and enhancing the pha [83]
materials, Spres-Te | Optimization can purity, ZTs of 11.5 at
nano compositesW- | achieve high ZT a room temperature if
Ni-Al 03 room temperatur¢ MgAgSb based materia
for obtaining phas¢ MgAgo.g9sNio.oos Ado.oo
pure samples. can be achieved. Whe
kept at the roon
temperature ZT can b
compared with the best
type Bo.4sShisTes.
High-Performance | Substrate o] Spectrally selective [82]
SpectrallySelective | Stainless steg absorber achieves solar

Solar Absorber Base
Yttria-Stabilized

on
Zirconia Cemet with
High-Temperature
Stability

mechanically
polished is layeres
with tungsten

Infrared reflector.

absorptance ~0.95
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Providing Powerl Maximum  Powern With the help of & [137]

Supply to a Vehiclg Point Controller cascade voltag
by Maximum Powel (MPPT) controller, charge
Point Controller for voltage is controlled
TEG. through adaption of th

step size and lowerin
the oscillation at the
MPP in respect of th

power gradient.

Under differentf To hike thermal Because of the mismatg [138]
temperature conductivity are temperature  conditior|
conditions, researc| connected in the results from the

over TEGO 4parallel and to hike experiment are 11% leg
performance(thermo | opeating voltage, in comparison with the
elements) these thermo| theoretical maximun
elements ar¢ power, which is the
connected in serig significant pwer loss of
electrical link for| the module whe

TEM. connected in series.

As FOM is a very important aspect, by alloying Ni with Ag, materials like
MgAJo.969Ni0.005Ad0.99 IS formed that achieve ZT (FOM) of1l.15 at room temperature.
Some materials, such as yttgtbilized zirconia cermet, may boost the solar
absorptance of a receiver to as high as ~0.95, making it more effective as a solar

collector.

For TEG applicabns, continuous research is being carried out to produce some
substitute material as most of the materials available till now are inorganic, which raises
the cost of the raw materials and processing techniques. These available materials are
also toxic aswell as brittle by nature. The potential of conducting polymers(CP) has
been exhibited for many years in memory devices, transistors, displays used in
electronic devices, sensors, supapacitors, etc[139]. Thus, it can bring a great
breakthrough in the thermoelectric field. Their ability in order to emerge as Wearab
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devices, compatibility mixing with inorganic material (can carry the thermal electricity

to the smart technologies), providing ease in patterning over many kinds of subtracted

which has large area as well as flexible and free standing [@&]s Many researches

are conducted to i mpr oM@ Thishresulted thécempiling per f or
the ongoing trends in the field of organic thermoelectric by various groups of

researchers.
2.6 Various Modeling and Simulation Techniquesfor TEG Systems

In order to enhance the design of practical devices, the performance of edaobf ki
geometry is quantitatively (through simulations and modeling) examined. Such methods
are often implemented using computational fluid dynamics (CFD) and finite element
analysis (FEA) programs. The smallest element, with a substrate size of only®00 mm
(4.15% of the system's total), may nonetheless achieve optimum efficiency. At a fixed
TE leg length, it is possible to improve performance in order to reduce the cross

sectional area of the thermoelectric components.

Table 2.5 includes simulation and modeling tools utilized by researchers on
different thermoelectric Generator projects. For TEG modeling and simulation prior to
actual execution of TEG project, sofftated popular tools are accessible, such as
MATLAB, ANSYS, COMSOL-MULTIPHYSICS, etc. The activeooling mechanism
in the TEG/LED system's cold side temperature (35.7°C) was calculated using the
MATLAB Simulink tool. Many TEGs for car exhaust are analymsthg CFD software
like ANSYS and COMSOL mukphysics. These aids excel in Finite Element Analysis
in three dimensiongl19].

Popular modeling and sirfation tools for thermoelectric systems include
COMSOL, ANSYS, ABAQUS, IMHO, etc. They may be used for many purposes.
Software based on equations, like COMSOL. COMSaQitive Multiphysics's
interface makes it possible to quickly and simply perform fidtement analysis
(nanometer scale) on a wide range of complicated physics phenomena using a large
number of simultaneous equations. In COMSOL, working with targets of nm size is
straightforward, however in ABAQUS, it is not feasibliea problem with gemetric
modeling in COMSOL arisegshe geometry, however, may be brought in from other

programs. It has a builb model viewer as well. It is easy to model and generate a
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mesh. Researchers that have experience with eqizs®sd programs like MATLAB
oftengravitate toward COMSO[141].

For Astructur al anal ysi s, gener al phy
dynamics (CFD) simulations, and time savings, ANSYS, an elerbas¢d program, is
preferred. When solving a complicated flow issue, ANSYS provides superior solution
control, making it considerably easier to achieve convergence. There are two different

ANSYS malelers available: workbench and classic. The GA&@yramming utilized in

industry is called workbench, and tradit.i
workbench (ANSYSDesign Xplorer, ANSYSSpace Claim, ANSY&utodyn,
ANSYS-CFD, ANSYSFLUENT, and ANSYSMec hani cal ) o i s avail

ANSYS student version. While ANSYS WB's user interface is more intuitive, the
quality of its meshes is subpar. ANSA and Hypersh both produce higuality mesh.
Both ANSYS (for stress/strain analysis) and COMSQ@dr complex multiphysics
analysis) may be used in tandem on a single project, howeigichoice depends on
the specifics of the problem at hand. Adding fluid dynamics to COMSOL would

position it at the forefront of numerical simulation technology.

ABAQUS is the market leader in the automotive sector, whereas ANSYS is the
market leader in the energy sector. Since ANSYS APDL is over 20 years out of date, it
has been superseded by ABAQUS CAE. Parametric design language such as ANSYS is
highly helpful, however the same outcomes may be achieved using python and
ABAQUS. There is no way for ANSYS to provide an API (application programming
interface) for RST. Therefore, it would be difficult for anybody to create a model using
ANSYS output (file.rst). ABAQWS's wellorganized database and great APl make it a
powerful tool. Most people would rather use ABAQUS than ANSYS to create UMATS.

There are several different paid ANSYS versions, such as ANSY§ ANSYS
FLUENT, etc. Different ABAQUS releases inclui®SCA, fesafe, Simpack, XFlow,
and XFEM. Tokens may be acquired in increments proportional to the needs of product
development, therefore it is not necessary to buy all of them at once. While COMSOL
has widespread acceptance in the academic communit3TRAN is preferred for
aeronautical applications. When designing a new product, it's important to consider not
just one but all of the software packages that will be used to create it, including those for

electromagnetics, acoustics, explicit, CFD, mbtidy, fatigue, optimization, and so on.
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includes simulation and modeling tools utilized by researchers on different

thermoelectric Generator projects.

Good software packages for TEG analysis ideluMATLAB, ANSYS,
COMSOL-MULTIPHYSICS, etc. The cold side temperature of the TEG/LED system
was calculated to be 38F using the MATLAB Simulink tool to simulate the active
cooling process. Many cars exhabassed TEGs undergo CFD study using ANSYS,

whereas COMSOL multiphysics is optimal for 3D Finite element modeling
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Table2.5: Various models of TEG

S.No. Modelling in Various Research Simulation Software Assumptions Ref.
Technique

1. TEG module withhigh-power LED and Numerical Simulation| MATLAB |(i ) AUni form ai]| [12]1]
activecooling computational modeling fc /Simulink DC fano
autonomous energy recycling. (i) AASSUMe t
The suggested LED/TEG module's act metals andceramic plates posse
cooling mechanism shows significant high ther mal Co
greater cooling capacity at 87.5 %of
operating temperature than the pass
cooling LED cevice. The passive coolin
heat sink is received at a temperature th;
35.7 °C higher than that of one of th
TEG/LED modules.

2. Exhaust heat exchangers in automobi| Numerical Simulation] ANSYS | The heat outlet and let are both [142]

experimental and numerical study.

Maximum heat transmission of 1737W

achieved by the serial plate constructi

CFD Analysis

constant.
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which is aided by 7 baffles. It also cause
maximum pressure decrease of 9.7 kPa

suburban driving cycle.

For the purpose of designing therm
concentrated solar TEG, ANSYS is utiliz|
for simulation and modeling. The mo
efficient performance from the smalle

component bthe TEG system is 4.15.%

Numerical
Simulation3-D Finite

element scheme

ANSYS

Not Available

[38]

The research and development of
improved TEG system powered by t
exhaust of internal combustion engin
The ETEG 3D numerical model i
developed. The engine's fuel consumpt
rate was reduced by 0.6% thanks to
ETEG (Exhaust based TEG) technolol
which is utilized to recover waste he|
When used in conjunctionith a waste heg
recovery system, TEG modules achie
efficiencies of about 4%.

Numerical
Simulation3-D

Numerical model

FLUENT
(ANSYS)

It is believed that the engine wou
not  suffer any noticeabl
performance loss due to the high

jacket water tempenate.

[143]
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Analysis and design of the TE Modu Numerical Simulatio ANSYS | (i) Set of Ptype or Ntype TE| [26]
using ANSYS to extend its useful life. Tl :Finite element metho( Workbench | elements is comdered isolated.

feasibility of strengthening the TEM (i) Due to the same locatid
framework is explored. Von Mises stres: Stresses existed on aNP pair in

are 13%ower and efficiency is 42% highg both rectangular and circular layo

for TE modules with a circular geomet designs

than those with a rectangular one. Sh

stresses are also reduced.

ANSYS

Concentrated solar TEGs are designed Numerical Simulation | ANSYS | (i)- SteadystateTEG [144]

modeling and simulation (using
geometrical equivalent model), and th
investigated using a numerical technic

that takes into account TE characteristics

threedimensional

finite element scheme

(ii) -

elements

Identicalp-type and Hype

(i) -Temperature dependehE

materid properties

th

electrode, substrate, solar absofh

(iv)-Material properties of

constants.

(v)-Vacuum environment
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convective | oss

(vi)-Radiation heat transfer on
takes place between th

environment and hegide surface

(vi)-Heat sink ad the solar
absorber are not incorporated in {
computational process, howey
with  the help of boundar

conditions their effect is described

Simulation and Modelling (mathematic
modelling) of TEG under Mediterrane:

climatic conditions

Numerical Simulation

MATLAB/SIMULINK

environment

MATLAB

()-TheSeebeck act or (|
conductivity (s) and therma
conductivity (k) are constants al

temperature independent.

(il)-These are calculated at t
average temperature (T)

(iif) -Model is valid for n number g

legs

(iv)-Hot side temperature > ambie

[49]
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Cold

temperature< ambient temperatl

temperéure, side

WeathesAut umn and g
Seebeck coefficient, temperaturi Numerical simulation| MATLAB | Onedimensional linear temperatu| [145]
dependency of TE materials, the Thomyg finite elemenimethod distributions
effect, and the influence of heat trang
from the side surface are all accounted
in the theoretical modeling of TEG.
The purpose of this study is to apply| Numerical simulation| MATLAB | (i)-One dimensional Conductiv( [146]

Heat Transfer Mathemati(

t -Golar Poed SYstEeG.

Transient
Model o

MATLAB/SIMULINK

environment

heat transfer takes place though

infinite size solar pond

(i) -Acrossthe layers of the pong

physical properties are constant

(i) -Throughout the year, the

temperature of the aquifer

constant

(iv)-Average ambient temperatur

=UCZ temperature
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(v)-Heat exchanger provides* Y
and"¥ Y

(vi)-Heat exchangeN o h e at

10. Multiphysics simulations of electricity an Numerical  transienf ANSYS Glass fibres is used to insulate si¢ [147]
heat tansfer using TEG simulation CFX of the hot block no leakage of heg
flux
11. Wearable TEG thermal mod| Numerical FEA| Comso} Human body distributes uniforq [148]
development, manufacturing, al simulations Multiphysics | heat
experimental testing with no heat sink.
12. TEG Modeling and simulation for he| Numerical simulation N/A Heat flow between energy stora| [149]
extraction from ocean material (thermal resistance) a
seawater
13. Prototype TEG modeling and fabricati{ Mathematical N/A At any cross section of exhauy [150]
for use with hot exhaust gases simulation uni form tempera
14. Geometrical model and Multiphysi¢ Numerical Simulation ANSYS Uniform temperature over th [151]
simul ation are wuse 15.0 surface of heater

electrical and thermal performance of TE

54




15.

Different boundary conditions are used
create two separate thrdemensional
models of a TEG.

Numerical model

Numeric Simulation

ANSYS
FLUENT

Two different thermal boundar

conditions:
()-Fixed temperature at boundarie

(ii) - Fixed convective heat transfer

[152]
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2.7 Environmental | mpact of various TEG Systems

Here, we take a look at the work of a diverse set of researchers and writdravinat
studied the environmental effect and performance of thermoelectric generators using a
variety of theoretical and practical approachédsar i ous model s of TEGOS

environment are summarizedTiable2.6.

Table26:Var i ous mo deaffdcton emfirondat@idscost

TEG (Environment Methodology Research Findings Ref.

and cost) study

Wet fluegas| Wet flue gases At the same gas temperaty  [153]
thermoelectric of 150 °C and mass floy
generator rate of flue gas, th
(concerning theil maximum production 0
performance) Awet flue ga

of 30%, is 5.8 times that ¢
dry fl ue mgang
less gas is used as a fi

source.

CO, life cycle|4 scenarios fo

Thethermoelectric figure o] [114]
scenarios of lifg automobiles merit is improved by &
cycle incorporated  with factor of 1.9 if the LCCQis
TEG integrated with reduced to zero, which
an exhaust pipe the case for the typice
driving pattern. For TEGs t
be financially viable during
their expected lifespan, the
present price must B
decreased by 100%.
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Passenger bismuth telluride By 0.0M0.30%, CQ [154]
automobile (Bi-Te) material emission in the city is
based thermoelectri reduced.

generators
integrated with the

exhaust

Hybrid commercial| Wasteheat recovery By turning waste heat int  [155]
vehicles techndogy power, fuel efficiency may
be increased by as much
20%.

Heavy duty vehicles Wasteheat recoveryl 20% increase in fug [156]

efficiency

0.07~0.30 % C@emission of the city is reduced in japan by using TEG integrated with
exhaust of automobiles, that shows TEG can be a good environment friendly

technology.
2.8 Applications

When working in diverse temperature ranges, TEG finds use in a wide variety of
indust i es, i ncluding Aremote power, aircraf
heal t h cl[a57]eCassifieationts of a few of them are giverTiable2.7.

Table2.7: Various applicationsof TEGs

Applications Methodology Research Findings Ref.

Mi c r o p r ¢ air cooling technique| obtained negative temperaty [55]
thermoelectric gradient

cooling i.e.

Thermoelectric | For heat dissipationf a solar Peltier refrigeratq [158]
refrigeratorsand| charge carriers ar might reduce the temperatu

air conditiones | used rather tha|in about 44 minutes fron

refrigerant in  the
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thermoelectric

material

271°% to 5PC

Aerospace

Solar TEG(TEG and

a thermal collector)

Only 0.081% of maximun
efficiency was received due
the solar power radiation los
of 10%, free convection an
th¢
absorber by 70%, while onl
the 20%

conducted through the legs.

re-radiation loss  of

remaining way

[10]

Spacecraft
(radioisotope thermo

electric generator)

For producing Zf/We power,
865K ho
junction temperature i
operated by the RTGs

of maximum

[159]

cascaded
thermoelectric
modules (CTMs)

For generating 108We (¢

electric power and fo
achieving decrease of 43
amount of 238 Puf fuel

needed.

[160]

TE infrared

Sensors

Seebecleffect

A low cost potential
3900V/W (high responsivity
are provided. Though, marn
TE

capable of operating within th

an(

infrared sensors ai

rangeof 71 4 & m.

[161]

Biomedical

In comparison with
lithium-ion or NiCd
batteries, safe

materials are

A fit bit belt typically produces
300mV of opercircuit voltage
from a temperature gradient
1.5K,
approximate

and it has a

efficiency o

[14]
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fabricated out 0.1%

Automobile Wasteheat recovery | Bi;Tes-based TEG is touted § [162]
the most efficient globally, ha
die=7.2% and an approxima
output density of 1W/chis
produced when operating
Tc=30°C and T=280°C. The
efficiency of the fuel hikes b
16%.

24 TEG modulg A 301°C of temperaturq [163]
integrated with difference produced a 12.41

exhaust pipe of total output power.

TEG integrated with Under same conditions f¢ [164]
SUV and CNGj simulation, 3 and 7 factsrof
generators increase in power for SUV ar
CNG respectively in generat
based upon QW and Hie;

2.9 Concentrated Solar Power

Currently, a wide variety of solar technology options are on the market. Each has its
own set of benefits, however, since it is built on a separate set of ideas and scientific
principles. The most effective and advantageousin@ogy to employ under any

particular set of circumstances may be determined by careful analysis and comparison

of available options.
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Photovoliaic Solar Pancks Most connonly used 1echnsquees in today's matked

Concentrated Photovoleaic The haghest efficency ever achieved in lab

Systems

Dne Sensatized Solar Cell Biomimics lechmques based on cheap Organic
msaterials

Solar thermocelectncity system | Based on the application of thermoelectricaty
mascrials

Concentrated Solar Power Commonly used based on the application of mature
heat engine

Figure 2.10: Overview of solar technologig$]

AfConcentrated s ol a-doncpnirateel mphotévaAltSid Jolar panels n o n
(PV)o are the two most developed technol ogi e
commercially, and their future expansion is anticipated to be Ei@ijt The overview

of solar technologies is shownhingure2.10.

The field of Concentrated Solar Power (CSP) focuses on theelbause of solar
energy. In this manner, steam is produced to power the turbine. In addition, because
some of the heat is stored, this sort of plant may operate continuously. When there isn't
enough sunlight, it may still generate steam and power plaé8. Since CSP plants
need a lot of direct sun irradiation, they are best suited for the Sun Belt, the region of the
world that is between 40 degrees north and south of the equator. In most of these areas,
the technological capability of CSPased energy production is far greater than the
electricity demandopening up possibilities for electricity export through khigitage

lines.

This summary focuses on three crucial facets of CSP glawéj:
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a) Process and Technology Status;
b) Performance and Costs;
c) Potential and Barriers.

Numerous technological studies haeeantly focused on various renewable energy
options. Each summary provides policymakers with information on the technical details,
prices, market potential, and obstacles that stand in the way of a swifter switch to

renewable energy.
2.9.1 Solar Energy

Each photon of sunshine that makes it to Earth includes energy that keeps our world
going, therefore the sun's contributions to Earth go well beyond daylight illumination
[167]. Each hour, enough solar radiation reaches Earth's surface to potentially meet
global energy demandsrf@amost a whole year. This is because solar energy is the
ultimate source accountable for all of our weather systems and energy sources on Earth.

What is the source of all this vitality? Any star in the cosmos, including our own
Sun, is analogous t® huge nuclear reactor. Massive quantities of energy are generated
by nuclear fusion processes in the Sun's core and radiated outward from the surface of
the Sun into spac®hotovoltaic and solar thermal collectors are two methods that may
be used to ga#r sunlight and transform it into usable enef§§8]. As the price of
solar panels continues to drop, more and more people in more and more locations
take advantage of this renewable energy source. As a sustainable energy source that
produces no harmful byproducts, aopower is poised to become more significant in

the world's energy future.
2.9.2 Solar Geometry

(a) Horizontal Coordinates

Horizontal, or akazimuth, is the first coordinate system to be covered. In this model,
someone standing on Earth would see the horémoa level surface. The zenith is the
vertical line that is perpendicular to the surface and immediately above the head of the
observer. The altitude angle characterizes the inclination of an object with respect to the
horizontal. Positive things are tleothat are above the plane, while bad things are those
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that lie below. The angle of azimuth defines how far a body is from the plane that runs

parallel to the zenith and marks the celestial north and south poles. This plane is set at

an azimuth of zero deges. It's a lefhanded system since positive angles move in a

clockwise directionFigure2.11s hows t hat t he angl e¢The f height

direction normato the Sun may be calculated using these two afffgs
(b) Equatorial Coordinates

The equatorial coordinate system is discussed next. The basic plane of the equatorial
coordinate system is perpendicular to the equattreotky. In this reference frame, the

axis of planetary rotation serves as the normal vector. Each region of the sky may be

t hought of as a coordinate system similar t
indicates the inclination above or below theestial equator. Hour angle is the other

coordinate that acts like a latitude (H). The hour angle divides a full 360 degrees into 24

equal segments using hour, minute, and second measurements. 15 degrees of arc
correspond to one hour. If you stick to thgwints in space, tracking the Sun's apparent

motion becomes much easier. Throughout the day, the hour angle shifts by exactly 1

degree every 4 minutes. There are not more than four tenths of one dedgeknation

every day. Eq2.18 and(2.19 may ke used to make the transformation between the

two sets of coordinates. Given an observer'’
angle (H)o, these equations will provide the
SinU = sinU x sind +é&os@ié&kécd& i . R1Fos¢ ¢ééé

,,,,,,,,,,

o' & =90° —qr,

™ Piormal b
horizontal surace

Figure 2.11: Solar geometiy 6]
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2.9.3 Solar Irradiance

Radiant radiation from the Sun is Earth's principal energy source. The irradiance of the
sun is measured and reported. Total solar irradiance (TSI) is the sum of all radiation
measurements; spectral irradiance is the sdnall radiation measurements broken
down by wavelength. Atmospheric regions get light of varying wavelengths. The
surface is heated to a habitable temperature by the sun's visible light and infrared rays.
At increasing altitudes, ultraviolet light of tH8V-A, UV-B, and U\C varieties is
absorbed[169]. Wavelengths shorter than 120 nm (EUV) are absorbed by the
atmosphere over 60 mileglong with soft Xray radiation. Although it is totally
absorbed by our atmosphere, extreme ultraviolet (EUV) radiation poses a serious threat

to humans and technological devices in outer space.

over the course of the sun's-§éar cycle, the sun's totamtadiance increases at
solar maximum and decreases at solar minimum. The Sun's radiation at various
wavelengths shifts as it revolves and when solar flares cause adjustments. The Earth's

changes are distinct from those witnessed on other worlds.

Solar energy is a plentiful resource in India. India receives over 200 megawatts per
square kilometer (MW/km2) of solar radiation annually (megawatt per square
kilometer). This is equivalent to 657,4,000,000,000,000 MW, given a landmass of
3,287,000,000 squarkilometers. However, 87.5% is utilized for agricultural purposes,
6.7% is used for habitation and industrial purposes, and 5.8% is either barren, snow
bound, or otherwise uninhabitable. As a result, just 0.413%, or 12.5%, of the total land
area is theoteally suitable for solar energy installations. Even if just 10% of this land
is put to use, the resulting 8 GW of solar power would be enough to displace 5,909,000

barrels of oil annually170].

Solar energy, however, is a diffuse kind of power. Approximately the same amount
of erergy is generated by burning 1 kilogram of coal or 1/2 liter of kerosene as is
gathered by 1 fof a solar collector in a single day. As a result, expansive regions are
required for gathering. Furthermore, solar energy conversion efficiency is poor. As a
result, the available energy would be far less than what was previously estimated. Solar

energy, however, is clearly a viable ioptfor satisfying energy nedds'1].
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2.9.4 Apparent Solar Day

The time ittakes for the Earth to complete one revolution on its axis relative to the

apparent sun. True solar day is another name for it.
2.9.5 Direct Solar Radiation

Radiation obtained by the actinometer originates only from the sun, as opposed to

diffuse sky radiationeffective terrestrial radiation, or any other source.
2.9.6 Solar Absorption Index

The lonospheric absorptios & function of solar zenith angle at different latitudes and
local times. Air mass penetrable by sunlight at any particular time and latitodkeid

the solar air mass. Approximately 1367 watts per square meter is the solar constant,
which is the rate at which energy is received from the sun just outside the planet's
atmosphere on a surface normal to the incident radiation when the earttsisnatin

distance from the sun.
2.10 Solar Collectors

In order to heat a material, solar collectors convert sun energy into heat (water, solar
fluid, or air). As a result, solar energy may be put to use to warm water and even
swimming pools. Not all sun collectors can generate the high temperatures required b
solar cooling methodd 72]. Concentrating solar powdsy collecting light from avide

region using optical equipment liken mirror or oher optical equipment, they
concentrate a large amount of sunlight on a tiny area. The solar concentrator is most
effective when positioned such that its surface is directly towards thfL8lnin the

Figure 2.12, mentioned below, variety of solar energy concentratiegogs can be

seen.
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Concentrating Solar

Technologies

| | |
Low Temperature Medium Temperature — Line Hi
. L z ph Temperature-
(<100“C) Focusing (= 400°C) Point Focusing {>40°C)

— Klat Plate Collectors

— | Parabolic Trough ~  Central Tower
—  Solar Chimney

— | Fresnel Collectors —  Parabolic Dish
— Solar Pond

Figure 2.12 Concentrating solar technologies classification

Concentrators need to move toward the direction of the sun so that they may
maximize their exposure to sunligimroughout the day. A tracker can help you do this
effectively. To follow the sun's revolving course, tracking may be done on a single axis
from East to West or from North to South.

A receiver is a component of any solar energy conversion systemitsmecst be
able to transform the solar radiation into another form of energy. This might be a solar
cell or a heat absorber (to collect thermal energy) (to convert light to electric energy). In
the former, energy from the absorbed thermal radiation msfeered to a generator
through the heating of a medium (fluid). In the second scenario, an electric current is
produced when light triggers a photovoltaic effect in the solar cell's material. In both
cases, the quantity of energy available for the corers limited to what can be

supplied by the solar source per unit area of the converter.

There are two ways we can get the extra power we need. The first possibility is to
expand the size of the system (for example by increasing the number vérgcelhat
is to say, we need to increase the size of the plant, which might include buying more
land, more supplies, more money, etc. It has been done to some degree, but it is not
always enough, particularly when land space is limited, to supply tmgyeneeds. The

second strategy involves focusing the flow of radiation. A concentrator (often an
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optical device) positioned between the light source (the sun) and the receiver may
accomplish this. An aperture, the cr@estional area via which sunliglenters the
system, is one defining feature of a solar collector, which is otherwise defined as a
system for processing sunlight that consists of a concentrator and a receiver.

Common types of concentrators include mirrors and lenses, which focugiiaied
rays of sunlight in different directions. Concentrating optics come in a wide variety of
shapes and sizes. Concentrating collectors, which use mirrors of varying shapes,

kind of example.

First and foremost, the act of focusing light indicdles the energy flow is enhanced as

a result of the confined space. Several significant advantages result from this:
1 Increasing heat collector temperatures.

1 Reducing the receiver's surface area reduces the amount of heat lost by

convection.
1 More efficientenergy conversion with a smaller footprint is possible.

The following are now standard at largeale CSP plants [Mendelsohn et al., 2012]:
2.10.1Flat Plate Collectors:

When it comes to solggowered home heating systems, -fitdte solar collectors are
the gold standard. This technique is based on a rather straightforward concept. A dark,
flat surface gets heated by the sun and absorbs as much energy as it can before

transferring that heat to a fluid such as water, air, or another substance.

A flat-plate sachr collectoras shown inFigure 2.13 consists mostly of the following
parts[73]:

9 Bl ack surface: fabsorbent of the i ncident

1 Glazing cover: a thin, transparent covering taldws radiation to reach the

absorber but prevents the surface from losing heat by radiation and convection.
T Heating fluid: filled tubes that go from the collector to the heat source.

T A framework to shield and keep the parts in place.
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T To prevent heat fronescaping via the sides and bottom of the collector,

insulation is used.

Solar radiation

Black absorber Transparent screens
plate {

E_Tw_a Fluid
ad— tubes

Thermal insulation

Figure 2.13: Flat plate collector{73]

While most flatplate systems work and areost efficient between 30 and 80°C
(Kalogirou, 2009), several novel forms of collectors that make use of vacuum insulation
may reach even higher temperatures (up to°@pOWith the application of selective
coatings, the temperature of stagnant fluid atflate collectors has been demonstrated

to rise over 200C.

The flatplate collectors have a number of bendfifa3]:
T Producing this is a breeze.
1 Affordable price.
1 Get beam and scattered radiation data.

1 Affixed for good (There is no need for higlch tracking or positioning

instruments.).
T Minimal upkeeps required.
2.10.2Evacuated orVacuum Tube Collector

Heat is transferred from the tubes to a circulating heat transfer fluid (often 50%
Propylene Glycol) in the evacuated or vacuum tube collector, which consists of many

rows of parallel clear glass tubes linked to a header|[pipY. These glass cylinders are
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for transporting liquids. Since the sun's rays are always perpendicular to the heat
absorbimgy tubes, these collectors are effective even when the sun's rays are weak, such
as in the early morning, late afternoon, or when clouds are présepiaces where
winters are often foggy and chilly, evacuated tube collectors prove to be invahisable

shown in Figure2.14.

One or more rows of clear glass tubes are supported by a metal framework in an
evacuated tube collector. Depending on the nautufer, the length and diameter of
each tube may be anywhere from 5 feet (1500 millimeters) to 8 feet (2400 millimeters)
and 1 inch (25 milli metglrssgs tEwlceno ,t uibre wlsi ceh
tube is thicker and the inner tube is thinnend coated with a particular coating that
absorbs solar radiation bultapkeveldéeéd, hieat whi
outer tube is thicker and the inner tube is thinner. The borosilicate or soda lime glass
used to make the tubes is duralfleatresistant, and very transparent to the sun's rays
[67].

Hot water

/ OL'-

Heat , -

tranzfer ot £

Copper Manifold
(Heat Exchanger)

~ : Solwr

=u

~  Radistion

Cold Water _ Individuz .
IN Evscusted Tube 4
. . W Absorber Plste
Heat Pips - y Heat Pipe

Absorber Plais

Figure 2.14: Tube collector$174]

Each glass tubéas a metal heat pipe running through it, and a flat or curved
aluminum or copper fin connected to it. The fin is coated with a selective material that
allows heat to be transferred to the fluid in the pipe. Through convection, the fluid
within the coppeh eat pi pe warms a fihot bul bo, which i

inside the header tank.
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Because they can pull heat from the air even on cloudy, humid days, evacuated
tube collectors are a contemporary, efficient alternative to traditional f&e p
collectors. The vacuum within the glass tube improves performance even when the sun
is not at its optimal angle, resulting in greater overall efficiency. The vacuum tube's
arrangement is crucial for this sort of solar thermal collddies]. The way the fluid is
cyded around the solar hot water panel may be affected by the vacuum tube
configuration wused, whi ch can Dbee daactt her
fl ow, or[l2Bleat pi peo

2.10.3Solar Air Collectors

In solar air heating, insolation (sunlight) is converted into heat by an absorber and then
utilized to warm air. Heating or conditioning air using solar energy is a renewable
heating method that may be used in the context of either space heating or process
heating. It targets the highest demdod building energy in heating climai@space
heating and industrial process heafirgnd is often the most cesffective of all solar
technologies, particularly in commercial and industrial applicatibhere arewo basic

types of solar air collectof476]:

1 Transpired Solar Collectors and Unglazed Air Collectors (commercial,

industrial, agricultural, and process uses for heating ambient air)

1 GlassEnclosed Salr Arrays (heating systems that recycle warm air are the most
common.)

There are a few different ways to categorize solar collectors for air heating, including
the air distribution methods they use and the materials they're made of (glazed vs.

unglazed). Br instance:
1 Throughpass collectors
1 Frontpass
1 Back pass
T Combination front and back pass collectors

1 Unglazed
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1 Glazed

I n solar air heating, an Aunglazed air <col
kind of cover, such as glass or glazifiganspired solar collectors dominate the market
for unglazed collectorsinstead of using the building's recirculated air, unglazed air
collectors warm the air outside. To take fu
winter heating months andthesun'® f | ecti on off the snowo, tra
function best when running at flow rates of 4 to 8 CFM per square foot (72 to 144
m>/h.nt) of collector arel77].

To catch the boundary layer of heat and move it evenly into an air cavity behind the
outside panels, a transpired solar collector's exterior is covered with thousands of tiny
micro-perforations. Ventilation air heated by tean enters the building's ventilation
system via air outlets along the collector's top and is dispersed throughout the structure

using either traditional methods or a solar ducting system.

Recirculating the conditioned air from the building via solaliectors serves the
same purpose as a traditional forced air furnace. A simple and effective collector for use
in a number of air conditioning and industrial applications may be built by using a

surface to absorb the sun's heat energy and directingainte into contact with it.

A basic solar air collector uses an absorber material, which may or may not have a
selective surface, to soak up solar heat and then transmit it to the air by convection. The
resulting hot air is ducted into the buildingtbe processing area, where it is utilized to
fulfill the respective heating requirementSolar air heat technologies provide a
sustainable way to generate thermal energy while lowering the carbon footprint
associated with using traditional heat sourdes flossil fuels. Space heating, extending
the growing season in a greenhouse, preheating ventilation makeup air, and providing
process heat are just some of the uses for solar air heat equipment. Together, solar
thermal and photovoltaic (PV) technologreay enhance the system's overall efficiency
by warming air for space heating and cooling PV panels to boost the latter's electricity

output.
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2.10.4CPC Collector

The term Acompound parabolic concentrato

concentratingollector that does not create an image of the light source when incoming
solar radiations are reflected off the reflector and then concentrated on the absorber's
apparent surface. It's the perfect solar energy collector since it concentrates light from a

wide area onto a tiny one, wasting as little energy as possible in the giot@ss

It's the perfect solar energy collector since it concentrates light from a wide area
onto a tiny one, wasting distle energy as possible in the process. It took more than a
decade for this innovation, which was first developed in 1965 for the reflection of
Cerenkov radiation onto a sensor, to become the gold standard for collecting solar
thermal energy. By reflectg all of the incoming energy on the aperture to the receiver
throughout a range of incidence angles within the acceptance angle, CPC reflectors
were invented by Winston (1974) to improve the efficiency of low concentration solar
collectors. The shape di¢ absorber might be either flat, round, or cylindrical. Through
a process of multiple internal a reflection, the collector's absorptive bottom surface
receives all radiation that enters the aperture within the acceptance angle. Smaller
concentration rat® as stated by Pereira (2004), Concentrating photon sources (CPCs)
may concentrate a huge amount of diffuse radiation incident on their apertures without
having to follow the sun. Concentrated solar power (CSP) system deployment is
primarily constrained ¥ the technology's high price tag. Reliability and ease of
production are essential in order to reduce overall system costs. The primary challenge
that must be overcome to commercialize CSP technology is lowering its price. Because
it is a nonimaging typeconcentrator, where the incoming rays are simply collected on
the absorber surface after reflection from the reflector, the compound parabolic
concentrator (CPC) is useful for solar energy collecting. Since concentrating solar
collectors produce no carbalioxide emissions, they are a green option fmmé hot

water and space heatifir8]. Various CPCs are shown kigure2.15.
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Figure 2.15 ATypes of concentrating sunlight collectors: (a) tubular absorbers with diffuse
back reflector, (b) tubular absorbers with specular cusp reflectors, (c) plane receiver with plain
reflectors (Vtrough), (d) multisectional planar concentrator, (¢) compoundabpalic
concentrator (f) parabolic trough, (g) fresnel concentrator, (h) array reflectors (heliostats) with
central receiver. (Concentration of light on the receiver is achieved by shaping the

reflectors/mirrors around the receiver, represented by bluges)[178]

2.10.5Parabolic Trough

Parabolic troughs are a special kind of solar thermal collectoistfiat on one side and
curved like a parabola on the other two, and they are coated with shiny metal asrrors
shown in Figure 2.16. When items to be heated are placed at the focal line, sunlight
entering the mirror perpendicular to its symmetry plane is concentrated theretti¥hen
focal line of a trough is aligned with the Sun, as it is in a solar cooker, the food within

the trough will be cooked.

At its focal line, a tube may be used to transport fluid throughout the length of the

trough for different applications. Theh® is positioned such that the sun's rays may
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focus on it, heating the fluid to a very high temperature. The heated fluid may be
channeled into a heat engine, which then utilizes the heat energy to power mechanical
or electrical systems. This parabolicugh solar collector is the most wé&thown and
widely-used design.

The thermal efficiency of a typical turbine generator, which uses heated steam
to generate electricity, is between 60% and 80% when the heat transfer fluid is water.
Comparable to PV (Photoltaic Cells) but less efficient than Stirling dish
concentrators, the total efficiency from collector to gadabout 15 % Thermocline
tanks, which employ a combination of silica sand and quartzite rock to displace a major
%age of the volume in thenl, are an efficient way for laregrale solar thermal power
plants to store the energy they generate. This is followed by the addition of the heat

transfer fluid, which is commonly a nitrate salt in liquid fds0].

Figure 2.16. Parabolic trough at Harper Lake in Californi®0]

2.10.6Parabolic Dish:

Parabolic solar dish collectors are far more compact than their long trough counterparts,
and they resemble enormous satellite TV or radar dishes. A curved pastiapied

di s h, often known as a Asol ar concentrator

solar heating systeas shown irFigure2.17.

73



Paraboloidal soladishes, ranging in size from a few feet to several meters in
diameter, are created by stamping thin sheets of metal or alurcioated mylar. The
sun's rays are captured by the parabolic dish, which then concentrates the light into a
tiny target area in @mt of it. The surface area of the parabolic solar dish is maximized
by covering it with a large number of miniature mirror reflectors, which focus the sun's

rays on the center, where the heat absorber is positioned.

More than 90% of the sunlight thatrikes these highly polished mirrors is
reflected, enhancing the dish's efficiency by almost 20% in comparison to the parabolic
trough collector. For the reflecting surface of a solar dish collector, mirrors are often
utilized rather than a single highly lghed dish because of their low cost, ease of
cleaning, and durability in the harsh outdoor environment. Additionally, broken sirror
may be replaced individuallyn addition to a solar dish collector, a thermal receiver is
needed to transform the contrted sun beam into heat. A modest evacuated tube or a
more complicated solar heat engine like a Stirling Engine may serve as the solar

receiver.

In order to convey the strong heat generated by focusing the sunlight on the
receiver, thermal oil or a sinait fluid is often utilized within the receiver rather than
water. Similarly, to trough collectors, solar dish collectors may function independently
or in networks to serve bigger, more industrial lodd®].
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Figure 2.17: Parabolic dish solar concentrat¢t79]
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2.10.7Solar Tower

The solar power tower is a concentratswar power installation that uses a tower to
capture the sun's rays for use as an energy source. To concentrate the sun's beams onto a
collection tower, it employs a system of flat, moveable mirrors (called heliostats) (the
target)as shown inFigure 2.18. One potential approach to clean, renewable power is

concentrated solar thermal.

These concentrated beams of light were originally used to boil water, whitch the
turned a turbine. Several systems have been designed and put into opetare
molten salts (40 %potassium nitrate, 6@ sodium nitrate) are used as the working
fluids. The liquid sodium used in these systems is relatively new. Due to the large heat
capacity of these working fluids, the energy may be stored until it is needed to boll
water and power turbines. Even when the sun isn't shining, energy may be produced

using these designid.80].
The design of the solar tower comprises the faihgw

U Some concentrating solar power towers utilize air cooling instead of water
cooling to save scarce desert water.

U Instead of using curved glass, which is more costly, flat glass is utilized.

U The heat is stored in molten salt tanks so that power magrmraged even
when the sun isn't out.

U Turbines driven by steam heated to 500 °C are linked to generators to create
power.

U The plant's operations, including the positioning of the heliostat array,
alarms, and data collecting and transmission, are supemskdontrolled

by the control systems.

Installations typically use between 150 and 320 hectares (1,500,000 and 3,200,000

square meters).
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Figure 2.18: Solar towe{180]

2.10.8Compact Linear Fresnel lensReflector (CLFR)

To concentrate sunlight on a stationary absoibieear Fresnel reflectors employ long,

thin segments of mirrors focused at a central point. The absorber channels the focused
energy into a thermal fluid (typicall this refers to oil that can remain liquid even when
heated to extremely high temperatures.). After passing through the heat exchanger, the
fluid is used to produce steam. The CLFR uses a nuoflarsorbers near the mirrors

as opposed to only ome corventional LFRsas shown irFigure2.19.

The system'’s reflectors, situated at its foundation, focus the sun's beams into its
absorber. Theuse éfFr es n e | reflectorso is a cruci
superior to conventional parabolic trough mirror systems. Because of the Fresnel lens
effect, these reflectors may employ a focusing mirror with a wide aperture and a short
focal length whileyet using a very little amount of material. Since saggjeds
parabolic reflectors are so costly, this significantly lowers the system's overall price.
However, thirfilm nanotechnology has drastically decreased the price of parabolic
mirrors in recent gars.The angle of the incident rays (the rays of sunlight impacting the
mirrors) varies during the day, posing a significant problem for any solar concentrating
technique. Using a computeontrolled solar tracker system, a CLFR's reflectors rotate
in a north-south direction around a single axis. This permits the system to optimize
energy transmission by keeping the sun's rays at the optimal angle of aecidih
respect to the mirrord.he mirrors' focal point is the absorber. It is positioned abave th
reflector segments and runs parallel to them, allowing the radiation to be transferred to a
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thermal fluid. The absorber for the CLFR system consists of a-giassed air
chamber that is inverted, housing insulated steam {1B&%

Figure 2.19: Linear Fresnel lens reflectdd80]

2.11 State-of-Art of Solar Energy Based ThermoelectricGenerator

Solar power plays significant role in the future of solar projects for diversified and
secure energy. Concentrated solar power has the potential to fill an important need in
India's energy markeTo penetrate larger renewable energy, the stage is set by the base
load and dispatchable power, unlocked by the concentrated solar power tdtide hy
methods and easily add storafe1]. It produces electrical power from the heat
generated by concentrating solar radiation, one of its exciting applications. T&@ar

uses a heat sink, TEG and collector. Different collector alternatives, like parabolic
dishes, fresnel lenses, solar furnfitg] and flat plate$35] and parabolic troughs, may

be used to alter the solar flux at the hot end oE& T182]. The efficiency of TEG
combined with the efficiency of opticéd-thermal conversion is the efficiency of solar
TEG. Modern solar TEG sgems achieve efficiencies of around 5% for materials with a
temperature differential of roughly 10C€ (ZT=1). Compared to other forms of solar
electrical technology, such as solar cells, which dematesan efficiency of 18 %solar

TEG technologies fac a significant economic hurdle in their substantially lower
conversion efficiency. Improving the solar collector design and the figure of merit (ZT)
of TE materials will lead to higher efficiencies and a higher conversion rate in the future
[55].

2.11.1Parabolic Dish Collectas basedThermoelectric Generator
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A solar dish collector is a kind of concentrated solar collector that uses reflective lenses

and metal plates to concentrate the sun's rays onto a tiny receiving area (anodized
aluminium) as shown ifrigure 2.20. In more technical terms, it can also be called a

poi nt focusing collector. Received sol ar en
times by concentrating the sunlight at aspmot through a lens or mirror acting as a

single sun, which directs its light to the same focal length. It results in achieving more

power per square meter. Solar dish <coll ectoa
thousand sunwhich help in attainingtemper at ur e at targetds focal

a generation of 100s to100%8 temperature, which depends on the location and size of

the dish. A parabolic solar dish highly resembles a radar dish or big satellite TV dish,

which is very small compared tong trough collectors, which was not the case with the

previous solar collector as its shape resembles a lot with the long trough. The most
significant component used for solar heating is a curved parabolic dish, also termed
Aparabol i c sodl.arTacrogrecte mtgr atthobe systems with h
the optimization and design were described, maximizing its efficiency for single TEG

over a high difference in temperature, throu
T 1000x using multiplemat er i al syst ems -can€entrationssblar st r i pso
thermoelectric generators may achieve &d8onversion efficiency with a temperature

differential of 35°C and an output power of 5.5 waf&s).

Curprent 1

* Hot Side T,

Solar Radiation Iy

——> Tracking arrangement

Stecl support <

Figure 2.20: Parabolic dish concentrated solar thermoelectric power gener§ti8g]
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Design and construction of the concentrated STE system are made with the
conventional parabolic C 0 n Cc e nhe rrexdiverris At
mounted with concentrating the solar rays at the centre. For obtaining maximum
efficiency, manual tracking can be used. This maximum efficiency should be present
throughout the day. For attaining high temperature, solar dish concentrattreaght
into the application, reflecting the incident flux over aperture area (the reflective
surface) onto a smaller area (which is the receivend the solar radiation is
concentrated. It is crucial to understatheé complete phenomena involved iigdring

out the efficiency of complete system.

This study incorporates theoretical and experimental analysis from various
researches of the parabolic dish (concentrating type) solar collector for evaluating the
feasibility and efficiency of the colléar studies, which are used in various applications
with implying many different techniques. These obtained data can be utilized to
optimize the thermodynamics of those solar power systems, which are efficient, and

hike the efficiency of existing ones.

Without a doubt, the CSP is an exceptional renewable technology. Additionally, a
thermoelectric generator based on 8eebeckeffect will be the primary emphasis of
this article.Table2.8 summarizes the findings of a number of writers that labored over
the optimization and design of the TEncentrator, a component of the CSP system
that makes use of several material systems to achieve optimal efficiency throaghout

wide temperature range.

Table 2.8: Various CSP (Concentrate8olar Power) technologies for TEGs

TEG using Methodology Research Findings Ref.
Concentrating Solar
Power (CSP)

Experimental as well a Waterbased For the lab set up of TE( [127]
theoretical observatio| cooling for a hea| comprising of 68C, maximum
over t he pipe generated power is 1.27W

cooled TEG with wate

heati ngo by

79



concentrated STE

Energy and exergy stug An annular] At 1000W/nf o f i| [184]
of heatpipe baseq Thermoelectric radi ati on awief
annular TEG systems | Generator's the solar TEG generates a to
Thermal Model system exergy of 5.02%, ¢
electrical exergy of2.63%,
and a power output of 1.92%
Combined generation ¢ Fresnel leny Generation of 1.4 W of poweg [113]
both power aswell as|collectors usingat a 37C temperature (64]
heat in TE system both passive a difference. Its thermal powe|
well as active thermal efficiency and totg
methods fon efficiency  were  76.1W,
cooling. 18.05% and 189%,
respectively.
Solar Parabolic Disl Solar  Paraboli¢ When the radiation of solg [183]
TEG Dish beam reaches 950 Wnof
maximum value, 0.78% ¢
maximum efficiency IS
received. When the radiatiq
of solar beam reaches t
value of 431 W/, 0.22% of
minimum overall efficiency is
received.
Solarthermalenergyco- | Using a singlg The hybrid system enhanc|{ [38]
generator using a flat- | system for| overall efficiency as well a
plate solar collector generating thermg performance of the TEP(
energy as well al system.
electrical power.
Experimental sludy on| A satellite dish At a 950W/ni solar bean] [185]

solar parabolic dish

antenna that has

polished

radiation, 602K of maximun

temperature was derived fro
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TEG aluminum  shee| the receiver plate, whereas t
concentrator minimum temperature derive
surface. for the 430W/mA was 375K.

The maximum output powe
obtained was 11W.

Development of STEG | devices using ¢ The system generated 5.5W| [76]
wide variety of| electricity at a terperature
materials with g differential of 35C.
magnification
range of 0.1 tg
1000X

The impact of g PCM (phase The STEG's efficiency [34]

fluctuating heat sourc| change material) | temperature difference, ar

on STEG peak power output all decrea

by 32.87 %, 30.71 %, and
52.11 %, respectively, wher
the height of the PCM is raise
by 520 mm.

Vacuum enclose( attached with g At a temperature of 642 K g [64]

corcentrated STEG spectrally hot side, peak efficiency arn
selective absorbg peak power output wer
coating 2.21% and 0.91 W

respectively.

RefractionAssisted based on PCM | At 1.5kW/nt and 1kW/m| [77]

STEG solar intensities, the RTEG

maximum energy conversig
efficiencies are 86% and 60
greater, espectively, than th
average STEG.

Performance o| transient  mode| In terms of producing powe| [146]

thermoelectric

couples with sola

this approach shows the mg
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generators pond promise. With an annua
average LCZ temperature

80 °C and a heat extractio
rate of 15 %, this systen
generates around 4,38
KWh/n?.  Overall,  the
extracted heat contribution |
1t is betweeri% and 1.5%.

As can be seen iimable 2.8, parabolic dish concentrators are notedfective as
Fresnel lens solar cookers. If radiation is lowered from 950 330 Wi/nf in a
parabolic dish collector, the temperature drops from 602 K to 375 K, which indicates a
reduction of 520 W/ results in a temperature drop of 227 K. At a terapge
differential of 350 C, a concentration range of 0.1 to 1000X may provide a respectable
guantity of electricity (5.5 W). While a solar pehdsed thermoelectric plant shows
maximum potential of producing 4.384KWh/Yeaf,ra cogeneration system with a
Fresnel lens indicates greater performance of the overall system, giving 1.4 W electrical
power and 76.1 W thermal power. When compared to conventiongildket TEG,

annular TEG may provide an additional 50% of usable power.
2.11.2Fresnel lensbasedThermoelectric Generator

Fresnel lenses for solar concentrators were first created with concentrating photovoltaics
inmind. Planec onvex fisol ar concentrator Fresnel
and direct sunlight onto the integrated photovoltalts. Figure 2.21depicts how these

lenses are used in solar furnaces as solar energy concentrator. The purpose of this setup
is to concentrate all of the parallaghits into one concentrated area. Shorter focal length
Fresnel lenses have found use in detectors and sensors. Fresnel lenses are used in
conjunction with TEGs to focus sunlight onto the hot side of the device, where it may
be converted into enerdy5]. Fresnel lenses hold codsrable potential for increasing

the efficiency of TEGs, which generate electricity from solar energy, by concentrating
solar radiation so that a larger portion of the hot side may be usedeffighncy

STEGs may be achieved with increased optical aunaton. Therefore, this method

may be used for both solar thermal and concentrated photovoltaic pri86éis

82



Fresnel lenses, parabolic troughs, parabolic dishes, and heliostat congintida the

central receiving system all fall under this category. Relevant features employed in
STEGs include optical efficiency, the necessity for a tracking device, and the amount of
concentration obtainefll3]. The maximum efficiency foconcentrated TEG is 7.4%

after adjusting concentrating lenses and enhancing optical concentfadipnThe
combination of a phase change lens and an optical lens allowed for the creation of a
design that generates solar energy with double the focus strength of previous designs. At
1 kW/n? and 1.5 kW/rf solar intensities, the mechanism offered an efficiasfc§0%

for peak energy conversion of RSTEG, which is greater than the conventional STEG by
86%[77].

Sunlight

Solar Radiation

Concentrating optics

Glass vacuum
enclosure

Solar

\\ Copper heat
L spreader N —
Mettaic contac

p-type SKU i

J p-type Bi,Tes : R e

Copper £ Heat Sink

Figure 2.21: Thermoelectric power generation through optical concentrgfrdih
2.11.3Solar Furnacebased Thermoelectric Generator

As seen inFigure 2.22, a solar furnace uses a curved mirror that acts as a parabolic
reflector to concentrate sunlight and heat it for industrial use. The light is focused along
the focal length by the curved mirror. The produced heat beayused to create
nanomaterial, hydrogen fuel, melt steel, or generate power, and the focal length
temperature can reach 6330°F (i.e., 3500°C). The solar furnace allows for the
concentration of solar energy, which is then used to generate very high temgseri
consists of parabolic mirrors or heliostats used to focus sunlight at a certain point. It is
mechanically constructed and optically complicated, with an automated control system.
Solar water pasteurization, sclaowered grills, and affordable lao cookers are all

products of the same solar furnace idea.
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Higher efficiency of 15% in converting solar energy shows the promise of STEGs
[187]. STEGs were analyzed duritigeir lifetimes and put through their paces at HFSF
at NREL to optimize the performance of the prototype mpttgI[188].

1. Concentrated sunlight from HFSF

Water-cooled quartz window

2. Thermal/optical cavity

Solar selective absorber

3. TEG (JPL)
Insulation

TEG (Bi,Te,)

4. Water-cooled stage

S. Feed-throughs for stage
control, electronics, cooling

Figure 2.22: Highly efficient TE power generation through HF@fgh flux solar furnacgy5]

2.11.4Waste heat recovery from automobiles, industries and human
body through TEGs

The energy created in industrial operations is usually just spilled, squandered, or lost
without being put to good use. It is termed Industrial Waste IHE28]). Energy
consumption for any powersing equipment or system may be reduced thanks to the
widespread availability of waste heat recovery soluti@a$. Figure 2.23 depicts heat

from a recuperative burner, whiligure 2.24 depicts heat from a vehicle's exhaust

system being put to use.

[ Heat exchanger fin (combustion air side) |

Heat exchanger

— Preneated air [
2 Fuel gas |

~~ Preheated air [ _

ﬂ Combustion air

Figure 2.23: Waste Heat recovery through Recuperative buf2éy

In contrast to alternative recovery systems where these desired properties are not
necessary, the TEG system's waste heat recovery technology prioritizes dufFaitity,
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the TEG system's lack of chemical reaction and absencewhgicomponents make
this possiblg51].

AL n

- u/

Figure 2.24: Exhaust heat recovery system through TEG in Hondg[®&33r

Demand for energy rewery methods has been on the rise for quite some time for
reasons that have to do with both environmental protection and the global energy
problem [190]. Energy recovery methods include heat recovery ventilation, heat
recovery steam generatorand water heat recyclinylany experiments are included in
Table 2.9, where TEGs are used to convert heat into electricity from the byproducts
(smoke) of an automobile's exhaust pipe. The performance of a thermoelectric module
(TM) and the characteristics of BEEG system may be determined using the two test
benches that have been established. The effects of the primary operating conditions,
flow rates, load resistance, hot and cold side temperature, power output, and voltage
were investigated in the lab tests.

TEGs are effective enough to use on live thiagsshown irFigure2.25. They are
more efficient than human solar cells as well. Inconspicuous devices wormiansiu
have a maximum power output of 10 mW at 22°C and ZT=1. In contrast, by attaching
TEG to the body of a big animal like a cow, many milliwatts of power may be
generated. TEG scavengers will compete with battery scavengers bakdg on
fabrication cog which drops considerab[§91].

85



Figure 2.25: Extracted heat from body utilized in TE®®1]

Table 2.9: Waste heat recovery from different systems through TEG

TE waste heat Methodology Research Findings Ref.
recovery

technology study
Thermoelectric TEG and hea When the mass flow rate in th [192]
power generations | pipes for therma| lower duct is less than that in t
used by Energy energy recovery | upper duct, both the maximu
harvesting systen power output and the heat trans
for the applicationg rate of TEG increase dramatically.
of automotive
Exergy and Energy ATEG Variation in the cold junction [193]
analysis of ar thermodynamic | temperature between 30 and 15(
advanced ATEQ modeling at ar causes the  combustion 4
based on the| assumed 30Cin | temperature to graduallytravel
cookstove. the atmosphere. | through the TEG's annular fins.
A study to harves| Peltier and joulg The maximum power output of th [194]

energy from a tabls
lamp by using &
TEG.

heats, a sma
heat sink, and
1D TEG model

are all simulated

lamp is around 1 mW, while it
waste heat output is about 10\
Therefore, the effectiveness

waste heat recovery is as low
0.01 %, even when the temperatu

difference between the surroundi
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air and the heat source (the lar

tubes) is as high as 86 K.

Harvesting  body Miniaturized The created wearable TEG featu| [53]
heat for generatin{ accelerometer | alow internal resistance (18) &
power, wearable an opercircuit voltage of 37.2 mV
TEG is used at a temperatur
related power density and outp
power are determined to be 16
e W/ tamd 192.6 W, respectively
With humidified | Heating  using As module area rises, exer{ [195]
flue gas, exergy an| flue gas that ha] efficiency first decreases but latg
energy analysis g been humidified | soars.
TEG system.
Development ol cooking/water |In order to analyze the stove [196]
stovepowered TEG| heating stovg temperature, the heat sinl
design. efficiency, and theTE's location
with any degree of precisio
theoretical analysis is require
especially with regard to the coolir
and combustion system
numerical simulation. The batteri
available have an electrical power
5W.
For stoves of soli¢ Maximum Power Experiments show that th [197]
fuel, TEG is used il Point Controller suggested CHP  system ¢

a combined powe

and heat system.

(MPPT)

efficiently power a standard sol
fuel stove. The average electriq
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output is 27 Wecrica and the
average thermal output is 6
Wihermal @fter buning for 2 hours
TEG has a modest efficiency
about 5%.

An analytical study A test rig| The effectiveness of the TEQ [198]
of Marine enging evaluates TEG'{ power conversion ranges from (
applications of TEQ efficiency. % for the Sg0Gexp TEM to 1.3% for

the BpTe; potential. The TEG'S

power output is between 0.05 a

0.35 watts.
Wet flueg a s T| Wet flue gases | With the same mass flow rate, t| [199]
performance maximum paver output of the we
analysis flue gas is 5.8 times higher than tf

of the dry flue gas at 30% humidi

and 150°C gas temperature.
Heat exchangers f¢ A hot block and The TEG heat exchanger syst¢ [196]

thermoelectric
generators

electric

heate

are included in

the model.

showed 2.094, 2.07, and 1.72 W
zigzag, spiral, and straight line
regectively, at heater temperatur
of 175, 200, and 25(C.

Assume a thermal resistance
0.478 for the exchangers, 0.483
the condenser, and 0.581 for f{

evaporator.

Since it can be seen Tablke 2.9, even lowgrade heat (waste heat) may be used
to generate electricity, as 10W of heat from a table lamp can be converted into 1 mW of
electrical power using a thermoelectric generator (TEAGa temperature of 50 Kelvin,
the human body generates 192.6 microwatts of electricity, proving that not only humans

but also other creatures are capable of generating large amounts of energy.
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Thermoelectric generators (TEGS) based on cook stoves hdiwgestiimerit to be the

most promising choice for electrical power production, particularly in rural regions;
nevertheless, numerical modeling is necessary to determine the size, position where
TEG is to be put, and module rating. The average TEG eftgief modern cook

stoves is 5%Even while marine engines generate very little power individually, when

combined their TEGs may generate a substantial quantity of energy.

2.11.5Hybrid TEG

Hybrid solar thermoelectric generator (HSTEG) systems have been thet sifilijech
investigation for their potential to improve electrical and thermal effici¢R209]. In
comparison to standalone solar panels, hybrid systems are gaining popularity because of
their superior performance, stability, and efficiency. The electricity efficiency of a
hybrid solar photovoltaid EG system is 15.6% and 12.2%.

-

— I
//’ A

.«/

Light
concentration Coppe,

ey Plate
g o n-GaAs stack
g ® p-GaAs stack

DEEU0G: e

Passive

Heat sink Water

[ | ] }Cooling

Figure 2.26: Hybrid concentrated photovoltaic and thermoelectric system and schematic of
different layer4201]

Most research and application have gone into photovoltaic systems, the simplest of
which is a solar panel connected to a heat extractor that uses either air or water to
dissipate heat. A solar photovoltaic module made of crystalllaer 36 implemented,
boasting al4 % conversion efficiency. The heat is removed, resulting in a cooler

environment[26]. The TEGPV system has been shownFigure 2.26 to be the most
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effective hybrid system. Integrating photovoltaic and thermoelectric systems into the
powe grid allows for the use of a broader raraf solar energyHigh-frequency (short
wavelength) radiations are used to generate electricity from PV cells using the
Aspectrum beam s plwavetadiaigne may peputilived to lyenerdteo n g
thermal energy of moderate to high quality, which in turn can be used by a
thermoelectric device to generate electricity, as sedfigare 2.27. Six Bi,Te; TEG
modules linked in series provide 20W of electricity and 200W of heat energy, which is
stored in water at roughly 80 in a different solar hybrid system. The chilly side of this
system is kept at a constant %®Dby using the flow of water. These hidbsystems may

be used in lieu of photovoltaic/thermal ones in places like India, Mexico, China, and
West Asian nations, where copious solar radiations are accessible throughout the year.
Table2.10 summarizes the results of testing several hybrid TEG configurations.

Solar Radiation

R

e

Solar Spectrum Splltter

Electricity_
Grid short long
) waveleng avelength
Switch PV ceII

Three-way

Valve 1
_______________________ Heat
FDreeeeZper ______________ B g g g -i: 3 Storage
;IS o { e 1
1 Threg-way . e e ——— z |

: .
Ambient | |=====--- Valvle2 T — S i e »
CoolingResource | [€=-====-===--- '
Insulation

—————— » Cooling fluid circuit TE generator

—_——— > Heating fluid circuit Cooling chamber

—— > Electricity circuit

Figure 2.27: Schematic of the RME hybrid power systef@00]

Table 2.10 provides asummary of the results obtained using various Hybrid TEG

configurations.
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Table2.10: Performance of different combinatianof Hybrid TEG

Hybrid TEG study Methodology Research Findings Ref.
TEGs with Solan Hybrid system with The hybrid concentrating systen) [201]
hybrid systems norrconcentrated electrical and thermal stabilit
sunlight will be enhanced by PV
operation at greater temperaty
thanks to the incorporation ¢
TEG.
Theoretical analysi{ Using a 1D steady Power P rises as light intensi [202]
and comparison g state model and¢r i ses, wh i -TGS hab
Solar PVTGS were| MATLAB, we | lower Te than PVTGS, but it
done in different analyzed the also has lower and P.
conditions performance of PV
TGS.
Hybrid solln order to| The estimated maximur [182]
performance concentrate sunligh electrical efficiency of the V
analysis on a solar selectivf HSTEG and the BISTEG are
coated TEG, thq15.6 and 12.2%, while the
vacuumenclosed corresponding thermal efficienc
HSTEG makes us| is 60.3 and 61.%.
of a parabolic trougk
collector.
The thermoelectric MPPT  algorithm/| When compared to the meth{ [203]
generator  syster fixed step  hill| used by traditional fixedtep hilt
and photovoltaiq climbing algorithm | climbing converters, the one us

cell are applied with

the algorithm of
lock-on mechanisn

MPPT.

by SEPIC converters is superi

and much faster.
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Similarly effective is a hybrid system. By raising temperatures and reducing losses, a
hybrid PVTEG system improves the system's total efficier®gth the electrical and
thermal efficiency of a parabolic troudiased hybrid solar TESGwere found to be
significantly enhanced. For examplagble2.10 displays that the electrical efficiency of
a V- HSTEG is 15.6% and that of alBSTEG is 12.2%.

Summing up theadvantagesf TEG, it can be seen that TEGs are appropriate for
integrating with flexible heat sourceand bully solar concentratoyshave a long
operational lifetime, and are independent of the position at which they are deployed or

installed. From this critical literature survey main findings are as follows:

1 Solar furnaces are more effective than parabolic dish concentrators (efficiency
15 %). If radiation is lowered from 950 W/nto 430 W/nf, the temperature in a
parabolic dish collector drops from 602 K to 375 K, which indicates a reduction
of 520 W/m2 results in a temperature drop of 227 K.

1 Concentrations of 0.1 to 1000X on polished Al dishpstat 350C temperature
difference provide a respectable amount of electricity (5.5 W). The maximal
potential of the Solar Porhsed thermoelectric plant is 4.384 KWh/Yedtr m
Fresnel lendased cogeneration systems have greater overall performance,
geneating 1.4 W of electrical power and 76.1 W of thermal power.

1 With a total system exergy efficiency of 5.92 annular TEG can produce 50%
more power than conventional flat plate TEG.

1 The table lamp's 10W of heat generates 1 mW of energy via TEG, deningstrat
that even lowgrade heat (waste heat) may be used to generate electricity. At a
temperature of 50C, the human body produces 192.6 microwatts of electricity,
with an associated oparircuit voltage of 37.2 millivolts.

1 Thermoelectric generators (TEG®sed on cookstoves have the potential to be
the most effective electrical power generating option, especially in rural regions;
however, numerical modeling is necessary to determine the module rating,
mounting position, and TEG size. The thermoelectritegators (TEGS) in the
stove are functioning at an average efficiency of 5%.

1 The power output of marine engines is modest, but this may be greatly improved

by increasing the number of thermocouples in TEGs.
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By raising temperatures and reducing losses,itiyBY-TEG systems improve

the system's overall efficiency. Both the electrical and thermal efficiency of a
parabolic trougibased hybrid solar TEG were found to be significantly
enhanced. For example, the electrical efficiency of-&H8TEG is 15.6% and
that of a BHSTEG is 12.2%.

The efficiency of a TEG is heavily dependent on the solar absorber material. The
key to increaseefficiency is a high Figure of meriThe efficiency of TEG is

5% for materials with ZT=1 for a temperature differential of 10 and
increases with increasing ZT>1. The best ZT of 1.8 at’T9®@as reached by-n
type (La-xTed(Ba,YbCaqShi,) and ptype (YhaMnSh/Ced-e3sCansShio)

high temperature materials, which together generate an°@4&mperature
differential and provide 15% efficiency. The highest ZT of 2.2 was attained at
600 °C in ptype SbTes/PbTe and ftype BibTes/PbTe, both midemperature
materials, and this temperature difference of 80@ields 11% efficiency. The
best ZT vas attained by the lotemperature material MgA@sINio.0osSky g9 at

48 °C, and the material's efficiency increases to 8.5% with a temperature
difference of 225C.

Since FOM is crucial, alloying Ni with Ag produces materials like
MgAQo.96Ni0.00sAJo.00 With a roomtemperature ZT (FOM) of -1.15. Some
materials, like yttrisstabilized zirconia cermet, may boost the solar absorptance
of a receiver to as high as 0.95 while otherscan improve its reflectivitypf a
collector.

The cold side temperature diet TEG/LED system was calculated to be 35.70°C
using theMATLAB Simulink tool to analyze the acti@oling process. Many
types of automotive exhaudised TEG employ CFD analysis; the maximum
heat transfer via the exhaust's serial platéoisd 1737 W, ad this can be
calculated using ANSYS and COMSOImulti-physics 3D Finite element
analysis.

As far as environment aspect is concerned, 0.07~0.30 %e@3sionin the

city is reduced inJapanby using TEG integrated with exhaust of automobiles,
thereforetis very environmerdlly friendly power solution.

Application area of TEG is diversified like Aerospace, Biomedical, Automobile,

Rural areas etc.
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1 For the low andmid-temperature range, materials with higher ZT should be
discovered. TE technology could be scaled up if thermoelectric materials of
higher figure of merit are economically viable.

1 For thorough analysis, numerical simulation of human body is required so that
exact waste heat, temperature characterization and produced electricity can be
guantified for different age groups.

1 There is a need tonprove the design of effective heat sink for human body
based TEG.

1 The unconverted heat from cooling side can furtiewtilized for heating and
other purpose.

1 The power electronic circuit can be improved to get smooth DC voltage and an
active temperature control mechanism can also be developed to control

temperature of hot side. More work should also be done onezhsttion.

2.12Research Gaps

A Limited work in the application of Giant Water Lens
A High cost of presently available solar concentrators

A Almost no work in the field of thermoelectric generator performance with Giant

water lens concentrator

A Complex design ofpresently available concentrators, easily adaptable by

common public
2.13Research Objectives

The main objective of this work is to evaluate the performance of TEG integrated with
giant water lens so that the feasibility of economically viable giant waterpleject

can be checked out. Specific objectives of this work are:

A Comparative study of various thermoelectric generators utilizing heat from

different concentrators and waste heat from industry and automobiles.

A To develop a mathematical model of the desihsystem.
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Numerical simulation of Linear low density plastic for transmiterof the

material through Selrace

Testing of the Giant Water lens with aluminium absorber, to determine hot side
temperature, Cold side temperature, temperature differeneg,ptoeluced after

concentration to be measured.

Numerical simulation of TEG in COMSQinultiphysics

Testing of the experimental setup integrating Giant water lens as concentrator
and TEG

To investigate the performance of Giant Water Lens Solar Thermoelectri
Generator (GWLSTEG)

To investigate the optical Concentration of the Water lans(int of radiation
To evaluate the various losses in GWLSTEG

To observe voltage, current output and calculate power output.

To achieve the overall efficiency of the GWLSTE®tem between 105%

Validation of the mathematical model/simulated results with experimental

results.

To make GWLSTEG economically viable and technologically feasible for
common public
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Chapter 3

METHODOLOGY

Improvements in the efficiency of STEG can be made: (i) by improving FOM(ZT) of
the TE materials, (ii) by improving the solar absorber surface(reduction in emittance at
higher temperane) and (iii) by combining optical and thermal concentration in a proper
ratio. The efficiency of the STEG may be evaluated by knowing the thermal
concentration for a certain shape of the thermoelectric components, given a known hot
side temperature as Wwels optical concentration. At ZT = (2 motionless STEGs

with a low optical concentration (<3) may achieve efficiency within the range of 8 to
10%. For a device with similar radiative qualities and geometry, the efficiency reaches
14% for ZT = 2 & 10Qtimes the optical concentration, and this corresponds to an ideal
absorber temperature of 3@[131]. In this research(GWLSTEG), third technique of
improving efficiency is adopted and a traofé between thermal concentration{€20)

and optical concentration {g~5) is made in ordr to achieve 105%, accordingly,
expermental setup is fabricated.

First of all, the simulation from sdkace is done to optimize the transmittance of
the polythene, after this optimization we got to know that which type of
polythene/plastic we need tpurchase, and the size of the lens made up of this
polythene is decided by the geometrical ratigeCCyeo is Nearl00 and we already
know the absorber arem , which is fixed according to the area of thermoelectric
modules, in this way size of lens obtained. Simulation from COMSOL is done to
check the effect of temperature difference on the thermoelectric module, actually the
input to the thermoelectric geometry is the temperature difference and we get the
developed voltage for the given temperatuifference. This developed voltage is
compared with the experimental voltage.

3.1 Experimental Setup

The experimental setup of the GWLSTEG can be divided into two halves. The first one
is solar concentrator and the second one is thermoelectric gen€f&G). As
discussed earlier giant water lens has been used as a solar concentrator in this

experiment. The giant water lens collects more energy as compared to smalléreone.
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collected energy is then transferred to the TEG in order to produce electricity

Schematic diagram of Giant water lens solar TEG is showkigare 3.1. The actual

setup is shown ifigure3.2 (a) and(b).

Sun

Solar Radiation Iy

e\ |/

Giant Water Lens
7
EEERESCIEERENLILLRET BesssstSEsREssREtE EEERAREIESSRERESEE ::'—
d N d N d N d N d

S \4
] | o )
— “*,;_;—:\-f:r — = 7 g
e

Current I DC Fan
Figure 3.1: Schematic diagram of the proposed giant water lens solar TEG

Figure 3.2: (a) Small and Giant water lens (b) concentrating solar energy on absorber of TEG

98



In Figure 3.3 al the instruments to measure the parameters are shown, like solar
power meter, Anemometer, Hygrometer, muieter and thermal camera, efthe

complete process of fabricating a water lkas been described in next section.

Resistiveload

Solar power meter Anemometer

Multimeter Hygrometer

Thermal Camera

Figure 3.3: TEG, resistive load and all the instruments
3.1.1 Fabrication of Lens-Holding Frame

For supporting the parabolic shape type Giant water lens, an iron frame wéthstims

(2.2 x 1.4 x 2.14 m) is fabricated, that consists of one square frame of (1.4x 1.4) m and
another square frame of (1x1) m as showrkigure 3.4 (a) and (b). The parabolic

shape type Giant water lens is supported by the frame as shdwgune 3.4 (a). This

frame has been designed in such a way that the aluminium absorber placed just under
the lens becomes the focal point of the water lees,at 1.3m as shown iRigure 8.4

(b). Teeth gear arrangement is showrrigure3.4 (b) through which lens can slide and

the distancefolTEG can be adjusted with focal distance of the lens.

Figure 3.4: (a) Design of théron frame(b) Manufacturingin workshop
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3.1.2 Giant Water Lens

Water lends very economical way to demonstrate yet another way to collect and focus
the sunds power. A lens of water <can be
generally and may have different refractive index, depending upon the type of plastic
material.Lels produces high temperature on the relatively small area of absorber. The
limiting factor is the size of the lens, Water lens is not intended for latitudes very far
from the equator. It requires the sun to be primarily overhead and will produce good
amountof heat forcould be fivesix hours on a clear sky day. The overall form gets

more intricate when water is spilled over an impermeable surface, such as plastic foil.

Determining the water l ensbés form is the

attributes.

Water lens requires only two materials: water and transparent plastic sheets
[116][204][205]. For this setup, a frame of length 1.50 meter and breadth of 1.50 meter
was made as shown Figure 3.5. Plastic sheet was mounted on the top of the frame.
The dtained lens had a depth of 0.16 meter and diameter of 1.40 Metecomplete
setup has been installed and tested in open area of Energy Centre, MANIT Bhopal,
India (23.28N, 77.4% E). The transmittance material of the plastic for lens is simulated
in Sol-Trace and fo(t 1@ Y it is optimized.

o
5 el o
y
|’ |
o I lo
' 1.4m /
\ /
o o
o

Figure 3.5: Water lens with frame

The effectiveness of igeogednr3TEG opti cal

efficiency for the four different arrangements is showfigure3.6. Once the bismuth
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telluride STEG concentration becomesufficiently high for bringing material
temperature, at which it is operated, within its limit(850 °C/523 K), the STEGs
immediately stabilize. However, above that concentration, the efficiency only increases
extremely slowly due to the radiation losses being insignificant. Total STEG efficiency
may be determined by combining the results of theodder, optics, thermal
concentration, as well as TEG. Cascaded bismuth telluride STEG devices have better
performance than segmented STEG devices as shawgure3.6. If there is no optical
concentrati-shagae @i simutnlgl teegoF 1) rthedadue FTE GO
efficiency is 4.7%. At a 45 (§, the efficiency of a cascaded.Be; STEG may be

more than 10%.

At 100 Cgye, the peak working temperature of (60Q/87X) is reached for the
skutterudite cascaded STEG, and the advantages from growing concentration decline
beyond that poinf206]. Thus in this project for the single stage @t STEG, the

diameter 1.4 m and area of the Giant water lens 1.54rmso decided with (g,

=97~100) as shown iRigure 3.5. The efficiency of these devices can be increased with

the help of 2 methods: i) the' imethod involves the improvement of the selective
surfaces, and ii) the"2 method involves the improvement f the TEMOsS ma

properties.

15 v
Cascaded

Scgmented

- —
- —
-— .
—

10° 10

Figure 3.6: Efficiency for four different STEG architectures: a sirgiiage bismuth telluride
TEG (dashed); a singlstage skutterudite TEG (dotted); a segmented skutterudite and bismuth
telluride TEG (dashdotted); and a cascaded skutterudite and bismuth telldre® (solid
black)[206]
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3.1.3 Aluminum Absorber Plate

Aluminum, chemically denoted by the symbol Al and atomic number 18ng® to the
boron group of elements. It is a white metal that is ductile and soft and not magnetic.
After oxygen and silicon, aluminium is the most common metal in the Earth's crust, and
the third most common element overall. About 8% of the crust's ima&sade up of it,
however it's far less frequent in the mantle below. Due to its high reactivity, pure
aluminum is only found in very reducing settings where it may be found in its original
state. Instead, it occurs in more than 270 distinct mineralanixed form. Bauxite is

the primary aluminum ore.

Figure 3.7: Aluminium absorbeplate

Passivation, a unique property of aluminum, makes the metal very resistant to
corrosion. Aluminum and its alloys are used in many critical structural components,
including those used in the aircraft industry. Aluminum oxides and sulfates are the most
valueble aluminium compounds. Depending on the smoothness of its surface,
aluminium may seem either silvery or drab gray. It is a soft, resilient, lightweight,
ductile, and malleable metal. It is not magnetic and has a low ignition temperature. A
new aluminum ifm is an effective reflector of visible light (about 92) and medium
and far infrared radiation (as high as @}. The yield strength of pure aluminum is
between 7 and 11 Mpa, but that of aluminum alloys may range from 200 to 600 Mpa.
The density and ridity of aluminum are around ofthird of those of steel. It can be
machined, cast, drawn, and extruded with ease. Aluminia has an atomic structure known
as facecentered cubic (fcc). The energy required to cause a stacking fault in aluminum
is around 200@Vnt.
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Despite being just a third as dense as copper, aluminium is an excellent thermal and
electrical conductor (5%b6 as much, respectively). The threshold temperature for
superconductivity in aluminum is 1.2 K, while the @d#i magnetic field is a&2800 G(10
Milli -teslas).An aluminum plate of dimensiond6 cm x10 cm X1 cm), serves as

absorbels shown irFigure3.7.

3.1.4 Aluminum Heat Sink

Figure 3.8: Aluminiumheat sink

An aluminum plate measurin@d.6 cm x10 cm) and heigltf 50 cmserves as the
heat sink for the STEG. The modidquipped absorber is linked to the heat exchanger.
Figure 3.8 depicts only the heat sink by itself. As much of thath&nk's exposed
surface as feasible should be in contact with air or another cooling medium for efficient
heat dissipation. Variables such as velocity, material, protrusion design, and surface
treatment may affect a heat sink's efficiency. Not only dbesmethod utilized to
connect the heat sink have an impact on the die temperature of an integrated circuit, but
so do the thermal interface materials. Thermal glue and thermal grease improve the heat

sink's effectiveness by sealing any air gaps betweehdht sink and the heat spreader.
(a) Drilling

Cutting a hole with a circular cross section into solid materials, drilling requires the use
of a drill bit. The drill bit is a rotary cutting device with many cutting points. Hundreds
to thousands of rotati® per minute are used to force the bit into the workpiece. By
doing so, you may remove chips (swarf) from the hole as you drill by pressing the

cutting edge on the workpiece.
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Figure 3.9: Drilling for creating holes

Holes with a crossection other than a circle may be drilled using specific bits; a
square, for example. Sé&gure 3.9, where an M4 tap is utded to thread a hole drilled

to 3.5 mm in diameter. The four constituents of an M4 tap are as follows:
1- Nylon Pipe 2 Fibre watcher, 3- Spring, 4- plain watcher.
(b) Milling

Milling is a kind of machining in which rotary cutters are used to remouerrabfrom
awork-piecewhile the workpiece is fed (or advanced) in a direction at an angle to the
cutter's axisas shown irFigure 3.10. It encompasses a broad range of activities, from
the milling of a single component to the milling of a whole assembly in a single,
massive machine. It is one of the most used methods fostanj the dimensions and

contours of machined components in modern manufacturing and machining facilities.

Figure 3.10: Milling for creating slot to set the modules
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There is a large variety of machitaols suitable for milling. Milling machines were
the first of their kind as a category of machine tools (often called a mill). Machining
centers, which are essentially mills with
tool magazines or carouseSNC contr ol , cool ant systemso
with the development of CNC technology and are typically divided into two categories:
Avertical machining centers ( VMCs) and h
Multitasking machines (MTMs) are a neshass of machine tools that were specifically
designed to allow for a default machining strategy of using any combination of milling
and turning within the same work envelope, which began with live tooling for lathes
and the occasional use of mills forriing operationsHere milling is done to crea{@0
mm x 20mm x 4 mmn) squareslot for setting up of modules in this slas shown in

Figure3.11land inFigure3.12, smoothening process is accomplished.

Figure 3.11: Heat Sink & absorbePlate ready, after milling process

1
1

Figure 3.12 Smoothening afurface oheatsink & absorbeiplate
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3.1.5 TEG Modules
Specification-Power output =5 w each at (T=230°C T.=30°C)
Full load current = 1.66 A,Output Voltage =6 V (each)R (230) = 4.4

Max Processing Temperature =230°C

Figure 3.13: TEG modules

The thermoelectric module forihSTEG is a Tellurex module (20 mm20 mm x 4

mm) made from bismuth telluride thermoelectric material (as exhibit€tgure3.13).

The aluminum absorbef dimensions(16 an x10 cmx 1 cm) is useal, where the
modules are attachedwith anabondpaste (Figure 3.14). Using the aforementioned
criteria, the absdrer areais alreadycalculated as (Cyeg is the ratio of thewater
concentratoaperturearea to theabsorber areaModules are set between thbsorber
Plate and Heat SinfFigure3.15).

b
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Figure 3.14: Anabondpasteand pasting modules on the absorber
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Figure 3.15: Modules areset between absorbptateandheat sink

3.1.6 Glass Wool Hlling

|l nsul ating materi al known as dAglass wool 0
bound together in a wodike structureas shown irFigure3.16. The thermal insulation
capabilities originate from the action of trapping several little pockets of air between the
glass. Rolls and slabs of glass wool, each with its own unique thermal and mechanical
gualities, are manufactured. Another form it may take is that of asitin spray or

adhesive, applied directly to the insulating surface.

-
..

it

Figure 3.16: Glass wool filling
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3.1.7 DC Fan

12 V,5 W DC famas shown irFigure3.17, is used for cooling purposé maintain cold

side temperature between %D to 50°C.

Figure 3.17: DC Fan
3.1.8 Drilling for Setting B racket

Finally, drilling is done for setting bracket to cover whole assemablghown irFigure

3.18.

Figure 3.18: Settingof Bracket

In this way, two thermoelectric modslef dimensionsZ0 x 20 x 4 mmeach) are
used for power generation as shownFigure 3.19 (a). 64 thermocouples in each
module connected in series are pasted and fixed to the bottom of a €&@mmx 1
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cm) aluminium absorber as shownRigure3.19 (a) and (b). The totalcrosssectional
area of both TE modules would bex@x20 mm=& 10 m?). Bi,Te; thermoelectric
material based GWLSTEG is so fabricated. All the specifications of TEG module used
in this experiment are shown ifable 3.1. For simplification of angkis, the

combination of two modules is considered as single module.

Figure 3.19: TEG module (b) Aluminium absorbgr) Heat sinkq) DC fan (e)Complete
assembly of TEG

Table 3.1: Specifications of BiTe; TEM

Parameters Value
TE module length x width x thickness 20 mmx 20 mmx 4 mm
Alumina Substrate thickness 0.70 mm
Copper Conductor thickness 0.50 mm
N/P type block (length x width x height) 1.40x1.40x1.60 mm
Block Spacing (pitch) 1.00 mm
Two modulesNumber of blocks (row x column) 16x 16
(256 block128 thermocouple)

The complete TEG assembly consists of the following components:

i.  Aluminum absorber

ii.  Aluminum Heat sink
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iii. TEG module
iv. DC fan

an Aluminium absorber of dimensions(@b cm x 10 cm x 1cmpand thickness of 1 cm
Is used to absorb the concentrated solar radiations that have been focused using the
water lens. Thé&luminum heat sinkas shown irFigure3.19 (C), with specifications as

mentioned in
Table 3.2, is the most widely used product for thermal solutions.

The properties that make an aluminum heat sink popular include (i) Good
electrical as well as thermal conductivity (ii) Light weidlit) Low density with a
density ~ 2,700 kg/f(iv) Higher strength within the range of 70 and 7A8gapascal
(v) Easily malleable (vi) Easy machining (vii) Exceptional resistance towards corrosion
(viii) non-magnetic, which avoids interference of magnetic fields (ix). Easy to recycle
[115][207][115][208][209]. A DC fan of 12 V ad 5W is used for cooling purposes to
maintain cold side temperature betweerfG@o 50°C as shown ifrigure3.19 (d). The

complete assembly of TEG is showrFigure3.19 (e).

Table 3.2: Heat sink specificatiors

Parameters Value
Length 0.16m
Breadth 0.10m

Height of fins 0.05m

Hole Diameter 0.65 mm

3.2 Instrumentation

During data collecting, researchers use instruments to try to measure a variety of
di fferent variables and objects of interest.
by researchers to gather data, and so encompasses not only the item used baitdo so,
also its design, selection, construction, and evaluation. Another potential source of
skewed findings is investigators' failure to account for the possibility of a shift in

calibration of the measuring instrument(s) used. In this research work, eall th
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measurements are made with utmost care totlgemost accurate result¥/arious
instruments were brought in application for measuring different parameters. The

methodology and requirements of these measurements and instruments are discussed
3.2.1 Multi -Meter

Multiple electrical properties can be measured at a time using a multimeter. Because of
its ability to measure voltage, current, and resistance, a multimeter is also referred to by
its more specific names: kmeter, ammeter, and ohmmetdmhe Rish Muli 15S
multimeter integrates a DC voltmeter, an AC voltmeter, an ammeter, and an ohmmeter
into one convenient device. VTVMs are amplified analog meters with active
electronics, whereas namplified analog multimeters include a meter movement,
range resistrs, and switches. The range of this multimeter isu{:Q000V) and
(100nA-10A).

Figure 3.20: Multimeter

The multimeter is used in this research work to measure the voltage and current

generated from thBTEGis shown inFigure3.20.
3.2.2 Solar Power Meter

Through windows to ensure their efficacy or during installation of solar power

equipment, a solar power meter nragasure solar power or sunshine in units of ¥/m
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When determining the total energy output, efficiency, and optimal location of solar

systems, a solar power meter instrument is often used.

Solar power research

=

T Identifying highperformance opportunitse

T Physics or optical laboratories

1 Solar radiation measurement

T Agricultural applications

T Meteorological applicationso

Solar radiation received by the absorbent surface is a measie yfstem's power
production.Instruments can measure the quantifysolar radiation reaching Earth's
surface, and these measurements are crucial for providing baseline solar data for use in
solar energy conversion applicatioi®olar power meter used in this research work is

shown inFigure3.21.

Figure 3.21: Solar power meter
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3.2.3 Thermal Camera

A thermal camera is a camera that detects and reads infrared and infrared radiation
emittedby an object to determine its temperature. The use of a thermometer requires
physical contact with the individual, which might be risky or impossible in a number of
emergency situations. These instruments use thermal radiation torenesamperatures

at adistance As can be seen iRigure 3.22, the FLIR C3X is a versatile device that

may be used as a thermal imaging camera, a digital camera, or even a flashlight. The
temperature range of the 128x96 (12,288 pixel) resolution thermal imager is greatly
increased from20 to 300°C {4 to 572°F).

Figure 3.22: Thermal camera (FLIR GX)

In this research, the thermal camera is used for taking the temperature readings of both

the hot and cold junction of the TEG module.
3.2.4 Digital Hygrometer

A hygrometer is a device that measures the humidity of an area, whether it be air, soil,
or a closed mvironment. Measurements of other values, such as temperature, pressure,
mass, or a mechanical or electrical change in a material when moisture is absorbed, are
often used as inputs in humidity sensors. These values may be used to calibrate and

calculate a accurate humidity reading.

Saturation, the point at which no more water vapor can be dissolved in the air, varies
dramatically with temperature, with cold air being able to store far less water vapor per

unit volume than warm air. Humidity may bdeadted by temperature.
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Figure 3.23: Digital hygrometer

As can be seen iRigure 3.23, the testo 625 is a smalldrmehygrometer with a
detachable humidity sensor that may be used to determine both air temperature and
relative humidity. The wet bulb temperature and dew point may also be determined. The
meter has a big, lighted display that is simple to see, a lttanbthat locks the current
measurement in place, and instant access to the minimum and maximum readings. The
testo 625's lordpsting moisture sensor and poveaving sleep mode mean it will
continue to provide accurate readings for years to come. Thec&El goes from 0% to
100%.

3.2.5 Digital Anemometer

In addition to construction, mining, renewable energy, and manufacturing, the
anemometer is utilized for a wide rangewond monitoring applicationswith digital

anemometer, there are many other kinds &f amo me t e r used to measur e
angle.In this research, digital anemomegesr shown irFigure 3.24, is brought o use

to measure the speed of wind generated from the DC fan. It allows setting the speed of

the fan in accordanceith the requirement of the cooling of the cold junction and

maintaining the temperature. The range of the anemometer is 0 to 20 m/s.
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Figure 3.24: Digital anemometer

3.3 Uncertainty Analysis

An experimental data is how much accurate, can be determined by an important

factor

this project can be calculat§il0].

6 Un c &q. ({l)ahe stanglaéd.uncétrtairdynof the tinsnents used for

(3.1)

YO G & TN 0 ©
The standard uncertainty and accuracy of all the instrumentsanseshown irTable
3.3.
Table3.3: Instruments and their specifications
Uncertainty
Observed Standard |
Instruments Range Accuracy . in observed
Parameter Uncertainty
parameter
Solar power mete 0-2000
P , | *lowmf | 1winf | £1.2W/nf
(Meco) W/m
FLIR thermal -20 to 300
Temperature +0.2°C 0.12°C +0.25°C
camera (C3X) °C
Digital Anemometer| Air velocity | 0.ZEB0 m/s| 0.1 m/s 0.06 m/s +0.10 m/s
115




(Testo 425)
Digital Hygrometel  Relative
o 5-90 % 3% 1.73% +1.7%
(testo 625) humidity
RishMulti 15S
Voltage 30V +0.01VvV 0.006 V +0.01VvV
multimeter
RishMulti 15S
Current 3A +0.001A | 0.0006 A + 0.001A
multimeter

A function Y, which is dependent on n number of input variables or parameters then the
value of uncertainty in the measured value of Y can be computedEpr(8.2) [210]:

Y@ — 0 ® — 6 ® E88 — 0 (3.2
where, U(Y) is the representation of uncertainty in Y and)ug& é u ) (sxthe

uncertainties in the independent variableg (& x,), which affect théunction Y.

3.4 Efficiency of GWLSTEG System

The efficiency of the GWLSTEG system can be broken down into two different
component s. The first one i s t keanddhet ot her ma
second one is effici eng)yTo wdlizethh exprds&o fomodul e
both efficiencies, firstly we need to discuss the water lens. The giant water lens works

on the same principle as that of the normal planoconvex [&hk, [212],[116].

Mechanically describing hypeaiastic foils under spatially varying hydrostatic force is

necessary since the lens's form dictates its characteristics. For this lens with a diameter

of 1.4 meters and a depth of 0. l-@ensityet er s, w
pl astic/ polyethyl ene (nthidPLB)meétersimlength and a s ur i n ¢

breadth, with an eléis modulus of 160 megpascaland a Poisson's ratio of 0.435.

To concentrate light traveling in parallel beams into a single point, {glameoex
lenses are optimal way. Light may be concentrated, amasskdpobimated with their

help. When the object and the receiver are at different distances from the lens, the
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asymmetry of these lenses reduces spherical aberration. Light from a point source may

be collimated by using a planoconvex lens, which focuses the beam to the rear focus.
Water lenses have the shape of a Plano convex lens because of the elasticity of the
transparent sheet. Water that wor ks as a
i ncident on it to converge at a focal po
energy, meaning that water that acts as a lens allows the absorber at the focal point t
remain at its starting temperature. The focal length is the most crucial aspect of any
lens. Each lens' focal length may be dmieed with a quick application of the thick

lensEq (3.3 [211].

Q YTE p (3.3

Where refraction index is denoted by n and curvatadius is denoted byRi.e.,
0.156 metersThe refractive index is defined as thb@ge change in the light's speed
between traveling through the medium and a vacuum. When light travels through a
material other than a vacuum, the speed of light is reduced because the particles of light
are constantly absorbed and reemitted by the atortisabimedium. The value of the
refractive index has no unitd's a measure of how much longer a light wave would take
to travel through the substance compared to a vacuum. -Biyenlmolized refractive
index is equal to the vacuum speed of light dividedhgymedium speed of light. Here
is the equation for the refractive indg4d3]:

~

S (V) (3.9
Where,

1 refractive index was denoted with

1 light velocity in a vacuum was denoted with

1 light velocity in any medium is denoted with

A refractive index of 1 describes a vacuum. The formula can be used to get the
refractive indexof any substance. When the refractive index or optical density is high,
light travels more slowly. Lens has a refractive index of 1.12 because water has a

refractive value of 1.333 and plastic has a refractive index of 1.5.

Focal length has an inverselationship with the optical concentration rafiti1],
[214]. The water lens demonstrated a focal length siifallmost 50%, providing the

operator with an additional axis of flexibility. Lens optical behavior may be carefully
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adjusted by replacing water with various clear liquids of varying refractive indices. In
this work, a new approach is used by investigating lens on a broad scale. By
adjusting the amount of water, the intensity might be raised by as much as 400%. Over a
wide range of wavelengths, the water lens showed a concentration factor of up to 25 that
was somewhat typical. Although it filters outetmear infrared spectrum, its loss
increases as the wavelength increases. As a filter for certain solar energy conversion
devices, or to keep things from becoming too hot, this may be quite helpful. While the
concentration factor is lower than that of otlwaittingedge solar concentrators, the
production cost is much lower, and by replacing the current lenses with a water lens
array, the savings may be double. Since maximum intensity, shortest focus length, and
highest concentration factor are all showrthwy 40liter (Vmay) Water volume, this value

is optimal. It also has advantageous optical qualities since its form is a near

approximation to that of an ideal aspheric lens.
3.4.1 Volume ofwater in GWLSTEG

The water | e ns 6 Figark 225, @s parabolicswhichwis givennby the

equation
A (3.5
This parabola is rotated about thexis to calculate the volume of the walens.
The paraboloid can then be broken down into n number of finite cylinders Faguie

3.25, and then the total volume can be calculated by integrating the voluntiessef

finite cylinders[211].

Figure 3.25; Giant Water Lens schematic

Consider the small section of the uppermost cylinderandimss it s hei ght

Therefore, at height y, radius x 0
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Vol ume of th® cylinder =

This @y is the height of only the uppern
volume of all cylnders or the volume of the paraboloid lens, fitliwing steps are

followed:

Volume of the paraboloid lens (V) = I ET * ¢ @

0w -
C

w -0 3.6
c (3.9

Height of the paraboloid H is measured which is 16cm, i.e., H = 0.16m. Therefore, the

volume of theparaboloid water lens was calculated as:
V=- 1% ¢ =0.040 i

Since, 1 M = 1000 litres, the volume of water in the GWLSTEG used in this

experiment is about 40 litres.
3.4.2 Optical Efficiency of the Lens

The concentration ratio (C) is often useddiscribe the light concentration process.
From a physics perspective, the concentration ratio is the measure of how much the
incoming energylux on the lens surface is amplified optically on the receiving surface.
At the aperture ) and the receiver {), the ratio of the energy fluxes represents the
concentration ratio. It is immediately applicable to thermal calculations and is referred
to here as the optical concentration ratig: (dr flux concentration ratio). The optical

concentration is shown iRigure3.26.

. B
B0 QI BOBD BMOOT ¢1 OGP~ X0
00 GO BMON Q1 608 (F & (O QF O (3.7)
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concentrator

Ib v Aab

Ie receiver/absorber

Figure 3.26: Optical concentration of a lens

The geometrical concentration ratiogg is defined as the ratio of the aperture area
of lens (A) to the absorber area {/\ If the ambienenergy flow (insolation/irradiance)
is the same over the aperture as it is over the receiver, then the geometric and optical
concentration ratios will be the same;d§ Copy). The optical efficiency of the system
is given byEq. (3.9 [215][123].
Wi RAOMON QI 660 Q
Wi RAOMO DI €1 Qi (3.9

- t
(3.9

It accounts for the aperture net transmission loggesnd the absorptance+++of
the solar absorberW is 0.90 and»yyis 0.94, hence optical efficiency is 84%.
Thermoelectric generator (TEG) modules are constructed from numerous TE blocks that
are electrically linked in series and thermally coupled in parallel to increase power
output. Seebeckeffect describes the phomenon in which the amount of electricity
produced is proportional to the degree of temperature difference between the two sides
of the TEG modulg216]. A thermocoupleconsisting of a Rype and Ntype therme
element coupled thermally and electrically respectively in parallel and series, is the
simplest thermoelectric power generator. One partner receives heated air while the other
gets cooled. The generation of thetage takes place when there is a large enough

difference in the temperature between the cold and hot jun¢8aidb
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3.4.3 Thermoelectric Efficiency of TEG and Opto-thermal Efficiency
of GWLSTEG System

In reaction to a change in teemature, a thermoelectric (TE) material produces a
voltage. The ZT for ZEM is defined as:

R e 4 (3.10
“V

This study took into account the Thomson effect, and the tempedspendent

characteristics of the thermoelectric material,{Bi) were used according to the

formulas presented by Xuan et[dl10]:

Seebeckcoefficient:

i i i CZ CCCCWoaY TR WM pP T WL

(3.11)

Electrical Resistivity:
o VPP ORTY TG XMWp T & (3.12)

Thermal conductivity:
N O oocomgx¥yY M@ pSppn7Ha + (3.13)

Thomson coefficient:
t 1 t CZ wodY pBoY'Y¥ p M WL (3.14)

Wher e, mean temperatur e, AThomson <coef fi
resistivity, andSeebeckc o ef f i ci ent 0, respectively are

developing the thermal model of the GWLSTEG system. Developed equations for the

energybalance for every control volume are as follows.
Incident solar energy on lens:Q

~ ~

O U Q 5 0Y Y -, 07Y Y (3.15)

i.e "0 =0 0 0 f 0 f

Losses are less, therefore may be equated to zero,
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Q 5 0Y Y -, 07Y Y -, 0Y Y m (3.16)
-, 0%Y %Y MQ powYY -, 07%Y Y (3.17)

In Eq (3.16 the first and second terms represent ¢bavectiveand radiative
heat loss from the water to the environment, while the third represents the radiative heat
loss from the top of the absorber to the LLDPE plastic cover.n\doenpared to
radiative heat losses, convective heat losses are negligible. Temperature of the absorber
surface, surroundings and water lens are respectively denoteg By dnd T. Stefari
Boltzmann constant i s denot @adtictoyeraindthet he net
absorber surface is denoted by and water emittance to its surrounding is denoted
by- . Convective heat coefficient among the surrounding and the water, absorber
surfaceds area and water |l ens Qug fAxceds ar ec
and A.

2% 2%

Qcons (Convective heat Q,.; (Radiative heat losses to
losses to surroundﬁ’ A/surrounding)
Giant'Water lens
Q,p, (Heat transmitted I ‘
from LLDPE coverand /|| Q4 Radiative Qg (Radiative Qp (Conductive heat
absorbed by absorb er) heat heat transmitted to transfer from absorber to
transmitted to LLDPE cover) G thermoelements)
Q,,q (net radiative heat Shsois et
transfer from absorber to \ e Hot side T,

vl

ceramic plate)

L~

Q, (net heat
transfer from hot
side to cold side
to TEG
Cold side T, thermoelements)

CurrentI

Figure 3.27: Energy balance&liagram
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Referrng the Figure 3.27, using the first rule of thermodynamics under stestdye

circumstances, we can write the absorber <
| 6 @ (3.18
0 -, 0 Y Y
-, 0 Y Y Q i O
0 Y Y
i.e 0 0 0 i 0 i 0 i

Wh e rnés thel net emittance between the plastic cover and the absorber surface and
the net emittance of area between the cold and hot side (absorber surface) of the TEG is
denot gd Imgd Wl -sedtional areavisdenoted byHand Q is the
convective film coficient between the hot side of the absorber surface and the

surroundingsTh e net gam ¢ aréigiven as, réspectively:

N
P £, (3.19
A
£ £, (320)
) P (321)
e

Emittance is generally represented as a function of wavelength of radiagion
- "Q_ . Black bodies can be defined d4$=(1) and in case of a gray or natural body
( A<t0<10) . The incoming r adi adflactedn(refieatanca b o d
termm ) absorbed (absorbance tetdn o r transmitted (transm
transmitted part for earth (a thick body) is zero, if the earth or thick body is in
thermodynamic equilibriumthen according to the principle of conservation of energy
m +U=1)U=olk ).AsperKi rchhoffés | aw, absorptanc
(U= 0, thus we getly=1- m ). In this way, reflectance is associated with emittance
and in case of lens or any transparent mediUm 1- z), emittance is associated with

transmittanc¢218].
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In Equation (8.16) the term on the left represents the absorbed solar energy by the
isel ecti ve abs dtern enrthe sightrrdpresersithe totaltheat absorbed
at the TEG modu"f terd seprésents the tradsterring bftthe radiative
heat within the LLDPE cover ®@Band4 tetmse absor be
represent the radiative and cestive heattransfer (ArAmod. The convective
transferring of heat within the TEG modul es:
the nonpacked could be avoided given that the-packed space is evacuaté&dis the
concentrated solar radiation tre absorber surface per unit area. The net transmittance
of the water and the LLDPE cover is given[B$9].

Tt (3.22

Wheryé sUt he transmit tpasrithe angmfttantelofethe wlastice r a n d
cover. G, is the thermal concentration rat¥hen the power flux (W/R) on areceiver
is increased by means of heat lozafion from a large hightgonductive absorber to a
small absorber area is called thermal concentration. Direct solar radiation are
concentrated on absorber by means of a reflective surface or lens, in opdeduoe
high temperature on the absorp#d].

5
5 A (3.23
0
Combining Egations(3.17) and 3.18:
tI o6 O (3.29
0 Q 5 6°7Y -, 6y Y
-, 0 Y Y Q O
0 Y 'Y
i.e another form 0 0 0 0 0

v h

Heat balance schematiafoEG modué is exhibited irfFigure3.27. In accordance with
the 'l aw of thermodynami cs, the thermocoupl e
defined. As much heat is absorbed in the hot joncfd ) of the TEG nodule as is
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transmitted downward from the absorber surface, ajakeQotes the rejected heat at the
TEG modul eds cold junction to the heat si

sides are respectively numerically represeated

. o, OY . toyYy Y
O YOY — oY Y —/—
C C (3.25
. __.OY ... . {toY Y
6 YOY — 0'Y Y ——
C C (3.26

Where, he electric current is denoted with I, the thermal conductance was denoted
with the help of K, Thomson coefficient was denoted with the help of p arfsetblgeck
coefficient was denoted with the help of S. The n as well - materials are
respectivelydenoted with the help of the subscripts n and p. On the other hand, the
thermocoupl eds cold and hot side are resp
the overall electrical resistance, thermal conductance $smbeckcoefficient are

expressed as:

YOO i R (327
o G0 0 (3.29
Y 6Y Y (3.29
Where

) —, U E—

Y —Y —

The thermocouple number is denoted by N. the n atdyppe mat eri al s €

sectional area are representedobyando respectively in the thermoelements. Their
lengths are respectively denoted with the help o&and0 . i ,i ,Q,Q,” , and”

changes along with the change in temperat
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Figure 3.28: Equivalentelectric circuitof GWLSTEG

From t he AEQuiirvcad ietnOFigusB@8critriec expressi on of

TEGO6s power outputo i s given as:

0 0 0 Y'Y YY'O OY tdY Y OY (3.30

Where RLi s t he Al oahe gerraton of theaatectrec @urrent from the
TEG i s dependent over t he external |l oad r
thermoelectric elementds thermoelectric <cha
temperatures. This can be evaluated by solkigng3.30 for | and is expressed as:

YY YY1 Y Y (3.3

© Y Y

Power output is dependent over the current. Thus, with the differentiati&o of
(33),t he current at which HAmaxi mum power trar
Further, condition for t hper ofimde s mun e p divoeprt |

currento at which the Amaxi mum power transfe

. YY Y t°Y Y (3.32
Qi C'Y
Numerical expression of the TEG systembds eff
0 Y'Y YYO OY tOY 7Y (3.3
0 Oy Oy VALY t oY Y
C S
Numerical expressiohor STEG systembés efficiency, with
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0 YY YYO Oy (O%Y 'Y (3.39
0 0 0

As an alternative notation, the GWLSTEG's energy efficiency may be expressed as the

product of itsoptothermal and thermoelectric efficiencies:

0 (I)U
6 "G 0 (3.35)
- -, Y Y Y YUWp a'Y
- T 50 @ Y ‘p : [\)( (3.36)
le a Y v
TE and optethermal efficiencies are given as:
- -, Y Y
- - — h
o0 (3.37
S (3.39
Y O YUp a’Y p
Yo EY

— is the optical efficiency For finding the GWLSsbl&cGb6s e X
radi ationds exergy inputds expression was
generates electrical power, which is a kind of exergy. Therefore, the solar
thermoelectric generator's exergy efficiency may be written as:

( 0 YVY YYD 0OY tO%Y 'Y
Ow 5 Y p Y (3:39
P Y o7V

For the validation purpose the error can be calculated as follows:

QonR Qi QODDOEBE | QO G d R
WP T T

b 'Q‘ | é ‘: 197, r Y X, A\ ey, " ey e
t OMe i QDR (3.40

3.5 Numerical Simulation and Optimization

Two different softwares have been used for overall numerical analysis of GWLSTEG.
The first one is COMSOL which has been used for modelling and simulation of TEG,

and the second one is Shlace, which has been used to evaluate the solar radiation
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concentration of water lens avilie aluminium absorbéor the optimized transmittance

of polythene Following steps were involved in the software simulation of GWLSTEG.
3.5.1 Solar Ray Tracing for Giant Water Lens

For conducting this research, the concentrated solar heat flow distribsifpyadicted
[220][221] using the SelTrace software[180]. A method of rastracing is utilized by

the cod€g222]. The quantity of rays &ced from the sun through the system is set, and

as those rays travel through the system they meet the numerous optical interactions set
out. It's important to note that not all of these interactions are equally deterministic (for
instance, picking a solaangle based on the sun's angular intensity distribution).
Determining the form and orientation of the sun is the first stage in developing a Sol
Trace project. After that, groups of optical attributes are developed and assigned to the
system's optical coponents. At last, the geometry of the optical system is developed,
which includes the stages and their constituent elements. Each constituent is linked here
to a category of optical properties. Complete system definitions may be stored in a file
for subseqgent review[222]. The Surshape profile used and the rays traced are shown

in

Figure 3.29 (a) and (b). As can be seen in the Gaussian sun shape profilegrad0

angle of the sun the intensity is 1 and it follows a parabolic curve.
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Figure 3.29: (a) Sun shape profile; (b) Rasacingin SolTrace software
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Table3.4 andTable3.5 show the data that has been used in thelT8uie to achieve the

objectives of this setup.

Table 3.4: Optical propertiesof water (40 Itr) and LLDPE plastic

Optical Properties Value
Emittanceof water 0.03
Emittanceof Plastic 0.02
Emittanceof lens 0.10
Transmittance of water 0.94
Transmittance of Plastic 0.95
Transmittance of lens 0.90
Abroptance of absorber 0.94
Effective emittance 0.03
Slope eror water 3.0 mrad
Specularity eror water 3.0 mrad
Slope error Plastic 3.0 mrad
Specularity eror Plastic 3.0 mrad
Refractive Indices of water 1.33
Refractive Indices of plastic 1.5

An ideal lens' surface would be shaped like a circular paraboloid. Slope errors are
angular aberrations of the lens surface relative to the ideal shape and can be caused by
deformations due to gravitational force of the weight of the lens, deformation® due
mounting the lens on a bearing structure, or unavoidable shape tolerances in the

fabricationprocess.

The slope errorran be measured at any location on the lens surfHoe overall
geometricalquality of the mirror carbe inferred from the averagelua of slope error
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for the entirelens Deflectometry is one approach that might be used to measure the
slope errof223][224].

Table3.5: Tracing parameters

Parameters Value
Desired Number of ray intersections 10000
Maximum number of generated sun rays 1000000
Maximum number of CPUs to utilize 16
Seed Value -1

3.5.2 Development of Multi-PhysicsModel of TEG Module

Accuracy and complete inclusion of all relevant effects occurring during TEG operation
are essential for the model. Since TEGs rely on principles of operation that include
electrical production, heat transport, and other phenomena, gbmbich might be
nortlinear, multiphysics modeling is crucial. The nonlinearities of TEGs may be
effectively addressed by using finite element techniques (FEM). The capability to
modify the TEG controlling equations is another feature that should hedettlin a
high-quality software suite. As a result, you may toggle the visibility of individual

words to see how they influence the model.

For developing a mathematical model which was identical to that of the experimental
model of this study, the asof COMSOL Multiphysics V5.4225][226] was made. The
thermoelectric effects, electrurrent and transfer of heat were taken into account in
this model to provide a reliable estimate of electrical output obtained from the TEG
employed in the intended application. The model generation process begins with
including the geometry of the exp@ental setup. One of the most important conditions
for success is to have the geometry as precise as possible, since little changes in the
geometry may lead to drastically different outcomes in simulations. When more
information on the TEG module's buildag needed than what was included in the
commercial datasheet, it was necessary to get in touch with the manufacturer. At first,
just one module pair was simulated (consisting of a N Type block and a P Type block)

to verify the reliability of the build. Bmmuth telluride (BiTes) was chosen as the
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semiconductor material for both types P and N. Beebeckcoefficient and other

material rameters were calibrated to match the manufacturer's specifications.
(a) .Meshing

After that, we were able to successfullymalate the experimental test cell in
multiphysics. Thermoelectric effect, electromagnetic heating, electric current, fluid heat
transfer, and other physics and modeling research were all included in the model. In
order to finetune the mesh, the elementz e setti ngs were changed
shown inTable 3.6. This mesh size was appropriate for the test since a finer mesh

would not have improed the findings and would have increased the calculation time.

The model s overall g e 0o mé&igured.30dag Vheimesh e d was
size thatis implemented for this studis exhibited inFigure 3.30 (b) along with the

detailed parameters thateshown inTable3.6. The model was programmed to provide

estimates for the input power, output power, matching load power, and internal
resistance, all in Sl units. First tesas simulated using a duplicate of the parameters

described in the product datasheet to verify the accuracy of the computer model.

x R
; @ f o

Figure 3.30: (a) COMSOL model of the TEG (b) Meshing of the TEG model

Theselected mesh's element size parameters in relation to variesstpnesh sizes, as
well as the stored convergence values for the electrical potential, are compared and

contrasted.

132



Table 3.6: Meshingdetails

Pre-set mesh size parameters Coarse Extra fine | Extreme fine
Maximum element size (mm) 0.018 0.00146 0.00015
Mi ni mum el emer 0.0015 6.25e5 6.54¢’
Maximum element growth rate 1.2 1.35 15
Curvature factor 0.5 0.3 0.1
Resolution oharrow regions 0.6 0.85 1
No. of elements 4.3 million 9.2 million 12 million
Max. temperature obtained 170°C (443 K) 225°C (498 | 23(PC (503 K)
K)

Grid independent test graph, shownHigure 3.31, shows that for elements with
atomic masses of more than 9 million, the maximum temperature attained on the
absorber surface follows a nearly constant curve. As a consequenceyredisa
simulations have been employed, using a total of 9.2 million components antindtra

meshing.
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Temperature (UC)

T T T T T T T 1
4 6 8 10 12 14

No. of elements (Millions)
Figure 3.31: Grid independent test graph
(b). Thermoelectric modeling of TEG(governing equations)
Since thermoelectric effecis already included in COMSGOMultiphysics, it was

chosen as the platform to create the computer model of this investigation. In addition, it
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has supposedly been put to use in TEG simulation, with promising results being
presented tdhe academic community. In this research, we assume that the TEG is
hermetically sealed, thuswemayu | i ze t he equMtli oinphy i GO MISK
explain the AThermoelectric effect and el ec

transmission of heéan solids and electric currents.

The Thomson, Peltier,darier and Joule effect are all taken into account in the
inquiry, and t he thermoel ectric anal ysi so
ACOMSOL Mul tiphysics sof tisyte leeatflowlequationh er mo e | ¢
has the fornj226]:

(3.4

,,.,T"le, .

He r g(kg/mj) signifies the density, (J/kgK) denotes the specific heat capacity,
heat generation rate per unit volume is signifiedpyv/m?) and absolute temperature
is signified by T (K).From this equation, we can determine that electric charge is
continuous:

® (3.42

n8p —, Tt
0

—a

Where, electric flux and electric current density vector are respectively signified by

®C/m?) and ® (A/m?. Using the proper basic thermoelectric equations, the

aforementioned two equations are combined:

B Y & Q8Y (3.43)

p ,80 | &Y (3.44)
Ther mal and el ectri calSeebectonadeufcftii cvii d ryt, 0 amatwae
respectively denoted by [k], [G], and [ U].

‘Qis used for representing the electric field intensity and it is evaluated from:

(€] Ne (3.45)

» represents the @ttric scalar potential. Incorporating the above three equations, the

heat flow equation and the continuity equation given above can be rearranged as:
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T o (3.46

. . 8 Y , 33 T
ro (3.47)

Dielectric permittivity is defined as the internal electric field to electric displacement

ratio of a material.-[ ] indicates the dielectric permittivity matrix and its unit is (F/m).
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Chapter 4

RESULTS, DISCUSSSIONAND VALIDATIONS

To achieve the objective of thiesearchthe result section has been broken down into
parts. The results obtained through the simulations baea discussed first and then

results from experimental setup and validated. Then both results are compared.
4.1 Simulation Results

Simulation results of the plastic lens are used to fabricate the lens and the experimental
values of temperature of the absorlveere used for simulation of TE module in
COMSOL software.

4.1.1 Temperature distribution on the surface

The temperature profile across the TEG module as obtained in the simulation is shown
in Figure 4.1 (a) and (b). Maximum value of the temperature obtained on the hot
junction is 498K while the minimum value is 383K on the cold plate. A maximum
temperature difference of 463K is obtained. This is in accordance with shésre
obtained from the experimental outcomes. Thesetsehave been validated by Qusay
Doraghi et al[226][64].
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Figure 4.1: Temperature distribution on (a) Surface of absonate (b) TEG module
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4.1.2 Electric potential on surface

Maximum electric potential is recorded 10.9 V and the minimum electric potential is
recorded as1.3x10°, which can be observed Fig. 16 This is also in accordance with

the results obtained from the experimental evaluation of the process. The potential
difference obtained across the TEG module as obtained in the simulation is shown.
These results have been validated by Qusay Doraghi[2R6][227].

Surface: Electric potential (V)

A109

10

X -8
F: ¥ -1.3x10

Figure 4.2: Electric potential acrossthe surface
4.1.3 Flux Intensity at surface of water lens

Figure4.2 (a) and (b) show the distribution of the flux intensity obtained through the
SolTrace softward77]. Maximum average flux intensity at the surface of the water
lens is observed to be 1203 WI/NLLDPE plastic layer is almost unaffected by
radiation and shows little to no deviation in flux intensity as represénytedthin outer
layer in blue.
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Figure 4.3: (a) Heat flux distribution on the water lens surface (b) 3D graph of heat flux

4.1.4 Flux intensity at the absorber plate

The distribution of the fluxntersity that is concentrated on the absorber through the

SolTrace software was simulatdd7]. As shownin Figure 4.4 (a) and (b), the
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maximum value of average flux intensity obtained at the surface of the absorber is 4200
W/m?,

4,000

— l 3,000
-
-
» [
|- 2,000 |
-
1,000
4 - ‘ .
0
T T T T
5 10

Flux

Figure 4.4: (a) Heat flux distribution on absorber plate (b) 3D presentation of heat flux

Radiation intensity concentrated on the absorber has indress@st 4 times through

the water lens which is in accordance with the experimebt#rvations.
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4.2 Experimental Results

Experimental results have been obtained by measuring the different parameters using
suitable instruments and have been plotted below in the form of the time gradients of

the current inputs and outputs, beam radiatidffyse radiation, temperatures of the hot

and cold junction, average temperature, temperature difference, air velocity, relative

humidity, voltage and current. Bgriment was conducted betwe00 hrs and 1700 hrs

on 17" May 2021 and the measurements were taken at every 15 mins intervals. The
graphs of these values with respect to time.

4.2.1 Solar irradiance

Maximum energy that is collected from the sun in the form of radiation per unit area is
known as solar irradiancd5][228][74]. The graph traced ifigure 4.5 shows the
values of the global radiation from the sug),(the beam radiation {)l, concentrated
solar radiation over the aluminium absorber through the water Igrem( the diffused
radiation () with respect to timewith this design, 4580W/fof solar radiation is to

give approximately 190 K of temperature difference across the thermoelectric module,
while the ambient/cold side temperature is 308K and the hot side temperature is 498 K.
The variation of global, beam, diffuse and concentratdthtian with time radiation is
shown inFigure4.5. Most significant sunshine hours can be considered between 1100
hrs and 1500 hrs. Global radiation reaches from\@a®* at 1100 hrs to 1135 W/nat

1400 hrs and then to 700 WArat 1500 hrs. Concentrated radiation reaches from 2790
W/m? at 1100 hrs to 4580 W/Amat 1400 hrs and 2100 Wnat 1500 hrs. Diffuse
radiation reaches from 178 Wirat 1100 hrs to 221 W/at 140 hrs and 93 W/fat

1500 hrs. Beam radiation reaches from 752 ¥\in100 hrs to 914 W/hat 1400 hrs

and 607 W/rfiat 1500 hrsVariation of SolaiRadiation, air velocity, Relative humidity,
Temperaturevith respect to time (hrs) is shownTable4.1.
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Table4.1: Variation of solar radiation, air velocity,relative humidity, temperaturewith respect to time (hrs)

Time I lq lg I Va Rha Th Tc |meanT| T | Ta| T

(hrs) | (W/m?) | (W/m?) | (W/m?) | (W/m?) | (m/s) %) | K | K K | & K] K

800 517 82 599 1797 0.26 441 | 308.,5| 305 | 305.25| 6.5 |302| 305
815 547 95 642 1926 0.22 44 313 | 305.6 308 10 |303| 305.6
830 569 108 677 2031 0.23 40 324 | 306.6 | 313.5 | 21 |303]|306.6
845 588 112 700 2100 0.42 38 361 | 306.7 | 3325 | 57 |304]|306.7
900 605 127 732 2196 0.48 35 371 | 307.1| 3375 | 67 |304|307.1
915 628 130 758 2274 0.69 34 376 | 307.2 | 340.5 | 71 |305]|306.6
930 658 135 793 2379 0.22 34 380 | 307.9 | 3425 | 75 |305]|307.3
945 685 140 825 2475 0.26 33 386 | 308.2 | 3455 | 81 |305|307.4
1000| 698 147 845 2535 0.39 31 393 | 308.3 | 349.5 | 87 |306]|307.5
1015 723 157 880 2640 0.52 30 396 | 308.6 351 90 |306|307.8
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1030 | 727 173 900 2700 0.51 29 401 | 309.2 | 3535 | 95 |306]|308.4
1045 | 747 175 922 2766 0.52 29 413 | 309.5 360 106 | 307 | 308.7
1100| 752 178 930 2790 0.86 253 | 423 310 365 116 | 307| 309.2
1115| 755 180 935 2805 0.99 23.1 | 426 | 310.1 | 366.5 | 119 | 307| 309.1
1130| 757 183 940 2820 0.37 22.2 | 433 | 310.2 370 126 | 307| 309.2
1145 759 187 946 2838 0.29 21.1 | 440 | 310.5| 373.5 | 133 | 307| 309.5
1200| 758 192 950 2850 0.3 20.4 | 445 311 376 138 | 307| 310

1215| 760 195 955 2865 0.07 195 | 446 | 3116 | 376.5 | 139 | 307 | 310.6
1230| 778 197 975 2925 0.21 19 449 | 3121 378 142 | 307| 311

1245 778 202 980 2940 0.27 18 | 450.5| 312.4 | 378.75|143.5| 307 | 311.4
1300| 815 210 1025 | 3075 1.21 17 459 | 3125 383 152 | 307| 311.5
1315| 844 212 1056 | 3168 0.28 16 463 | 312.8 385 156 | 307| 311.8
1330| 905 215 1120 | 3360 0.16 14 473 313 390.5 | 165 | 308|312.4
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1345| 914 218 1132 | 3396 0.18 135 | 483 | 313.1| 3955 | 175 | 308| 3125
1400| 914 221 1135 | 4580 0.19 125 | 498 | 313.2 403 190 | 308| 312.2
1415| 810 125 935 2805 0.18 13 480 313 394 172 | 308| 312.4
1430| 705 110 815 2445 0.14 145 | 471 | 310.8 389 164 | 307| 310.2
1445| 633 98 731 2193 0.39 16.5 | 450 | 310.3 | 378.5 | 143 | 307| 310.3
1500| 607 93 700 2100 0.22 19.2 | 419 | 309.3 | 362.5 | 113 | 306| 310
1515| 624 91 715 2145 0.2 21.3 | 383 | 309.2 344 78 |305| 310
1530| 603 87 690 2070 0.22 21.2 | 363 | 309.2 | 3335 | 59 |304]|309.9
1545| 544 86 630 1890 0.69 235 | 345 | 308.3| 3245 | 41 |304| 309
1600 | 495 85 580 1740 0.34 243 | 333 | 308.2 318 30 | 303|308.8
1615| 414 81 495 1485 0.29 251 | 319 | 308.1 311 16 | 303| 308.5
1630| 351 79 430 1290 0.27 26 318 308 310 16 | 302| 308.3
1645| 322 78 400 1200 0.33 30 318 308 310.5 15 | 303| 308.2
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Maximum concentration of the solar flux,)(14580W/nf at the absorber plate is
obtained at 1400 hrs (2 PM) of the day for the maximum global radiation from the sun
(Ig) is 1135 W/ as traced ifFigure4.5. Beam radiatin incident (§) on the water lens

at this point is 914 W/fand diffused radiation {) is observed as 221 Wnfor the
central India climatic conditions.
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Figure 4.6: (a) Variation of relative humidity(b) Velocity of air w.r.t time

Minimum relative humidity is observed at 1400 hrs i.e., 12.5% when the wind velocity
is low as seen ifrigure4.6. The air velocity reehes from 0.86n/s at 1100 hrs to 0.19
m/s at 1400 hrs and then 0122s at 1500 hrRelative humidity reaches from 23/3at

1100 hrs to 12.5 % at 1400 hrs and then to 19.2% at 1508stke temperature at the
hot junction increases with the increasethe concentrated flux, the effect of air

velocity and humidity is accommodated in the temperature of hot and cold side.

4.2.2 Temperature

Graphical presentationgjven in Figure4.7, show the global radiation, distribution of

the temperature across the hot and cold junction of the TEG, i.e. Temperature of the hot
junction (Ty), temperature of the cold junctionfTtemperature of the ambience,),T

average temperature (T), temperature difference between the hot and cold junctions

( T) , and t e mp e with nespect totime-iguaed. 2shows ggadlusal (T
increase in all temperatures till 14065 of the day when the values of, T, T and T
are maximum, i.e. 498K, 308K, 403K and 190K wHilgemain little bit higher than I
throughout the dapy means of DC fan arooling. Ambient temperatur€Tl ;) reaches

from 310K at 1100 hrs to 313.2 K at 1400 hrs and then to 309.3K at 150Whtsr

lens temperaturéTl|) reaches 309.K at 1100 hrs to 312.2 K at 1400 hrs and then to
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310K at 1500 hrdHot side temperatur@) reaches 423 K at 1100 hrs to 498 K at 1400
hrs and then to 419 K at 1500 h@old side temperature reach@sg) from 307 K at
1100 hrs to 30&K at 1400 hrs and then to 306K at 1500 hAserage temperature
reaches from 365K at 00 hrs to 40X at 1400 hs and362.5K at 1500 hrsTheT
reaches 116 K at 1100 hrs to 190K at 1400 hrs and 113K at 1500 hrs.
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Figure 4.7: Temperature variations with time

The reason for all the maxima of temperature camtbéuted to the amount of the
global incoming radiation ¢ which increases from the morning time, i.e. 800 hrs to
1400 hrs when it is maximum, i.e. 1135 \W/rand thereafter decreases in the evening
hours which can be observedrigure4.7.
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Figure 4.8: Variation of temperature at hot side of TEG w.r.t. concentrated solar flux at

absorber surface

Figure4.8 shows the maximum temperature obtained on the hot juncté®sis while

the temperature at the cold junction is almost the same throughout the daythgain
maximum value of the temperature at the hot junction is obtained athtd@®en the

global incoming radiation and the concentrated radiant flux on the absorber are also
maximum, i.e. 1135 and 4580 Winrespectively. Also, maximum temperature
difference obtained across the junctionl@0K and mimimum isl0 K. These results

have been validated jy7] [15][228].

4.2.3 Energy losses

One way to create a greater temperature difference is to use optical means (optical
concentration) to focus more sunlight on the thermoelectric generator, which means
increasing the h°€#&R0K)orl200€.(473K) isqpossildef witla#h 7
optical concentration (&) of (40-200), depending on the length of the thermoelectric
element. Telkes, in the year 1954, reported an efficiency of%8.85ing thermoelectric
elements built of gype ZnSb alloy and -type Bibased alloy with an optical
concentration of 50. However, tracking is necessary for optical concentration by a factor
of (40-200), which is undesirable due to the system's poor efficigt8}]. As already
discussed thermal concentration is another method for achieving thé&edequ

temperature differential throughout the thermoelectric device. Through lateral heat

149



conduction inside the extremely thermally conductive absorber substrate, solar energy is
converted into heat and thermally concentrated onto the thermoelectric cotgpone
Several solar thermal devices have made use of this strategy for heat concentration via
conduction. Heat concentration incurs losses, just as optical concentration does.
Multiplying the thermal concentration by the optical concentration and thenrdjvitd

by the opt ot he)ymlddtheerfefgy foow eaentration(tiough the
absorber Variation of Incident solar poweionvective and radiative losses,power

output with respect to time shown inTable4.2.
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Table4.2: Variation of Incident solar power,convectiveand radiativelossespoweroutput with respect to time

Time Qi hconvy., | Qconv. . | Qrad.i.a | Qrad.gn Qabs Qrad. . Qrad (. | QConv hq Qn Q. Pout

(hrs) (W) (W) (W) (W) (W) (W) (W) (W) (W) (W) (W) (W)

800 | 922.46 6.68 0 0 -0.70 162.16128 | 0.00733211] 0.00637406 0.6607744| 2.82011512| 2.81902418 0.001090938
815 | 988.68 6.53 0 0 -1.53 173.80224 | 0.01589376/ 0.01007519 0.993472 | 5.75860642| 5.73291536 0.025691062
830 | 1042.58 6.57 0 0 -3.81 183.27744 | 0.03961364 0.02233086 2.0984208| 12.0842858| 11.972211| 0.11207488
845 | 1078 7.29 0 0 -14.21 189.504 | 0.14760796| 0.07276382 6.3212544 | 32.9062822| 32.1157475 0.790534688
900 | 1127.28 7.52 0 0 -17.55 | 198.16704 | 0.18235793 0.08966866] 7.6624416| 38.7751115| 37.6971285 1.077982922
915 | 1167.32 8.32 -7.69 -0.60 -19.47 | 205.20576 | 0.20231475 0.09767683 8.9811024| 41.1511818| 39.9497717 1.201410105
930 | 1221.22 6.53 -6.04 -0.61 -20.84 | 214.68096 | 0.2165253| 0.10512474 7.45104 | 43.5268104| 42.1936666 1.333143826
945 | 1270.5 6.68 -8.24 -0.81 -23.17 223.344 | 0.24078083 0.1167462| 8.2342656| 47.1102865| 45.5685591] 1.54172732
1000 | 1301.3 7.18 -8.84 -0.81 -26.04 | 228.7584 | 0.27059253 0.13002402 9.4974768| 50.7498694| 48.9907477 1.759121688
1015| 1355.2 7.67 -9.45 -0.82 -27.27 238.2336 | 0.28332638 0.13637375 10.500768| 52.5684421| 50.6943663 1.874075871
1030 | 1386 7.63 -9.41 -0.82 -29.36 243.648 | 0.30501775| 0.14728209 11.029272| 55.6161801| 53.5439722 2.072207969
1045 | 1419.88 7.67 -9.46 -0.82 -34.95 | 249.60384 | 0.36310708 0.1741857| 12.3675712 62.4567866| 59.9272024] 2.529584133
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1100 | 1432.2 8.96 -11.05 -0.83 -39.95 251.7696 | 0.41505017| 0.19936697| 15.8123776 68.7440705| 65.7643645 2.979705975
1115| 1439.9 9.46 -14.57 -1.04 -41.57 253.1232 | 0.43191992 0.20727825 17.1148656) 70.651522 | 67.5316135 3.119908518
1130 | 1447.6 7.10 -10.94 -1.04 -45.43 254.4768 | 0.47195951 0.22639891 13.6094112 75.1427803| 71.687097 | 3.455683276
1145 | 1456.84 6.80 -10.47 -1.04 -49.43 256.10112 | 0.51356933| 0.24646974) 13.7509232 79.6936104| 75.8908275 3.802782842
1200 1463 6.84 -10.53 -1.04 -52.35 257.184 | 0.54393336| 0.26140492] 14.347584 | 82.9826065| 78.9254885 4.05711802
1215| 1470.7 5.96 -9.19 -1.05 -52.84 258.5376 | 0.54904939 0.26445303| 12.6049648 83.6443784| 79.5357889 4.108589542
1230 | 1501.5 6.49 -11.01 -1.16 -54.64 263.952 | 0.56768968 0.27372115 14.0252832 85.6378227| 81.3736599 4.264162793
1245 | 1509.2 6.72 -10.36 -1.06 -55.50 265.3056 | 0.57671849 0.27842543 14.6707512 86.6391803| 82.2965965 4.342583863
1300 | 1578.5 10.29 -15.86 -1.06 -61.07 277.488 | 0.63451793 0.30598431 23.7924992 92.3737963| 87.5793534 4.794442868
1315 | 1626.24 6.76 -10.42 -1.06 -63.75 285.88032 | 0.66230113 0.31949438 16.0387968 95.1090793| 90.0979287| 5.011150584
1330 | 17248 6.30 -5.83 -0.64 -70.78 303.2064 | 0.73537856 0.35383261] 15.820464 | 101.528875| 96.0360194| 5.492855518
1345 | 1743.28 6.38 -5.89 -0.64 -78.38 306.45504 | 0.81442999 0.39148719 16.98144 | 108.647001| 102.593346 6.05365491
1400 | 1747.9 6.42 -0.88 -1.06 -90.82 307.2672 | 0.9435934 | 0.45252465 18.546736| 119.653333| 112.741899 6.911434628
1415| 1439.9 6.38 -5.89 -0.64 -76.07 253.1232 | 0.79034571] 0.379942 | 16.6903296 106.493793| 100.609483| 5.884310432
1430 | 1255.1 6.23 -5.75 -0.62 -69.77 220.6368 | 0.72493197| 0.34758486) 15.5351296) 100.653368| 95.2019136/ 5.451454521
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1445 | 1125.74 7.18 0 0 -55.42 197.89632 | 0.57580417| 0.2768521| 15.6107952 86.3050477| 81.9886502 4.316397444

1500 1078 6.53 7.04 0.72 -37.69 189.504 | 0.39166463 0.19006989 11.2262336| 66.7800251| 63.9315391 2.848486072

1515| 11011 6.46 7.96 0.82 -21.45 193.5648 | 0.22285282 0.1108672| 7.658976 | 45.315435 | 43.8796209 1.435814079

1530 | 1062.6 6.53 7.04 0.72 -14.21 186.7968 | 0.14768799 0.07603456| 5.8614848| 34.0760661| 33.2312603 0.844805849

1545 | 970.2 8.32 8.97 0.72 -8.82 170.5536 | 0.09163317| 0.04848913 5.1862704| 23.6064815| 23.189363| 0.417118471

1600 | 893.2 6.99 6.46 0.61 - 157.0176 | 0.0581212| 0.03333147| 3.188352 | 17.2632956| 17.0367386| 0.226557034
5.5941656

1615| 762.3 6.80 4.19 0.41 - 134.0064 | 0.02354264 0.01660256 1.6542464| 9.20919497| 9.1438069 | 0.065388071
2.2659789

1630 | 662.2 6.72 3.11 0.30 - 116.4096 | 0.02162351] 0.01644299 1.6357632| 9.21439337| 9.14888567| 0.0655077
2.0812628

1645 616 6.95 2.14 0.20 - 108.288 | 0.02183608 0.02846667| 1.585512 | 8.63419039| 8.57666368 0.057526706
2.1017226
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Incoming solar energy including various losses like convective, radiative, and
conductive for the system at regulistervals of time are observed and calculated
throughout the day. In coming radiation heat X@cident on lens is 1432.2 W at 1100
hrs and 1747.2 Wat 1400 hrs. The variation of heat incident on lens and global
radiation with respect to time is shown kigure 4.9 (a) and enegy absorbed by the

absorber throughout the day is showifrigure4.9 (b).
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Figure 4.9: (a)Variation of global radiation and incident solar pow(€; ) on the lens aperture

w.r.t time; (b) Variation of global radiation and heat absorbed by the absdg) w.r.t time

Temperature of the water and LLDPE plastic is observed almost equal to that of
the surroundings at the beginning of the day, as the amivémperature starts
increasing during the day time with respect to the global radiation, therefore in order to
maintain the equilbrium the water in the lens absorbs heat from the surroundings and
gets heated up. This is supported by heat losses cattuatevery 15minute time

interval.

The temprature difference between water and surroundiig Y , convection
coefficient Ronva) CcONtributes to convective losses and these losses are represented by
Q O Y "Y.The convective cosffient from lenswater to surrounding varies
between 8.968 at 1100 hrs and 6.42 at 1400 hrs. At 800 hrs, the net convectional and
radiative heat losses from the water to air are very less, and the heat absorption by water
from air starts increasing as i be seen that the convectionah{a) and radiative
heat gain Qq¢a by the water from the air varies betwedrl.04 Wto -9.88 W and-

0.829 W to-1.067 W during 1100 hrs to 1400 hrs. The negative sign indicates that the
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heat flows from surroundg ambiance to water. After this, as the ambient temperature
cools down, the water in the lens starts losing heat to the surroundings. At 1500 hrs, the
convectional and radiative heat losses from the water to ai7.@45808W and
0.72589803W respectivet further decreasing t@8.14 W and 0.20 W respectively at

1645 hrs. The radiative losses are represented byo “Y Y , depends on fourth

order temprature difference between water and surrountihg “Y andemittance of

the lens { =0.10), which is combination of emittance of water£0.03) and emittance

of polythene/plastic-( =0.02).

The radiative heat loss from lens to hot side (absorhef)#Qvaries betweer39.94
W and-90.82 W from 1100 hrs to 1400 hrs. The radiative losses between lens and hot
side are represented by, 0 “Y Y .The variation of convective and radiative

heat loss from the lens throughout the day is showigare9.10 (a).

Convective heat loss from hot side to surroundinga) varies between 15.82 W
and 18.54 W from 1100 hrs to 1400 hrs and is represente® by; 0
0 Y "Y. The radiative heat loss from hot side to lepg &) varies between
0.415 W at 1100 and 0.943 Wom 1100 hrs to 1400 hrsnd is represented by
-, 0 Y 7Y .The radiative heat loss from hot side to cold sigdg(Q varies

between 0.1993 W and 0.452 W 1100 hrs to 1400 hrs and is represented by

- 0 0 Y 'Y . The effective emittancds - - T8t 0 .The

variati on of al |l t he convective and radi

throughout the day is shown kigure4.10 (b).
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Figure 4.10: (a) Variation of air convection coefficient, convectiv@.4,,) and radiative Q,aq)
losses from the lens w.r.t time; (b) Variation of hot side temperature, cold side temperature, lens

temperatue, convectiveQ..n,) and radiative losse<},q) from hot side (absorber) w.r.t time

Heat absorbed by absorbeg,(varies between 251.76 W and 307.267 W 1100
hrs to 1400 hrs and is representedijy 0 "G5 , wheretransmittance of lens
(t m®o )t which is a combination oftransmittance of watert( T3 and
transmittance of Plastict( 1@ ) and| T T is the absorptance of absorber.
The variation of energy absorbed by the absorber with respect to global radiation
throughouthe day is shown iRigure4.11.
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Figure 4.11: Variation of heat absorbed by absorber,{@w.r.t global radiation

Net heat transferred to module hot sidg€X%68.74 W at 1100 hrs and 119.65 W at 1400
hrs. The heat rejected from cold sidgi€)65.76 W at 1100 hrs and 112.74 W at 1400
hrs, therefore generated electrical powgxiB 2.97 W at 1100 hrs and 6.91 W &00

hrs that will be delivered to load, which is equal to the differenceQ@ as shown in
Figure4.12.
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Figure 4.12: Variation of heat input to the module{)@nd heat rejected from the module)Q

w. r.t time and T

Losses due to convection and radiation grow in proportion to the increment of the
temperature difference. For each combination of geometry of thermoelectric element
and sun intensity, there exists a maximum thermal concentration. However, upon a very
low level of thermal concentration, the TE efficiency of the thermoelectric device gets
reduced, since the temperature differential between the solar absorber and the

surroundings is not as great as required. The highest temperature achieved will be too
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high if t he t her mal concentration 4itoe smali. g h
Furthermore, following a high temperature of around 498K, the ZT falls with a further
increase in temperature. Ogteermal efficiency improves with increasing incoming
solar flux; at 135 W/nf because the thermal concentration drops and leads to lowering
radiation losses from the absorber. We determined that a thermal concentration of

around 20 is appropriate for the thermal needs of the selected element size.
4.2.4 Voltage, current and poweroutput

The maximum values of open circuit{y, Load voltage (V), current (I) and power (P)

are 11.1V, 5.5V, 1.24 A and 6.9 W respectively which are obtained at 140harso

load voltage/open circuit voltage reaches from 6.8 V at 1100 hrs to ¥1a#9400 hrs

and then to 6.§¥ at 1500 hrs becaus¢ this instant of the day the temperature at the hot
junction also reaches its maximum value which is 498Ke load voltage reaches from
3.3V at 1100 hrs to 5.5 V at 1400 hrs and then to ¥.a415® hrs.The load current
reaches from 0.88 A at 1100 hrs to 1.24 A at 1400 hrs and then to 0.87 A at 1500 hrs.
The value of power reaches from 2.9 W at 1100 hrs to 6.9 W at 1400 hrs and then to
2.84 W at 1500 hrs. The variation apen circuit (\j;), Load wltage (M), current (I)

and power (P) with respect to time is showTable4.3 andgraphically representad
Figure4.13.
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Table4.3: Variation of Current, voltage, power, efficierycwith respect to time

Time | Ip Vi P Voc ot ot Gee Osyst

(hrs) (A) (A) V) w) V) (%) (%) (%) (%)

800 | 0.006127589| 0.006127589| 0.178037 | 0.0010909| 0.356091465| 0.8398950 | 83.9894988| 0.14007107| 0.117644991
815 | 0.093414435| 0.093414435| 0.2750224 | 0.0256911| 0.55010818 | 0.8398451 | 83.9845131| 1.08385909| 0.910273775
830 | 0.192576108| 0.192576108| 0.5819771| 0.1120749| 1.164541225| 0.8396745 | 83.9674490| 2.23949587| 1.880447552
845 | 0.489530914| 0.489530914| 1.6148821| 0.7905347| 3.241503862| 0.8389742 | 83.8974194| 5.72624468| 4.804171513
900 0.56527421 | 0.56527421 | 1.9070088 | 1.0779829| 3.833083668| 0.8387911 | 83.8791137| 6.61618508| 5.549597401
915 | 0.592797025| 0.592797025| 2.0266804 | 1.2014101| 4.076049472| 0.8387283 | 83.8728343| 6.94444932| 5.824506469
930 | 0.621700731| 0.621700731| 2.1443498| 1.3331438| 4.31544306 | 0.8386918 | 83.8691784| 7.28356825| 6.108668847
945 | 0.664181549| 0.664181549| 2.3212438| 1.5417273| 4.676176757| 0.8386035 | 83.8603514| 7.7814631 | 6.525562305
1000 | 0.703311967| 0.703311967| 2.5011969| 1.7591217| 5.044137557| 0.8384815 | 83.8481501| 8.24359582| 6.912102596
1015 | 0.723575437| 0.723575437| 2.5900214 | 1.8740759| 5.226255579| 0.8384707 | 83.8470689| 8.48023492| 7.110428416
1030 | 0.756776578| 0.756776578| 2.7382031| 2.072208 | 5.53075691 | 0.8383851 | 83.8385065| 8.8673791 | 7.434278204
1045 | 0.824620412| 0.824620412| 3.067574 | 2.5295841| 6.210648883| 0.8381356 | 83.8135642| 9.65820419| 8.094885172
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1100 | 0.885609955| 0.885609955| 3.3645805| 2.979706 | 6.828109299| 0.8378845 | 83.7884476| 10.3621125| 8.68225321
1115 | 0.903367097| 0.903367097| 3.4536442| 3.1199085| 7.014113959| 0.8378123 | 83.7812290| 10.5662152| 8.852504946
1130 | 0.943839988| 0.943839988| 3.661302 | 3.4556833| 7.449411917| 0.8376232 | 83.7623192| 11.0298023| 9.238818246
1145 | 0.982978212| 0.982978212| 3.8686339| 3.8027828 | 7.886406181| 0.8374289 | 83.7428893| 11.4757354| 9.610112401
1200 | 1.010123794| 1.010123794| 4.0164562| 4.057118 | 8.199511228| 0.8372846 | 83.7284575| 11.7834992| 9.866142157
1215 | 1.015472352| 1.015472352| 4.0459886 | 4.1085895| 8.262223922| 0.8372673 | 83.7267294| 11.8439799| 9.916576986
1230 | 1.031357565| 1.031357565| 4.1345145| 4.2641628 | 8.450538526| 0.8372295 | 83.7229543| 12.0232833| 10.06624802
1245 | 1.039210137| 1.039210137| 4.1787351| 4.3425839| 8.544792768| 0.8371963 | 83.7196307| 12.1117343| 10.13989927
1300 1.082581 1.082581 4.4287151| 4.7944429| 9.08005082 | 0.8370541 | 83.7054066| 12.5979044| 10.54512707
1315 | 1.102332119| 1.102332119| 4.5459535| 5.0111506 | 9.332569459| 0.8370143 | 83.7014294| 12.8178824| 10.7287508
1330 | 1.141495141| 1.141495141| 4.8119833| 5.4928555| 9.90873132 | 0.8368823 | 83.6882349| 13.244255 | 11.08388319
1345 | 1.186574462| 1.186574462| 5.101791 | 6.0536549| 10.5433235 | 0.8365871 | 83.6587137| 13.7355369| 11.49097345
1400 | 1.249447134| 1.249447134| 5.5315943| 6.9114346| 11.4979943 | 0.8360655 | 83.6065459| 14.4089375| 12.04681497
1415 | 1.173318762| 1.173318762| 5.0150996 | 5.8843104| 10.35276606| 0.8359899 | 83.5989917| 13.5917456| 11.36256226
1430 | 1.140581681| 1.140581681| 4.7795389| 5.4514545| 9.838696376| 0.8357913 | 83.5791272| 13.24107 11.06677077
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1445 | 1.03659927 | 1.03659927 | 4.1639982| 4.3163974| 8.513367633| 0.8362625 | 83.6262526| 12.0823395| 10.10400776
1500 | 0.870449261| 0.870449261| 3.2724321| 2.8484861| 6.636332252| 0.8373204 | 83.7320443| 10.1859494| 8.5289037

1515 | 0.643072009| 0.643072009| 2.2327423| 1.4358141| 4.495567405| 0.8384698 | 83.8469812| 7.53413577| 6.317145405
1530 | 0.504917331| 0.504917331| 1.6731568| 0.8448058 | 3.359332921| 0.8389125 | 83.8912549| 5.9070615 | 4.955508024
1545 | 0.362122671| 0.362122671| 1.1518706| 0.4171185| 2.30811031 | 0.8392405 | 83.9240458| 4.22937511| 3.549462706
1600 | 0.270926219| 0.270926219| 0.8362315| 0.226557 | 1.674174551| 0.8394329 | 83.9432881| 3.15566344 | 2.648967653
1615 | 0.14796784 | 0.14796784 | 0.4419073| 0.0653881| 0.884074289| 0.8396690 | 83.9669008| 1.71903736| 1.443422398
1630 | 0.148455618| 0.148455618| 0.4412612| 0.0655077 | 0.882782003| 0.8396226 | 83.9622636| 1.7222481 | 1.446038489
1645 | 0.138953246| 0.138953246| 0.4140004 | 0.8282148| 0.8396179 | 83.9617877| 0.01613975| 0.01355122| 0.000483813
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In this project, two BiTe; TEG moduls (20 mmx 20 mm x 4 mm) were used for
experiment. Bismuth telluride alloy is the material of which module is made and the
length of the TE element is 1.60 mm. Specifications of TEG according to the supplier
are adigure of Merit of TE material (Z=1)atedpower 10 W, rated voltage 12V, rated
current 1.66 A atY= 230°C (503K) and"Y= 30°C (303K). The internal resistance of
TEG module is 2.5 at he maximum processing temperature 503 K. However, in this
research4.42q i nternal r e sdules tcanmectexl infseries, i abt@inedn o
because temperature reaches to maximum valud98K. The change in internal

resistance with mean temperature can be séegure4.14.
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Figure 4.14: Variation of internal resistance of TEG with mean temperature

Open circuit test and load tesRi= 96 4. B3 .= a0 RR4 . 4)2areq ,
performed to analyse the performance of TE module, but the TEG produces open circuit
voltage (6.811.49 V) and load voltage in the range (8.8 V), current in the range
(0.881.24 A) and Power intherange (287 91 a7 W) .

GWLSTEG concentrates solar radiation that starts to raise the temperature of hot
side. Voltage buileup process starts af =308.5K with a value of 0.35 V and reaches
the value of 11.49 V at 498 K instead of a rated voltage of 12 V, current of 1.24 A
instead of 1.66 A and power of 6.94 W instead of 10 W for the global radiation 1135
wm?>. The decrement i n T takes pl ace due to
humidity thereforea | | the performance parameters do n
specificdion. The GWLSTEG system providé®t side temperature 498 K), Cold

162



Side Temperature (¥308 K), Average receiver temperature (T=403 Kaximum
open circuitvVoltage 11.49 Vmaximum loadvoltage 5.5 V Current 1.24 A, Power 7 W
with the maximum overakfficiency of 12.04%. The change in current with respect to

o Tcan be seen iRigure4.15.
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Figure 4.15: Variation in load current witltp T

Maximum power to the load is transferred in the case only when internal and load
resistances of the TEG are equal. At this operating point, the generator's internal
resistance and the load will both dissipate the sameunt of power (i.e., 58 of
electrical efficiency) [114]. To obtan maximum electrical power output the load
resistance is kept equal to the internal resistance of TEG. The variation of current with
changing internal resistance is shown Higure 4.16. As the resistance decreases
Current increases. The operating internal resistance issd.42vhi ch i s why ma
current is obtained at this poifturther discussion about the results and optimization of

load is as follows:
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Figure 4.16: Variation in load current withinternal resistance

Device was kept under sunshine for an hour so that it could achieve steadfsstate.
the incoming solar radiation increases during the day, theshi® temperature
increases, and the DC fan maintains cold side temperature betwee30&02 during
(1100 hrs1400 hrs). At the beginning of the day around 800 hrs Wker808.5 Kand
“Y = 302 K, no open circuit voltage build up process starts up apT =afd.is K
observed as 0.35 V as showrFigure4.17. As time passes after 800 hrs solar radiation
increases, which leads to increased hot side tempethairgises open circuit voltage.
The maximum ndoad voltage is achieved as 11.49 V at 1400 hrs when the global
radiations are observed as 1135 \A/Bue to the change in concentrated radiation on
the absorber plate, hot side temperature changes anddibtiee maximum values are
obtained at highest hot side temperature as showigire4.17. The noeload test and
load test were conducted simultaneously on the @8E& each 15 minute interval. For
every instantaneous global radiation value open circuit voltage was observed, at the
same moment TEG was loaded with lod®|)( consecutively and hence all other
parameters like voltage, current and power of TEG were wbdeand calculated as
shown inFigure4.17. The maximum load voltage 5.5 V, load current of 1.24 A, and

power of 7 W were observed.
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Figure 4.17: Variation of open circuit (M), Load voltage (M, current (1) and power (P) with

respect to hot side temperatuf@c: 302308 K, Ra= 9 6

k4. 6B=q4. 4R q )

Based on the phenomena of the TE, 5 effectdlemes that are under simultaneous

operation insidehe circuit. These effects afeéourier, Joule, Thomson, Peltier, and

Seebeckeffects. The electrical power output of a thermoelectric generat@ is
1 1 as per E(3.30. From Eq 8.295 and .26 it can be seen th&, and Q
depend on | T¢, S, &, K, | and y. The key role is played by hot and cold side

temperatur e.

However,
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Figure 4.18: Variation of (a) Thomson coefficient; (b) Figure of merit with mean temperature
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In Equation(3.25 and 8.24), Reversible Peltier heat is represented by theedn,
irreversible Joule heating by thé“2irreversible Fourier heat conduction frometh
heated side to the cold side by tH& and reversible Thomson heat by tH& # the
presence of a temperature gradient, a single conductor carrying a current along its length
will either release or absorb heat, this action is known as the Thomseh &#fhen an
electric current moves through a conductor, it creates Joule heat, also known as the
Joule effect. Conductive heat transfer across connections of different temperatures is
what the Fourier effect is all abowigure 4.18 exhibits the figure bmerit (ZT) and
Variation of Thomson coefficient @i along with the mean temperature. Thomson
effect drastically decreases both power and efficiency. As avegageerature rises,ru
falls. The value ofpr is 0.0193 at 1100 hrs and 0.0136 at 1400 hrs and gradually
decreases.
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Figure 4.19: Variation of Seebeckoefficient with (a) mean temperature, (b) hot side

temperature, (c) cold side temperature
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In Eq 3.30 first term is "Y'Y Y'Y ‘OwvhereSeebeclcoefficient is denoted
with S, which is TEM property. There is a unidaeebeclcoefficient (S) for every type
of TEM. This is the magnitude of the thermoelectric voltage caused by a temperature
gradient across the material. Volts per kelvin (V/K) is the unit for thgyaweer (S).
Then, we may quantify the performance of this devieghnique, or system by
calculating the figure of merit using the values for electrical and thermal conductivity.
Since theSeebeclcoefficient of a suitable thermoelectric material is between 100 and
300 pV/K, multiple thermoelectric couplings must beigpled in series to produce even
a few volts at the load. Because of their I8&ebeclcoefficient, metals have a poor
thermoelectric figure of merit at low temperatures.TBi semiconductor is employed in
this project, and itsSeebeckcoefficient rises sadily with mean temperature from
0.00045 V/K at 1100 hours to 0.00047 V/K at 1400 hours, then back down to 0.00045
V/K at 1500 hoursas shown irFigure4.19 (a). Thevariation of § and S with mean

temperature is shown Figure4.19 (b) and(c).

Unlike the thermal conductivity (k), which has a negative effect on the figure of
mer it (zZ2T1) , t he el ect r iSeebdckcoeffeiand wfcthei vi t vy
thermoelectric material both have positive effects on ZT. The variation of (k) can be
seen inFig. 33.1t changes a%.63 W/mK at 1100 hrs, 1.77 W/mK at 1400 hrs and 1.62
W/mK at 1500 hrsas shown inFigure 4.20. Thermal conductivity is found to be
reduced in anostructured BTe; as compared to ordinary material. Thus the increased
figure of merit is obtained and hence improved efficiency. For a long time, the worth of
ZT was rather lower value. To improve the thermoelectric figure of merit, however, new
method have been developed since the late 1990s to boost thermal and electrical

conductivity along with th&eebeclcoefficient.

Figure 4.20: Variation of thermal conductance with mean temperature
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