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Abstract

Photovoltaic (PV) cells represent a promising technology for solar energy conversion, yet their
efficiencyis fundamentallyimited by inherenbperdional limitations such athermal losses and
spectral mismatchDuring operation,more than 50% of incident solar energynot being
converted to electrical energpart of it isunabsorbedwhile the resis convertedo heatdue to
postbandgamndthermalizatioriossesresulting insignificantefficiencydegradation Integrating
thermoelectric generators (TEGwith PV cellsoffers a potential solutiofor maximizingsolar
energy harvesting aneénhancingconversion efficiency. However, thehybrid photovoltaic
thermoelectric(PV-TEG) systemspresentseveral challenges, includingonfiguration type,
complexity,optimization, andhermal managementhis dissertation addresses these challenges
through a systematic investigationtogfbrid PV-TEG systems.

An enhanced single diode model (SDM) for solar csllsroposed incorporatingspectral
dependencéo accurately predict PV performance under different solar spectra. This extended
model enables more precise analysis of spectral effects on system efficiency and provides the
theoreticalfoundation for subsequent system desigrasticularly in the context dfiybrid solar
systems andpectrumsplitting applications.

The research investigates two disticonfigurationsof PV-TEG integration: stacked and
parallel configurationshroughproposedcomprehensive thermalectrical modehg, revealing
their respective advantages and challsnigethe stacked configuration, the TE@it is thermally
coupled directly to the PV cell, creating a compact, sewesiected systemo mitigate theheat
generatedvithin thestandalond®V cell. It poses challenges in maintaining optimal PV operating
temperatureand maximzing heat transfefirom the PV cell to TEGThe parallel configuration
presents an approach where the PV and TEG components operate thermally independently but
share a common heat collection systaddresig the limitationsdue tothe postbandgap losses
This arrangement offers greater flexibility in thermal management.

The research demonstrates that careful selectiteyparametersuch aghetemperature
coefficient of thePV cell, material characteristics of ti€&G legs, andtheirgeometic dimensions
help balance the competing thermal requirements of both comporempscially fora stacked
configuration Simulation results indicate thatptimizing these key parameteexhieves a
significant improvement in overall system efficiency compared to standalone PV systems,
particularly undehigh light concentration levels

Finally, an innovative spectrursplitting technique iproposedo address the limitatiodue
to the thermalization losse3his novel approach emplogelective wavelength distributidior
efficient utilization of solar radiation.Moreover, it opimizes energy conversion in both
componentsin which photons with energy equal to the bandgegdirected to the PV ceWhile
the other is directed to the TEG unDetailed simulation results demonstrate that éiigroach
achieves superior overall efficiency comparedpectrum splitting

Keywords: PhotovoltaicCells, ThermoelectridGenerators, HybridEnergy Systems, Stacked
Configuration ParallelConfiguration, ThermaManagement, Spectrum splitting.
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Chapter 1

1 Introduction

1.1 Background

The global energysectorfaces unprecedented challenges duéntoeasing energy demands,
diminishing fossil fuel reserves, and growing environmental concgrhsGlobal energy
consumption is projected to rise by 50% between 2018 and 2050, driven by industrial growth and
rising living standards in developing natid@$. This escalating energy demand, coupled with the
environmental impacts of conventional energy sources, has intensified the search for sustainable
and efficient renewable energy technolod®s

Among various renewable energy sources, solar energy represents the most abundant and
promising alternative to conventional fossil fupl$. The Earth receives approximately 174,000
terawatts (TW) of incoming solar radiation at the upper atmosphere, with about 70% reaching the
Earth's surfacgs]. This amount of solar energy reaching the Earth's surface in one hour exceeds
the world's total annual energy consumption, highlighting the immense potential of solar power
technologieg6].

Photovoltaic (PV) technology has emerged as one of the most viable solutions for converting
solar energy into electrical power. It generates electric current without moving parts or emissions.
PV systems offer a promising pathway to reducing carbon emsgsdi@nsitioning toward
renewable energy sources, mitigating climate chaauge promoting energy independence. They
are widely used in applications ranging from rooftop solar panels and-atétg power plants to
portable chargers and space satellifdge global PV market has experienced remarkable growth
over the past decades, with total installed capacity increasing exponentially from less than 10 GW
in 2007 to over 700 GW in 2025. This growth has been supported by significant technological
improvenents and cost reductions, with the levelized cost of electricity (LCOE) for gddle
PV systems decreasing by more than 80% between 2010 ané P3)25.

1.2 Photovoltaic Solar Cells

PV solar cells are semiconductor devices made from silicon or other semiconductor materials that
convert sunlight directly into electricity through the photovoltaic effect. PV cells form the building
blocks of solar panels, representing a critical compookesustainable energy strategi€be PV
technology has progresstmloughcontinuous innovation, driven by the ndedhigher efficiency

and costeffective solutions[10]. Solar cells have achieved steady efficiency improvements
through various technological innovations, including surface texturingreftgction coatings,

and improved contact desigfisl]. Commercial silicorbased solar cells currently dominate the
market, accounting for approximately 90% of global PV produdii&h



1.2.1 PV Cell Technology

The technology of PV celiscludes diverse methods and materials used to cosnlartradiation
into electricity These technologiesare classifiedaccording to materials, structuresand
manufacturing processes employed, each witttirdit characteristics, performance, and cost
implications[13]. Silicon (Si) is the primary material usedn solar cells due té@s abundance,
electronic charaeristics, and welestablisked manufacturing process [14]. Crystalline Si
technology dominates the market, accounting for approximately@f global productiofl15].

Monocrystallinesilicon (meSi) solar cellsare considered the masfficientand mature form
among crystalline and amorpiis technologiesThe Czochralski techniqustands as onef the
most populaandwidely adoptedmethods fomcSi rod extractior{16]. In this processa seed
crystal is dipped intanolten polycrystalline Sand slowly withdrawn while rotatingorming a
singlecrystal Si ingot.The resultantingot is sliced into thin wafers, polisheahd treated with
dopng agens to createthep-n junction[17]. Monocrystalline silicon solar celtsfer a relatively
high efficiency, typically ranging fromp x Bo ¢ ¢ pwith laboratoy efficienciesexceeding
¢ @& P [18]. This stems from theiuniform structure which minimizes defectsaand enabés
effective charge carrier mobilify.9]. In addition,mc-Si solar panels last fay uo o Tyears with
minimal performancelegradation, allomg themto be used fotongterm applicationg20].
Moreover, the are characterizeby a favorable temperature coefficiemaking themideal for
high-temperature applicatiorf21]. However,mc-Si technologyis subjectto certain limitations
Theproduction process energy and materiahtensive leading to higher costs compared to other
technologieq422]. Moreover a significart portion of the silicon ingoft Tt Jpis lostas kerf loss
during the wéer slicing, contributing to higher production expengd. Recent technological
advances, such as diamond wire sawing andl&ssf wafer technologies, aim to address these
limitations [24]. Technological advancementsuch as surface passivation, agflecting
coatings and improved metallization techniguéave effectively enhanced PV cell performance
by reducing energy losszb].

Concentrated photovoltaic (CPV) technology represents an advanced approach to solar energy
conversion that uses optical elements to concentrate sumtighielectricity. The principle
involves focusing solar radiation with the use of optical concentrators, achieving concentration
ratios ranging frong to ¢ Tt Tsans, wher@ sun isp Tt T7T#  [26]. Based on the concentration
ratios, the concentrated systems are classified intectowentration PV (LCPV)anging fromg
to T msuns, mediuatoncentration PV (MCPV)ranging fromt 1tto o 1t suns, and high
concentration PV (HCPVYanging fromo 1t to ¢ 1T T8tns[27]. The concentration ratio can be
defined as the geomaticoncentration rati¢ as follows

6 & §6 ¢ (1-1)

whered0 gando represent the area of the concentrator and the PMesglectivelyjm?].

The optical concentratonstilize Fresnel lenses or parabolic mirrors, often complemented by
secondary optics to sustain uniformity and acceptance §2@jleThese optical elements focus
light onto highefficiency solar cells, particularly multijunction cells based on-Vili
semiconductors, which have achieved records exceadipgrunder concentratiop29]. The



concentrated solar radiation necessitates thermal management systems, including either active or
passive cooling mechanisp® maintain the temperature of the solar cell and ensure system
reliability [30].

This technology allows for minimizing the required semiconductor material size while
maximizing the output power through a higher concentration level of solaefiakling a reduced
cost of the overall syste81]. Additionally, the higkefficiency PV cells employed in such
systems demonstrate superior performance at elevated temperatures, leading -timearlog
increase in voltage with concentration, cooling, and improved temperature coefficient compared
to conventional Si solar cell§32]. However, the CPV technology has multiple disadvantages that
influence its market, such as the complexity, precise optical alignar@htregular maintenance,
and the demands for higher technical expelft&s. Furthermore, the complex manufacturing
processes of such syst e [B84. Devadpwmeants in GRV teshppadogye mo s
have focused on addressing these limitations through various innovations. This includes novel cell
architectures optimized for concentration and the development of hybrid systems combining CPV
with thermal collectors (CPVT)rawith thermoelectric generators (CPNEG) [35].

1.2.2 PV Working Principle

The photovoltaic effect, first discovered by Edmund Becquerel in [B39is the fundamental
physical process by which a solar cell converts incident light into electrical energy. PV cells
typically compriseap € junction made by doping the semiconductor with impurities to create
regions of positive ({ype) and negative {type) chargeq37]. This structure enables the
formation of an electric field necessary for charge separation. The modern understanding of this
process in semiconductor materials involves several key [38ps

1 Photon Absorption:When photons with energfd) equal to or greater than the
semiconductor's bandgap ener@y )(strike the solar cell, they are absorbed by the
material. For silicon, with a band gap of approximagy A 6 this corresponds to
photons with wavelengths shorter than 1107 [39]. The photon energy excites
electrons from the valence band to the conduction band, creating ellectegpairs.

1 Charge Carrier GenerationThe absorbed photon energy creates free elebiotn
pairs in the semiconductor material. For efficient conversion, the photon energy should
closely match the bandgap energy; excess energy is typically lost as heat through
thermalizatior{40].

1 ChargeCarrier Separation:The builtin electric field at thé) ¢ junction separates
the photegenerated electrenole pairs, preventing their recombination. Electrons are
swept to the ftype region, while holes move to thaype region41].

1 ChargeCarrier Collection: The separated charges are collected by the front and rear
contacts of the solar cell. Electrons flow through the external circuit, delivering power
to the load before recombining with holes at the rear coptagt

Fig. 1.1 shows the working principle of the PV calcluding photon absorption, charge
carrier generation, separation, and collection.
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Fig. 1.1 Block diagram ofthe basic working principle of the PV cell
1.2.3 PV Cell Output Characteristics

Theideal single solar cell can be represented @asrent sourethat models the pbto-generated
current (O [A]) and a parasitic diod€éO) that models thea] €& junction capturing the
nonlinearity due to the recombination of the chacgeriers[43]. Fig. 1.2 shows a simple

equivalent circuit ofheideal single solar cell |
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Fig. 1.2 Equivalentcircuit of a simple PV solar cell

The currentof the parasitic diod€O [A]) can be modeledsing the Shockley equati@as
follows [44]

. 1-2
0 0 Q0 o h (1-2)

‘O [A] refersto the reverse saturation curreasmall leakage current flows through the diode
as the PV cell is reverdmased. Its value depends mainly on the recombination of the charge
carrier within the depletion region in the diode. In addition, it is a temperagpendent parameter
that signifiantly increases with the increasetemperaturg¢45]. On the other handg [-] refers
to the ideality factor a dimensionless constathat indicatesthe quality of the diodend its
deviation from ideal behavioFor the ideal diode & p. However in practicalsolar cellsg
typically ranges fronp to ¢ based on the recombination mechanid®]. Ultimately, w [V]
refers to the thermal voltage, a key parameter in the Shockley diode equainis a group of
constants related to thermal and electrical properties defined "¥&). 0 is the Boltzmann
constant op® Y pp T *T+, fjis the elementary charge of the electrop®ft ¢ p T 6, and
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“Y[K] represents the absolute temperature of the PV Tleérefore, by illuminating the PV cell,
thenet curren{’QA]) thatflows in theexternal circuit is equal to the difference betweerptieo
generated and thdtode currergas follows[47]

S — (1-3)
0 0 00 p 8

Fig. 1.3 shows thecurrentvoltage('O ) and powetvoltage 0 ) characteristics of the
single PV solar cell at thetandard test conditiorfsr“Y)0Theseconditions are set ostandardized
environmentaparametersised to measure the performance of the &&r <ellunder consistent
conditions, including a fixed®® V. ¢ ¢éeimpei@tsire"’Y ) of ¢ B , a solar irradianc€’Q of
p mT7T# , and usingaglobal Air Mass(AM1.5G) asa reference standard solar spectfds;.
The'O wcharactestics ofasingleilluminated PVsolar cel] describing the relationship between
output current and voltagAs seen in thé&) wcharacteristics adiPV cell, two key pointsshould
be explained.

1 Short circuit current point ( HL HA]) represents theaximum lightgenerated current that
the PV cell can produgcahich occurs when the voltage across the cell is @&

T Open circuit voltage poin{yt [V]) represents the maximuautput voltage that the PV
cell cangeneratewhich occurs when the current passing through the PV cell id5@}o
Eqg. (1-3) shows that thev is the logarithm of the ratio ® to "O. It means a lowen,
the higherw , indicatingits dependency omaterial equality.

'O andw are typically giveninth® V. cel | 6s datasheet pheovi ded
0 wcharacteristicsf the single celilescribe the relationship between ougpmverand voltage
These characteristiggovide additional insightsnto PV solar cell performancand definetwo
morekey poins.

1 Maximum outputpowe (|fD  )represerd the maximum output powef the solar cell
which corresponsito the maximum point in the-V curve[51].

f  Maximum power point &, ‘A, T 1 ) representhe maximum current voltageints,
respectivelygeneratinghe maximunoutputpower[51].
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Fig. 1.3 The electrical characteristics of an ideal single solar cell
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Generally,O andw are less thatheir maximum value®© andw , respectivelydue to the
fundamental physics of then junction asnot all generated charge carriers contribute to current
at the maximum power point, some energy is lost in overcomingthie-in potential ofthe p-n
junction[52]. In addition,it can be attributed tthe maximum output power trefertheoremThe
transferredutputpoweris governed by the load resistanwhere the maximum p@r is obtained
at a load resistand¢katmatches the internal resistance ofd¢k#. Thisoccursat apoint where the
current and the voltage are less than their maximum v@idds[54]. ConsequentlyFig. 1.4
illustrates thalefinition oftwo key parameterthat areusedto describe the performance of thy
cellas

ISC

3

Current (A)
EN

N
1

T T T T
0.0 0.2 0.4 0.6 0.8
Voltage (V)

Fig.1.4P V c #llifattdr and efficiency definition.

Fill factor (5 9 represents the ratio of the maximwutputpowerto the product of the
short circuit current and open circuit voltage

Oow -
00 =2 g (1-9)
Ow

The fill factoris aunitlessmetric that indicates how square the w curve is.As the red
square igloserto the blue squarehe fill factoris much closer taunity, indicatingmuch
higher performance of the PV cdly definition, he fill factorvalue isalwaysless tharp

[55].

Powerconversionefficiency (PCE) represents the ratio of the maximumputtpower to
the inputincidentlight power ThePCEcan beexpresseth terms offill factor, as described
in thefollowing equation.

. W _
R - (1-5)

wher 0 representshe inputincident power 7 . It is a metric that indicatethe ability
of the solar cell to convert light energy into electri¢gg].



However, realworld PV solar cellsgo beyond the ideal condition by incorporating the
complex realities okolar cells The nodeling of practical PV solar cellsrepresents a critical
approach thatcomprehensively addresses the nuanced interactions between semiconductor
material properties, performance limitations, andironmental factorgs7].

1.2.4 PV Cell Modeling

The evolution of modeling is crucial to understanding, predicting, and optimizing solar cell
performance through mathematical and computational technijoas.ate PV cell models enable
researchers to simulate the electrical performance of solar cells under various environmental
conditions [57]. The complexity of PV cell modeling lies in accounting for various loss
mechanisms, such as recombination, resistive losses, and leakage d6B8fnibe reverse
leakage lossdg the pn junctionof the parasitic diodeeflect itsnonidealitiesthe resistive losse

due to thecurrent flow through the contacts are modedsdca series resistan€¥ Ll ), andthe
leakage paths of the currdmtween the terminals are moatelas a shurresistace (Y [Ll]).

The nonidealities of the diodealongside thetwo parasitic resistancesomplement the
characteristics of the PV solar g&lausinga greatereduction inthe maximum power points and
thena lower PCEcompared to ideal solar cel[S9]. To address thispractical PV cells are
represented using mathematical models, typically based on equivalent electrical circuits. Several
mathematical models have been developed to simulate the behavior of PV cells, categorized based
on the complexity of the equivalent circulmong the commonly used models are the single
diode model (SDM), the doubltiode model (DDM), andthersimplified modelq60].

1.2.4.1 SDM of the PV Caell

The SDM is the most widely adopted magdehich introduces a single diode that represents the
primary pn junction of the solar cell, modeling the semiconductor physics of charge carrier
generation and recombinatidhrepresents both charge carrier diffusion eembmbination in the
space charge regiohig. 1.5 shows the equivalent circuit of the SDM of a practical solaf@g]!

loh

R |
N =
\E‘CD . 4 %F%h lv

Fig. 1.5 SDM equivalent circuit.

The mathematical representation of the SDM of a practical solar cell can be described as
follows [61]

R e 4 (1-6)




The SDM of a practical solar cell contains five paramet&@s 'O, Y, 'Y , and¢), so only
five equations are required to accurately extract these five parai@dters

1.2.4.2 DDM of the PV Cell

While the first diode in DDM mirrors the SDM's basic junction behaViidM introduces a
second diode to account for additional recombination losses, particularly representing interface
related and defeghduced carrier recombination processes. The second diode accounts for more
complex recombination dynamics at semiconductaeriaces, such as ShockiBgadHall
recombination, providing a more nuanced representation of solar cell electrical charad&istics
Therefore, DDM is more accurate, especially underlight conditions and for higlefficiency

PV cells[62]. Fig. 1.6 shows theequivalent circuit of the DDM ad practical solar cell
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Fig. 1.6 DDM equivalent cicuit.

The mathematical formul¢éhat shows théD w characteristics 0DDM of a practical solar
cell can badescribed as follows

S — o~ w O (1-7)
0O 0 0 Q p 0 Q P ~—h

where’O andO are the reverse saturation currgkjt while € , & arethe ideality factos of the

first and second diodels], respectively The DDM of a practical solar cell containseven
parameters© ,’0,0,Y,Y ,& ,¢ ). Thus,sevenequations must be developed to determine
theseparametersThe increased accuracy comes at the cost of greater complexity, as the DDM
requires additional parameters and is computationally intef&2ye

The SDM provides a good tradeoff between accuracy and simpligitya lower number of
equationg63]. In addition, the SDM offers the possibility to estimate the optimal parameters of
the PV device under various conditions of the PV sy$62ih Based orthese considerationthis
work uses SDM for the PV cell modelifgxtracting theSDM parameteraccurately is critical for
performanceevaluation optimization and simulation of PV cellsResearchers have developed
various methods in the literature tstienatethese parameters of the PV cekach with its
advantages, limitationand areas of applicatidf5].

The numerical iterative methods provide an approbghsolving the equation of the SDM
iterativelyto minimize the error between theeoretical and modelé® w curvesMethods such
asNewtonRaphsonnonlinear leastqgiaresand GaussSeidel are based on iterativadgorithms
to adjust parametarstimatesTheNewtonRaphson technique specificallyefficient for highly
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nonlinear equationsHowever, it demands significambmputational resources and carvéa
convergence issues poorly conditioned systemdn addition, curve fittingtechniques are
commonly usedo optimize the fit between experimental andotiecal databy the use of
software toolsuch asvIATLAB [66].

Metaheuristic methods are characterizeyl robustness in solving complex, nonlinear
parameter estimation problems. These techniquesspieed ly natural phenomertaatoptimize
an objeat/e function that quantifies the errbetween thenodeland experimental data. Genetic
Algorithms (GA), ParticleSwarm Optimization (PSQAnNt Colony OptimizationandGrey Wolf
Optimizerare the most common techniques usetiténature Referencg67] demonstratedhe
application of improved metaheuristic techniques for parameter extraction, achieving high
accuracy and robustness against local minimgg8], thePSO is adoptedor its fast convergence
properties. Despitehe effectiveness of Metaheuristic methods for global optimizativey
requirecarefulparameter tuning and can be computationally expensive.

Analytical methodgrovide alternativapproachebased on direchathematical formulations
derived from the SDM equatiohesemethodause three key points on th&/Icurveandrely on
simplifying assumptionsmaking the problem tractabénd the calculations simpler and quicker.
However they suffer from a relatively reduced accuraeghich depends on the degree of
simplifying assumptions mad@&9]. The approach introduced [i®9] proposes aimplified circuit-
based analyticabpproachleveraging approximationghat perform effectivelyunder specific
conditions This approaclis particularly appealing due to its simplicity and efficientie three
standard formulas of the introduced analytical technique are derived by evaluatjfheFaf. the
short circuit, open circuit, and maximum power operating points at &§€.(1-8) and (1-9)
demonstrate the short and open circuit cagspectivelyas follows

. ~—— 0o Y. (1-8)
(@] (@] (@] Q p - h
Y
~ o @ (1-9)
L (@] (@] Q p T8

The values of each term of these expressions are estimated and used to evaluate the relative
importance of each term. Based on fhiagé second term on the right side of E&+8) can be
neglected, and the second term inside the brackets ¢if}jcan be approximated &Yo t/Vr,
Therefore, the photgenerated and reverse saturation currents can be evaluated as follows

. . Y o (1-10)
(0] O p v h
Y Y 0 W -
0 8 (1-13)
Y Q

The third formula can be derived by evaluating @e6) at the maximum power point as
follows



O 0 Y (1-12)

Using Ec. (1-8) and(1-9), theEg. (1-12) can be evaluatedithout the dependence @ and
‘Oas follows

- o oY o oY oY _ (@113
o O O : Q : 8

To make sure that our solution satisfies the maximum power, pdinth in turn results in a
more precise simulation, the following expression is obtained by applying the peak power
condition 0 ).

T O O (1-19
— ,_8
T W j W

By differentiating Eq(1-6) with respect tav, and using Eq(1-14), it is possible to obtain the
following expression
Q0 O

Qw €

(0] §O) 11
Y Y8 (113

D|',o

. p
Q ~ P

Q°
P Qo
Using Ec. (1-8), (1-9), and(1-13), it is possible to derivan implicit expression of the series

resistorY from Eg. (1-15), as follows

i ® & ¢ 0O O (1-16)
@ O & ©O 0 ® ©OVY & ® ® 0 & O

Q 8
Combining Eq.(1-16) with Eqg. (1-13), the final expression of the shunt resistor as a

function of'Y and the initial parametecsin be describeals follows

' @ ©O Y & Y 'O 0O & & (1-17)

The introduced method is used based on a previous estimate of the ideality fdttier
proposed that for singlginction solar cells, an initial value of this factor can be in the range of
to ¢.
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The introduced parameters extractammalyticalmethod was applied tine mc-Si solar cell
manufactured by SUNPOWERO]. The selected value of theleality factor ofthe diodethat
results in the best curve fittingp® ¢ The other four electrical parameters are extracted by solving
Egs.(1-10), (1-11), (1-16), and(1-17). The five electrical parameters of the S¥ithe meSi
solar cell evaluatelly the introduced methaare tabulated ifablel1-1.

Tablel-1 Five parameters of the mSisolarceldb s S DM

Solar
Cell ) v 1vpe L= o by
Si P& ¢ TS TT P pR ogp T WBOTT Yp TT o8 YTt

Fig. 1.7 shows the’'O @ and0 & characteristics of the i solar cell at the STC
conditions in which the maximum power points are estimat€de maximum point current,
voltage, outputpower, and power conversion efficiency are evaluated and compared to their
respective datasheet valyas shown irrablel1-2.

7 T T T 5
== |-V Curve
6 - m—— P-\/ Curve

44

Current (A)
Power (W)

0 T T T 0
0.0 0.2 0.4 0.6 0.8

Voltage (V)

Fig.1.7"0 wandd characteristics ahemc-Si solar cell

The mc-Si solarcell showsan excellent agreement witiks correspondinglatasheet values.
The very lowdiscrepancies between the calculated and datasheet values can be attributed to the
assumptiosof the introduced analytical methaghichrelies on simplified mathematical models.
However, the minimal discrepancies validate the introduced analytical method for SDM parameter
extraction.

Table1-2 Verification of the introduced analytical method

Solar Cell E = ™ T [ L p
Si Calculated vdu T ™ Y1t o8 vp [V
Datasheet V&GO TT T™® Y ¢ o8 vp C® Uy

The pefformance ofa PV solar cell is influenced bseveral parameterscluding the series
resistance, shunt resistan@nd ideality factor[71]. In addition it is affectedby the high
temperature the solar cellexperiencesluring its operatiorand by the solar irradianceof the
incident radiatiof72]. All these parameters affeitteP V' ¢ ®©l cbadd® o characteristis,
dictating thePCE of the solar cell.
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Fig. 1.8 shows théO wandd characteristics for differeflY values for the m¢Si solar
cell. Fig. 1.8 (a) shows that higharaluesof 'Y reducethe slopgflatter) of the"O w curvenear
theopen circuit voltage regiodMeanwhile,higher valus of 'Y haveaminimal impacton the'O
with no significant effect orthe w . Fig. 1.8 (b) shows that higher values of shifts the
maximumpower poirt towards lowewoltage valuesindicating reducedhaximumpoweroutput
Consequentlya reduced fill factor anthusa lower efficiencyare obtainedTherefore lowering
the'Y improve the cell efficiencybut requirs high-quality materials and optimized fabrication
[73].

Fig. 1.9 shows théO wand0  characteristicef the meSi solar celffor differentshunt
resistorvalues Fig. 1.9 (a) shows that a lower value @ie’Y makes théO w curve more
inclined, which causes a significant drap the current near the short circairrentregion,
indicatingincreased recombination and leakage lof&€k In addition,avery smallreduction in
thew is observedhat carbeneglectedHoweveravery low shunt resistancauses significant
decrease in theé thatcannotbe ignoredFig. 1.9 (b) ensureghat a lowerY valueincreases
the leakagereduces the total currenbntributingto power generatigrandresultsin a reduced
maximum output power.

Fig. 1.10 shows theO wand0  characteristicof the meSi solar cellfor different
ideality factorvaluesof the parasitic diodeFig. 1.10 (a) shows that highet valuesslow the
exponential rise in current with voltagee toa nonideal recombinatiojreducingthe steepness
of the"O wcurve In addition,neither the’O or w s largely affectedby n.Fig. 1.10 (b) shows
the reduced peak 6f @ curve with the increase of As n increaseshe maximum power point
"0 andw decreased slightly due to the increased recombindtiditating a reduced andin
turn t he c dtkanbesconeudddithatiemen c g, the carrier transport dominated
by a diffusion process with minimal recombination losses, restuitirgsteepeiO ® curve and
asharplypealedd  curve.ln contrastwheng p, meaningsignificantrecombinatioosses
in thedepletion region or surface defedesading to a flattelO w curveandareduced maximum
output power ithed @ecurve Até¢ ¢, therecombinatiordominates, significantly reding
thecel | 6s p[é5.f or mance

Fig.1.11s hows t h &® davddc e thardceristicéor differenttemperaturealues.
Fig. 1.11 (a) showshathigh-temperaturevaluessignificantly decreasthew of the PV celldue
to theincrease in the recombination procesglicatingthat w is atemperaturaependent
parameter with a negative temperature coeffidiédf In the meatime, theO slightly increases
at higher temperature valudse to thencrease in the carrier generation procésdicatingits
temperaturelependece with a positive temperature coefficigi6]. Fig. 1.11 (b) shows thaat
higher temperatusethe maximum output power decregsaeaning that theeduction in theo
is dominant over the imease in théO . This indicates that theutputpower isa temperature
dependenparameter with a negative temperature coeffidiéd}. Thetemperature coefficients
of thecurrent, voltageand output power are given in the datasheet provided by the manufacturer.
It can be concluded that effective thermal managemenkesy/to keepinga higherperformance
of PV solar cellsand it becomes more crucial roncentrated PV systenwhere higher
temperatures exist.

Fig.1.12s hows t h €0 ®ahdlc ed chafasteristics for differersolar irradiance
values.Fig. 1.12 (a) showsan upward shiftof the O w curve at a higher "Ovalues.As the
irradiance increases, momghoton strikes the cell, generating more carrigrsportionally
resulting in a linear increase inetO .
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According to the equation of the that can be evaluated from HG-3), the logarithmic
nature of the ratio 6D and"Ocause they to rise slowly compared t® . The increase in the
‘O andw with the increase ifOcontributes to increasing the maximum power poidtand
W , resulting in a significant increase in the maximum output pomeainly due to the higher
current generatiofy7] as seen ifrig. 1.12 (b).

1.3 Problem Statement

Despite the considerable progress in the developmesingfejunction solar cells, several
constraints continue to impede their PCE. The operational limitations have-schigheffect on
the PCE of thainglejunctionsolar cells. The critical operational limitations are deeply rooted in
the fundamental operating principles of solar cells

First, only photons with energy equal to slightly higher than the bandgap energy of the solar
cell material can generate an electraie pair within the PV cell. Consequently, solar cells utilize
only a portion of the solar spectrum, while photons witlergy belovthe bandgajare absorbed
as heat.RostBandgap Losses)

Second,the bandgap of a semiconductor material sets the maximum energy of photons that have
the ability to generate an electrbole pair. Only energy equaling the band gap can be extracted
from each abowbandgap photon, particularly the highergy photons, wie excess energy
thermalizes into heat. (Thermalization Losses)

Ultimately, the accumulation of byproduct waste heat of the PV process leads to high
temperatures, significantly decreasing ¢fffeciencyof the PV cell. Therefore, for singjenction

solar cells, there is a fundamental limit to the PCE imposed by the Shagké&gser limit, which

is approximatelyo & Pfor silicon solar cells.

Fig. 1.13 illustratesa block diagram that describes the problem statement and outlines the key
factors limiting the power conversion efficiency of silicon solar cells.
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Fig. 1.13 The summary of the problem statement.

1.4 Thermoelectric Generators

Thermoelectric generators (TEGS) represent a promising technology for direct energy conversion,
transforming thermal energy into electrical energy through the Seebeck effect. TEGs possess
several unique characteristics that distinguish them from conveahtemergy conversion
technologies. TEGs convert thermal energy directly into electrical energy without intermediate
mechanical processes, resulting in high reliability and minimal moving pa8is Unlike
traditional thermal engines, TEGs operate without combustion or mechanical movement, which
significantly reduces maintenance requirements and increases operational |di§gv@nceits

initial discovery, thermoelectric technology has evolved consideralily majoradvancements

in materials science and semiconductor engine¢80p

1.4.1 TEG Working Principle

The Seebeck effect is a fundamental thermoelectric phenomenon discovered by German physicist
Thomas Johann Seebeckpinp ¢ representing a remarkable physical mechanism that erthbles

direct conversion of thermal energy into electrical potential. At its core, the Seebeclaesisct

from the complex quantum mechanical interactions of charge carriers within materials subjected
to a temperature gradief@l]. When two dissimilar electrical conductors or semiconductors are
connected and experience different temperatures, a spontaneous movement of charge carriers
primarily electronspccursfrom the hotter region to the cooler regidhe darge carrier migration
generatesa potential differencandconversthermal energy into electrical enerdyhe magnitude

of this voltage depends critically on the specific materials used and the temperature differential
between their junction81].

Beyond its scientific significance, the Seebeck effect has profound technological implications,
serving as the foundational principle foEGS which canconvertheat into usable electrical
energy, thereby offering a promising avenue for improving energy efficiency and exploring
sustainable power generation technolo{#3. The construction of a TEG typically involves two
types of thermoelectric semiconductor materialéype material, where the charge carriers are
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primarily electrons, and-fype material, where the charge carriers are primarily holes, which are
paired to create thermocouples. These materials are carefully engineered and connected
electrically in series and thermally in paralbstween two ceramic platés optimize heat flow

and current generatidB3]. Fig. 1.14 shows a schematic diagramaTEG thermocouplainit.
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Fig. 1.14 Schematic diagram dlie TEGunit: workingprinciple.

When one side of the TEG, known as the hot side, is exposed to a heat source and the other
side, the cold side, is kept at a lower temperature using a hegHShbkr cooling system, the
temperature gradient causes charge carriers within the thermoelectric materials to mayge In n
semiconductors, electrons migrate from the hot side to the cold side, whiletyjme p
semiconductors, holes move in the same directtoeating an electric current if the circuit is
closed. The voltage generated is propori to the temperature difference between the hot and
cold sidesThe magnitude of this voltage depends critically on the specific materials used and the
temperature differential between their juncti¢ds).

Among these, bismuth telluride Biez) stands out as the most widely used material for TEGs
operating atow temperaturesmaking it particularly suitable for consumer and {@mperature
industrial applications. Blesz exhibits exceptional thermoelectric properties due to its unique
crystalline structure, which enables high electrical conductivity while maintaining low thermal
conductivity. This makes it highly effective for generating significant temperature gradmehts a
converting heat into electricity. Moreover, its stability, ease of manufacturing, and cost
effectiveness have solidified its position as a dominant material for commercial TEG modules.
Variants of BiTes, enhanced through doping with elemesitggh asartimony (Sb) or selenium
(Se), furtheroptimizeits performance by improving carrier concentration and reducing thermal
losses. These properties makeT®s an ideal choice for the TEG system used in this study,
ensuring reliable and efficient operation under controlled condif8%is

1.4.2 TEG Limit ations andApplications

The efficiency of TEGs is fundamentally constrained by the complex interplay of material
properties and thermodynamic principl@fie energyconversion efficienc{ECE) of TEGs is
limited by two major factors.
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1 Carnot cycle efficiencyis fundamentally determined by the temperature difference
between its hot and cokldes following the classic Carnot efficiency equati86].

- pYY (1-18)

where”Y and"Y are the temperatusef the hot and cold sidef the TEG unifK] .

T Figure of merit(ZT) is adimensionlessneasurehatrepresents the material's potential for
thermoelectric conversid87]. Thefigure of meritis characterizedby three key factors

1. Seebeck coefficierty which represents thability of the material to convert
temperaturaifferences directly into electrical voltage. It is defined as viotage
produced per unit temperatugeadient across the materidlhe units are typically
volts perkelvin (67+).

2. Thermalconductivity("Q thatrepresents thability of the materiato conduct heat
through it This parameter is measured in watts per rietin (7 11 4.

3. Electrical conductivity () that represents the ability of the material to conduct
electric current through it. Electrical conductivity is typically measured in siemens
per meter 311 ).

The figure of merit is a parameter that quantitatively evaluates the overall
thermoelectric performance of a material by simultaneously considering its Seebeck
coefficient, electricatonductivity, and thermal conductivity. It provides a comprehensive
measure of a material's effectiveness in converting temperature differences into electrical
energy by integrating these three key physical properties.

WY Y,iQ"8 (1-19
These properties are inherently temperatuependent parameters that exhibit

complex variations across different temperature rangased on these, the theoratic
maximumefficiency(— ) of athermoelectric device is governed as folld&8]

0 @Y p (1-20)

o &Y Y'Y

where"Yrepresentshe average temperatuséthe hot and cold sidgK] .

Materials with high ™are critical for improving performangcand extensive research has

focused on developing and optimizing these matedaostructuring techniques allow precise
manipulation of material properties at the molecular level, reducing thermal conductivity and
improving electron scattering89]. Material innovations involve sophisticated composition
modifications, including advanced doping, alloy development, and exploration of novel material
systemssuch asskutterudites and topological insulat¢@]. On the other handhé geometric
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configuration of TEG legs, thermal management strategies, and architectural designs play crucial
roles in optimizing energy conversion efficiency. By integrating approaches such as advanced leg
geometry, sophisticated heat sink designs, and +staltje modle configurations, researchers are
pushing the boundaries of thermoelectric technology to achieve more efficient and effective
thermalto-electrical energy conversigl].

TEGs have found applications in a wide range of fields due to their versatility and scalability.
In waste heat recovery, TEGs are deployed in industrial processes and automotive exhaust systems
to captureand reuse lost thermal energy, reducing overall energy consumption and improving
efficiency[92]. In space exploration, TEGs are a critical technology for powering spacecraft and
planetary rovers, such as NASA's Mars rovers, where radioisotope thermoelectric generators
(RTGs) use radioactive decay as a heat source to maamtansistent power supply in harsh
environments[93]. In consumer electronics, TEGs are increasingly being incorporated into
wearable devices, using body heat to power small sensors or electronics for health monitoring and
fithness applications[94]. Despite remarkable progress, significant challenges persist in
thermoelectric technologyincluding high material costs, complex fabrication processes, and
challengesof longterm stability under thermal stres§he fundamentallimitation of their
relatively low absolute efficiendyas promptedasearchrsto develop innovative solutionsuch
as integrating EGswith complementary P\ells. Thesehybrid systems utilize TEGs to convert
waste heat from photovoltaic cells into additional electricity, addressing the inherent thermal
inefficiencies of solar panels. By capturing this heat; TG systems not only improve the
overall energy conversion efficiendyut also extend the operational lifespan of solar cells by
mitigating thermal degradation. This dwealergy harvesting approach represents a cudiilage
application of TEG technology and aligns closely with the objectives of this thesis, which focuses
onoptimizing the performance aibrid PV-TEG systems under concentrated solar radig@bh

1.4.3 TEG Modeling

TEG modeling provides a framework for understanding and predicting the performance of these
devices, which convert thermal energy directly into electricity. TEG modeling involves analyzing
the heat transfer and electrical transport within the thermoel@ctuples andconsidering the
influence of geometric parameters and syskewel integration. This foundational knowledge
forms the basis for developing detailed mathematical models and simulatiofotablks design
optimization and implementation of &fient TEG systems. With a comprehensive modeling
approachwe can unlock the full potential of thermoelectric technology for a wide range of energy
harvesting and power generation applicati®es.

1.4.3.1 Controlling Equation of TEG

The mathematical modehablegprecise prediction and optimization of TEG performance under
various operational condition§97]. Fig. 1.15 representsheat transferwithin a single
thermocouplgat whichthe geometrglimension labels anda differential element arghown.For

the TEGunit, it was assumetthatthe ntype le@ Ength0 , heightO and widthw are identical
tothept y pe | e @ pheightOeamdywidthcy [I 1] respectively
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Fig. 1.15 Schematic diagram of the TEG unheattransfer

Employing the thermal heat balance (THB)quationfor a onedimensional steadgtate
condition The energy equatioaf the differential elemens shown inFig. 1.15 considering &
positionwithin the p-type semiconductor leg can bepressed as follows

0 0 0 T (1-21)
0w 0w Qo 0 1h (1-22)
Whered ,0 ,and0 representsheinput, outputandJouleheatinggenerated within the
differential elemenfw]. Using Taylor expansion

o L T 6(‘*), . O ) ~ (1_23)

T 0w, . O (1-24)
w

Where'Qrepreserd the induced currenwithin the TEG unit[! ], £ representshe p-type
materialelectricalconductivity[3i ], and® represents therosssectionalarea of the fiype
leg[i ]. Theonedimensionatonductiveheatof p-typecan be defined internrisf Four i er 0s
of conduction as
s . " (1-25)

bo b

E

where'Q represents the thermal conductivity of thtype materia[7 I+ ]. Substituting
Eq.(1-25) into Eq.(1-24)
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r 1Yy .. 0 . (1-26)

Providedthose thermoelectric propertiase temperatursndependentQ can be taken out
of derivative and Eq(1-26) can be expressed as follows

08 Qry ~ 0 Q6 T8 (1-27)
0 - QO 3 ®
Integrating Eq(1-27)
08 QY 04 ‘0 S (1-28)
0 o QO —3 ®
0 ayYy Qv 0 . " (1-29)
° %6 Qo 5 ¢
. - ay . -
O T Q0 —_h (1 30)
Qw

whered Tt represents theonductiveheatat the top othe p-type leg[7 ]. Using the boundary
conditions asY atw mand"Yatw 0 , Eq(1-29) can be integrated fromto 0 and leads to

- ay,_ . 0o .. .. . , (1-31)
Qo —Qw —Q® 0 MQ®d
Qw ., O
ey . 0 0 . . (1-32
Qo YU Y 1t 5 L TV j
. 06 0o . i
U T 5 Y'Y ™0 5 h (1-39)

ConsideringhePeltier effect happening at the hot junctionthedp-type leg

fols (1-34)

0 Yor

5
YUY ™™ "0—68

”

where3 representshe Seebeck coefficient of the-fype materia[aO ]. Eq. (1-34) represents
the heat transfeat the hot side ahe ptype Following a similar way, the heat transfexquation
for n-type can be derived as
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Q6 o . i
Y Y @ o—h (1-39)

where3 [6+ ], Q [71 + ],and, [3 ] represent the Seebeck coefficietitermal
conductivity, and electricalconductivity of the ntype materigl andd represerd the cross

sectional area of thetype leg of the TEG thermocouplEhe totalabsorbedtthe hot junction of
both p and ntype semiconductor legs is, therefore

0 O O h (1-36)

Q0 Q0 . . 0 0 , (2-37)
= — Y Y ™ n =
U ” 0 ” 0

0 Y Y Or

Consequentlythe heat rejected at the cold junctiorpdlpe and rype legs as follows

Kol oY T O o (1-38)
. Y Y @ 08

0 YOY OY ~ = =
U » O » O

The material properties can be added together usifgltbeing equations

Q6 06 -
0 — —~h (1-39)
L L
0 0 . -
Y - —h (1-40)
” O ” O
Y Y "Yh (1-42)

where3 [6+ ], 'Y [LI], andv [7 + ] are the total Seebeck coefficiemectrical internal
resistanceand thermal conductanaé the couple, respectivel\eimplified expressions of heat
flow through the hot and cokidesfor 0 semiconductor thermocouples can therefore be expressed
as follows

O O "YOY 0Y Y mYOh (1-42)
O 0 YO 0'Y Y mYOS8 (1-43)

Equations(1-42) and (1-43) are known as the standard equatiafisthe thermoelectric
generatar The first term(3"0Y) is the Seebeck effedhe second terrr@'YO) is known aghe
Joule heatingand the third term(0 Y Y ) is thethermal conductangenhich is also an
irreversible process he power generated by TEG is defined as the difference betiveberat
absorbed at the hetdeandthe heat emovedat the coldside
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0 U v (1-44)

Or

0 0 YOY Y 'YOB8 (1-49)

Moreover,the inducedSeebeck voltagen [w] current™dd], and the output powe¥ [o ]
can be writterasfollows

® Y'Y Y8 (1-46)
YUY Y (1-47)
. h
° WV
s gy XYY s (1-49)
y Y Y

where'Y [L]] is the external resistance load. To thetoptimum electrical current induced, and
output powerwithin the TEG, the external resistance needs to be equal to the total internal
electrical resistance of pnd ntypesemiconductor legs

Y'Y Y . 1-4
0 ' h (1-49
Y
. Y'Y Y (1-50)
L *8
Y

1.4.3.2 Output Characteristics of TEG

The electrical characteristics of the TEG are describatidnforementioneseries of equations

that account for material properties, geometric configurations, and thermal conditions. The voltage
can be calculated usif@pebeck coefficient and temperature difference, while the maximum power
output depends on factors such as load resistance, internal resistance, and thermal caxstraints.
numerical example ipresentedo optimize and analyzthe effects of heat transfegoverning
equations on output power, efficiency, and induced voltage tleé TEG unit.
Thegeometryand properties of thEEG used inthesimulationareadoptedaccordingo [97]. The
simulation is carried owdtthe hot-side temperatureange from'Y T v # to @ v Ffiwith a step

of v # andafixed cold-side temperature 6¥ o v Ot

Fig. 1.16 depicts tle voltage output as a function tfe applied current acrossrange of
temperature differenceét each temperature difference, the TGé&herates fixed open iccuit
voltage when no current is flowinblowever, a the current increases, the voltage output decreases
linearly due to the voltage drop across the internal resistam@adition,the maximum current
drawn from the TEGs at the load short circuit condition(cw ). This linearrelationship
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indicates that the TEG operatingderloadbehaves as an electrical power source with an internal
resistancéhat determines the slopéthe line. A steeper slopell correspond to a higher internal
resistanceAt larger temperature gradients acrbe$ and cold sidesf TEG, theoutputvoltage
and currentincreasereflecting the highgpowergenerating capability of the TEG ni

Fig. 1.17 (a) shows the output power as a function of the applied cufoentifferent
temperature gradienéerosshe hot and cold sid®f the TEG unitFor each temperature gradient,
the output power behaves aparabola witha maximum power value at a spiged current
denotedasthe maximum currentAs the current increases further, power decreases due to the
domi nance of resi stive | dbesfors, arrents higlkeénsthei nt e r
maximum currenigeneratean outputpower less than the optimum valuehe value of the
maximumecurrent point depends on the interplagtween theseebeck voltage anithe internal
resistance of the TE@ higher temperature gradiergsults in higher maximum output povaes
a higher Seeéck voltage is producedvhere the currdrnpoint for maximumpower is shiftedo
higher valuesThe power curves are parabolic in shape, with a clear maximum point. This is
characteristic of a power source with an internal resistance, where the power is maximized when
the load resistance matches the internal resistance of the .sbigcd.17 (b) depicts the
dependence of the output power on the load resistance

Fig. 1.18 illustrates the efficiency of the TEG unithich also followsa parabolic shape
reaching its maximum ahe maximumcurrent In practice the TEGIs consistentlyoperated at
the optimal currentNotably, the line connecting the maximuefficiency poins appearsnore
linear than comparedo the curved line connecting tmeaximumoutputpower points.This is
becausefficiency is not directlyproportionalto outputpower butdepends on the ratmf output
powerto input thermal powerThe efficiency of TEGemainslow compared to other energy
conversion methods. However, given tttag heat sourceés pleniful and free, TEGs could ke
promising solution when employed for waste heat harvestihgbnd systemg98].

Fig. 1.19depicts thelependence df h e T E @fficiemcyon thefigure of merit It is clear
that for each temperaturgradient, the efficiency increasegith the increase of theo"Y
Specifically,a high Seebeck coefficientalueensuresuperiorvoltage generation, higelectrical
conductivity(minimizes resistive lossgsnd low thermal conductivitfreduces the hebgakage,
maintaining a optimumtemperaturegradient Therefore employing thermoelectric materials
possessehigh @ "Yaluesleadto great TEG efficiencyHowever, achieving higld "Yequires
materials with aroptimal balance of electrical and thermal properties, which is challenging in
practice[99].
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Fig. 1.16 Voltagecurrent characteristics of the TEG unit.
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1.5 ThesisContribution and Structure

The contribution of this research focuses on integrating a TEG unit with a PV cell to introduce two
hybrid PVATEG configurations, thereby overcoming the limitationgsfnglejunction PV cell
operating without active cooling mechanisms.

Chapter 2 extends the SDM df solar cell by incorporating a spectral dependence into the
photogenerated current, undateal and realistic operating conditions. This chapter tests the
hypothesis stating that if the wavelength of light that a solar cell is exposed to is changed, then the
output of the solar cell would be affectstipwing the spectral behavior of solar cells and their
applicability for spectrum splitting applications

Chapter 3 develops a unified electricthermal modeling framework for stacked and parallel
configurations This modelntegratesthermal dynamiswith electrical behavioacrossvarying
light concentration levels. In additipnt provides a direct sidby-side comparisorof both the
component and configuration levels under identical operating conditibhsreby, offering
insights to maximize solar energy harvesting and enhance conversion efficiency.

Chapter 4 comprehensively investigates the impact of key parameters on both the PV cell and
TEG unit,andtheir thermal and electrical interaction through a unified comparative framework.

In addition, it evaluates the configurati@ependent parametric optimization to determine how
specific improvements influence each configuration differently, revealinghvam@angement
benefits most from specific parameter enhancements

Chapter 5 proposes a novel spectresplitting principle for the parallel configuration to address
the limitations due to thermalization and ptsindgap losses in singjenction PV cells. In
addition, it identifies the optimal configuratiomcrossvarying light concentration levels to
maximize solar energy harvesting and enhance power conversion.

Fig. 1.20 outlinesthe main chapterand contributios of this dissertation
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Fig. 1.20 Dissertation Structure.
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Chapter 2

2 Extending the SDM with Spectral Sensitivity for Different PV
Materials Under Varying Solar Spectra

2.1 Background

The power conversion efficiency (PCE) of photovoltaic (PV) solar cells is the most critical
parameter in solar energy technology. The framework for understanding the limits of efficiency is
characterized by the Shocki€ueisser limit (SQ). However, thesalculations assume standard

test conditions (STC)which d o n 6t refl ect t he dynamDuecto nat ur
environmental and atmospheric variability, solar cells are susceptibpetatingunder different
spectral conditionsThe geographical dcation significantly impacts the path length of solar
radiation, where longer paths lead to greater scattering of shorter wavelengths and more
absorptionespecially of UV and infrared radiation, demonstrating changes in spectral distribution
Meanwhile,the temporal variation of theun'sposition through the day alters the incident angle
and the atmospheric absorption, further influendimgspectral distributiorf100]. In addition,
atmospheric conditions such as cloud cover, humidity, and aerosol content impact the spectral
distributionincidenton the surface of thEarth[101]. Consequentlyyariatiors in the incident

photon spectrurdirectly influences thdehaviorof the solar cel[102]. The relationship between

the photovoltaic response and the photon energy is inherently complex, with the cell output rising
and falling in a jagged curve as the wavelength changes from shorter to [DD8JeISpectral
sensitivity directly influences photogenerated current, which varies with the changes of the spectral
distribution under different atmospheric conditions determined by different air mass[l&lies

The American Society for Testing and Materials (ASTM) has established different solar spectra
references to standardize the performance of PV [ddlls. The AMO represents the unfiltered

solar spectral irradiances that exist outside the Earth's atmosphere, typically used for space
applicationq106]. The direct solar spectral irradiance at ha r tsurféce with an aimass of

p® are denoted as AM1.5D, which is used for terrestrial applications operating at clear sky
conditions[107]. Ultimately, AM1.5G is the solar spectral irradiance on Eagth'ssurface for

direct sunlightwith the scattered light from the atmosphere integrated over a hemi§pb@}e

2.1.1 Literature Review

Previous studies have considered the wavelength dependence of solar cells through both
experimental and simulatidmased approaches. These studies have typically employed colored
filters, which are made from different materials. The approashefiedvary from longterm

outdoor testing and seasonal variation to controlled indoor experiments under artificial lighting.
Some studies have introduced unique experimental designs, such asbatoad filter
combination technique, while others have uttizarulation software or combined empirical data

with analytical modelingTable2-1 provides a summary of representative studies categorized by
system structure, applied method, and key novel contribution.
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Table2-1 Comparative summary of literature studméghlighting system description, methods, and

novelties.
Study System Description Applied method Novelty
) Low-cost polythene materials al
X Tin7  monocrystalline PV, . ) . used as filters, making spect

[109] module ¢ @ells,p Y TP ¢ Il ). \I/Evﬁﬁefri'l?;?:t;gcoelét%?gctﬁité? testingaccessible. . .
@ colored polythene filters (reg the module Spectral response test in tropid
orange, 6ellow, green, blue, violet : climate conditions, providing bag

line datafrom equatorial regions.
Two identical¢ ¢ 7polycrystalline Longest study duration (1 yea
panels (STP0222/D,c ells). Experimental: Yeatong with statistically robust dataset.

[110] W Cotech filters- Primary: visible| study (Oct 20150 Sep 2016, Two mathematical correctio
light, red, green, blue; Secondar p v walid measurements). factors to eliminate intrinsic pang
yellow, frost, amber, lavender differences.

. Theoretical  foundation  with
Silicon PV cell model@ ¢&A | , | Simulation: PSpice detailed mathematical modellin

[111] emitter thicknesst@® o | | base| simulation using analytica of photonic energy equations

thicknesso 1t 1t ) solar cell model. Spectral analysis covering enti
electromagnetic spectrum.

Two v 1t 7 Polycrystalline panels _ ;%?;ggﬁl V?é'\fgion Sgggﬁ%\g'

(SSPV 50 model). Experlmental:. Fulday system
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2.1.2 Objective

Although previous studies have grasped how the PV cell behaves at different spectral conditions,
the conventional SDM still overlooks the spectral dependence of the incoming solar radiation. This
limits their ability to accurately represent the complegnattion between the solar cells and the
incoming light spectrum. Accordingly, our study aims to bridge this gap by extending the SDM to
account for spectral sensitivity through the introduction of a wavelatggkndent
photogeneratedurrent[EJo A sysematic framework in MATLAB/Simulink is proposed that
integrates readily available datasheet parameters, such as external quantum efficiency (EQE), and
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spectral photon flux data into the SDM, resulting in a practical platform for spectral analysis that
was not emphasized in earlier wavelenrdépendent models. This framework enables the first
principles calculations of curremrbltage characteristics undarbitrary solar spectra. In addition,

it introduces a new analytical metric of waveleng#ised efficiency, offering valuable insights

that are absent from standard efficiency calculations. Consequently, it defines the concept of
wavelengthbased efficiacy for calculating the overall efficiency under different solar spectra
[Cw]. Furthermore, the study compares three different semiconductor materials, such as silicon
(Si), gallium arsenide (GaAs), and germanium (Ge), at both ideal and realistic conditions, thereby
generalizing the approach and demonstrating how material propaniebandgaps influence
spectral responses under identical solar spectra. Finally, this work establishes an approach for
model verification in which the calculated efficiencies of ideal solar cells are verified against the
ShockleyQueisser limit and thosef realistic solar cells are verified against their respective
datasheet. Accordingly, this work offers insights into potential strategies for spesgiaaific
optimization of solar celbaseddesigns, such as tandem solar cells hAybrid photovoltaie
thermoelectric generator systems.

2.2 Method and Procedure

The simulation is conducted for Si, GaAs, and Ge solar cells. These materials are chosen as their
bandgaps span a broad range, demonstrating how spectral sensitivity manifests across different
bandgap energies and validating the generality of the proposeel. In addition, they provide a

solid foundation to validate the accuracy of the extended model against both theoretical (8hockley
Queisser limit) and practical benchmarks (datasheassdheir reliable datasheet values and
experimental datarereadily available. However, the proposed approach can be directly applied

to any singlejunction solar cellssuch as perovskite solar cells.

The full wavelength spectrum dfie solar spectraAMO and AM1.5G is segmented into
discrete wavelengths in a specific step for both the ideal and real solarTceksisure the
readability and clarity of the'® ) and powetvoltage 0 ) curves, the corresponding
spectrum is partitioned into a limitedimber of wavelengths that effectively illustrate the results
The spectrum partitioning patterns of the ideal and refl1%i], GaAs[117], and Gg€118] solar
cells for the different solar spectra are tabulatedrable 2-2 ['@]. The proposed spectrum
partitioning of the ideal solar cells limsed orthe standard solar spectrum defined®HTIM. The
wavelength spectrum range of all ideal solar cells starts with the wavelenmth fi andends
at their bandgap wavelengths. Meanwhile, the spectrum partitioning of the real solar cells is based
on the spectral external quantum given in their datasheets.

Table2-2 Spectrum Partitioning Pattern of the ideal/real Solar Cells

Solar Cell _ Ideal . Real
Si GaAs Ge Si GaAs Ge
Range [nm] PPWPPT| PPWYXO|PPWPYU| CUTPCT| OCCUWTT CTITIX U T
Step Size [nm] oy Cw o@® Y ot e v Y
Number [#] ¢ X ¢ X ¢ X C o Co Co

The proposed model was implemented in MATLAB/Simulink to simulate the spectral
response of PV cells. The Simulink model consists of a PV module block, configured with the
standard SDM circuit with constant temperature and varying irradiance density ds inpu
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parameters, and current, voltage, podieras output parameters. The model starts with the input
block that processes the wavelendépendent parameters, including the spectral short circuit
current(O _ ! ), which incorporates spectral external quantum efficief@y ‘Qand spectral
photon flux densitfe _ [MDET OO Ii O ]) as follows[119]

O_ i 6 000 _h (2-1)
wher’er] is the elementary electric chargepdit ¢ ¢ p T #,0 s the surface areaf the PV
cell[l ]. Thespectral external quantum efficiency of the ideal solar aefisaken as unityvhile
for the real solar cells, they are extracted from their datasheets and vary with wavelength as

adjustedhccording tarable2-2. The spectral photon flux is a function of the spectrum wavelength
which can be assessedfaows [120]

* _ @) ﬂh (2-2)

where"Oindicates the solar power density, whisip o @@ 7i  andp m ri7ri#l  for the solar
spectra AMOandAM 1.5G, respectively[35], Qr epr esent s Pl @nccgpdts const

*) andGrepresents the light speedq®o w x p i 7O Consequently, a spectral sensitivity is
incorporated into the photogenerated current of the solar cell as f¢llais
Y

O_ ©O_op Tﬁ (2-3)

where'Y is the series resistance aivd is the sunt resistancéll]. For ideal solar cellsy is
typically zero, andY is considered as infinity, whereas for real solar ctilsse parameters are
extracted based on the analytical method presentselction2.3. The reversébiased saturation
current of ideal solar cells is determined based on the detailed balance calculations as a function
of bandgapwhich is reported if122]. However, for real solar cells, it was extracted based on the
introducedanalytical methodBy incorporatingeq. (2-3), along with the corresponding parameter
settings such as the saturation current valnasthe framework oEgs. (1-3) and(1-6), the ™M
acquiresspectral sensitivityThe Simulink model employs a systematic solver approach where the
simulation is executed using the Sim () command for each wavelength in the partitioned spectrum.
The solver processes the SDM equations, E€g) or (1-6), iteratively for each wavelength point,
generating complet®® @ and0 & characteristics at the specific wavelength range. Output
variables, including current, voltage, and power, are extracted as arrays from the simulation results.
The maximum output power aachwavelength§ 1 7 ) can beevaluated as follows
0 _ 0®&0 wh (2-4)

This approach ensures accurate calculations of the operating poiyietdatthe maximum
power extraction for each wavelength compondiie MATLAB environment processes the
Simulink outputs through several computational steps. Rimstwavelengthdependentopen
circuit voltage(w _ 6 ) is calculated afllows
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‘0
@ E o atg P38 (2-5)

Second,the wavelengtibased efficiency of the ideal and real solar céds. b ) is
evaluated as follows

- = (2-6)

whered represents the input power corresponding to the solar spectra AM1.5G hird,
polynomial functions are fitted to the wavelendpdised efficiency curves to establish continuous
curves that can be used to evaluate the efficiency of each solar cell at any wavelength point. Fourth,
the real wavelengtbased output power at the l&o spectrum of AMO and AM1.5G

(0 _ P8 7 ) are evaluated as the mathematical product of waveldaghd
efficiency and the inputpectral irradiance of both solar specamfollows

L _ o8 -_ O s goh (27)
where O o8 representghe spectral irradiance of AMO, and AM1.5G solar spectra
[7 71 1 []. Fig. 2.1 illustrates the computational workflow of the proposed model.
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Fig. 2.1 Computational workflow of the proposed model.
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To validate the concept findings, power conversion efficiency is evaluated for both ideal and real
solar cells. The power conversion efficiency of the solar (el) is the integral of the real
wavelengthdependent output power over its bandgap wavelength range, divided by the input
power ( i g 7 )asfollows

S 2 (2-8)

C
0
¢4

The calculated power conversion efficiency of the idemdhr cellsis compared with the
theoretical limit established by Shocki®ueisser whereawith respective datasheet values for
real solar cells

2.3 Parameters Extraction of SDM

The introduced parameters extraction method was applied to the Si, GaAs, and Ge real solar cells.
The diode ideality factor of each solar asliselected to achieve the best curve fittiwgile the
remaining four electrical parameters are extracted by sokqsy (1-10), (1-11), (1-16), and

(1-17). Accordingly, te five electrical parameters of the SDM for the three real solar cells are
tabulated inTable2-3. The evaluated parameters indicate distinct characteristics of each solar cell.
The GaAs solar cell demonstrates the lowest saturation current and the highest shunt resistance,
indicating superior cell performancé&@he Ge solar cell exhibits thkighestresistance and
saturation current, resulting in the lowest performance compared to Si and GaAns celidrast,

the Si solar cell shows moderate values across all parameters.

Table2-3 Five parameters of three different solar cells.

Solar . .

cel | " AN Avi ] LA = A
1 | p&c| Mimp pg mupm WO Cp T 0g ym
1F=1| p& 1| p¥ o pROYPpP T X8 opp T 8L o T
Tm PP M| WP BQUYPT @pTpm TSI T P

Fig. 2.2 shows the O @ and 0 & characteristics of the three solar cells at the STC
conditions in which the maximum power points are estimaté€de Si cell shows excellent
agreement with datasheet values, exactly matching the power conversion efficien@y of b
Theresultsof the GaAs cell demonstrate a slight discrepancy in efficiency. Similarly, the Ge solar
cell shows a closéit to the datasheet values. The discrepancies between the calculated and
datasheet values can be attributedht® assumptionintroduced within theanalytical method,
which relies on simplified mathematical models. In addition, the interdependence of the SDM
parameters potentially can lead to small cumulative deviations. However, the minimal
discrepancies validate the introduced analyticahoa: for SDM parameter extraction.

The maximum point current, voltage, output power, and power conversion efficiency are
evaluated and compared to their respective datasheet values, as shabie 2:4.
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Table2-4. Verificationof the proposed parameter extraction method.

Solar Cell El a] e\ t [%]
Calculated VBT W ™ Y7 c®u
1 Datasheet V8O T ™ ¢ C®U
_ Calculated CRYpT T Q @ C@o
nF= Datasheet Cc@®mTpT T80 @ O CRT
Calculated X QUP T T TG CHTC
L Datasheet X @QXPTI ™ no o

2.4 Spectral Performance of PV Celb

The simulation is carried out fdine Si, GaAs, and Ge solar cells at a PV cell temperatuge wf
3 , and a power density pf 1 T77#1 . The ideal solar cells have the same surface apédf,
while the physical and electrical parameters of the real solar cells are given in their datasheet.

2.4.1 Output Characteristics

Fig. 2.3 illustrates the spectral characteristics of the ideal and real Si solar cells fopahd¢ ¢
wavelengths, starting from p ki ando v ti uptop p i xi andp ¢ ™ i with step sizeof

oy i ando 1 I, respectively. The short circuit current density in both cells increases as more
electronhole pairs are generated due to the increased number of photons at the fixed light intensity
of p m 7T . As shown inFig. 2.3 (a), for the ideal Si cell, the short circuit current increases
from «® wlp!7A [ at the short wavelength g p kol to ¢y @ ¥ !'FA [ at the longer
wavelength op p i xi. This demonstrates efficient phottmelectron conversion efficiency at

a longer wavelength spectrum. As open circuit voltage depends on the logarithm of the
photogenerated current, it shows a slight increase as the wavelength increases. Accordingly, the
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open circuit voltage increases fram® ¢ T6pto @) X & with the increase of wavelength. This
assures that the maximum open circuit voltage produced from the ideal Si cell is at its
corresponding bandgap wavelengthg g i xi. The maximum output power of the ideal Si cell
increases with the increase in wavelength. At the bandgap wavelength, the photon energy is just
sufficient to excite electrons across the bandgap, where the highest maximum output power can be
obtained. The wtput power density of the ideal Si cell at its bandgap wavelengihpofi xi is

with a maximum value ap @ I 7 7A [ . The maximum power current density and voltage of the
ideal Si cell result inp & 1 !TA | andm Y @ respectively. As shown iRig. 2.3 (b), for the

real case, the short circuit current increases frogo 1 !7A [ atoc v initox & ¢ !7A [ at

a peak wavelength qf Tt ol i and then decreases upg8@ @ ip!FA | at the wavelength of

p ¢ mini. This is because of the low absorption and carrier collection efficiency due to
recombination, reduced photon energy, and othemwedt losses incorporated with the real solar
cells. The open circuit voltage follows the current density trend whesadhes a value of® o @

at the peak wavelength pft o i and then decreases uprt® t@atp ¢ i 1i. That reflects

the inefficient separation of electrtwole pairs at longer wavelengths. Consequently, the
maximum output power density of the real Si cell peaks at a value@f TA | at the peak
wavelength op 1t d 1, as seen iffig. 2.3 (b). This lower value compared to the ideal case is
attributed to many loss mechanisms and-il@al factors that limit the ability of the solar cell to
utilize completely the energy of available photons. This leads to a lower current and voltage
maximum powepoints ofy @1 !FTA | andm® w@atp 1 d T, respectively.
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Fig. 2.4 depicts the spectral characteristics of the ideal and real GaAs solar cells dox the
andq qwavelengths, starting from p wiando ¢ b iuptoy x Ioi andw mini with stegs of
¢ fandg d T, respectivel y. Due t o p8G@ Bisedhdbitsmi gher
narrower spectral response compared to the Si cell. As showig.i@.4 (a), the short circuit
current density of the ideal GaAs solar cell starts fi@nwikp ! TA | at the wavelength of
p p i (same as Si) and extends to reach only a valye ®fi !7A | at the wavelength of
P X o I. GaAs solar cells have a higher open circuit voltage than Si due to their wider bandgap
energy p8 A 6vs. p® A dor Si). Additionally, it can be attributed to its lower recombination
rates due to its direct bandgap nature. The open circuit voltage of the ideal GaAs cell increases
linearly from p® 1@ to p® L § as the wavelength increases framp wi to Yx b,
respectively. Consequently, the maximum output power density of the ideal GaAs cell is
X @l 77¥A | atthe bandgap wavelengthypfy fo i, in which the maximum current density and
voltage arap @ | ! 7A | andp8t v @, respectively. As shown iRig. 2.4 (b), for the real GaAs
cell, the short circuit current density starts frqp@&i !TA1 at o ¢ b | and peaks at
@ &I !TA [ atthe peak wavelength ¢fo I | before decreasing &) mtix ! FA I atw min|.
The real GaAs solar cell shows a sharp decrease in the current beyond its peak wavelength
compared to the Si cel l , which reflects the
characteristics. Similarly, the open circuit voltage increases umsxamum value op® o @ at
the peak wavelength df o p 1 then starts decreasing to reaw w@at w 11 6t The maximum
output power density of the real GaAs cell decreases@i 7 FA | at the bandgap wavelength
of Y o p 1 vith a lower maximum current density and voltagepo® | !TA | and @t @
respectively. The discrepancy in the maximum output power between the ideal and real cells
results in notable changes in their respective maximum power péigts2.3 and Fig. 2.4
demonstrate that despitiee broader absorption spectrum of Si, the GaAs solar cell has a better
output power at each wavelength compared to Si solar cells. This is due to the higher bandgap
energy of the GaAs cells, which results in larger open circuit voltages, and its direcafandg
which contributes to exceptional absorption properties with a coefficient apundA | . In
addition, the superior carrier properties of
effective mass, and reduced recombination losses, lead to efficient carrier collecti@mspalt.

Fig. 2.5 shows the spectral characteristics of the Ge solar cells, comparing ideal and real cells'
performance across discrete wavelength ranges. The characteristics of ideal and real Ge solar cells
for ¢ yandg quavelengths, starting from p lwiando tiniuptop Y ul il andp x ul 1l with
stesof @ Y | andvu § [, respectively, were investigated. Ge solar cells demonstrate a
remarkably broad spectral response owing to their significantly lower bandgap enagyyf6
compared with that of Sp® A $and GaAsg& A §. This allows for photon absorption across
a wide spectrum range, extending to the infrared region. As shdwg. &5 (a), the short circuit
density of the ideal Ge cell increases once again from the same valie &f ! TA | at the
wavelength op p i and reaches a relatively high valuepof @ ! TA | at the wavelength of
p Y ulmi. Ideal Ge solar cells show superior current capability compared to ideal Si and GaAs
cells due to their ability to harvest lowenergy photons. Furthermore, it is clear that the Ge solar
cell serves a very low open circuit voltage compared to otheestsdiar cells, Si and GaAs. This
is attributed to its lower bandgap and higher recombination rates as well. The open circuit voltage
of the ideal Ge cell increases fram8 p 6 to @ Y © with the increase of the wavelength from
p p i top Yul i, respectively. As shown iRig. 2.5 (b), for the real case, the real Ge cell
shows the same trends mentioned in the real Si and GaAs cells, in which the current density reaches
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amaximum value o ¢ I !7A [ at the peak wavelength pf¢ i ¢ and then tends to decrease

at longer wavelengths till it reache® wit!¥A [ at p ¢ ul ri. The real cell demonstrates
comparable behavior to real Si and GaAs cells, where the&leatity exists. Also, the open circuit
voltage increases up to® ¢ @ at the peak wavelength @f ¢ I ¢ and then dramatically
decreases tog ¢ @atp x ul Ti. This sharp reduction outweighs the relatively higher current
densities across the broader spectral range, resulting in the lowest maximum output power among
the other two cellsFig. 2.5 (a) and (b)demonstrates this disparity, where the maximum output
power density of the ideal and real Ge solar cell is $7B¥A 1 and 4861 77A [ at
wavelengths op Y ul i andp ¢ Ui @, respectively. For instance, a notable discrepancy between
the ideal and real cells exists, which underscores the practical limitations of-tres&k solar

cell technology. This is further reflected in their respective maximum power points, in which the
real cell exhibits a much lower maximum power point current density and voltage of
1& oft 'TAi1 and @ p §, compared to the ideal cell gf &l !FA| and 8@ p @,
respectively. Despite its significantly low output voltages, it allows for the absorption of lower
energy photons at longer wavelengths, which indicates its capability in harvesting infrared portions
of the solar spectrum, which is valuable in mjutiction cell designs.
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Fig. 2.3, Fig. 2.4 andFig. 2.5 showthat the short circuit current is strongly related to the
spectral response and the spectral irradiance. These results show that the respective bandgaps and
photon absorption capabilities are critical for optimizing solar cell performance based onl spectra
conditions and material properties. Ideal solar cells demonstrate efficient carrier coli¢ttien
highest maximum power pointshich indicates high fill factors. The real solar cells demonstrate
a lower peak current compared to the ideal case. The practical limitatichsas low absorption,
surface recombination, surface reflection, and other losses that do not exist in the idealameodels
the causes of the lower current density and the decrease beyond the peak response wavelength. In
addition, the shift in the peak value at a shorter wavelength could be attributed to the wider
effective bandgap of commercial solar cells due to dopin@tber material modifications.
Moreover, all real solar cells have lower open circuit voltage values compared to the ideal case
due to norradiative losses and other nimtealities that exist in real cells. The real GaAs cell
exhibits open circuit voltagealues closer ttheideal counterpart. Meanwhile, the Ge commercial
solar cell demonstrates dramatically lower values compared to its ideal case.

Table2-5 summarizes the short circuit currel@nsity open circuit voltage, maximum point
currentandvoltagedensities and output powedensityat the bandgap wavelengtfts the ideal
cells and peak response wavelendtishe real cellsunderapower density op Tt T77#1

Table2-5 Output parameters of the ideal and real solar cells at the bandgap and peak wayelengths
respectively

Solar -gnm] & {mA/cm?] NenlV] & [mA/cm? i [V] "E [mW/cm?]
Cell

Ideal | Real | Ideal Real Ideal Real | Ideal | Real | Ideal | Real | Ideal | Real

Si ppmipmnol Y& | X XX T@WoY YUK (X | EY(MwWw] 0P | T

GaAs | yxo Wcpg XB | o@ | pPpULUGPPROF O | @B | pBIU(TWTY X & | VI

Ge |puv|jpcypTd| V& MWYUMoYpt&|T1T& ™MWP(MPPqULUB| &O

2.4.2 Wavelength-Based Efficiency

Fig. 2.6 illustrates the wavelengthased efficiency of the ideal Si, GaAs, and Ge solar cells. The
wavelengthbased efficiency of all solar cells increases linearly at different slopes witittkase
in wavelength.
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Fig. 2.6 Wavelengthbased efficiency of Si, GaAs, and Ge ideal cells
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The increase in efficiency with wavelength reflects the increasing number of photons available
for absorption as the wavelength approaches the banddegpe maximum efficiency can be
obtained at the bandgap wavelength. The maximum efficiency of the ideal Si, GaAs, and Ge cells
is aboutp @ X p, R & T X, landv @ T I at the bandgap wavelengtof p p i xi, Y x o 1,
and p P ul pl, respectively.The sharp drop in efficiency beyond the bandgap wavelengths
corresponds to their inability to absorb lovesrergy photonslhis provides valuable insights into
each mat er i al 0 sTheGaAs cell demdnstrates a staeper rige irt efficiency in the
visible spectrum due tits optimal direct bandgapyhich enablsit to absorb and convert visible
light more efficientlythanSi and Ge cells.

In real solar cells, only photons with energy equal to or just above the bandgap contribute
efficiently to electrorhole pair generation. However, photons with much higher energy generate
carriers deeper in the material or in higgld regions, where theyexperience increased
thermalization and neradiative recombination losses, and those with lower energy are not
absorbed, resulting in no carrier generation. This reflects the fact that the external quantum
efficiency of real solar cells is not unity assathe spectrum. Additionally, surface and bulk defect
states act as recombination centers that further reduce carrier collection probability, especially
under longemavelength illumination, where carrier diffusion lengths are comparable to the
absorptiondepth. Accordingly, the wavelengtiased efficiency of the real cells rises to a
maximum value near a peak wavelength, close to the bandgap wavelength, and thersdéttrease
wavelength, reflecting practical limitations such as recombination;ramiatve losses, and
inefficient absorptionThe peak wavelength of the real Si, GaAs, and Ge cells based on the
wavelength spectrum partitioning tabulatedTiable 2-2 is p malmi, po p | dndp ¢ i @,
respectively. However, it could be shifted slightly forward or backward according to the size of
the wavelength step. For smaller step sizes, there is a higher probability of sampling the precise
peak wavelength where the maximum efficiency occurs.

Fig. 2.7 shows the wavelengtbased efficiency of the real Si, GaAs, and Ge solar cells at
lower step sizesf ¢ U [.The peak wavelength of the real Si, GaAs, and Ge cells based on the
new wavelength step sizespsrt ¢l ul, Y ¢ v T dndp o ¢l ul, where the maximum efficiency is

aboutv 8 ¢ Po @ v 1 BNdER Y Yrespectively.
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Fig. 2.7 Wavelengthbased efficiency of Si, GaAs, and Ge real cells.

The GaAs cell exhibits a maximum efficiency within the visible spectrupmfrt g x i,
followed by a sharp drop. The Si cell peaks slightly later araoidrt p 11 Ul T with a lower
peak efficiency due to its indirect bandgap and keeps a moderate efficiency across a broader
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spectrum range. While Ge exhibits a broad response to the far infrared spectrum with maximum
efficiency at aroungb ¢ 1t 7p T ul T, its lower bandgap allows for higher recombination rates
and lower open circuit voltage, which reduces its efficiency. Moreover, it allows absorbing more
of the farinfrared parts of the spectrum, which makes it more susceptible to heat ttmseser,

it can be used in muljunction solar cells where Ge is often used as a bottom cell and is
advantageous for certain applications, such as infrared andiglowapplications, where the
broader spectrum is required, despite thepgoweroutput.In addition, GaAs solar cells with their
highest open circuit voltages and very good light absorption properties are preferable for high
efficiency and power applications such as space or satellite systems, where they can harvest the
unfiltered spectrum nre effectively, concentrated systems, and specialized terrestrial uses.
Moreover, the Si cells with their moderate characteristics make them the dominant technology for
residential, commercial, and terrestrial installations.

2.4.3 Wavelength-Dependent Output Power

The concept of wavelengthased efficiency can be verified using the solar irradiance datasheets
given by the ASTMFig. 2.8 illustrates the solar irradiances of both AMO and AM1.5G solar
spectraaccording to ASTM G1783 reference standarilhe absence of atmospheric filtering at

AMO allows a broader and more intense spectrum to reach the solar cell beginning at a wavelength
of p p wl. In contrast, the AM1.5G spectrum is filtered by the atmosphere and loses its shorter
wavelength components, resulting in a spectrum that staytspat | .
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Fig.2.8 The AMO and AM1.5G solar spectra.

The real wavelengtidependent output power of the ideal and real solar cells under AMO
and AM1.5 G solar spectra can be calculated based on a straightforward procedure. This involves
the multiplication of the wavelengitased efficiency (as depictedkig. 2.6 andFig. 2.7) by the
solar spectra (as given kg. 2.8). The calculations are tailored to the specific bandgap of each
solar cell.

Fig. 2.9 shows the real wavelengttependent output power of the ideal solar cells for the
different solar spectra. The GaAs solar cell shows a higher waveleaggil output power up to
its bandgap among the other solar cells, followed by the ideal siliconcgtllafhis ensures the
results obtained fronthe section2.4.1 The performance gap between AMO and AM1.5G
conditions is most pronounced for Si cells. This underscores the importance of spectral
considerations in predicting the reabrld performance of terrestrial solar installations.
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Fig. 2.10 shows the real wavelengtlependent output power of the real solar cells under
AM1.5G solar. The GaAs cell demonstrates the highest output power through its operating
wavelength rangendicating its superior performance in the visible spectrum. The Si cell exhibits
a lower peak output power through the visible to niefiared wavelength spectrum, featuring a
broader spectral response compared to the GaAs solar cell. While the Giéecelthe broadest
spectrum response extending to the far infrared spectrum, it demonstrates the lowest output power
among the three solar cells. Both the ideal and real solar cells show similar spectral responses for
each material. However, the reallsalemonstrate reduced magnitudes of output power due to
practicallimitations.

ComparingFig. 2.9 andFig. 2.10 shows that the real GaAs cell exhibits a narrower and lower
peak power response compared to the ideal case. In addition, the real Si cell shows a more
pronounced reduction the peak power region. While the Ge solar cell shows the most substantial
deviation between ideal and real performance.
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Fig. 2.9 Real wavelengtidependent output power of the ideal Si, GaAs, and Ge solar cells under a) AMO
and b) AM1.5G solar spectra
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Fig. 2.10 Real wavelengtidependent output power of commercial a) Si, b) GaAs, and c) Ge solar cells
under AM1.5G solar spectrum.
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2.5 Concept Validation

Curve fitting of the real wavelengitlependent output power curvBave been evaluated to
describe their formula as a function of the wavelength. The integration of the wavelength
dependent real output power functions of each ideal and real solar cell along its corresponding
wavelength spectrum range results in the averatgmibpower under the different solar spectra.

The average output power of the ideal Si, GaAs, and Ge solar cells under AMO and AM1.5G solar
spectra is (11 7 and o @Il 7), (b 7 and o &l 7) and € b 7 and¢g d 7),
respectively. On the other hand, the average output power of the real Si, GaAs, and Ge solar cells
under the AM1.5G solar spectrumd8 ¢ @, ¢ @i 7,andp @ Y7 , respectively. Then the

power conversion efficiency of the ideal and real solar cells under the different solar s&pectra
evaluated and compared to the Shodk@@yeisser limit and their respective datasheet values.
Table2-6 compares the calculated efficiency of the ideal and real solar cells with their theoretical
values. The close agreement between the calculated efficiencies and the SQ limip@yithior

all cases) validates the accuracy of our concept and calculations. This suggests its potential as a
reliable tool for predicting ideal cell performance across various materials and conditions.

Table2-6 SQ Limit and Datasheet Validation of the Ideal and Real Solar, Gedisectively

Ideal Real
Solar cell AMO AM1.5G AM1.5G
Calculated | SQ Limit | Calculated | SQ Limit | Calculated | Datasheet
(%) (%) (%) (%) (%) (%)
Si 8 8 8 8 8 8
GaAs 8 8 8 8 8 8
Ge 8 8 8 8 8 8

Based on the results showhove, | summarize the main points as follows

1

The SDM of a solar cell is extended for spectral sensitigitg the simulation was performed for
three different solar cells (Si, GaAs, and Ge). The analysis incorporated the ideal amokickal

solar cells with the spectrum partitioning patters shown imable2-2.

The ideal solar cells exhibit maximum short circuit current, open circuit volagepower points

at their respective bandgap wavelengths. However, real solar cells show these maximum
parameters at wavelengths shorter than the bandgap wavelength due towweldelissesas

seen irnFig. 2.3, Fig. 2.4 andFig. 2.5.

As GaAs has thiargest bandgap, it exhibits a narrower spectral response among the other solar
cells(i.e., Si and Gg followed bythe Si solar cellasseen irFig. 2.3, Fig. 2.4 andFig. 2.5.

Although Ge has the broadest absorption spectrum among the other solar cells, GaAs solar cell
exhibit better output characteristics due their higher bandgap and direct bandgayghich
contributes to exceptional absorption properties.

Fig. 2.6 illustrates the wavelengibased efficiency of the ideal solar cells and demonstrates that
the ideal GaAs cell exhilsita steeper rise in efficiency in the visible spectrum due to its optimal
bandgap and direct bandgap nature.
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1 Fig. 2.7 illustrates the wavelengtbased efficiency of the real solar cells. It demonstrates that the
real GaAs cell exhibits maximum efficiency within the visible spectrum, while the real Si cell peaks
slightly later. In contrasthe real Ge exhibits a broad response to the far infrared spectrum.

1 The respective bandgaps and photon absorption capabilities are critical for optimizing solar cell
performance based on spectral conditions and material properties.

9 Ge solar cells can be used in midtinction solar cellsoften as a bottom celind in infrared and
low-light applications. GaAs solar cells with their highest open circuit voltages and very good light
absorption properties are preferable for high efficiency and power applications such as space or
satellite systems. Si cells with thenoderate characteristics make them the dominant technology
for residential, commercial, and terrestrial installations.

2.6 Model Limitations and Future Work

While the extended SDM model with spectral sensitivity provideproved accuracy in
representing PV cell performance under varying spectral conditions, it has several limitations that
should be addressed:

First, the model assumes constant semiconductor material properties, including the bandgap
energy, which varies with temperature. Temperature changes can modify the bandgap energy,
carrier mobility, and recombination rate. Therefore, incorporating a temupedependent
bandgap model would increase accuracy, particularly for applications where the solar cell
temperature fluctuates significantly.

Second, the solar incidence angle varies throughout the day and across seasons, influencing
the absorbed photon flux and the effective spectral distribution at the cell surface. Future work
could include anglelependent optical modeling to better capthese effects.

Third, while the simulation is based on standardized spectral conditions (AMO, AM1.5G), the
solar spectrum includes both direct and diffuse components that vary dynamically with
atmospheric conditions. Accounting for the ratio of diffuse to direct irradiamd its spectral
content would further refine the model predictions under cloudy or partially shaded conditions.

Fourth, the current model focuses on sirjglection solar cells. The application of the model
to more complex architectures like mgjlinction or tandem solar cells would require significant
further development to account for spectral splitting and stumatching between stdells with
different bandgaps.

2.7 Summary

The spectrum wavelength dependency has been introduced into the photocurrent allowing for
extending the singtdiode model of solar cells with spectral sensitivity. The simulation was
carried out for ideal and real Si, GaAs, and Ge solar cells underediffeolar spectra according

to the spectrum partitioning summarized'eible2-2. This model requires evaluating the spectral
external quantum efficiency or the spectral response of the real solar cells and the spectral photon
flux density as well.

The results show that the wavelengtised efficiency of ideal solar cells increases linearly
with the wavelength up to the bandgap limit. While in the case of real solar cells, it increases to a
specific wavelength (peak wavelength) before the bandiy@n tends to decrease up to the
bandgap limit. This is attributed to the recombination, -ramhative losses, and inefficient
absorption. The proposed method was verified by comparing the calculated power conversion
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efficiency of the ideal and real solar cells with the Shockdegisser limit, and with their
respective datasheet, as seefable2-6. The results highlighted that by introducing spectral
dependency into the SDM equation of the solar cells, a more accurate representation of the cell's
performance can be achieved under varying spectral conditions, which is crucial for both
predicting ral-world behavior and optimizing solar cell designs for various applications. The
spectral dependence directly correlates with the material properties and their respective band gaps.
This approach provides a more nuanced understanding of how each mesgalds to specific
wavelengths of light. By optimizing the spectral response of solar cells, their efficiency and
performance under different lighting conditions can be significantly improved, leading to more
effective photovoltaic devices.

The comparison between ideal and commercial solar cells demonstrates the practical
limitations of realworld devices and highlights the importance of considering spectral sensitivity
in solar cell modeling. The extended SDM successfully captures thessesuproviding a more
accurate representation of how different materials and cell designs respond across the solar
spectrum. This approach offers valuable guidance for optimizing cell designs, selecting materials
for specific applications, and understarglthe performance gaps between theoretical limits and
practical achievements in solar cell technology.

Our contributions are summarized as follows

Thesis 11 have extended the single diode model (SDM) of the solar cell by incorpor
spectral sensitivity into the photogenerated current. | have implemented this model fc
solar cells characterized by different bandgap energies, including silicorafijygarsenide
(GaAs), and germanium (Ge) solar cells, at both ideal and realistic operating conditior
model is capable of handling changeghe input spectrum and adjust power output of
modelled solar cells, accordingly, showing @rént output characteristics, even though tt
theoretical limits are nearly identical. In addition, the model is capable of determinir
wavelengthbased efficiency and wavelengllependent real power output of each solar !
at both ideal and reatis operating conditions across different solar spectra. Furthermort
model reproduces both the Schock{@yeisser limit inthe case of ideal solar csland the
correct nominal efficiency value and power rating for real solar cells with sufficiemteagc
(below 1.5 % and below 2.5 % MAPE, respectively).

Related Publications The thesis's main concept has been published [& Joand [A D
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Chapter 3

3 Thermal-Electrical M odel of Hybrid Photovoltaic-
Thermoelectric Generator Systers

Renewable energy technologies continue to evolve, seakimayative solutions to enhance
energy conversion efficiency and address global energy challemgesdemand for high
efficiency renewable energy solutions has driven interest in hybrid systems that can capture and
convert solar energy more effectivgly23]. The integration of the PV and TEG devices sgk
hybrid PV-TEG systems represent a promising approactaddress some of the inherent
limitations of standalone P¥ells. Consequentlyhybrid PV-TEG systems represent a cutting

edge approach, offering a pathway to enhanced overall efficieBgy leveraging the
complementary nature of PV and TEG technologies, these systems utilize the solar spectrum more
effectively: PV cells convert sunlight into electricity, whitee TEG modules either harness the
waste heat generatbg the PV cellor theportionof thespectrum thaPV cellscannotefficiently

convert into electricityAccordingly,this synergistic combinatiocanmaximize thenarvestingof

the solar spectrum, offering a pathway to enhanced overall efficj2B4y

This chapter delves into the configurations, modeling techniques, and performance
characteristics of PMEG systems, highlighting their potential to revolutionize energy harvesting
by fully utilizing both the electrical and thermal aspects of solar energy.

3.1 Background

The hybridPV-TEG systems can be implemented in various configurations, each offering
unigue advantages and applications. The configurations of hyb+iItH®3/systems can vary based
on the arrangement and integration of PV and TEG compofi&&$ This chapter focuses on
studying two key configurations of hybrid PMNEG systems:

One oftersuggesteaonfigurationis the stacked PMTEG configurationjn which the TEG
unit is mounted on the backside of the PV cell and arranged in stacked [[E3@ksIn this
configuration, the PV cell captures sunlight and converts a portion into electrical energy, while
generating heat due to conversion protesseqseeFig. 1.13). Instead of this heat being wasted,
it is conducted to the TEG units, which convert it into additional electric power. This vertical
integration allows efficient utilization of available surface afé27]. However, stacked
configurations face thermal management challenges, maiméng from the contradictory
temperature requirements of PV cells and TEG units: PV cells perform optimally at lower
temperatures, while TEG efficiency increases with a higher temperature gradient. The performance
of both components is primarily determined I tthermal resistance atethinterface. This
resistance directly elevates the operating temperature of the PV cell, which increases the intrinsic
carrier concentration,esulting in a significant drop in open circuit voltage and a consequent
reduction inpower output Simultaneously, the thermal resistance of the TEG unit can reduce the
heat flow through it, leading to a lower temperature gradiE2®]. These challenges could be
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compounded by factors such as heat transfer resistances, thermal interface materials, and cooling
system designs.

An alternative approach is the parallel -##G configuration, which positions the PV cell
and TEG unit to work independently, allowing for direct energy harnessing from the sun for
electrical energy generation. The parallel arrangement enables moreveffesdt management
through the use of a spectrisplitting approacti129]. This approach employs an optical beam
splitter to divide the full spectrum between the PV cell and TEG unit based on the wavelength,
introducing thermal decoupling between compongi88]. A dichroic or hybrid optical filter can
be engineered to transfer photons with energies below or even much above the bandgap of the PV
cell into TEGs. This spectral allocation mitigates the primary loss mechanisms in the PV cells and
directly converts tm into useful thermal flux for the TE{231]. Consequently, it potentially
allows the PV cell to operate at lower temperatures, while enabling the TEG unit to function at
higher temperatures with improved E{IB2]. Moreover, the parallel configuration offers greater
flexibility in system design and enables independent optimization of each component for specific
environmental conditions. However, parallel configurations may encounter challenges related to
space cortsaints and system integratipt33].

Addressing these configurations within the same chapter facilitates a comparative analysis
and discussion, enabling a deeper understanding of their relative intricate interactions,
performance, challenges, and optimization opportunities. This unified agbprensures a
comprehensive evaluation of their potential for achieving higher energy efficegndgntical
operational conditions.

3.1.1 Literature Review

Various methodologies, innovative approaches, and modeling technmjukgbrid PV-TEG
systems arpresentedn the literatureA thorough review of existing researptovides a nuanced
understanding of the technological advancements, performance characteristics, and potential
challenges in suchybrid systems.This section aims to explore the findings prior studies,

identify gaps in current knowledgand establish the objectives that guide this analygis.
selected studies represent a cresstion of contemporary researgtiving the development of

more efficient and adaptable PNEG systems.

The autlors in[134] analyzed a stacked PVMEG configurationn whichthe TEGunitdirectly
utilizes the thermalenergy emitted from the backside of the PV CHfle system was examined
using an analytical model for fodifferent types of commercial solaells: crystalline Si (eSi),
amorphous Si (&i), copper indium gallium selenide (CIG&hd cadmium telluride (CdTe) cells
and a commerciddismuth telluride TEGThe degradation of PV performance with temperature is
shown to dominate the increase in power producedhbyTEG unit, due to the IowTEG
efficiency.For ¢Si, CIGS and CdTe PV cellsthe hybrid sysem produces lower power and
exhibitslower efficiency than the PV alone, whereas for i eell, the total system performance
may be slightlyinprovedby the TEGunit.

In [135] the auhorspresented a stacked PNEG system witha comprehensive heat transfer
modeldeveloped in MATLAB, incorporating airflow cooling of the TE®odules.The authors
demonstrated that undeigh irradiation conditionsrecoveredwase heatfrom the PV panels
increased theystemenergyyield. The gtimal placement ahnumber of TEG mdules were the
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key parameters influencing the systegerformancemaking it viable for practical application in
hot climates Similarly, the authordn [136], proposeda nonconcentratedlat-plate PV-TEG
system with a coppeabsorber plat¢hat integrate multi-crystalline PV moduleswith bismuth
telluride TEG modules They developed mathematical modsl of PV and TEG using
MATLAB/ SIMULINK environmentto simulate the performance of the system undeying
irradiance and temperature conditions, achiegingimprovementn overall efficiency compared
to the standalone P¥kll caseat STC conditions The TEG contributecan additional energy of
p ob,while cooling the PV panel further enhastheir electrical efficiency.

As the concentran hasa significantimpact on thebehaviorof each subsystem and the
performance of théwybrid system the authorsn [137] explored atheoreticalmodel for a
concentratingPV-TEG system The authors proposedetailed semiconductor equatiofisr
various PV materialsuch as crystalline silicompolycrystalline thin film polyme, and copper
indium gallium selenid®V cells The model integratethe semiconductor equations of the PV
cells andthethermal energy balanad the TEG The results showed thetystallinesilicon thin
film PV cells were most suitable ftreconcentrated systethroughanoptimized convectie heat
transfer coefficient and concentration ratio addition, the results showed thag¢ trolymer PV
cells performed better in nezoncentrated setups

Expanding on these desigrke authors ifil38] focused on a concentrated H¥G system
incorporating advanced thermodynasticat accounted fathe Thomson effect, often neglected
in ealier studies.A theoretical model of the CPVIEG was developed usingdATLAB
environmentincluding conductive, corective and radiative heat transfarhe findings revealed
asignificantpositiveimpact of the TEG osystemefficiency by recovering thermal energy from
the CPV indicatingthatthe overall efficiency and output powertbk hybrid system hae been
improved as compared to thattbéconventional PV system alorghe authorslemonstrated that
optimizingthe concentratioand number afthermocouples the TEG modul@laysa crucialrole
in maximizingt h e s yeformanceBhe results showed thattbhutputpowerof the staked
PVi TEG systemis maximum at an optimum value thie concentration ratiof o, and the number
of thermocoupless p ¢.X

Despite the contribution abovée researcheshifted their focugo parallel configurations.
In [139] the authors reviewed direct coupling and spectral splitting methods for hybfTEBV
systems witha focus on cooling systems and temperature management. For the parallel
configuratiors, the authors explored numerical and experimental approaches incorporating the
effect of effective cooling, optimal design, and high solar concentration ratios. The results showed
that splitting spectrum technigues enhance efficiency, allowing indepeoyeration withoua
thermal interface. Experimental resuiach as wh gallium arsenide solar cells, demonstrated an
U b efficiency increase, while hybrid tandem systems achieved efficiencies qpdtao p
surpassing the standalone PV cells. The used approaches outperformed conventional methods by
maximizing energy conversion through wavelergplecific utilization.

In [140] the authors proposed a mathematical model for a pamglbgld PV-TEG system
using a spectrum splitter. The model simulatdd/larid system using an amorphous Si PV cell,
Bismuth Telluride(Bi2Tes) TEG, and a hot mirror spectrum splitter to split the full spectrum
between the two devices. The wavelength rafigen T 1T t0 ¢ wmm andirom @ w@iT p d d m
are directed to the PV cell and the THEEspectively. The results showed that hiybrid system
achieved a relatie high performance. Howevethe authorgecommended that the choice of
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construction and materiaf boththe PV and TEG needs to be considei@slit influences internal
factors such as material resistivity and thermal conductivity.

In [132] the authors evaluated the performance of a patajletid PV-TEG systemusing
beamsplitting techniquesinder moderate solar concentrationise authorgestedthe individual
PV cell, TEGunit, andthe hybrid parallel PYTEG systemA Fresnel lens for solar concentration
anda beam spilitter to direct appropriate wavelength ranges to the PV and TEG compbments
results showethatusing a spectrum sgier reduces PV temperature and improg#iiency by
directing the nonruseful wavelength to the TEG component. The results demonstratethéhat
hybrid system demonstratedc@®wimprovemenin the power outputompared to the standalone
PV cellin the tested solar concentration range.

Similarly, the authors ij141] proposed a numerical model of a paraligbrid PV-TEG
systenusing a Fresnel lemndadichroic splitter The authors developedaedimensionamodel
to simulate the thermal and electrical performance of a pamglteid system undehigh solar
concentration conditionKey parameters such asitoff wavelength solar concentratigrand
cooling effectiveness are analyzethe results showed that theybrid systemis preferable
compared tahe PV-only system especiallyunderhigher solar concentration arah effective
cooling systemin addition,the authorslemonstratethe optimal cutoff wavelength to be between
P v andw v T i.

However, the auhors in[142] optimized the performance difie hybrid PV-TEG system
experimentallyat different cutoffwavelengthsof ¢ ¢, w,mand p p ri 1. A steadystate
experimental setup wassedto investigate system performance under varying conditibhe
system also feated a Fresnel lerfer light concentrationcoated spectral beam splittingnd
active cooling foiboth the PV cell and the TEG devidée results showed that thgbrid system
demonstrated a @ Pimprovement in the optit poweroverthe standalone P\¢ell ata cutoff
wavelength ofp Qiri.

3.1.2 Objective

Achieving optimal performanacaf hybrid PVATEG systemsequires a thorouglinderstanding of

their configurations, the interaction of operational mechanisms between PV cells and TEG
components, and performance metrias [¢1]. The literatureof hybrid PVTEG systemsemains
fragmented. Most previous studies have investigated either stacked or parallel configurations
separately using conventional approaches, primarily focusing on general performance or advanced
integration approaches. For example, in the stackedgoation, phase change materials are used

to target thermal energy buffering and temperature stabilization, and gradpdsste sheets are
implemented to enhance thermal transport and heat spreading from the PV cell to the TEG unit.
Moreover these studies are often conducted under different operating conditions, component
specifications, and modeling conditions, making it difficult to rigorously assess the relative merits
of each configuration or identify which arrangement performs best gpéeific condions.This
studybuilds on existing research &oldress these gaps presenting a unified thermalectrical
modeling framework that systematically integrates thermal dynamics and electrical behavior
across varying concentration levels, enabling the evaluation of physical phenomena and their
interactions. Additionally, it provides the first direct siddy-side comparison at both the
component and configuration levels, under identical operating conditions, enabling rigorous
assessment of their relative mef’qQ].
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By employing identical component specifications, environmental conditions, and validation
datasets for both arrangements, this work establishes design maps and highlights critical tradeoffs
between configuration type, key parameters, and temperature masrageroviding actionable
insights for optimizing nexgeneration PVTEG systems to maximize solar enehgyvestingand
enhance conversion efficiency. Accordingly, this represents the first time such an analysis has been
conducted in the context of hydrPVi TEG systems.

The subsequent sections will systematically unpack the theoretical foundations,
computational modeling techniques, asttierinsights that underpin the development of these
advanced hybrid energy conversion systems, with a particular focus on understanding their
performance characteristics, efficiency mechanisms, and potential technological implications.

3.2 Thermal-Electrical Modelling Considerations

This section discussthe physical structurand describes the paramettirataffect the behavior
of the thermaklectricalmodel of thehybrid PMV-TEG systemdn addition it describes thenergy
balance and the heat transfer mechasisithin bothconfiguratiors.

3.2.1 Physical Structure of the Hybrid PV-TEG Systens

Understandinghe structure oéachconfiguration istundamental and crucial for comprehending
its operating mechanismb addition,it provides insight to systematicallydentify, describeand
optimizekey parameteraffectingits behavior{143]. Fig. 3.1 shows the schematittagram ofthe
stacked and parallblybrid PV-TEG configuratiors['@Q]. Both configuratiors are composed of two
mainsubsystems, the PV cell and the TE@systemThe PV cell is a mc-Si solarcell, andthe
TEG subsystem consists of a heat collector (MQ)EG unitmade fromBi2Tes, and a heat sink
(HS).The total solar input power for both hybrid configurations is calculated over the full spectral
range ofo 1 to T Tt mimi. This range was chosen because photons outside of it contribute
negligibly; those below mtin i are absorbed by the atmosphere, and those beyond i have
very low flux.
In the stackedconfiguration the two subsystems are thermally coupled through the heat
collector, which serves as a critical interface between the two subsysisraeen ifrig. 3.1 (a).
For the parallelconfiguration the two subsystems are thermally decoupled, indicating an
independent operation mechanism. A spectral beam splitter has been used to split the solar
spectrum into twdnandsso that each device can operate efficieraty/seen ifrig. 3.1 (b). While
the spectrum beam splitters introduce optical losses due to reflection, transmittance, and
absorption, nowadays modern haahted dichroic or hot mirrors optics achieve very high band
specific transmittance or reflectance, ofteo @ tow w P144]. This makes the error introduced
by treating the splitt erleva smmoddélimgeccoldiggly,iindteeal 0 s
present study, spectrum splitting was modeled as ideal. This approximation simplifies the model
to compare the performancetbé stacked and parallel configurations under controlled conditions.
According to the energy of the incident photons, as the silicon PV cell bandg@pds 6
thewithin-bandgap spectrum of the rarfgem o o p p T i is transmitted to the PV cell, and
the postbandgap spectrum of the ranffem p p mtart i i is transmitted to the TEG
subsystem. This arrangement ensures that both devices operate at their optimal temperatures.
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Fig. 3.1 The schematic diagram @d) the stacked an) parallelhybrid PV-TEG cafiguration

3.2.2 Key Parametersof the Hybrid PV-TEG System

The performance of the PV cells and the TEGgoverned bya complex interplay of critical
parameters that significantlynfluence their electrical and thermal characteristjéd5].
Temperaturemerges siapivotal factor It is taken for granted thahe efficiency of the PV cell
degrades with the increasetemperaturelt was found irtheliterature that the maximumwutput
power of the PV cells decreasby @ 1@ P per kelvin increasg¢146]. This is mainly
atrributed to the negativdependeneof the open circuit voltagen temperatureise, despitethe
slightincreasén the short circuiturrent. For the TEG, the temperatdigerenceis paramount
where the output powes directly related to the temperature gradient acitsssot and cold sides
However, the hybrid systemgives insightsinto additional parametetdat directly orindirectly
affectthetemperatur@and thebehaviorof the whole systentnvironmentaloptical, thermaland
electrical parametemsereconsideredn the modetonstructionas listed beloWl47]i [151]

The amount and homogeneity ofd incident solairradiance

Spectral distribution

Ambient temperature

PV Technology

ThePVcelbs power conversion efficiency.
ThePV celb thermalpropertiesincludingemissivity,absorptivity conductivity, etc.
TheHeat collectod s t h e r maihcluging absoeptivityi cengluctivity, etc.
TEG Technology

Thermaland electricapropertiesof TEG unit material

Thegeometryof TEG p- and ntype legsincludinglength, width andheight
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3.2.3 Energy Balance and Heat Transfer Mechanisms

In thermalelectrical modeling of théybrid PV-TEG, accurately addressing titemperature is
crucial as itfundamentallyimpacts theperformance oboth sutsystens and thehybrid system
Then ¢ junctiontemperaturef the PV cellsand the interface temperataraf the TEGunits
are inherentlychallengingto measure directly due to their inassibility and complex thermal
dynamice. Modeling approachegypically treat eachsubsystemor layeras a single block of
materia) applying a unified THB equation which transformsintricate multtlayered thermal
interaction into more managealtemputational representatiofit52]. This approackenabls
integrated analysis araptimization of thenybrid PV-TEG systenthroughdetailedtemperature
interaction betweenomponentsThe modeling strategntegratesTHB equations with electrical
circuit models representing a caprehensive framework for analyzing system operation
mechanisra and potential performance improvemerntsthe hybrid PV-TEG system,the total
input energy(0 ) can be mathematically representecttss sum of thegain (0 ) and log

energy(0 )[7 | ]asfollows
0 o (3-1)

0 0 o . (3-2

Each energy componentequires individual definition and modeling necessitating a
comprehensive literature review to set uprapriate estimation methods

3.2.3.1 Total input energy

The total input energy quantifies the entire incident energy to the systeah is thestandalone
PV cell, PV cell in the stackedonfiguration and the PV cell and TEG subsystem in the parallel
configuration The total inputpoweris governedby severalfactors such ashe intensity and
spectral distribution of thencident irradiancesurface area of the subsystem,and optical
parameters The most commonequation used to estimate the totalput power

On 4,7 7 ) based on their corresponding minimum (y , , 7 ) and
maximum( {7 ) spectral wavelength limiis given as follow$141]
6 h T 7 f - 0 h ¥ 0 7 h (3_3)
A7 » ’
AoohoR 7 O- 117 ..
where'o_  , , isthe solar spectral irradiance directed to the standddheell,the PV

cell in the stackedand parallel configurations, oto the TEG subsystem in the parallel
configuration[7 T ], — Is the optical efficiencyof the concentratgorchosen asouv p

0 7y p listhesurface area of the PV aalHC in the paralletonfigurationi 1,andCy p vrz 95
is the geometd concentration ratio of the PV cell or the TEE In the stackedonfiguration the
geometric concentration ratio of the PV d€l}, p \[-]) is calculated afL53]
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6fr O 4o (3-4)

While for the parallel configuration for the same concentrator ar¢ac, [l 1), the
geometrical ratio of the TEGCy 1 e &-]) is coupled with that of the PV cell for equivalent energy
harvesting of both devices, as follows

0 g Or 0 0 p 0 5. (3-5)

Through the application of Eg&-3) and(3-5), considering the designated surface areas of
the PV cell and HC alongside a specified geometric concentration ratio of the PV cell, it becomes
possible to ascertain the geometric concentration ratio for the TE@naleivaluate the spectrum
based input power transferred to both devices. The input power dfydwitd systems is calculated
at the full spectrumanges frono Tttt 1T Tl 1l with a power density ab wd 7 71

3.2.3.2 Gain Energy

The gain energy captures the electrical energy prodiicedg[7 | ]) and thenternalthermal
energy generate@ s[7 T 1) within the deviceas decribed in Eq(3-6).

] U 8 0 . (3'6)

Distinguishing between usable and nonproductive thermal energy provides insights into the
devicebds energy conversion efficiency and the
PV cell alone, thermal energy might be considered nonproductive. HovireVgy/brid PVTEG
systems, the generated thermal energy becomes valuable and usable, highlighting the complex
energy transformation process within the system. In the stacked configuration, a portion of the
gained energy is converted into electrical epdrgthe PV cell, while the rest heats the cell, and
the waste heat can be used by the TEG subsystem. In the parallel configuration, splitting the
spectrum between the PV cell and the TEG subsystem allows for efficient utilization of the energy.
The part 6 the spectrum that drives electricity generation with minimal heat side effects is used
by the PV cell, while the thermal energy is effectively transferred to the TEG subsystem for
additional electrical harvesting.

The electrical energyroducedby the PV cell in bothhybrid systemscan be accurately
determind by evaluaing their temperaturelependent output powéhrough Eqs(3-7) to (3-12)
[123]i [126], recognizing that the temperature abrufiliows the changes in the absorbed energy
[76]. It should be noted that the front and back surface temperatures of the PV cell are assumed to
be practically identicalas the PV cell is very thjra single temperature is considered for the PV
cell. Thetemperaturedependenshort circuit currenfls cTpy ! ), can be given a@®llows

0y O T Y Y ‘@0, (3-7)
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whereais the current temperature coeffici¢at 613 ], Tev is the temperature of the PV call ,
T, is the temperature of the PV cell at STC of 2980is the solar irradiancer | ], G, is the
solar irradiance at STC, aidy, is the standard short circuit curremwhich is estimated as follows

O K 6 000 0, (3-9)

whereO 0 ‘@ the external quantum efficieny}, which is given in the datasheet of the PV cell,
ande isthe accumuladphoton flux TBDET Ol TG ,and_ and_  are the minimum
and maximum spectral wavelength of the incident solar radidtionThetemperaturelependent
open circuit voltagéw Y 6 ) can be defined as follows

O Y o 1Y Y & a#QO, (39)

wherg is the voltage temperature coeffici¢at o¥3 ], whileais the irradiance correction factor
[-], andw f is the standard open circuit voltagéhich is estimated as follows

®r & © GE0RO p. (3-10)

Thetemperaturaependentill factor (OOY []) can be evaluated base
fill factor atthe STC conditionR F [-]), and the fill factor temperature coefficient 70 ) as
follows

00y 00 p YooY . (311

Thus, the temperatwaependent output power of the PV céll (Y @ ) at a specific
light concentration level is evaluated as follows

0 Y 0°Y 6 Y O0Y . (3-12)

Thetemperaturalependent output powerevaluated in E((3-12) satisfies the output power
of the PV cellin bothconfiguratiors, which will be derivedfrom the energy flow chatater.On
the other handp accurately determine the output eneggyerated bthe TEG unitin bothhybrid
systems,Eqs. (1-22) to (1-44) should be evaluateds aforementioned irthe section1.4.3.1
according to the corresponding thermal energy

3.2.3.3 LoseEnergy

The second part of the therntedatenery balance equation represetiie heat losses released to
theenvironment through different heat transfer mechanisosh agonductie, corvective, and
radiatve. While these three main heat transfer mechanisms are essent@dwoaluation oheat
losses, many of the existing models share common assumptions tleat tregm The following
points list many assumptiofs57]i [162].
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1 The heat losses from the side edges of the PV cell and the heat collector subsystems are negligible
due totheirsmaller surface areas.

1 The conductive heat transfer between adjacent compodenigatesover the radiative heat
transfer.

1 The heat losses resulting from partial shadow, low irradiance, dirt accumulation, joule heating
through wire contactsnd diode losses are all neglected.

1 The impact of the Antieflecting coating is neglected due to its smaller thickness.
1 The effect of the metallic contacts and frame thatourd the PV cell subsystem structural layer
is neglected.
1 The physical and optical parameterstbée PV c el | and the TEG Subsys

homogeneouydsotropic andtemperature independent
1 The temperature hasromogeneouslistribution over the surface of the PV cell aheé heat
collector layer.
The ground temperature is equal to the ambient temperature.
The ambient temperature is homogeneous all around the PV cell and TEG subsystems.
Wind speed is considered neglected.
Spectrum splitting is modeleadeally.

=A =4 -4 =4

Convectve heat transferdemonstrates the transport mechanism betwessurface of an object

and the surrounding air [163].9kedonediechNatisvgowemeds | aw
by a constant parametéenotedasthe convetive heat transfer coefficientsg 7 I + ). It

can be evaluated as follows

0 5 Q Y Yo, (3-13

where 4 and 4 are module and ambierdir temperatures + , respectively. The
convectve heat transfer involves two mechanismbe forced conveote mechanismis
characterized byhe forced convectie coefficient Ez o); and the free or natural conveti
mechanism which is characterized bythe free convectie coefficient Ezp)s Ahe type of
convectve heat transfer mechanism is based on the environmental condiiossof the recent
literature handlindybrid PV-TEG modeling incorporasghe free comective mechanisnj164]i
[167]. The free conveote coefficient is evaluated through tEes. (3-14) to (3-18) [168].

Q YUY 0 . 314
- I ‘ 0 - (3-14)
U
0 67 (3-15)
Y O 0, (3-16)
56 ™Mt Y ! h 0Qdo PR "FaddanQ (3-17)
X Y h "OQ&o MY "TdR0E 0 ¢
’TQ _
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The following points set some notes and define the parameters of the eq(@tldhso
(3-18

=

"0 [-] refers to the Grashof Number describing the ratio of buoyancy forces to viscous forces in a
fluid; here it is theair.

Qi O refers to gravitational acceleration.

I+ refersto the volumetric thermal expansion coefficiens.dtrepresentation of the inverse

of the average temperature between the surface and ambient temperatures.

9 0 [ refers to the characteristic length.

=a =

1 0 [ Orefersto kinetic viscosity.

1 0[] refers to the Prandtl Number describing the ratio of momentum diffusivity to thermal
diffusivity.

9 ‘[EEC O ]refersto dynamic viscosity.

T 0 *EC + refers to specific heat capacity.

1 Q71 + referstothermal conductivity.

1 Y [-] refers taheRayleigh Number characterizing the type of fluid flow and heat transfer in natural
convectve heat transfer

9 Q 71 + refestoair thermal conductivity

T 006 []refersto the Nusselt Number of the free conwechieatransfer Eq. (3-18) is applied

for a horizontal plate condition, whettee vertical plate case has a different equation.

Radiative heat transfermechanisnoccurs through electromagnetic waenitted by surfaces at
different temperature$160]. Radiative energy transfer depends on the surfapeoperties,
emissivity, and temperature differenc&he radiative heat transfeccan be described based on
Stefari Boltzmann as follows

0 - o, Y Yo, (3-19
where Us gis the StefanBoltzmann constan? i+ , andris the emissivity of a surface [
]. Table3-1list different method$or estimating th@mount of radiative energyom the literature

review.

Table3-1 Radiatbn heattransfer equations

# Method Expression Eq. # | Ref.

StefanBoltzmann Law 0 -0, YooY T3 [169]
_ - o . v " T32

2 | View Factor Method v - T o} " @] Y Y [170]
Kirchhoff-Planck Radiation S, xR T33

3 Model 1, ¢ R_NYO6 _hWYA [171]
Diffuse  Gray  Surface o " v . . . T34

4 Radiation Exchange lors © Y Yol PR IR P [172]
Absorbed Solar Radiation

5| and Thermal Radiatiof 7,,4 | O R Azn 47 T35 [173]
Model
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The following points define the parameters and other notes that are common between the different
expressions listed ihable3-1.

1 The subscriptp andg refer to two distinct surfaces that are exchanging thermal radiation; surface

p might be the solar cell surface or the TEG subsystem surface, while sudaakl be the sky

or the surrounding environment.

o | refers to the total surface area participating in radiation exchange.

rR[-] describes the surface efficiency for thermal radiagonitting] and refer to the emissivity

of surfacep and surface, respectively.

For polished metals 18t ¢ 1@t bpainted surfaces T T

1 & [-] represents a dimensionless geometric parameter, referring to the view factor between
surfaces& pfor surfaces thatancompletely see each other.

1 _ ¢ refers tathe spectral wavelength of electromagnetic radiation.

i _A'Y [] refersto the spectramissivity.

6 Ay 71 OOI refersto Plarck 6 s s p e ¢ t It dedcribes éhd énargy @mitted by

a black body at a specific wavelength and temperaturefi’Y '
oflightofo pmi O

=a =4

= =9

j , whereis the peed

1 | [-] refersto thesolarabsorption coefficient
T ©O 71 refers tancidentsolarradiation
1 4 + referstathe temperature of theigaceparticipating in radiation exchange

Conductive heat transferis a fundamental thermal transport mechanism characterizedeb
direct transfer of thermal energy between two surfaces in physical cfifiagtin the stacked
hybrid PV-TEG configuration conductve heat transfer occurs primaritiiroughthe PV and the
HC interface This mechanism is evaluated bé®sm the thermatonductivityand the physical
geometry othePV cell as follows

0 ™ Y Y (3-20)

where4 and 4  are the temperatusef the hot and cold surfaces , Qis the thermal
conductivity of the materia7 i + , 0 is the crossectional area of the contact surface and
Qis the thickness of the PV cell . Table 3-2 compiles different theoretical and empirical
techniquesfrom the literature reviewthat describ the conductie heat transfer mechanisms
particularly inhybrid PV-TEG syster.

Table3-2 Conductve heat transfer equation.

# Method Expression Eq. # | Ref.

Fourier 6amla®@onducit 1 T /OMo T36 [169]
2 | ThermalContact Resistance Model | 7 pi'Y Y4 T37 [174]
3 | Modified Thermal Interface Model | 7 p/'Y Y4 Q © YUY T38 [175]

The following points set some notes and define the parameters of the equations that are
mentioned inTable3-2.
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1 Eq.T 3-6 describes the steadyate heat flow through a homogens material. The negative sign
indicates the heat flow from higher to lower temperat@epQ co+ | refers to the temperature
gradient in the direction of heat flow.

1 Egq. T 3-7 quantifies heat transfer resistance at material interf¢esefers to thermal contact
resistancel + 7 that depends on material properties, contact pressure, surface topoldgy
interstitial material V4 refers to the temperature difference across the interface

1 Eqg.T 3-8 combiring conductve and convectie heat transfer mechanismY refers tothe total
thermal resistancet 7 that models the parallel heat transfer paths or multiple layers. The
computational approach for estimatithgtotal thermal resistance of parallel heat transfer paths or
multiple layers can be describedppyy pj'Y pi'Y E pj'YandY Y Y E Y
respectively.’Y RY 8 'Y refersto the thermal resistances of individual paths or layes
which canbe calculated a8y  0j 0 0, whereU, 0, andd represent the thermal conductivity,
thickness and crosssectional area of the interface layB8], [54]. The other part of Edl 3-8
represents the conveatiheat mechanism whei@efers taheconvectve heat transfer coefficient
[71 + 1,0 refers to the interface areh , and"Y, and"Y refer to surface temperatures on
either side of the interface .

3.3 Detailed Model of theStandalonePV Cell

Fig. 3.2 shows the energy flowhart of the standalone PV cell that operates on its own without
any cooling mechanism.

tag 50
Vwi g 51 Vi hos  oF
\\/
t
PVCell ﬁtf{!
leﬁﬂ! /V/-Eﬂiﬁ

Fig. 3.2 Energy flow chart othe standalonéV cell

_ The front and back surfaces obtRV cell in thestandaloné’V cellaresubjected to radiate
(b 5 r 7 ) and convectie (L i n 7 ) heat losses, which can be calculated as
follows

O srRr YR - Rr O Y i Y h (3-21)
O  wnhr Yi 6 Q nanrr Y Y h (3-22
where- jy represents the emissivity of thent and back surfaces of teelar cell[-], Y j

is thetemperaturef thestandalon®V cell + , 'Q ; 5 7 isthefree convectie heat transfer

coefficient of the fronfand backsurface of the stadalonePV cell 71 + . Following the
energy flow ofFig. 3.2, thethermal balance equation describing the output power of the standalone
PV cell @ j )is described as follows [44]
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0 nrrr O fanwrh (3-23)

CA
>5¢
¢

CA
¢
¢

where| is the absorptivity of the PV cell andd ;  is the input power transferred to the
standalone PV cell ahe full spectrumranging fromo m T 1t T T, with a power density of

w7 A
3.4 Detailed Model of the StackedConfiguration

Fig. 3.3 represents the energy flow chart of the staci@digurationthat has a thermal coupling
between the PV cefindthe TEG subsystenjsi].

tagr 5 ¢

Vwia 5 ¢ Vihbes ¢

teome
Visge

Heat Sjp)

Fig. 3.3 Energy flow chart of the stacked PNEG configuration

The PV cell in the stackedonfigurationis subjected to radia® (0 { 7 ) and
convectie (0 R r 7 ) heatlossesnly through its front surfagevhich canbe calculated
as follows

O nfp Yr - 0 Y § Yo, (3-24)

O  fh Yh 6 Q fgr  Yr Y, (3-29)

whereY ; i s the PV cell 6s tcanfigpraionat, @Qr ¢ j iigthefreb e

convecte heat transfer coefficiertf the frontsurface of the PV cell ithe stackedonfiguration
71 + .Aconductieheat(0 7 )istransferred to the TEG unit through the hihich
can be evaluated as follows

~

V] Y i hY o jQ Yy Yg o, (3-26)

where"Y j is thetemperatureof the HCin the stackedonfiguration + , 'Q is the thermal
conductivity of the PV cell7 | + ,andQ is the thickness of the PV cell . These heat
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losses alongwith the conduad heat depend entirely othe temperature of the junction point
between the PV cell and the TEG une.,h e PV c el | 06 Rollowiegrthe energytflawr e )
of Fig. 3.3, the thermal balance equation describing the output power of the PV cell can be
evaluated as followd41]

0 5 Y i AY g | Ofrr O fmp O Fr O (3-27)

wherey , 4is the absorptivity of the PV cdH], andD  j is the input power transmitted to the
PV cell in the stackedonfigurationof the full spectrumranging fromo Tt T 1T T T, with a
power density ofo w& 7 7l . The surface areaf the HCis assumed to be identical to the surface
area of the PV cell.

Theabsorbedheatat the hot side of th&EG unt in the stackedonfiguration(0 7 )is
related to the absorptivity of the HC ( [-]), which can be described as folloj43 6]

05 Y RY j | 0 , (3-29)

In addition,it is defined as the condwettheat from the heat collectgoverned by the temperature
difference betweetheheat collector temperature atiek temperature of thbot side of th@EG
unitin the stackedonfiguration( “Yy + ), whichis as follows[177]

0 Y R AYR o6 iQ Y Yy (3-29

where®Q ,6  andQ pl | are the thermal conductivitgurface areand thickness of
the HC, respectivelyThe HS is affixed to the cold side of the TEG uymithere the heat can be
removed.The heat removedttheT E G u aold sidgis the stakedconfiguration(Z . ;5 3 4)
can be represented fadlows [177]

0 "V Q 0 i "Yq Y , (3-30)

where”Y; and Y are the temperatwseof the T E G u oold tsidesn the stacked
configurationand the coolant temperaég respectively + , "Q is the heat transfer coefficieot
the HS 71 + ,andd ¢ is thesurface area of thHS in the stackedonfiguration |
which isidentical to the surface area of the HC.

3.5 Detailed Model of the ParallelConfiguration

Fig. 3.4 shows theschematic diagram of thgarallelhybrid PV-TEG configurationwhere the two
subsystemare thermally decouplddw]. A spectral beam splitter has been used to split the solar
spectrumbased onthe energy of the incident photon& solar concentrator directs the
correspoding solar spectrunonto the PV celand the TEG subsysterasdifferent concentration
levels.
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Fig. 3.4 Energy flow chart of thearallelPV-TEG configuration

Unlike the stackedonfiguration there is naconductecheat between the PV cell and TEG
subsystemsdue to their thermal decouplinghe PV cell in thegarallelconfigurationexperiences
radiatve (0 ;  rr 7 ) and convectie (0 A B ra 7 ) heat lossethroughfront and
back surfaceswvhich canbecalculated as follows

Cn

iRy YR - pr O ” Y i Yo, (3-31)

C

FRoRr YR O Q wanr Y Yo, (3-32

where”Y ; i s the PV cell 6s tcenfigprationatt, K g izp isthd e
free convectve heat transfer coefficierdf front and back surfaces of tl®/ cell in theparallel
configuration 7 I+ . Following the energy flow ofFig. 3.4 (a), theoutput power of the PV
cell in the paralletonfigurationcan be characterized as folle{t41]

0 n “Yi | O & k O ®%awkr O A F A7, (3-33

where0  ; is the input power transmitted to the PV cell in the parabheffigurationof the

full spectrum ranging fromo Tt p p T T, with a power density of & 7 71 . The HC has
no thermal contact with the PV cell, 8@ sun is the heat energy souimethe TEGsubsystem
Following the energy flow ofig. 3.4 (b), the TEGsubsystemnin the parallelconfigurationis

subjected to radiate heat losse§) 5 7 ), and convectie(0  { j 7 )which can
be evaluated as follows

0 5 Y - 0 N Y g Yo, (3-39)
0 ®%r YR 0 5 Q g YRooOY (3-39)
whered | isthesurfaceareaof HC in the paralletonfiguration i, which is independeraf

the surface area of the PV ¢é€l ; is thetemperature of thelC in the paralleconfiguration
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+,andQ  j is the free convectve heat transfer coefficiemdf the HCin the parallel
configuration 71+ . As a consequence of the decoupling, the absorbedttbathot side

of the TEG unit is related to the specttbma s ed 1 nput sol ar energy, H (
radiatve and convectie heat losses of the TEG unit. This relationship can be described as follows

[178]

0 h Y I O0fr f 0O F f 0 hoh, (3-36)

whered j f is theinput powertransferred tdhe TEG unitof the bandgap spectrymanging
fromp p mtaw T Tl Ti, with a power density gb w@7 71 . Similarly, the absorbed heatthe
hot side of the TE@ the paralleconfiguration(Z, 5 4 ) is describeds follows

0 f Y AYR o6 jQ Y Yy, (3-37)

wheréY  and Y} arethetemperature of the HCandhot sideof the TEG unitin theparallel
configuration respectively + . The heat removedtthe T E G u cold sides the parallel
configuration(Z, 5 4 ) can be represented fadlows

0 "Yg Q 0 5 Yy Y , (3-38)

where4,; igst he temperature of t hparal@dér@gumation+ ,@sl col d
! 3 fisghesurface area dfiS in theparallelconfiguration i, which is identical to the surface
area of the HC.

3.6 Mathematical Model Framework

Two distinct thermalelectrical mathematical models are proposeatough sectionsl.4.3.]

3.2.3.2 3.4,and 3.5. The standalon®V cell is simply modeled by the equatio(®7), (3-9),

(3-11), (3-12), and(3-23). For the stacked configuration, this model is expanded to include the
TEG subsystem by considering their thermal coupling and energy balance dynamics. Accordingly,
the stackedconfiguration is represented by equatiéhst2), (1-43), (1-47), (3-7), (3-9), (3-11),

(3-12), and (3-27) to (3-30). While, for the parallel configuration, the two components are
thermally decoupled, and each device is modeled independently, PV cell is described by equations
(3-7), (3-9), (3-11), (3-12), (3-33) whereas the TEG subsystem is modeled by equaticag),

(1-43), (1-47), and (3-36) to (3-38). The proposed mathematical model is programmed in
MATLAB R2021a in which the flow charbf the simulation process is summarized-ig. 3.5

[i2]. The simulation starts by defining input parameters such as irradiance, ambient temperature,
material propertiesand system geometry. Depending on the configuration, the roalteilates

the PV cell temperature based on the energy balance approach that accounts for the input solar
power, optical losses, thermal lossasd electrical power. Eleven nonlinear equations described
eachhybrid system. In the stacked configuration, they are solved to account for their thermal
interaction. The parallel configuation solves them separately in two stages. W#eTLAB
systemO® T, wherehis the solution vector. The solver employs a NewRaphson iterative
approach, computing the Jacobian matrix at each iteration to update the solution vector until
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convergence is achieved within specified tolerance, typipafty. If convergence is not achieved,
the solver updates the solution vector udingJacobian matrix and continues iteration. Upon
convergence the simulation exports the unknown parani€ers ,O'Q® ,"Y ,"Y,"Y,"Y ,

t

0 ,0 and@f eachhybrid system.
System I nput Paffameters

[0.G, Gy s 6P o P e dcoon Taiar
physical and materijal parameters of PV an
TEB

Stackd&dEGPV Par al {TEIG| PV
System System

! | }

Defi ne Ejusattearpns of Def i ne EQusattd pbDesf i ne ESwsatt4 m
PVTEG of PV Cell of TEG
F=@X) E§Lé Eqll F=@X) EqLé Eq5] | |F=@X) E§6 ¢ Eql]
y + y
Initialize Sol ution Vector X Initialize lnitonal Veet ¢
Xo Xo l¢-
> [IS@VOG F FPPVTPVTH' TCI
ThoQuQcand | UscVooFFPevan ¢ M| [T T ThoQuQcan | |
MATLAM Solver Confidquration

M opt izOpg i mo@ tsiddDniss p 1 &) §%F
[x,f viafs o(F,x&@pti)ons
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Usifiigcobi aon Usiflgcobi an Matrix

Export the Results

Fig. 3.5 The Simulation Process in MATLAB R2021a.

The PCEof the standalonBV cell, and the PV cell in thetacked and parallel configurations
(- n ¥ ¥ P )canbe calculated as follows

VYR 7

- Yhoror FToT T s h

(3-39)

=
|
|

where 0 representghe total input powerThe total input power is determined by optical
efficiency, light concentration level, and device afHge heat absorbed and removed by the hot
and cold sides of the TEG unit is the means of the output power of the TH®unif y P ),

which can be evaluated as follojt§9]
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(3-40)

The energy efficiencyf the TEG unitin the stacked and parallebnfiguratiors (— ¥
P ) can be calculated as follows

0 fr (3-41)

The overall efficiency of the stacked configuratior ( P ) and parallel

configuration € i P )can be evaluated as follows
. ) (3-42)
U 3
0 & 0 i (343
J— F] = 8
v 8

The technical specifications, physical parameters, and material properties of the[P80gell
and the TEG subsystefi81] are tabulated iable3-3.

Table3-3 Specifications, physical parameteasid material propertiesf the PV cell and TEG subsystem.

PV Cell [151], [182], [183]
Parameter | Value Unit Parameter Value Unit
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3.7 Simulation Resultsand Discussion

The performance analysis of the standalone PV cell system and hybfi@®\tonfigurations

has been conducted under steathte conditionsSection3.7.1 analyzes the performance of the
standalone PV cell for different light concentration levels of 1 to 5 Sdesnwhile, sction3.7.2
performs a comparative investigation of the stacked and pamghield PV-TEG configuratiors.

The performance of the PV cell is compared between the configurations with an identical
comparison performed to the TEG unit, to underscore their respective contribution to the
performance of théhybrid system. Then the overall efficiencies of both configurations are
evaluated and@dompared, alongside the PCE of the standalone PV iglnately, the overall
efficiency of both the stacked and paratiehfiguratiors is evaluated and compared, along with
the PCE of the standalone PV cell.

3.7.1 Standalone PVCell

Thetemperature of the standalone PV cell is evaluated to assess its influence on heat losses
electrical parameters, and subsequently on the output power and efficiency of the PV cell.

3.7.1.1 Thermal and ElectricalAnalysis

Fig. 3.6 (a) shows the input solar power transferred to the standalone P\Ocell{ [7 ]),
calculatedbased orq. (3-3), where the solar radiation spectrum is the full solar speatinging
fromo ot 10 T T with a power density ab wd7 I . With the increasi light intensity,
the irradiated powed , ;; increases fronp 8 WY ato j ptox @ wo ato j v.
Without any cooling mechanism, this raises the temperature of the PV ceth fodm p+ ato |
ptoT T& U+ ato L, as seen ifrig. 3.6 (b). This temperature rise significantly exceeds
the recommended operational range for crystalline Si solar cells, indicating thetresd
conditions. The thermal response can be analyzed basgd.¢8-23), where the temperature
dependent total heat losses of the standalone PVicell (; 7 ) comprise the radiation
O 5 7 ) and convection( F r 7 ) heat losses as depictedFig. 3.6 (c). The
0 r of the standalonBV cellincreases rapidly with the increasdhe light intensity(up to
VBIOoW ato j L), which is primarily attributed to thexdiative losses. In other words, the
ratio of the heat losses to the input solar power ( 1 70 ; 5 [-]), indicates that ab f
v, only ¢ & @ Pof the input power remains available for conversion, which degrades the
performance of the standalone PV cell.

Fig.3.7 & @ shows théO, ® , and"O"®f the standalone PV cell for the different levels
of light concentrationlt can be concluded that with the increas¢he light concentration level;
the temperature of the standalone PV cell increases, and the number of photons striking the surface
of the PV cell increases generating a higher density of photogenerated etexdérqairs within
the semiconductor materiaiich result in a higher current density, including tBe as seen in
Fig. 3.7 (a). TheO increases fromp& 1 @ ato | ptoo @ Y@ ato v, with the
temperature coefficient accounting @ Pof the change and light intensity contributogg P
This increased current density can lead to further significant recombination of eleckequairs,
thus reducing the effective lifetime of the charge carriers within the cell, which results in a decrease
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inthew , as seenifrig. 3.7 (b). Thew of the PV cell decreases fromd p & ato pto

™ T@ato j v, demonstrating a significant temperature penaligo, a higher current

passing through the cell increases the voltage drop across the series resistance, which reduces the
voltage available from the cell, thereby reducing®®i.e., the reduced and the increased

leakage current, both of which can lower #@8®@f the cell, as depicted iRig. 3.7 (c). The' OO
decreases from ® w RtO j psuntop @ p RtO j L.

3.7.1.2 Output Power andPower Conversiorkfficiency

Fig. 3.8 (a) depicts the output power of the standalone PV cell across different light concentration
levels. A portion of the input solar power transferred to the PV cell is inevitably lost due to optical
losses§) { 7 ), whichisapmbofOd 5 according to the value
absorptivity. These optical losses increase proportionally with the concentration ratio, reducing the
effective input power available for conversion. However, the input solar power transferred to the
standalone PVdll is partially able to offset the increasitmal losses, despite the increasing

0 i 70 5 ratio with the increasm the light intensity. Consequently, this sustatims
increasing output power of the standalone PV cell with the increase in the light inteasigen

in Fig. 3.8 (a). On the other hand, the notable increase iiCthie more significant and outweighs

the anticipated decrease in ttee and"O"0OAs shown inFig. 3.8 (a), the output power of the
standalone PV cell risex® Ttimes ato j L. This reveals that the rate of increase in output
power is impeded by the fraction of increased thermal losses relative to the input power, resulting
in a decrease in electrical efficienciyherefore, operating the PV cell under these conditions

negates the advantage of l i ght concentration
temperature coefficient parametdfgy. 3.8 (b) illustrates that the PCE of the standalone PV cell
diminishes with the increase in the light intensity, e.g., it decreage&ta) @ a0 v.

The thermal, electrical, and output performance of the standalone PV cell at different light

concentration levels are tabulatedimble3-4.
(@)

60-

80-

-3
=]

Input Power (W)
IS
o

o 8

4

N

£
o
I
1)
@
<]
3
T
I
I

Temperature (K)

o
-
N
w
IS
&

5

Concentration Ratio

Fig. 3.6 (a) Input power, (b)emperature, and (c) heat losses of the standalone PV cell under different
light concentration levels.

63



o
~
=}

Shotr Circuit Current (A)
= N "

[5)] 15 [, n

Open Circuit Voltage (V)

o o

o w

[
N
w
IN
o
=
N
w
IN
o

(@) (b)

o
©

Fill Factor (-)
o o o o
(=) N S [=2]

3
(©
Concentration Ratio

Fig. 3.7 (a) Short circuit current, (b) open circuit voltage, and (c) fill factor of the standalone PV cell
under different light concentration levels.

12

8
4
0
1 2 4 5

3
(@)

20
15
10
5
0
1 2 3 4 5
(b)

Concentration Ratio

Output Power (W)

Efficiency (%)

Fig. 3.8 (a) Output power and (b) PCE of the standalone PV cell under different light concentration
levels.

Table3-4 Output performance of the standalone ¢&ll at different light concentration levels.
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3.7.2 Stacked and ParallelConfigurations

Themethod by which solar energy is transferred to the stacked configuration differs from that of
the parallel configuration, owing to their distinct configuration structure. In the stacked
configuration, solar energy of the full spectrum passes through le sindace area, that of the

PV cell, while the parallel configuration utilizes two surface areas, those of the PV cell and the
TEG subsystem. These distinctions in energy transfer pathways inherently affect component
performance. Therefore, the operatiobehavior of the PV cell and TEG subsystem has been
analyzed siddy-side indepth across configurations. Accordingly, the overall performance of the
stacked and parallel configurations has been evaluated and compared, as well as the performance
of the saindalone PV cell.

3.7.2.1 PV Cell Performance

To precisely quantify the influence of the PV cell in both configurations on overall output power
and efficiency, a comparative analysis of their thermal behavior and tempetapamedent
electricalparameters is presented

3.7.2.1.1 Thermal and ElectricalAnalysis

In the stacked configuration, neagyrt Ttdf the total solar energy reaches the PV cell, while only

Y B ¢ p B transferred to the PV cell in the parallel configuration as a result of the spectrum
splitting principle. Consequentlythe input power transferred to the PV cell in the stacked
configuration is higher than that in the parallel configuration, and gets more pronounced at higher
concentration levels, as seerfig. 3.9 (a). Specificallythe PV cell in the stacked configuration
consistently receives abogtt Fnore input power than in the parallel configuratidhis is one

of the reasons for the higher temperature of the PV cell in the stacked configuration compared to
that in the parallel configuration, as seerfig. 3.9 (b). Furthermore, the stacked configuration
introduces a thermal resistance between the components, thereby influencing the temperature of
the PV cell. As a result, the PV cell in the stacked configuration experiences a temperature that is
1 8 higher than that in the parallel configurationdat; p, which widens top & + at

0 p v, as seen irFig. 3.9 (b). While the PV cell in the stacked configuration dissipates
radiativeand convective heat from only the front surface, it exhibits  thatiso v igher
ato p p and increasing to w RAtO j L compared to that in the parallel configuration,

which dissipates heat from both surfagcas seen ifrig. 3.9 (c). As relative to the input power
transferred to the PV cell in each configuration, the heat lossestratio (; 70 ; [-]) reaches
X @ 1 C ik the stacked configuration agd@ Tt p ik the parallel configuration at j .
These results demonstrate that the stacked configuration is under significantly greater thermal
stress than the parallel configuration or the standalone PV Tdwl.input solar power, the
temperature, the heat losses, and their ratio to the input power of the PV cell in both configurations
are tabulated ifable3-5.

Fig. 3.10 illustrates how the temperatudependent electrical parameté, w , and"O"0O
vary in each system under different levels of light concentrafionsistent with the resulis Fig.
3.9(b),Fig.3.10(a) shows a corresponding increase iri@hef the PV cell in both configurations.
However, at each light concentration level, the PV cell in the stacked configunagiotains
higher current values compared to the parallel configuration, attributiésl hagher transferred
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input power (e. g. higher incoming photon number) and temperdtueéO of the PV cell in the
stacked and parallel configurations@8 @ p and@® v ¥ at 0 p, ando B8t @ wand

o@x odto j v, respectively.Unlike 'O, both @ and "O"Qof the PV cell in both
configurations decrease with increasing light concentration level due to elevated operating
temperatures ( ¢ B ) experienced by the PV cells. As the PV cell in the stacked configuration
experiences a higher temperaturegits at o j Lisp @& Plower than that in the parallel
configuration, as seen kig. 3.10(b). Similarly, the'O"©f the PV cell in the stacked configuration
degrades frony @ x o @ @ Y RO | L, as seen ifrig. 3.10 (c). This is attributed to the
increased series resistance and higher recombination rates in the PV cell of the stacked
configuration.The input solar power, temperature distribution, heat losses, and output electrical
parameters of the PV cell in both configurations are tabulatédhte3-5.

Table3-5 Thermal and electrical output parameters of the PV cell inlindihid Systems.

Input Power Thermal Analysis Electrical Analysis
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3.7.2.1.2 Output Power andPower Conversiorkfficiency

Fig. 3.11 (a) depicts that the output power of the PV cell in both configurations increases with the
increase in the light concentration level. This is mainly a result of the increase in current (seen
through'O here), however, it is somewhat counteracted by the decrease in baih tned 0O

of the PV cell Although the PV cell in the stacked configuration receives greater solar input power,
its output power is ultimately lower. This is due to the elevated operating temperatures and
associated thermal losses, which outweigh the current gain, as showig.il.10 (a).
Consequently, the performance difference demonstrates the dominance af batid"O"@hen
comparing across the two configurations.0Ag p, it shows a comparable output power of

the PV cell between the two configurations, whil® at v, it is much reducedlhe PCE of

the PV cell in both configurations decreases with increasing light concentration level, as shown in
Fig.3.11(b). That is, portions of the input power are lost rather than converted to electrical energy,
which increases with concentration levels. In the stacked configuration, this power is primarily
lost as heat losses, whereas in the parallel configuration, itislyriost through spectrum
splitting. However, at each concentration level, the efficiency of the PV cell in the parallel
configuration is higher than that in the stacked configurafiom. p, the efficiency of the

PV cell in the parallel configuration is marginally higher, a difference that gets more notable at
higher concentration levels. By comparifg. 3.8 (b) andFig. 3.11 (b), the PCE of the PV cell in

the stacked configuration is lower than that of the standalone PV cell, because the thermal
resistance introduces higher temperatures. On the other hand, splitting the spectrum in a parallel
configuration reduces the thermaless, resulting in lower PV temperature.
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Fig. 3.9 (a) Input power, (b) temperature, and (c) heat losses of the PV cell in both configurations under
different lightconcentration levels.
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However, at0 j p, the electrical efficiency of the standalone PV cell is still slightly
higher than that in the parallel configuration, demonstrating the effectiveness of spectrum splitting
at higher concentration levels. The output power and the PCE of the PV cehi tobfigurations
at different light concentration levels are tabulate@able3-6.

Table3-6 Output performance of the PV cell in the stacked and pafsit®id systems

At

Performance
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3.7.2.2 TEG Subsystem Performance

On the other hand, to completely analyze the overall performance ofcbotiyurations a
comprehensive investigation and comparison of the behavior of the TEG subsystem in each system
is required. In the parallel configuration, the geometric concentration ratio of the TEG should
follow Eq. (3-5) to have equivalent input power density as that of the PV celld For ranging

from p to v suns, the correspondidy;;  values at the given surface area of the PV cell, and the

HC are calculatedto g @, p ¢ &, p Y&, ¢ T &, ando 1T, @espectively.
3.7.2.2.1 Thermal and ElectricalAnalysis

Fig. 3.12 (a) shows the input power transferred to the TEG subsystem in both configurations at
different light concentration levels. In the stacked configuration, the thermal coupling between the
PV cell and the TEG unit reduces the heat transfer efficiency tdEeunit, primarily due to

0 r , as quantified irFig. 3.8 (¢). Only p & Pof the total input power is conducted to the
TEG subsystem in the stacked configuration, which slightly decreases with the increase in the light
concentration level, where highér r exist. This represents one of the major drawbacks of
the stacked configuration, particularly since the PV cell has a much larger surface area. In addition,
the TEG unit has no direct contact with the concentrator, unlike in the parallel configuraticm, whi
is considered anot Rigg312(d)rateach liglet koncenlrétiantledes shows y
that the input power transferred to the TEG subsystem in the parallel configuration is higher than
that in the stacked configuration. A higher ratigpo# Pof the total input power is transferred to

the TEG subsystem, which remains constant at each light concentration level. The difference in
transferred power becomes more significant at higher light concentration [Exgl8.12 (b)

shows that due to the possibility of secondary light concentration, the TEG subsystem in the
parallel configuration experiences higfhi¥r compared to that of the stacked configuration.
Therefore, decoupling the two components in parallel configurations enables the TEG subsystem
to operate at higher temperatures without affecting the PV cell. This is attributed to its direct
interaction withthe concentrator and the separately optimized geometric ratio of the HC. As the
HC in the stacked configuration is sandwiched between the PV cell and the TEG unit, only the HC
in the parallel configuration is subjected to radiative and convective heats]as shown iRig.

3.12(c). Due to the distinct spectral and thermal coupling mechanisns, tbethe TEG unit in
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the parallel configuration ip v bhigher, despite being subjected to heat losses. This effect
becomes more pronounced at higher light concentration levels, as depi€ig®ih3 (a). A heat

sink with a heat transfer coefficient pfrt 7m#l  + is attached to the cold side of the TEG unit
in both configurations to dissipate heat and maintain a low cold side temperature. As shigwn in
3.13(b), the higheD of the TEG unit observed in the parallel configuration reflects the greater
heat input, indicating that the corresponding heat sink has to dissipate more energy to sustain
thermal equilibrium. Consequently, this highlights the importance of advancech&eatjement

in such parallel configurations. Accordinglyig. 3.13 (c) shows that the temperature difference
(Y'Y across the TEG unit terminals in the parallel configuration is approximgseljtigher than

that in the stacked configurationéat; @ & andincreasesupto@& 3 ato j o TLQ
The transferred input power, temperature difference between the hot and cold sidé® and
absorbed and removed heat of the TEG unit in both configurations are tabulBadkid-7.

Table3-7 Thermaloutputparameters of the TEG subsystentbath hybrid systems.
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3.7.2.2.2 Output Power andEnergy CaversionEfficiency

The ratio ofremoved to absorbed heat of the TEG ubitfly [-]) serves as an indicator of the
thermal transport efficiency and effectiveness of heat dissipation across different configurations.
This ratio depends primarily on the heat transfer coefficient of the HS and the thermal resistance
of the TEG itself. A higherconvective coefficient enhances effective heat removal, thereby
lowering this ratio, while great@fEG thermal resistance reduces conductive heat and raises this
ratio. At the given parameters, the 70 of the TEG unit in the stacked and parallel
configurations decreases o0& Pandw @ bato f Lando j o T, @espectively,
reflecting the intensified heat transfer through the TEG. Hénge3.14 (a) shows that the output
power of the TEG unit in both configurations increases with the increase in light concentration
levels. AccordinglyFig. 3.14 (b) depicts that the ECE of the TEG unit in both configurations
increases with the increase in light concentration level, reaching efficiencies af@&pkm the
stacked and® Pin the parallel configuration. However, relative to the total input power density
ofw w7 M, its contribution to the overall efficiency of the stacked and parallel configurations
reaches up to@o 1T T dNdp® w w0 | L ando o T, pespectively.

In addition, at each concentration rativee TEG unit in the stacked configuration exhibits a
higher0 70 ratio than that in the parallel configuration, resulting in a lower output power, as
seen inFig. 3.14 (a). This is attributed to the stacked configuration, where a larger HS enhances
the heat extraction on the cold side relative to the heat absorption on its hot side. Accordingly, at
each concentration level, the ECE of the TEG unit in the parallel coafign exceeds that in the

69



stacked configuration, as seerkig. 3.14 (b). For exampletheECEof the TEG unit in the parallel

configurationis 1.5 times higher than that in the stacked configuratiah ;jat

L ando j

o Tt.{@ he output power and the ECE of the TEG unit in lwathfigurationsat different light

concentration levels are tabulatedimble3-8.

Table3-8 Output power and ECE of the TEG unit in both hybrid systems.
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Fig.3.12 (a) Input power, (b) heat collector temperature, and (c) heat losses of the TEGotiit in
configurations under different light concentration levels.
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Fig. 3.13 (a) Absorbed and (b) removed heat, and (c) temperature difference of the TEGoottit in
configurations under different light concentration levels.
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3.7.2.3 Overall Performance of PYTEG Hybrid System

Based on the performance analysis of the PV cell and the TEG subsystem in both configurations,
the overall efficiency of both configurations is evaluated and compares intrinsic thermal
resistance introducday the stacked configuration elevates the junction temperature, resulting in

a reduced output power. Simultaneously, the TEG unit fails to compensate for this reduction,
primarily due to the low conducted input power to the TEG unit, as showgir8.14 (a).
Accordingly, the overall output power of the stacked configuratig®idlower than that of the
standalone PV cell &t p, decreasing taf Plower ato j L, as shown irfrig. 3.15(a).
Compared to a mathematical thermal resistdrased model reported in the literature, the output
power of the stacked configurationéat; v is o8 Plower relative to that of a cooled single

PV cell.
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Fig. 3.14 (a) Output power and (b) ECE of the TEG uniboth configurations for different light
concentration levels.

On the other hand, spectrum splitting in the parallel configuration enables the PV cell to
operate at a lower temperature, resulting in slightly higher PV output power than that in the stacked
configuration, and gets more significant at higher light comagan levels. Meanwhile, the TEG
unit receives considerably more input power than that in the stacked configuration, leading to a
substantially higher output power, particularly at higher light concentration levels. This results in
an overall output poweof the parallel configuration that & b higher than that of the stacked
configuration ab j P& O @ @, increasing ta ¢ Higher ato j V& O j
O T gas seen iifrig. 3.15 (a). Accordingly, at each concentration ratio, the parallel configuration
has a higher overall efficiency than the stacked configuration and becomes more significant at
higherconcentration levelgis seen ifrig. 3.15 (b). In addition, it shows that the overall efficiency
of both configurations decreases with increasing light concentration levels. This is because the
TEG unit does not fully compensate for the ongoing reduction in the PV efficiency across the
concentration heels. As shown ifrig. 3.15(b), the decrease in the overall efficiency of the stacked
configuration decreases more steeply than that of the parallel configuration.

Based on the results shown above, | summarize the main points as follows
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configurations were proposed.

Thermalelectrical models for a standalone P&&ll and stacked and parallel RVEG

The PV cell in the stacked configuration experiences the highest heat losses, followed by the

standalone PV cell. This is due to the elevated operating temperatures, despite the PV cell in the
parallel configuration dissipating heat from both sj@ssshown irfrig. 3.6 (C) andFig. 3.9 (C).

The efficiency of the PV cell in the stacked configuration is less than that of the standalone PV.

This is because thermal coupling increases the intrinsic thermal resistance. For example, it is less

by 155% até  =5.

The efficiency of the PV cell in the parallel configuration is higher than the efficiency of the

standalone PV cell, except @t
shown inFig. 3.8 (b) andFig. 3.11 (b).

= 1. For example, it is higher by 11 %df;

= 5 This is

The efficiency of the PV cell in the stacked configuration is less than that in the parallel
configuration, where the PV cell receives only about 80 % of the input power. For example,
0 =5, the efficiency of the PV cell in the stacked configuration is 2lbWer , as shown in

Fig. 3.11 ().

The thermal resistance introduced by the stacked configuration forces the majority of heat to

di ssi pate through the

PV

cell 6s front sur face,

subsystem. For example, the efficiency of the TEG in the staxk@djuration is less by 35.35 %

ato 5 =5, as seen ifig. 3.14 (b).

Despite the TEG subsystem in the parallel configuration being subjected to radiative and convective
heat losses through the heat collector, the absorbed heat at the hot side of the TEG unit is still higher

than that in the stacked configuration.

The parallel configuration achieves a higher overall efficiency than both the stacked configuration
and the standalone PV cell. For examplé, gt =5&0 j

than the standalone PV and 33.3% higher than the stacked configuratsa.results are observed

throughFig. 3.8 (b) andFig. 3.15 (b).

= 3086, its efficiency is 20.4% higher

The results indicate that available TEG devices in the market may not be sufficient to compensate
for the decrease in PV ceifficiencywith the increase in the light concentration ratios.
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The overall output power and efficiency of both configurations at different light concentration
levels are tabulated ifiable3-9.

Table3-9 Overall efficiencies of bothybrid configurations
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3.8 Model Validation

The model verification focuses on validating the individual components, rather than a specific
complete PYTEG system. The purpose of this validation is to provide a raimestretical
approach that accurately visualizes the governing coupling of physical phenomena and their
interactions within both configurations, thereby enabling rigorous-tsjelede comparative
analysis that constitutes the primary contribution of thiskwo

3.8.1 PV Cell Model Validation

The commercial PV cell from SUNPOWER used in this study was simulated using the proposed
model based on the parameters provided in its datasheet. The solar cell is assumed to be illuminated
by the full spectrum with solar irradiancemfrt T71#1  (AM1.5 G) and cooled using a heat sink
with a heat transfer coefficient pf m Tt 7t i+, maintaining the temperature of the PV cell at
¢ B . Under these conditions, the PV cell operates under STC conditions. The output power of
the PV cell calculated using the proposed modeRisy u7y) whereas its corresponding value
provided in the manufacturer's datasheegisud . The calculated and literature values show close
agreement with a relative error of 0.12%. Likewise, the calculated efficiency of the PV cell is
¢ & yr, while its corresponding value provided in the datasheet@s 1 . These values also
show close agreement with a relative error of 0.35%. Moreover, the commercial PV cell was
simulated at different temperatures in the range from#ytot ¢ 4, where the power temperature
coefficient was determineas seen irfrig. 3.16. The calculated power temperature coefficient is

@ U TPu¥3 , which is identical to that one provided in the datasheet, whichrig W 13 -
showing a relative error of 0.26%espite the strong agreement between simulated and datasheet
values, the small discrepancies arise from the assumption made in the proposed model. While the
uniform cell temperature enables a tractable analysis of the fundamental balance analysis, a real
experimental setup can create localized hot spots that increase the cell temperature and slightly
decrease its efficiency. In addition, neglecting edge losses reduces model complexity. However, it
may slightly overpredicthe operating temperature of an isolated cell in a lab setting, where such
losses can provide additional cooling.
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3.8.2 TEG Subsystem Model Validation

The proposed model of the TEG subsystem was validated against the lit¢i8udikeThe

geometric dimensions and material properties of the n dypleplegs of the TEG unit, along with

other relevant parameters, were incorporated into the proposed model. The ECE of the TEG unit

was calculated at differefiguresof merit values. A curve fitting was then applied to the efficiency

of the experimental data across the figure of merit, and it is compared to the calculatechsalues
depicted inFig. 3.17. The comparison demonstrates a strong agreement with a square mean error
of & p 1 . The variation in energy efficiency can be attributed to the inherent simplification
and assumptions of the proposed theoretical model. However, these relatively slight differences

demonstrate the accuracy and reliability of the proposed molelclose agreement between

mo d e |l

and

experiment al

dat a

conf i

rms

t he

mo d e

minor variation in energy efficiency can be attributed to the inherent simplification and

assumptions of the proposed theoretical mo@lee assumption of constant material properties,

including Seebeck coefficient and electrical and thermal conductivities, and the neglect of
interfacial contact resistances, were necessary to create a unified and computationally efficient
framework for paametric analysis across both configurations. However, in a physical TEG, its
material properties are temperatalependent, and the thermal contact resistances at the interfaces
reduce the effective temperature gradient across TEG legs.
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3.8.3 Model Accuracy Validation

On the other hand, to validate the accuracy of the proposed model arduh®, the total input

power of each system should equal the sum of optical losses, thermal dmskesitput power
according to the energy balance theory. The energy balance is assessed, where each power
component is expressed as a percentage of the total input power and is, Veriiegdmple at

0 j P, 0§ ?@.

The standalonPBV cellis subjected to optical losses and thermal Igsgleieh are the sum of
the radiative and convective losses for both surfaces of the PV cell system. The energy balance
expressed in percentages is as follows

U " nh 0 h h V R
= pmmb
U R n
P8 T WPuBOX T pa8t X T X (39)
pmmb
PB wYo
primb

For the stacked configuration, the PV cell is subjected to optical losses and thermal losses
which are the sum of the radiative and conductive losselsd@mont surface of the PV cell. While
the TEG subsystem experiences optical losses. The energy balance is as follows

O s O vr Ox 0O 5 5 O f  0p
7 pT[T[p
U R h
PE T WYX WP CBPC W ¢ WT GBIT POCBICT P (40)
primb
PB wYo
primp

For parallelconfiguration, the PV cell experiences optical losses and thermal ,|edseb
are the sum of the radiative and convective losses for both surfaces of the PV cell. While the TEG
subsystem experiences optical losses and thermal |ogsieb are the sum of the radiative and
convective heats. The energy balance is as follows

O »n O 7 O O ®F A U R R L i Vs
0/ ﬁ
pnimb
41
PH @O X8 L X OBIO X T X U XT® WO YRS L 0 UG G L X (41)
printp
pB wyo
pmmb

That ensures that the total sum of their percentages to the total input power densit @f 71
is equal tgo Tt T INdicating the accuracy of the proposed model and the obtained results.
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3.9 Model Limitations and Future Work

Although the proposed model provides a comprehensive and validated framework for analyzing
the thermaklectrical interaction of hybrid RYEG systems, it has several limitations that should

be addressed to enhance its predictive capability and praetieahnce. These limitations arise
from the simplifying assumptions adopted in the modeling.

First, the p $ uniform PV temperature assumption provides a reasonableoffitst
approximation at low concentration ranges examined in this stugy ( v), enabling fewer
calculations and easier evaluation of physical phenomena and their interactions. However, under
concentrated flux or neaniform irradiance conditions, local hot spots and temperature gradients
may occur within the PV cell. As a next step 2D/3D thermaetlectrical modeling and
experimental infrared thermography are required to captureundorm heating and hegpot
formation under higtilux conditions.Second, a free convection heat assumption was adopted as
a standard baseline condition in comparative studies, and a constant ambient temperature was used
to enable steadgtate analysis and systematic comparison across various concentration ratios.
Howeve, forced convection would enhance heat dissipation in the system, while highenambi
temperature would elevate all component temperatures. A comprehensive sensitivity analysis
including environmental variations and CFD simulatiaepresents important future work for
site-specific system design and deployment optimization.

Beyond modeling assumptions, several practical challestymddbe addressed for commereial
scale deployment.

First, the cost of optical splitters used in parallel configurations remains a significant
challenge. Higkguality dichroic mirrors and beam splitters are currently expensive, and their cost
effectiveness requires further techeconomic analysis. Therefgr assessing the practical
competitiveness of hybrid configurations from an economic perspective is a crucial next step. Such
an assessment, for example, a detailed levelized cost of energy (LCOE) analysis, would require
additional inputs like material ctss optical splitter fabrication, integration costs, and system
lifetime considerations. Second, asQYQrelies on Tellurium, a relatively rare element with
limited global supply, TEG material availability presents a constraint. Therefore, scaling to
widespread deployment will necessitate either an increase in the production capacity or the
development of &rnative thermoelectric materials with comparable performance; for example,
skutterudites offer high performance but are more expensive. Third, while the proposed model has
been validated using a datasheet and experimental dataset, experimental pgowgagsantial to
validate the modeling predictions and address practical issues such aerfonmaterial
degradation, optical component durability, and system integration with existing solar
infrastructure.

3.10 Summary

A mathematical thermadlectrical model for hybrid PMEG systems is proposed that can be used
for both stacked and parallel configurations. The stacked configuratiioysdirect thermal
contact between the two devices., the PV cell and the TEG unit, creating a sequential energy
conversion process. In the meantirthes spectralsplitting approach has been introduced to the
parallel configurationin whichthe full spectrum is divided into two major spectrum partitions
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thewithin-bandgap spectrum, which is transferred to the PV amdl the posbandgap spectrum,
which is transferred to the TEG unit. Therefore, the two devices operate separately in such parallel

hybrid systems. A MATLAB simulation was carried out at different light concentration levels of

both devices. The thermal and electrical analyses of the stacked configuration showed that its

overall efficiency is less thahat ofthe parallel configuration due to the higher temperature of the

junction betweenthetwd evi ces, whi ch degrades the PV cel
energy is received. Additionally, only a low amount of heat energy is conducted through the TEG
unit, due to iIits high ther mal resi steattacchbe, whi

dissipated through its front surface, leading to less absorbedtitahot side and then lower
ECE. As a result, the contribution of the TEG uaihigher concentrations is still not sufficient to
overcome t he s har p PGEeSplittiagtre &ll spaectrum bf ehe dol8r radiationl 6 s

between the two devices, the PV cell and the TEG mrsuch parallel configurations enables the

PV cell to operate at lower temperatures. At the same time, higher input energy is transferred to
the TEG unit, which increases its contribution, resulting in higher performance.

Our contributions are summarizedfabows.

Thesis2 | have developed an accurate and reliable theeheatrical mathematical modelin
framework applicable for stacked and parallel hybrid FBG configurations to address tt
fundamental performance limitations of standalone PV cells operating without cmtieg
mechanisms.

2.1

2.2

2.3

| haveprovedthat he thermal resistance introdudeglthe stacked configuration force
most of the heat to dissipate through thed@\ll andredu@sheat conducted to tHEEG
unit (approx.15 % of the input power) However,spectrumsplitting reduces the PV ce
temperaturdy 60 K atd ; = 5andenabésahigher heat transferred to the TEG umt
t0 19.6%

| have demonstrated thatat; =5&0 j; =306, the overall efficiency of the parall

configuration is 20.4% higher than the standalone PV cell efficiency and 33.3% |
than the stacked configuration efficiency.

| havefound that theefficiency improvement of thparallel configuratiorwith current
TEG technologiess more attributed to the temperature decrease of th@®@R.$% of the
yield) than the power generated by the TEG (7.5% of the yield).

Related Publications The thesis's main concept has been published ingJ¢ Some modeling
conceptsof the presented modehavebeen published in A b [A frand [A T.
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Chapter 4

4 Key Parametersinvestigation and Optimization of Hybrid PV-
TEG Systens

4.1 Background

The outputperformanceof the PVTEG hybrid systemwsariesby configuration The stacked
configurationdoesnot provesuperiority over th@arallel configuration or even tls¢andalone PV

cell, althoughthe parallel configuratioroffers a more effectiveolutionthrough improved energy

harvesting By investigating and carefully optimizing various key parametersuch asthe
temperature coefficient of the PV cehaterial propertiesdf he TEGG6 s Igeometric and t
dimensionsthe stackedonfigurationhas thepotential to beomea promising solutionandthe
performance of the parallel configuration damfurther improved[145]. For examplethe PV

celld sfficiencyis influencedmainly by thetemperaturewhilet he TEGO6s ef fi ci enc
the temperature gradient acrdss sides, the Seebkaoefficient, the thermal and electrical
conductivity of thethermoelectric materiagndthe heightandcrosssectionalsurface area dhe

T E G degs Moreover the overall efficiency highly depends on thémplementedcooling
mechanismOptimizingthese parametsis acomplex process that requires a balance between the
thermal and electrical aspects

4.1.1 Literature Review

Recently, varioustudies have focused on the parameter optimizafibybrid PV-TEG systems
to enhance overgtlerformance andfficiency.

In [179] the authoroptimized the performance ofséackedhybrid PV-TEG configuration
based orthe temperaturalependenproperties of a TEG materialhe authors emphasized the
significanceof geometric parameters, including the height andcttesssectionalarea of the
TEGH s ,lorethesoverall performanc&hey demonstrated th&dwer heightandlargercross
sectionalarea of the TEG degs yield higherefficiency. Moreover, the study discussed the
importance of solairradiationand cold side temperaturs @&itical parameterthatconstrainthe
performance of thaybrid system.

In [142] the authors optimized apectrumsplitting PV-TEG system by varying key
parametersuch asplitter cutoffwavel engt h, TEGO6s | eg height, C (
water conditionsThe authors demonstrated that] gt asplitter providsthe best performance
increasing the output power oy @ b compared ta standalone PV systerm addition,they
showed that increasing tieE G 6 sheighby 50% raising the concentratiomtio from v uto
p T,@ndlowering the water temperature froonmt §to ¢ X $resulted in power improvements
by¢ 8 P, @ up,and¢ ® Prespectively.

Besideghe evaluation athe electric and thermal performancetad stackechybrid PV-TEG
configuration describe by a mathematical thermal resistance modée authors in[185]
optimizedthe selectionof an appropriat®V cell, addressing the challenge of heat lossesich
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hybrid systens. The authors demonstratédtht PV cells such asdTe and &i cells sha lower
efficiencylosses compared t8Si and CIGS solar cell$hesdindings underscorthe importance
of selecting PV materiat® optimizethe overallsystem performance under thermal stress.

On the other handhe authors if145] optimized thehermoelectric materiab enhance the
overallperformanceThe authorsdentified Bi2Tes as the most suitable materfat temperatures
up tou 1t while LeadTellurideandSilicon-Germaniummaterialsare more effective at higher
temperaturesap to and above 1t 1, respectivelyFurthermore, the authors|[ib86] demonstrated
that enhancing thé "¥f the thermoelectric materigd ¢& results in a 1 Bmprovement in the
overall efficiency of a stackechybrid PV-TEG configuration However the authors if{187]
mentioned that highe® "“Ynaterials maydecrease theverall efficiency onaccount of some
specific parameter valueBhe authors ifil88] demonstrated #gimportance of the coolingystem,
they concludel that abetteroverall performanceof a stackedhybrid PV-TEG configurationis
obtained by using aeffectivecooling system rather thaPV+TEGonly system This studywas
confirmedby [185], which demonstrated thatptimizing the surface of the heat sisikowed an
increase in the overall efficiency

4.1.2 Objective

Based on the results achieveddhapter 3key parameters, like the temperature coefficient of the
PV cell, the geometric dimensions of the TEG unit leg, and its material characteristics, are the
most significantfactors that have a substantial impact on enhancing the performance of both
configurationd E I¢

Literatureprovidesinsufficient understanding of the intricate interaction that governs the
conversion efficiency of hybrid systenm=or instance,hte temperature cdécient of the PV cell
has been traditionally studied isolation,yet its intricate interactiorwithin the hybrid system
remainsinadequatelyunderstood Similarly, the geomeir dimensionof the TEG uni t 6 s
represents a domaiwherelimited comprehensive literatuexists particularly in understanding
their behavior withirhybrid configuratiors. The material characteristics of the TEG emasg
particularly novel area of investigation, with existing literature providing minimal insights into
how each individualcharacteristiccan impact overall efficiency alongside their intricate
interaction.This chapteemploys the computational modeling techniquesboth configuratiors
proposed in Chapterto bridge theseaignificant knowledge gap3hus,exploing how thesekey
parametersinfluence the thermal and electrical performanacg each component and their
interactionacrossconfigurations In addition unraveling the effect ajeometric dimensions and
material propertiesof the TEG unit independentlyoffers a comprehensive framework to
understand and improve the operational characteristibylwid PV\-TEG systemsMoreover,
analyzing the configuratiedependent parametric optimization to evaluate how improvements
affect stacked and parallel configurations differerifijic Accordingly, this chapter provides
optimization strategies that canhanceconversion efficiency, minimize thermal losses, and
provide insight for more efficient designs.

4.2 Simulation Resultsand Discussion

This sectiompreserd a comprehensive comparative analysis otHanges in the performance of
the stacked and parallélybrid PV-TEG configurationsunder differentkey parametersin
addition it provides the optimized parametefdoth hybrid configuratiors.
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4.2.1 Key Parametersinvestigation
4.2.1.1 TemperatureCoefficientof PV Cell

The voltage temperature coefficient of the PV plays a crucial role in defining the PV cell
temperature coefficient and its PCE, particularly at higher concentration ratios. The voltage
temperature coefficient of the used PV cell, as indicated in its éetash p& 1 613 8Ap Tt P
reduction in the magnitude of the voltage temperature coefficieqi@pfu kp 6F3 is applied to
assess the changes in the performance of both components and the overall efficiency of each
configuration.

As shown inFig. 4.1 (a), the lower voltage temperature coefficient has an almost negligible
effect on the temperature of the PV cell in both configurations, as the input power transferred to
the PV cell and thermal boundary conditions are the same. However, in the stadigud aton
and at higher concentration levels, a minimal change in PV temperature is obEayvéd. (b)
shows that the PCE of the PV cell in both configurations improves compared to the standard case
(atf p& 1l 613 ), and this improvement becomes more noticeable at higher concentration
levels.This is because the PV cell in both configurations converts a slightly larger portion of the
input power into electricity and a slightly smaller portion into heat. Additionally, the incnease i
PV cells' efficiency is more significant in the stacked configuration than in the parallel
configuration. This is because the mitigation of temperaileted voltage loss in the stacked
configuration yields a larger proportional gain in efficiency as the P\Vopeltates under higher
thermal stress, especially at higher concentration levels. For examplg, at v, the PCE of
the PV cell increases iy @ Pin the stacked configuration and by onig Pin the parallel
configuration.On the other hand, the performance of the TEG unit in the parallel configuration is
unaffected by the PV cell due to spectrum splitting, whereas in the stacked configuration, it is
governed by the PV cell due to their thermal coupling.
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Fig.4.1 (a) Temperature and (b) PCE of the PV cell in each configuratior{caosderall efficiencies of
both configurations for different voltage temperature coefficients.
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At a reduced voltage temperature coefficient value, the ECE of the TEG in the stacked
configuration decreases. This occurs because an improvement in PV efficiency leads to better
electrical conversion and less generated heat, which directly reducesniberaiire gradient
across the TEG unit. However, this decrease is relatively sm@paredo the increase in the
PCE of the PV cell. For example, @ty v, the ECE of the TEG unit decreasestidy ¢ T b
against an increase p® Pin the PV cell efficiency. Accordingly, as shownFig. 4.1 (c), the
overall efficiency of both configurations increases withincrease in concentration levels. This
increase is more notable in the stacked configuration, whghdisPato j L compared to
V® Pato j o T fpr the parallel configuration, indicating the predominance of the PV cell
contribution over that of the TEG unit.

4.2.1.2 Geometic Dimensionof TEG Legs

The performance of the TEG unit is related tolthe, ando .0 p T kehangen length, width,
and heigho f t h e ThBr@ plegsareimpleanented as summarizedTable4-1.

Table4-1 Geometric dimensions of the TEG unit's legs with 10% enhancement.

Dimension of n andp- Length[i T ] Arealil T ]
type Legs Lower Higher Higher Lower
Improved values (°5) X& pPp PP W w

Standard values 7 PTLPTI

Fig. 4.2 illustrates the efficiency of the PV cell and TEG unit in botinfiguratiors and the
overall efficiency of bothconfiguratiors for thel ; of @& 1, andx& 1 I . In the parallel
configurationadjustingg he | engt h of the TEG unitbdés | egs do
cell due to the thermal decouplings seen irfFig. 4.2 (a). However,longer legs contribute to
raising the temperature of the hot side, which increases the ECE of the TEG ubigcantes
more significant at higher concentration leyels seen ifrig. 4.2 (b). In contrast, shorter legs
reduce thermal resistanoghich allows for more heat to flow, resultinigp a lower temperature
gradient and efficiency. The case is different in the stacked configuratithratithe longer legs
increase the PV cel | 0 #seffi@dency k addition, this leagstalhigheh u s d «

0 i , Which reduces the power conducted to the TEG unit, resulting in a decrasse in
efficiency. Consequenthshorteningt he | engt h of the TEGO6s | egs
l' imits these constraints. I't can be seen thai

configurations results in lower overall efficiency duedducecefficiency of both the PV cell and

the TEG unit. Meanwhile, the parallel configuration provides higher overall efficiency due to the
thermal decoupling between the two devices and the increase in the TEG unit effiaiesegn

in Fig. 4.2 (c).

On the other handrig. 4.3 shows the efficiency of the PV cell and TEG unit in both
configurations and the overall efficiency of bottonfiguratiors for thed ; of w wi [ , and
pppdil .Adjusting the surface dypeelegs affdcts ontythe TEG
performance of the PV cell in the stacked configuratemseen irfrig. 4.3 (a). In the stacked
configuration, the TEG acts as a heat sink for the PV cell, vihelarger surface area of the TEG
legs enhances its ability for heat extraction, reducing the PV cell temperature aimtteasing
its efficiency. At the same time, this interprets the increase in ECE of the TEG unit, where the hot
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side has a higher temperatuas seen ifrig. 4.3 (b). In the parallel configuration, larger surface
areas increase the thermal conductance, which means more heat flows through the device. This
results in a lower temperature gradient and consequently decreases the ECE of the TEG unit, which
becomesotable at higher concentration leyels seen ifig. 4.3 (b). As a resulta largersurface
area of the TEG unitds |l egs increases the ove
increase in the efficiency of both componeatsjdecreases the overall efficiency of the parallel
configuration due to the notable decrease in the ECE of the TEGsisieen ifrig. 4.3 (C).

Fig. 4.4 depicts the efficiency of the PV cell and TEG unit in eaohfigurationand the
overall efficiencies ofstacked and parallel configurationsiththe TEG | egs d di mensi
0 pppd Il andx& w wi | ,respectivelyFig. 4.4 (a) shows that only the PV cell
in the stacked configuration can be affecteédy. 4.4 (b) demonstrates that TEG efficiency
increases in botltonfigurations with a more notableincreasein the parallel configuration.
Consequenthyfig. 4.4 (c), shows that bottonfigurationdave higher overall efficiency compared
to the standard case, with a more pronounced enhancement observed for the stacked configuration.

NN
N

< 0x2
<o
<o xy
[ ]
>

20| xOV*OY *oy

i
@
*
L)
2 |

PV Efficiency (%)
»*
L]
* L
o |55
<

PV Efficiency (%)

[
S
*
[

H
=
e

.
®

H
i
°
<
*
°

o7 *ey £ ° o7
ov Y ¥
ov 7 Ko *
*oy * Qosf,ev °v

TEG Efficiency (%)
2 8 &

*

[ ]

<«

Cci

o

°

1 [612] 2 [1224] 3 [1836] 4 |2448] 5 | 306 L1 Te12] 2 [1224] 3 [1836] 4 [2448] 5 | 306

) » o)
2

N
>

*e *
yov 70V oY *oy

IS

<
S
P *
[9) v )
e *® v *e
L 184 v
S *®
M £
w
©
o
(3]
>
o

.
®
*
°

164 v
L

i
>
*

[

=
*
L ]

Overall Efficiency (%)

[
S

ST | PL | sT | PL | ST | PL | ST | PL | ST | PL st [P [ sT [P [sT [P [sT[P [sT[PR
L }1&61.2} 2 }2&122.4} 3 }3&183.6} 4 }4&244.8} 5 }5&306 1 [1e612] 2 [pe1zed 3 fe1ssd 4 peassd 5 |58306
© ©
Concentration Ratio Concentration Ratio
Fig. 4.2 Efficiency of the(a) PV cell andb) TEG Fig. 4.3 Efficiency of the(a) PV cell andb) TEG
unit in each configuration, an¢c) the overall unit in each configuration, an¢c) the overall
efficiency of both configurations for differer efficiency of both configurations for different are
lengths of the n and{ype legs of the TEG unit. of the n and fiype legs of the TEG unit.

4.2.1.3 Material Prosperities of TEG Unit

The characteristics of the TEG unitds materi a
thermal conductivities, determine its figure of merit, showing how efficient the TEG uhdthke

4-2 shows a it bincrease in the Seebeck coefficient and electrical conductivity, along vitin B

reduction in the thermal conductivity. These enhancements improved the figure of merit of the
TEG unit from1 ¢ g0 pP o at a temperature of 300 Krepresenting an improvement of
approximatelyt ¥ b
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Table4-2The characteristics of the TEGOGS
- . - Thermal
. Seebeck Coefficient Electrical Conductivity .
Mat eri a Conductivity
Characteristics 1= {- a a. L L,
167+ t 67+ 3n 3n 7H o+ | 7H 4+
Improved values G gary pygnp| U X pp T W oTp T PP O w| TP T
Standard values ¢ P P X& X pmp T UBOo Xp 1T pg U pdrp p

mat er i e

In the stacked configuration, as compared to the standard case, increasing the Seebeck coefficient
increases the rate at which the TEG can absorb heat from the PV cell. Moreover, enhances the
Peltier effect at the cold side, which helps in removing moa¢ fnem the PVYTEG junction and

slightly lowers the PV cell temperature, leading to an increase in the PCE of the PV cell, as seen

inFig.45( a) .
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the Joule heat losses. This results in a more efficient conversion of the thermal heat, which

contributes to removing more heat from the PV cell, leading to an ;n@ea i n

t he

PV

efficiency, as seen iRig. 4.5 (a). Ultimately, decreasing thermal conductivity impedes the heat
flow through the TEG unit due to the increased thermal resistance. This increases the PV cell
temperature and decreases its PCE, which becomes more notable at higher concentratien ratios, a
seen irFig. 4.5 (a). Even though these changes are very small, they cannot be neglected.

On the other hand, increasing the Seebeck coefficient or electrical conductivity or decreasing
the thermal conductivity all increase the ECE of the TEG unit in both configurations, as seen in
Fig.4.5 (b). In the stacked configuration, the Seebeck effect exerts the strongest effect on the ECE
of the TEG among the other characteristics, followed byelbetrical conductivity. However, in
the parallel configuration, thermal conductivity has the highest influence, followed by the Seebeck
coefficient. As aresult, a higher Seebeck coefficient or electrical conductivity increases the overall
efficiency ofthe stacked configuration, while the reduced thermal conductivity makes it lower, as
seen inFig. 4.5 (c). However, the parallel configuration shows higher overall efficiency for the
reduced thermal conductivity, as seerkig. 4.5 (c). This demonstrates the importance of taking
the configuration of hybrid systems into account when optimizing the thermoelectric performance.

Fig. 4.6 shows the efficiency of the PV cell and TEG unit in each system, as well as the overall
efficiencies of configurations for the case where the Seebeck coefficient and electrical conductivity
are increased while thermal conductivity is reduced. As shoWwigil.6 (a), a slight increase in
the PCE is observed only for the PV cell in the stacked configuration. Meanwhile, the ECE of the
TEG unit in both configurations increased compared to the standard case, where it's more obvious
in the case of the parallel configtion, as seen iRig. 4.6 (b). Consequently, this results in higher
overall efficiencies of both configurations as compared to the standard case, as shiguw#h.6n

().

Based on the investigation of key parameters, employing solar cells with a low temperature
coefficient exerts the strongest impact on the overall efficiencies of both configurations. This is
optimizing
exhibit the least influence. For example, Gag
configurationimproved byp ® g Pp® ¢ x ad¢& ¢ v fbr p T Pnhancement of these factors,
respectively.Table 4-3 summarizes the overall efficiency of both configurations forghe p
enhancement
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Fig. 4.4 Efficiency of the (a) PV cell and (b) TE' Fig. 4.5 Efficiency of the (a) PV cell and (b) TE!
unit in each configuration, and (c) the over unit in each configuration, and (c) the over
efficiency of both configurations for differer efficiency of the stacked and parallel hyb
lengths and areas of the n andlype legs of the systems for each material characteristic of the 1
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Fig. 4.6 Efficiency of the (a) PV cell, and (b) TE' Fig. 4.7 Efficiency of the (a) PV cell and (b) TE!
unit in each configuration, and (c) the over unit in each configuration, and (c) the over
efficiency of both configurations for the differe efficiency of both configurations for thp 1 p

materialcharacteristics of the TEG unit.

p ® b andp v lptimized working parameters.
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Table4-3 Overall efficiency for the different optimized key parameters of both hybrid systems.

Stacked configuration A
1 2 3 4 5

3 p CAXyUCBoqPpPP oy p@oyg p& 0y
P cBpyp@ogp@orp@myg pwAGC
P lcRodqp@®@UT pRCT PRLOq pB T |

Adtr& A ra
1& 2& 3& 4 & 5&

61.20 | 122.4 | 183.6 | 244.8 | 306.0
CAPYCAMULVICPULUYCBCY P@ wg
P CBPYCABCUYUCR YA PAB W] P& WX

P lc@gpnc@pqceRoOypa@xqd p@yqg

4.2.2 Optimized ParametersBased Overall Performance

The simulation was carried out fprmt Pp @ bhandp v Renhancement of the key parameters,
including the voltage temperature coefficient, &G leg material propertieand its geometric
dimensionsasseen inTable4-4. At p v lenhancements and the othmplementedpecifications,
the TEG unit reaches its maximum operating temperature.

Fig. 4.7 compares the efficiency of the PV cell and TEG unit in eamifigurationand the
overall efficiencies of bothonfigurationdor thep 1 Pp @ b, andp v Rnhancementgig. 4.7
(a) demonstrates that, at each concentration level, the PCE of the PV cell in the stacked and parallel
configurations exceeds that under the standard conditions i.e., without enhancement, as shown in
Fig. 3.11 (a), which becomes more significant at higher concentration levels. Furthermore, the
increase in the PCE of the PV cell in the stacked configuration relative to the standard case is
greater than that in the parallel configuration. This is because thevdtimge temperature
coefficient of the PV cell offers a greater advantage for the stacked configuration. For example, at
# i v andp v Rnhancement, the PCE of the PV cell in the stacked configuration increased
byo ® Pwhile itis justy® Prise in the case of the parallel configuration, relative to the standard
case. Moreover, &t p, the PCE of the PV cell in the stacked configuration is higher than
that in the parallel configuration for all enhancements. Whilg gt ¢, this superiority is
observed just gp @ Pandp v Fenhancements. This occurs because the optimized parameters
more effectively compensate for the limitation of the stacked configuration. However, at higher
concentration levels, their effectiveness diminishes as the influence of the elevated temperature
becomes dominant, leading to a higher PV cell efficiency in the parallel configuration.

On the other handig. 4.7 (b) shows that the ECE of the TEG unit in botinfigurations
exceeds that of the standard case, as showigi3.14 (b). In addition, it demonstrates that this
increase is more pronounced in the parallel configuration than in the stacked configuration, due to
the advantage of thermal decoupling. For exampl,;at v and # o m,@ndp v b
enhancement, the ECE of the TEG unit in the stacked and parallel configurations increased by
T 1t Rand@ & P, respectively, compared to the standard case. Therefore, the thermal coupling
between the PV cell and TEG unit in such stacked configurations makes adjusting these parameters
crucial i.e.,the interaction effectshould be taken into consideration. Moreover, it is important to
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investigate which device is more sensitive and plays a more dominant role in enhancing the overall
efficiency of the stackedonfiguration
As a result,Fig. 4.7 (c) shows that the overall efficiency of the stacked configuration at
# i p is higher than that of thearallel configuration. Otherwise, the parallel configuration
is higher. Comparingrig. 3.15 (b) andFig. 4.7 (c), indicates that the increase in the overall
efficiency of the stacked configuration is higher than that of the parallel efficiency, compared to
the standard caseéor example, foap v nhancement, &t ;; L and# j V& # j
o m,¢he overall efficiencies of the stacked and parallel configurations increaseg@bip and
p o prespectivelyThis demonstrates that the PV cell contributes more significantly to the overall
efficiency than the TEG unit for the optimized parametdiareover, comparingig. 3.8 (b) and
Fig. 4.7 (c), demonstrate that the optimized key parameters have improved the contribution of each
device, making the stacked configuration a promising solution compared to the standalone PV cell.
It is worth mentioning that in both configuratignthe simultaneous application of these
optimized key parameters enhances the complementary operation of both devices, achieving an
overall efficiency higher than the sum of individual key parameter overall efficiencies.

Based on the results shown above, | summarize the main points as follows

1 Areduced voltage temperature coefficient of the PV cell increases the efficiency of the PV cell in
both configurations and decreases the efficiency of the TEG only in the stacked configuration, as

seen inFig. 41. Apnml ower PV cell 6s voltage temperature
efficiency of the stacked and parallel configurationpb§p bato L andu® Pato
5&0 o T, @espectively, as shown Trable4-3.

9 Shorter TEG Legs with larger surface area are ideal for stacked configuration designs, while longer
legs with smaller surface area are ideal for parallel configuration, as segn4r? andFig. 4.3.
A p 1 kehange in these parameters increases the overall efficiency of the stacked and parallel
configurations byp& Pato f v andp® Pato j V& O o TI,@espectivelyas
shown inTable4-3.

1 In both configurations, a higher Seebeck coefficient, higher electrical conductivity, or reduced

t her mal conductivity of TEGG6s materi al i ncr eac
configuration, a higher Seebeck coefficient or electrical conda vi ty i ncreases t
efficiency, while a | ower ther mal conducti vit)

configuration, these parameters don't affect the efficiency of the PV cell, as $6gn4ib and
Fig.4.6. Overall, ap 1t lgzhange in these parameters increases the overall efficiency of the stacked
and parallel configurations by& P at 6 | vandp® bPato j V& O R o TmM,eQ
respectivelyas shown immable4-3.

1 Regarding the figure of merit of TEG, the Seebeck coefficient, followed by the electrical
conductivity, has the most positive influence on the TEG efficiency in the stacked configuration,
while in the parallel configuration, the thermal conductivity, fekal by the Seebeck coefficient,
is the most beneficial factor.

1 The simultaneous optimization of key parameters demonstrates a synergistic effect, resulting in an
overall efficiency that exceeds the cumulative improvement from optimizing each parameter in
isolation.

1 Optimizing the key parameters showed that the increase in the PCE of the PV cell in the stacked
configuration is greater than that in the parallel configuration, while the increase in ECE of TEG
unit is more pronounced in the parallel configuration.
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Table4-4 Optimized key parameters for 10%, 12.5% and 15% improvements

Key Parameters b 8pb p
Temperature coefficient a o3 pH UL @ PDH p PB® @1
BumpQa (053] P CuL SLANY)
Geometric Dimensions l;,aqﬁﬁhhéfd, PP PP PRUPAY L
Enwee a & XX X&x v ysr v
A firee 0 A ®w W X v Y v U
61+ CRTPPTMT® (8 WCPTNMIT| BTOPNMT
{. &1+ PHWOP T PROCEPTNE PRX WP T
Material properties a3 Wox®t WoepXx Wxvew
a 37 wYodg p T TT UXOUP p TTC XX TT
E_77 + pB 0w PP T X paTX L
L 77 + o p T @) P v @ U

The overallefficiency of both configurations for the 1t Pp @ B andp v Pptimized key
parameters are tabulatedTiable4-5.

Table4-5 Overall efficiency for thep 1 Ppp @ Pandp v ptimization ofbothhybrid systems

Stacked A
configuration 1 2 3 4 5
Standard CHCM | p@UG| pRULVLY pPp&ECU| p @]
p CA9w | ¢c@TY CBTO| p@ QG| p@FuLoT
8 b CHPG | CHPY CRCX| P&T Y p@y
p CHRUX | CRWT CRPT| CROW PG w(
Parallel A& A e
configuration | 1&61.20 | 2&122.4| 3&183.6 | 4&244.8| 5 & 306
Standard C®PU| CRUP| ¢BULU| p@OT| p @Y
p CKTITM| C@CT| CMOT| CRBXY CB WY
8 b CALVY | CROP| CMPT| CACT| TG
p CRXWY| BTG CHWW C@AXOT|lGBTX
4.3 Summary
The same thermelectrical model proposed in Chapter 3 is employed to investigate vaagus
parameters i ncl uding the PV cell b6s voltage tempera
and materi al properties of the TEG unitds | ecq

reveal the intricate interaction between the PV cell and the TEG subsgsigto, optimize them

for improving the overall efficiency of bothybrid systemsThe results show that enhancing the
voltage temperature coefficienhareases overall efficiency for both stacked and parallel
configurations. For the parallel configuration, increasing the leg length and decreasing its height
and width (surface area) improves overall efficiency. Conversely, the stacked configuration
benefts from decreasing leg length and increasing surface oethermore, a higher Seebeck
coefficient and electrical conductivitizybrid with lower thermal conductivity, lead to improved
efficiency in both configurations. Notably, a 15% enhancement in these material properties results
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in the stacked configuration achieving a higher overall efficiency than the parallel configiiration

but only under6 j pand 0 j L & 0p o .@This indicates that such
improvements have a more pronounced impact on the stacked configuration, suggesting that with
advanced TEG materials, the stacked configuration could become a viable and competitive option.

Our contributions are summarizedfabows

Thesis3 | have conducted a comprehensive performance investigation aneparaltneter
optimization of stacked and parallel PNEG configurationdor different key parameters
including the temperature coefficient of the PV cell (voltage temperature coeffic
geometric dimensions of the TEG legs (widtbight,and length), and their material properti
(Sesbeck coefficient, thermal and electrical conductivities).

3.1 I have showmthatatd  =5&0 =306, al0% improvement in the PV voltag
temperature coefficient, TEG leg geometry, and TEG material properties increas
overall efficiency of the stacked configuration by 10.6%, 6.2%, and 2.8%, and ¢
parallel configuration by 5.3%, 1.6%, and 1.5%pessively.

3.2 | have proved thaatd ; =5& 0y = 306with 15% multi parameteroptimization,
the enhancement in PV cell efficiency is greater in the stacked configuration (37.:
8.5%), whereas the TEG efficiency improvemenimiere pronounced in the parall
configuration (66.7% vs. 40%)

3.3 | have demonstrated that a shorter leg, larger surface area and higher thermal conc
are ideal for the stacked configuration, whereas the opposite trends apply to the |
configuration Additionally, TEG efficiencybenefits most from Seebeck coefficient in t
stacked configuration and from thermal conductivity in the parallel configuration.

Related Publications The thesis's main concept has been publishel Jn ome optimization
concepts of the presented model have been publish&dfin [
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Chapter 5

5 Spectrum Splitting-BasedPerformance ofHybrid PV-TEG
Parallel Configuration

5.1 Background

Thehybrid PV-TEG systenmhas emerged agpaomising solutiorio enhanceonversion efficiency
through the photovoltaic and Seebeck effetitile the sacked configuration enable full
spectrum utilizationit suffers from significant heat managemenissuessince theconversion
efficiency of PVs strongly depends on thgerating temperatur@he parallehybrid systemwith
the conventional spectrum splittingtroduced inChapter3 presentsa proactive approacto
overcome these thermhinitations However,it does not completelprovide an efficient and
optimalutilization of solar radiatin, asshorterwavelengthsnayleadto thermalization Splitting
the within-bandgap spectrufWBS) between the P\¢ell and TEGsubsystenusingan optical
spectum-splitting beamor filtersis an innovative approa¢h89].

5.1.1 Literature Review

Recently, somditerature has studied spectrum management stratedigsng to enhancethe
overall efficiency of suchybrid systems.

In [129] the authorgoroposeda hybrid PV-TEG systemusing a cold mirror as a spectral
splitter to divide the solar radian atapproximatelyp 1t it . Theauthors intended tiansfer the
visible and ultraviolelight wavekengtts (¢ 1t g 1t it i) to the PV celland thenfrared radiation
(@ T o 1t Tl ) to the TEG The authors introduced two setups. In the first setop) p VA |
mc-Si solar cellandip® p® A | TEG wereused and a monitored cooling system was applied
for bothdevicesThe authors showed that the coldtror achievedpproximately a #u tenergy
split with a cutoff wavelengthy( rt it i) lower than the desired one ¢frtini. In the second
setup the hybrid system consistedab€ustonp v p VA I PV panel anéicdo ¢&A | BirTes
TEG. Theauthorsdemonstrated that at lawadiance levis up to 7007 #i | the hybrid PYVTEG
systemoutperformed a&omparablesizedPV-only systenmby T 11 Bn power outputHowever,at
higher irradiance levels of aboyen 77l , the P\only cell performed bettetOn the other
hand, the authoig [140] usedahot mirror spectrum splitter to split the full spectrum between the
two devices. They proposed a mathematical model for a parghad PV-TEG system using an
amorphous Si PV celindBi>TesTEG. The wavelength rangdeom T Tt 10 @ witi andg w
p p ul i are directed to the PV cell and the TE&pectively. The results showed thathigbrid
system achievedralatively high performanceompared to the standalone PV cell case

Despitethe contribution ottonventional splittingthe determination odnappropriate cutoff
wavelength is crucial in such systenitie authors irf141] proposed a numerical model of a
parallel hybrid PV-TEG system using a Fresnel lens amdlichroic splitter The authors
demonstrated the optimal cutoff wavelength to be betweermmdw v &t & However, the authors
in [142] optimized experimentally the performance of thdrid PV-TEG system at different
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cutoff wavelengths ofp Y, w,;andp p M 1. The systm featured a Fresnel lens for light
concentration, a coated spectral beam splitiamgl active cooling foboth the PV cell and the
TEG device. The results showed that ltybrid system demonstratedta@ Pimprovement in
the power outpubver standalone PV cell systems at a cutoff wavelengghypfrt .

The authors i{190] developed an optimization method faispectrumsplitting PV-TEG
hybrid system. The optimum cutoff wavelengthg and_ , can be obtained from the intersection
between the spectral efficiency of the solar cell and the solar TEG. For example, in one
configuration of a hydrogenated #¢ solar cell, the optimum cutoff wavelengths arg
0T wi,and_; wowi. Thereforep & ¢ f the solar radiation is converted by the solar
cell, whilep® v and¢ @ v f the short and long wavelengtinsspectivelyaredirected to the
TEG. The results showed that the proposed spectrum splitting achoseedll efficiency
significantly exceedinghat of the standalone system. In addition, the results demonstrated that
hybrid systems utilizinghin-film Si or polymer solar cells could enhance system performance by
efficiently directing solar energy.

5.1.2 Objective

While the basic splitting spectrum approagiscussed ititeraturehas shown improvements in the
overall conversion efficiency, it may not represent the optimal utilization of the solar spectrum
[c3]. Instead there isa potential foranadvanced spectratrategy byfurther splitting the within
bandgap spectrum asdlectively distributingortions between the PAhd TEG subsystemEhis

is attributed to several obwvations. First, photonwith energy significantlyexceedingthe
bandgap of the Sead to thermalization losses in the PV celibere excess ergy is converted
to heat rather than electrical ener§gcond, the external quantum efficiency of the PV valies
considerably over the solar spectrunhere some wavelength rangd®w a significary lower
conversion efficiency in the PV cells. Thithe TEGsubsystem operates higher temperature
gradients, leading to higher conversion efficiendyis chapterims to investigate theffect ofa
novelspectrurssplitting principle of thefull solar spectrum in combination with a ldewel light
concentration on the output performanc®¥%f TEG, and théybrid PV-TEG systemin addition,

it determinesthe optimal spectrum splitting configuratidar maximizing overall efficiency.
Moreoverit delivers a model that enables an easy calculation of the overall efficiethehgbrid
system with different spectrusplitting patterns adifferent light concentration level& Jo

5.2 Novel Spectrum-Splitting Concept

The novel spectrum splitting concept recognizes that certain spectrum wavelength ranges within
the withinbandgap spectrum might be more effectively used by the TEG subsystem rather than
the PV cells.The proposed spectrusplitting conceptof the parallel hybrid PV-TEG systemis
illustratedin Fig. 5.1[@]. The full spectrum o v 11t Tt Tl 1 is divided into two main spectrusn

the withinrbandgap spectrurand thepostbandgap spectrum (PBRs aSi solar cell is used, the

WBS isfromo v twp p m mi while the PSB spectrum is fromp mtat 1t i T, which is the case

in the paralletonfigurationdescribed irChapter3. The novel contributiors that he WBSis divided

into 15 spectrum partitions with a stepwft I, starting fromtheo v Tt 1 Tt i [ partition tothe

pTu Tp p Tl partition. The step ob 1t | was chosen as a good compromise between the
depictability and presentability of the results and the resolution of the calcul&ticuiition the

v 1t | step size satissthatv 1t | rangerepresentspproximatelyv b of the entire incoming
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energy, with the maximum being® Pin thet v v Tt i | range, and the minimum beiag P

in thew Tt mwv frti range These spectrum partitions are distributed between the PV and TEG
deviceswhile the posbandgap spectrum ranflem p p ttaw 7T T Ti is always transmitted to the
TEG device. Therefordifteen different spectrunsplitting configurations were investigated. In the
first configurationthe entire withifdbandgaspectrum igransferred to the P\and the posbandgap
spectrum is directed to the TEG. In the second configurdkierPBS and the spectrum rarfigen

o v T il are transferred to the TEG deviead the spectrum ranfflemt T p p i i is
transmitted to the PV cell, and so &mally, in configuratiorfifteen, the postbandgap spectrum and

the spectrum rangeom o v @ p 1t ul Ti are transmitted to the TEG devjead only the spectrum
partfromp 1T vtap p Tisrdirected to the PV cell.
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Fig. 5.1 Spectrum splitting pattern of thgbrid system.

Fig. 5.2 illustrates the fifteemonfigurationsof the proposed novel spectrum splitting concéit |1t
demonstrates alternatisehemes for allocatingavelength®etweerthePV celland TEG subsystem.

Spect Spectﬁum Configuration
TypePartintmij 1 | 2| 3| 4|5 |6 |7 |8|9[1011/12 131415
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50550 TE £ d
553600 TEc_I_Ec
60®B50 TECTE(
650700 TEC
7050 | PV,
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90m®50 PV PV
950000 PVI Ly
100D05 PVI Ly
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Fig.5.2 Thep wonfigurations of the proposed novel spectrum splitting concept
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5.3 Spectrum-Splitting SystemModel

Theschematic diagram of thparallelhybrid configuratiorwasdescribed in thehaptei3 as shown

in Fig. 3.1 (b). The system is composed of a concentratorspectral beam splitter a
monocrystalline silicoimc-Si) solarcell [28], andaBismuth Telluride (BiTes) TEG deviceThe

same light collection area is assumed for efficiency definitions and calcusatipfification In
addition, the geometrical concentration ratios of the PV (@}l and the TEG subsystem

(6 ) are coupled according to E@-5), ensuringdentical solaenergy harvesting by the two
subsystemdDifferent surfaceareas of the PV cell and the TEG subsystesultin differento |

andd y . Through the application of E¢3-5) andconsidering the designated surface areas of
the PV cellandheat collectarit becomes possible to ascertain the geometric concentration ratio
for the TEG devicet a specified geometric concentration ratio of the PV.detr PVc el | s 6
concentration ratioom p to v, and asurfaceareaof the HCof ¢ v T , the concentration ratios

of the TEG device ane pp 1,9 L,@ T, BN UL,vespectively.The spectrurbased input power
which is transferred to thRV cell 0z; 5 _p s andthe TEG device(z; 5 4 95Can be evaluated

as follows

0 § - 0 p 0 . 'O_ Q. (5-1)
0 - - %5 & _ o_ _  o_ a. (5-2)

wherea, is the configuratiorbased cutoff wavelengtithe minimum and maximum wavelength
spectrumwavelength limit corresponds to the spectrsplitting pattern shown ikig. 5.1. The
Thermatelectrical mathematical model is propogsedhapters 1 an8. The paralletonfiguration

is mathematically described by the set of equatior(§-dP), (1-43), (1-47), (3-7), (3-9), (3-11),
(3-12), (3-33), and(3-36 to (3-38). For each configurationhy simultaneously solving the set of
equationsof the parallelconfiguration the unknown parameter O ¥ * 7o FPTOGr "

O $PTmY gLV . Y8 Y 0 ¢ 08 and
G} can be evaluatedhe output power of the TEG umian be evaluated as followis7 9]
A T =9
The overall output powesf the parallelconfigurationd S, F6r each configuration

can be evaluated as follows

_ _ pprmm T[T
0 A %o 8 (5-4)
The overall efficiencys S, 7 T6f the hybrid system can be evaluated at each

configuration as
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5.4 Simulation Resultsand Discussion

The MATLAB simulation was performed using the PV cell and thermoelectric generator parameters
shown inTable5-1. The environmental, optical, thermal, and electrical parameters considered in
the model constructioare identical to those mentioned time section3.2.2 In addition,the
assumptions considered in this simulation are identical to those mentiaghedaction3.2.3.3

Table5-1 Specifications, physical parametesind material properties of R¥ell, and TEG subsystems.

PV Cell [151], [182], [183]

Parameter | Value Unit Parameter Value Unit
4 6 ¢ U 6 . ¢ & P
TLé T Y 1t w =L puvGC & a

13 Y& G p L T80 1T U
4 pR T 4 o¥3 - T80
A <) a 0f3 - PT Y wlau
. puT e, T T8 @
TEG Subsystem[141], [181]

Parameter | Value Unit Parameter Value Unit
4 ® a6 P8l p p OF a0
T« T P C a a | CqroxpTm wIo
A T PQ aa 1. PX C pp T GoFO

a_ Xepm (o L _ ® &0
L Ywo @ "W o . Ti0
pg pu| WFav ‘. T8t Y
Others

Parameter | Value Unit Parameter Value Unit

At » Wy 0 1o make C WY 0
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Lt/ oo ) "7 pTITT w Ta

5.4.1 Two-Split Spectrum Case

As a reference, the performance of a standalone PV cell has been evaluated at different light
concentration levels. It has been compared with the performancengbtigbsystem, where the entire

WBS is transferred to the PV cgeilvhile PBSis directed to the TEG devicEig. 5.3 shows the

efficiency of thefully illuminated standalone PV cell versus the efficiency optrallelhybridsystem

at different light concentration level8t a concentration level of 1 sun, the standalone PV cell
efficiency is aboug gk c¢&®&nd the hybrid sygsxMWlilesatalighti ci e n «
concentration level ab suns, the PV cell efficiency decreases to alpog@ ¢ v d&nd the hybrid
systembds p®dfpixdi ency i s

The performance of the RVEG system in terms of different light concentration levels is
tabulated infable5-2.
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Fig. 5.3 Efficiency ofa standalone PV cell against tharallel hybridsystem of the twaplit spectrum

Table5-2 Standalone PV cell Vs. twslit hybrid system

Parameter il Lk
1 2 3 4 5
Ap4 & cca x| oTdX| OX& G| CWRIG| T CBD
tpo Pl CROJCR W] p@ oG PRTQ pP@ U
Parameter A& AH ro
1&51 [ 2&102 [ 3&153 [ 4& 203 | 5 & 255
tiod e P CRX)CATqC@MULUY p@wU p &YX

5.4.2 ProposedSpectrum-Splitting Case

5.4.2.1 Effect of Spectrum Splitting

As a next step, the possibility of splitting the witliandgap spectrum was investigated, with the
configurations listed ifrig. 5.2. Once again, geometrical concentration ratigsarfidv pare used
for the PV cell and TEG device, respectively.

Fig. 5.4 (a) shows the temperature of the PV cell for the different solar spectrum splitting
cases. As can be anticipated, the PV cell temperature decreases as the spectrum range transferred
to the PV device is narroweHig. 5.4 (b) shows that the solar cell efficiency decreases due to the
decrease in the PV cell input power density as the spectrum partition ranges get smaller. The
maximum PV efficiency i€ ® ¢ wdt the spectrum partition @ v ™ p p m M. Fig. 5.4 (c)
shows the efficiency and temperature difference across the TEG terminals in terms of the different
spectrum partitions of the withibandgap spectrunin addition to the podbandgap spectrum.

With the increasingqiumber of spectrum partitions (and thus the power density) directed to the
TEG, the temperature difference between the TEG sides rises, which in turn increases the TEG
efficiency. Fig. 5.4 (d) shows the overall efficiency of thgybrid PV-TEG system of the fifteen
configurations. The overall efficiency decreases as the configuration goeg fognye. g. more

and more spectral components are directed to the TEG. The maximum overall efficiency is about
¢ & X X & configurationp, where the spectrum partitions afu 1 p p nnandpp mm

T 1 i Tl are transmitted to the PV cell and TEG deyimspectively. The calculations of the
hybrid PV-TEG system according to the spectrgpiitting pattern are tabulated Trable5-3.

ComparingFig. 5.4 (b) and (c) it can be cleareenthat the decrease in solar cell efficiency
is higher than the increase in TEG efficiency, thus reducing overall system effi@srstyown in
Fig. 5.4 (d). Therefore, even though the solar cell temperature decreases, it cannot compensate for
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the low PCE that is characteristic of TEG devices. However, comparing the resLitisl@b-2
andTable5-3 indicates that splitting the spectrum could counteract the negative effect of the high
temperature in the case of a concentrator standalone PV cell, since the TEG can compensate for
the decrease in the PV output power due to the decreased input powéy detise limited

spectrum.
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The PVYTEG system of configuratiop has the highest overall efficiency, slightly higher than for
a standalone PV cell.

5.4.2.2 ConcentrationBased Spectrum Splitting

The overall efficiency of a hybrid RVEG system with withirfbandgap splitting has also been
evaluated at higer light concentration levelsig. 5.5 (a) shows that the PV cell temperature
increases for each spectrum partitiomgtoas the
suns. Howeverwith increasing concentration levels, the temperature reduction effect of the
spectrumsplitting becomesnore definite.

Fig.5.5 (b) shows that at the different PV concentration ratios, the PV cell efficiency decreases
as the spectrum partition gets smaller due to the decrease in the input power density. It can also be
seen that the efficiency of the PV cell decreases with contienttavel when the entire within
bandgap spectrum, including the low wavelengthpassed to the PV cell. However, by directing
lower wavelength ranges (belogvttin i) to the TEG, the efficiency of the PV cell starts to
increase with the light concentration level. This is due to the fact that at lower wavelengths, where
the photons have significantly higher energy than the bandgap, a lot of excess heat is generated,
andt hi s heating effect i's dominant over the ||
higher wavelengths, thghotons withabovebandgap energgremuch less, thus the heat load is
significantly reduced, and the light concentration can exert its efficieecgasing effect. The
maximum PV efficiencies at ; of¢,0,T,andusuns areg Bp v ¢, ® TP, P & ¢ whand
p @ 1 wrespectively. Compared with the efficiencies of the standalone PV cellTiate5-2,
it can be seen that the efficiencies are higher for all concentration, ratidsthe efficiency
difference increases, to the benefit of tharid system. In the case of suns, the efficiency
increases fronp @ x Rop @ 1 W Rlbeit reducing the spectrum transferred to the PV cell by
v 1t | (theo v T T $pectral range being redirected to the TEG).

Fig. 5.5 (c) shows the overall output power of the fifteen different configurations for different
light concentration levels. For each configuration, the overall output power increases significantly
with the increase of the PV cell or TEG device concentration. ratie maximum overall output
power and efficiency at concentration ratiog;pf, andt sunswerefound to be at configuration
¢. Whereas ab suns, configuration 4 showed the highest output, indicating a shift towards higher
wavelengths in the optimal splitting wavelength with increasing concentration level (séealso
5.5 (d)). The fact that at configuratiomsto g, the overall efficiency decreases with concentration
levels, and from configuratiamit increases, also hints towards an increase in the optimal splitting
wavelength with increasing concentration level. It has to be noted that the maximum overall
efficiency decreases with increasing concentration levels. This indicates that currentviéeG de
efficiencies are still unable to compensate for the decrease in PV cell efficiency due to the
decreased input power density of the limited spectrum and the side effects of the high temperature
as well. The numerical values Big. 5.5 are tabulated ifable5-4.

ComparingFig. 5.5 (d) andFig. 5.3 shows that the spectrum splitting principle introduced in
Fig. 5.2 demonstrates higher overall efficiency than that of the standalone PV cell, as summarized
in Fig. 5.6. Configurationp of the hybrid system &t j p sun and? j L EBuUNs, has an

efficiency higher than that of the standalone PV ce# at p sun, which is the maximum,
while the other configurations are less.
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Fig. 5.5 a) temperaturandb) efficiencyof PV cell and overalk) output power, and d) efficiency.

At higher concentrations, thgybrid system figures out more than a configuration that has

hi gher eff
For example, a

t han

t he

standal

one

PV
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ciency
L suns andf j

¢ UL sunsthe first nine configurations have higher

efficiencies with the fourth configuration being the maximum, than that of the standalone PV cell

at# p

configurations compared to the efficiency of the standalone PV cell.

concentration ratios increase frosh P&H# i

L pto # ;

L suns. Moreover, high@oncentration ratios demonstrate a higher efficiency of more

For example, as the
T&#j ¢ T

suns, the firsv, @, X, andy configurationsrespectivelyhave a higher efficiency than that of the

standalone PV cell at a concentration rati¢ ¢f U suns.
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Fig. 5.6 Performance of thRybrid system against the standalone PV cell.
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Table5-4 Output performance dhe spectrum splittingbasechybrid system at higher concentration ratios.

Aftr » AH rq At » AH Afdtr  » AAl ra At » AH
Configuration PV PV-TEG PV PV-TEG PV PV-TEG PV PV-TEG
Tpr | thr [ theden| Ape | b [ Bbeden| e | e [ Bbeden | Apr | Bbro | B e
L p b L p b L ) b L p b
oofpX| CMULG CAMTG oL@ X| (TP (LU oXHT| P@A WP P@BWV CcwWHT| pWLY PAYX
OO0 T| ¢B® QT 8 oudpY CBIWT 8 CPRpw p& QW 8 ouydpx| p® ] p@ YW
oo PR PH CBCT OT&HN PO WY CBPX PR W PpPOT CRBCT| oOXFC| pPTTM p&HOP
oGclpo| p@E MY p@AULYX OTHIQ PR QX PBOY cLBT| PR WYX P@BXO) cOKY pR TP 8
OCR Q| p@mgd pULTM ccdo| p@mU pAULT cT1qU| P WW PACUL|  cLKO| P& XY P B wWa
CPHX|  PBOG PRCY OCHY pBTX pP Yo ococdho] p& X pBWp| oTdYX| PR TP P& X O
OPHT| p@CT PR W OCHBT p@PP| PPQU oOoHT| P@TP PHQT| co®BY| p@ Y P& p
oPpHY p@PpY PBPG opBHW PEULUTM pETNY oCHT| pATYX pHUT coPU| pAOY pCU
OT&T| WP XO| PE PG op®Ho| wBCT( pBCO| op@PT| pBIVO pBYXO| ocdIp PpHPCC P@CX
O XPPT| pPENT opPO YYucl p@OP opHU| U8 WOl PHOC) 0PpHW B YY( pB QT
OT®P| B PT| PARXY om8Y @B CX{ PHWT 0pPwW ¢d QU PEOop|  opET| PO pB T Y
OTMRW TDTU| WEX| oT@X| IEPW| pPARCT oW ToY] pPXp| omd@wX| T&RCO| P& Yy
OTPT| 68 YY| B YC( onPo| oo PpHRTITX o Y| o omd pE WO ot Y| o] p @ MO
O ¢CARMTO| WnYj] on&yo| ¢cd MYl opx x) onm&u| ¢ Yyp1 pwpyYP|omn&uv| ¢coX( p@MTY
CWRUL| TMOX W| XBTT (¢ wldQ| PBTg¢ X ( WWBop ol o m@E| P8 G oo QT oTPU| PEBTwPp | P B WY
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Based on the results shown above, | summarize the main points as follows

1 A novel spectrunsplitting concept is proposed, in which the withiandgap spectrum is further
divided into fifteen partitions with a stepoftt [, as seen iffig. 5.1. These fifteen partitions are
distributed between the PV cell and the TEG subsystem, while thégdgap spectrum is
directed entirely to the TEG subsystem. Overall, fifteen different configurations were simulated, as
seen irFig. 5.2.

T Ato j P& O L pthe proposed spectrugplitting shows that the first configuration
exhibits a maximum overadlfficiency among the other configuratioas seen ifrig. 5.4 (d). It's
due to that the decrease in the PV cell efficiency is higher than the increase in the TEG efficiency
as seen ifrig. 5.4 (b) and (c)

1 Table5-2 andTable5-3 show that ab P& O j U pthe configurationp, p O,

o,p T,andp v achieve an overall efficiency higher than that of the standalone PV cell at
0 =p, ¢ 0 T,andu, respectively.

9 At higher concentration levels, the proposed spectplitting shifted the optimal splitting
wavelength toward higher wavelengths. A, &0 p p MO j 0&O0 j
p L ando T&O0 ¢ 1, configurationg exhibits the maximum overall efficiency.
Whereas ab V& O j ¢ U, wonfiguratiort showed the maximum overall efficiency
as seen ifrig. 5.5 (d).

1 Table 5-2 and Table 5-4 show that at 0 j U suns & O j ¢ v,uthe first nine
configurations have higher efficiencies than that of the standalone PV ¢ell at v with the
fourth configuration being the maximum, providing a® P higher efficiency compared with a
p & bwith the case of just tweplit (configuratiorp).

5.5 Summary

This chaptemvestigated a novel spectrusplitting approach for paralléybrid PV-TEG systers,
exploring the potentiabf selective spectral distribution between the PV and TEG subsystems to
enhance overalsystemefficiency. This chaptemproposed an innovative splitting concept that
divides the withinbandgap spectrum ranffemao v twp p T Tl into fifteen partitions ofu i

each while consistently directing the pesandgap spectrum ranfiemp p mtat 1t i T to the

TEG subsystemThe introduced methodology involved analyzifgen different configurations
undervariousconcentration ratigsas statedn Fig.5.2. Th e P V caonaehtrhtionatiosrange

from p to v suns andthecorresponding TE@oncentration ratiosangefromuv @o¢ v sunsThe
MATLAB simulation was carried out usinthe mathematical thermadlectrical modeproposed

in Chaptef3. A fully illuminated standalone PV cell was used as a refer@iteeresults show that

the spectrumsplitting used in the parallel configuratiaran achieve higher overall efficiencies
than standalone PV systems in the investigated light concentration levels, as summ&iiged in
5.6. At p sun concentratioronfigurationp achieved alightly higheroverall efficiency compared

to the standalone PV cellVith increasing concentration levels, this concept helped to increase
overall efficiency, . e., for a PV cell 0s <coi
improved top & w p d@mpared to thp @ X Pf a standalone PV system. This higher efficiency

is caused on the one hafy the reduction of the heat load and thus the temperature of the PV
cell, and on the other hanlgy the electric power contribution of the TElGwas also shown that

the optimal splitting wavelength shifted towards higher wavelengths with increasing concentration
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levels(configurationt at a concentration ob surs). Moreover,the results demonstrated that at

higher concentrationsu(suns), the first nine configurationsonsistently outperformed the
standalone PV celHowever, the results also showed that system efficiency still decreases with
concentration | evel, meaning that todayds TEG
the temperaturduced efficiency loss of common PV devices. Altogethiaran be concluded

that a spectrum splittingased combination of Reells and TEGs seems to be a viable option for
low-level concentration applications from the energy balance view, albeit current TEG device
efficiencies set strong limitations for this copte

Our contributions aresummarized as follows

Thesis4 | haveinvestigatedand optimizeda doublespectrumsplitting concept fothe parallel
configurationto mitigatethe limitationsassociateavith postbandgap and thermalization loss
in standalond’V cellsoperating witlout active coolingnechanismsThe proposed spectrum
splitting approachdirects thepostbandgap wavelength aradvarying amount of thaigher
energywavelength to the TEQ.have introduced fifteen distinct configurationssplectrum
wavelength allocations, each analyzed through a theszteetrical modeling framework

4.1 | haveprovedthat e maximum overall efficiencghifts towards higher wavelgths with
the light concentration levebeinglocated atwavelength of400 nmfor O j C &
0 p p 1,@nd atwavelength of 500 nrfor 0 V& O ¢ L.L

4.2 | havefoundthatthe optimum overall efficiencgmong thénvestigatedight concentration
levelsis achieved ab ¢ & 0O p 1,Qwhich offers atradeoff between a
moderate PV cetlemperaturef 334 K andan optimal splitting wavelengttiof 400 nm

4.3 | have demonstrated that the cutoff wavelength, at which the overall efficiency ex

that of the standalone PV cdlhcreasesith light concentration level. 0 C &
0k p 1,cthe cutoff wavelength is 450 nffirst three configuration$, while at
0 R V& O j ¢ U,ut reaches 758m (first nine configurations)

Related Publications The thesi @ain concept has been publishedn [E Jo Some modeling
concepts of the presented modehavebeen published in[A b
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