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Abstract

Solar energy is a particularly attractive form of renewable energy because it is widely available
and the amount of solar energy received on Earth each year is #®&J, which is more than

7000 times greater than the annual global energy consumpliavever, solar energy remains
largely untapped because it is a broadband, intermittent and sparse resource, making it difficult to
harnessHerein, the implementation of newly designed optical egireferred to as Radiant
Energy Spectrum Conver®(RESC), in the form of ellipsos] spheroigd and/or paraboloslis
presented fobroadbandolar energy harvestirend conversiompplicationsin this thesis RESC
structures are designed and their application in four broadband solar energy harvestirigpagplica

is numerically analyzed:) photobioreactors?) agri-voltaics,3) hybrid solar lighting, and) Solar
Thermophotovoltaics (STPV)) The RESC structure imephotobioreactor is a luminescent solar
spectrum splitter that partitions the solar irradiainto photosynthetically active radiation (PAR)

and photosynthetically inactive radiation (ABAR) to simultaneously power algae cultivation
systems and PV cells, respectivdiesults show that a RESC structure enables 0.25 MJ of electric
power generigon in a photobioreactor with a projected area of and volume of Dahd0.2 m,
respectively2) The RESC structure implemented in agpitaics is an elliptic array luminescent
solar concentrator for combined power generation and microalgae growtthevgimilar concept

of partitioning solar irradiance inits PAR and norPAR componentsConsidering the combined
effects of emission, transmission and surface scattering losses, numerical results show the optical
efficiency of the elliptic array lumirsgent solar concentrator (LSC) is 63%, whereas in comparison
the optical efficiency for a conventional planar LSC of the same size is 43)20he RESC
structure used in hybrid solar lighting applicatisrare based on luminescent solar spectrum
splitters that partition the incomingogar irradiance intdts visible and norvisible componentso

simultaneously power fibre optic lighting system and PV cells, respectiNalyerical analysis



shows that the newisible portion of the solar irradiance can be converted to electricity with an
efficiency of 13.4% using a doubjenction PV cell within a RESC structu) RESC structures
implemented into STPV systems are based on highly specular IR reflective opéitialsanthe

form of oblate and prolatgpheroidstructures to enhance the power density and photoconversion
efficiency of the STPV systemBhe optical cavity partially encloses a solar receiver that is located

at the focal point ofan ellipsoid/parabadid. Concentrated solar radiation is absorbed by the
receiver, which functions as both an absorber and an emitter. Radiation is emitted from the emitter,
and the internal surface of the cavity is able to reflect a large portion of this emdizbneither

back to the emitteor to a PV cell Emitted radiation that is returned to the emitter is referred to as
"photon recycling". A high degree of photon recycling can be used to achieve high emitter
temperatureswhich enhancethe performance o8TPV sydems.The results presented in this
thesis show that optical structures in the form of spheroids and paraboloids can be used to partition,
control and harness broadband solar energy to simultaneously provide for multiple applications,

which ultimately inceases overall solar energy conversion efficiencies.
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1 Introduction

Energy derived from fossil fuel sources significantly increastesospheric C® concentrations and
contributes to global warming. Nevertheless, recent advances and technological developments have made
renewable energy sources a promising alternative that are increasingly being used. The primary renewable
energy sourceare categorized as: Hydro, geothermal, wind, bioenergy and solar [1]. Of these sources solar
energy is particularly attractive because it is widely available and the amount of solar energy received on
Earth each year is ~3.520° EJ, which is more than0ODO times greater than the annual global energy
consumption. However, solar energy remains largely untapped because it is a broadband, intermittent and
sparse resource, making it difficult to harness. Furthermore, certain technological limitations avieegre

it from becoming the primary source of renewable energy.

AsshowninFig.11, t he sol ar spectrum is dividedusapinly i
which ranges from ~280 to 380 nm and makes up 6% (81>\fithe AMO spectrum, and 2% (32.4

W/m2) of the AM1.5 spectrum (the AMO solar spectru
atmosphere and the AM1.5 spectrum is the solar radiation incident from theesuthrangle of 48.2°). A

large portion of solar irradianceisinte vi si bl evi),swhiehaangesifram 88w 740 nm and

makes up 46% (607 WAnof the AMO spectrum, and 49.2% (492 W)rof the AM1.5 spectrum. The IR

r egi GQa df tessolar irradiance spans from 740 nm to ~2500 nm. The IR regionsolanspectrum

accounts for 48% (630 WAnof the AMO spectrum, and 47.6% (476 \W)rof the AM1.5 spectrum. In

some studieghe solar spectrum is consideramlextendup to 4000 nm. For the AMO solar irradiance, the

total power over the spectral regioorr 280 to 2500 nm is ~1320 W/rand the power over the spectral

region from 280 to 4000 nm is 1355 WArkor the AM1.5 solar irradiance, the total power over the spectral

region from 280 to 2500 nm is ~1002 W/and the power over the spectral region fi280 to 4000 nm is

1010 Wi/n.
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Figurel-1 The spectral emissive power of the AMO and AML1.5 solar irradiance with three main spectral regionsméddad
<380nm , vVvisibl es<(3IAD mm) <rsoseidd nnh).Fhe(hapealized photosynthesis active radiation for most

green plants and the photopic response of the human eye as a function of wavelength is also shown.

Each range of the solar spectrifne . Qwsoa, PO S a nrebia) Cap-be useful for a wide variety of
applications. The UV portion of the solar spectrum has been used for water and surface sterilization and
medical therapy [2]. This spectral range also helps to create and stinitdaien D in the human body.

UV light is also able to deactivate bacteria and viruses to sterilize surfaces and drinking water. Furthermore,
recent research performed by Sensor Electronic Technology, Inc. (SETi) showed 99.9% effectiveness of the
UV light against Corona viruses when exposed for 30 seconds. They showed that the UV light source can
be more effective for deactivating the Corona virus when the UV light source is very close to the virus,
which provides a very high intensity of UV light on theud [3]. In this regard, an air channel with close

exposure to UV light (5mm) was developed to effectively sterilize the incoming air. The visible portion of



the solar spectrum is vastly used for applications including lighting, photosynthesis and ptegaic
generation byhotovoltaic PV) cells. Fig. 21 shows the photopic response of the human eye (the relative
sensitivity of the human eye) as a function of wavelength. The average sighted human eye has the highest
sensitivity at the wavelength of 5%6n, and green light can produce higher brightness in comparison to
other wavelengthd he visible light region is also important for photosynthetic processes. photosynthesis

is a lightto-chemical energy conversion process in plants, in which the lighgyersecaptured by the plant

and used to convert water and carbon dioxadehemical energy (sugar) and oxygen. Photosynthetically
Active Radiation (PAR) is the portion of the solar spectrum used for photosynthesis and growth. The PAR
spectrum for most gen plants is plotted as a function of wavelength in Fij. As can be seen, for most

green plants blue and red light are used extensively whereas green light is used to a lesser extent. It should
be mentioned that the plentiful amount of light for plsgtihesis provided by the sun has inspired

researchers to create artificial photosynthesis machines [4, 5].

One of the most important solar energy conversion processes, especially for the visible and near IR portions
of the solar spectrum, is to directly convert solar energy into electricity Bsiioglls. PV cells are the most
commonly useaptoelectronic deeeand are able to directly convert incident photons into electricity by
generating electrons and holes. Furthermore, the IR region of the solar spectrum is useful for heating
applications. This range of solar energy has also been used for water desdfinefication, medical

treatments, and hydrogen generationgp

1.1 Solar-to-electricity energy conversion

The conversion of solar energy into electricity is an exceptionally important energy conversion process
because electricity is a higitrade energyasource which has high potential and prospects to power the
majority of devices for botterrestrial and also space applications [9]. PV cells have been widely used for
many applications including satellites, space crafts, building integrated PV systé} (Bater pumping,

street lighting, telecommunications, water desalination, and weather monitoring [10]. Currently, crystalline



silicon singlejunction PV cells dominate the market of sunligdrelectricity energy conversion as they are
relatively inex@nsive, environmentally friendly, and exhibit letegm stability. However, as discussed in
the next section, the maximum efficiency of these PV cells is bound to about 30% by the SQoedsier

limit due to the broad spectral nature of sunlight.

1.1.1 Limit ations of solarto-electric energy conversion using PV cells

According to the ShockléWueisser limit, single junction PV cells suffer from two dominant loss
mechanisms [11]: 1) Unabsorption lossgsa69: the photons with energy lower than tiendgap i) of a

PV cell (subbandgap photons) do not have enough energy to generate eleagqgoairs and they are
mostly transmitted through the PV cell. 2) Carrier thermalization loskgs)( photons with energy in

excess of the bandgap of a P&l@enerate one electrimole pair in most cases, and the excess energy is
converted to heat and thermal losses rather than contributing to the electric power output from the cell. The

transmission and thermalization loss fractions are formalized aw$jik2].

- Ui 0 0QO0 PP
- = 0100 ©0Q0 o0&
0 B O 0QO0 o)

whereq is the electron charg& is the photon energy in eV, ( Es)the radiation photon flux, which is
often assumed to be the AM1.5 standard, i& the multiplication factor (in most caseq £13) andPi is
the nput power which is calculated using Hg3. Fig 1-2a shows the unabsorption and thermalization

losses as a function of the PV cell band gap. The minimum amount of total thermalization and unabsorption



losses iSsitherm + Qsiunabs= 51%, which occursvhenEgy 1.1 eV. For comparison

based PV Ce||S ha\%e-therm‘*' qeeunabs: 61% andia.si.therm'i' qa.si.unabsz 64%, reSpeCt|Ve|y

Furthermore, the Shockle@ueisser analysis reveals that if broadband sunlight energy can be converted
into incident photons with energy slightly above the bandgap of the PV semiconductor, gusiciipe-
based PV cell can achieve an efficiency of 85%, which is the highest amount allowed by the second law of

thermodynamics13].
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Figurel-2 Unabsorbtion, thermalization losses, and the summation of these losses as a futietibarafgap of PV cells under

the AM1.5 solairradiance

To convert the vast amount of clean energy providedh@stin into electricity, a wide variety of seter

electric energy conversion technologies have been developed including different types of P\Afells [1
concentrated solar technologiesS]j1solar thermoelectric @], and solar thermophotovoltaics 7]1
Furthermore, novel strategies and materials have been implemented to enhance the performance of solar

to-electricity energy conversion technologies. One strategy to surpass the conversion limits of PV cells is to
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tune the incoming photon spectrum, eitd@ectionally or spectrally. Methods to achieve this have been
reported in the literature, including using spectratapverters, dowstconverters, solar spectrum splitters,

spectrally selective filters, and optical cavitie8,[19].

1.1.2 Solarthermophotovoltaics

Solar thermophotovoltaic (STPV) systems have emerged as one of the promising technologies to surpass
the ShocklyQuisser limit of the solato-electricity conversion efficiency. STPV is a sefithte optical heat

engine capable of converting concetdtbsolar irradiance into electricity. In this technology, the broadband
solar spectrum is absorbed by a selective absorber surface and emitted with a tailored spectrum from an
emitter surface. This spectral selectivity of the emitter surface allows tlelPt exceed the conversion
efficiency of the ShockleQueisser limit. Optimum directional and spectral selectivity of the
absorber/emitter surfaces are one of the key factors in a STPV system. For example, Sakakib2@h et al. [
provided a comprehensivweview on the practical emitters for TPV/STPV systems. They categorized the
emitters to naturally selective emitters (e. g. rare earth materials), multilayer stacksatesials, and
photonic crystal structures. They further subcategorized the eritésed on their optical performance,

size scalability, longerm thermal durability, ease of integration to TPV systems, and costs.

To further increase the conversion efficiency of a STPV system, using optical filters between the emitter
and PV cell to nsmit the high energy photons and reflect the low energy photons to the emitter, and rear
mirror on the backside of the PV cell to reflect unabsorbed photons in the PV cell to the emitter, have been
extensively investigated. For example, Ganapati e cpated an IR banddge filter on the rear side of

a InssGas7As PV cell (Eg = 0.8 eV) and showed an efficiency record of 28.8%. They provided an
estimation that for an emitter at 12@if all photons above the band gap (Eg = 0.8 eV) are useddad 9

of the belowbandgap photons would be reflected and recycled by the emitter, the TPV system can reach to
> 50% system efficiency. However, still several loss mechanisms hinder the STPVs to reach their theoretical

limits, which will be discussed in modetail in Chapters-3 of this thesis.42]



1.2 Cogeneration, multi-function, and hybrid solar energy systems

The use of solar powered technologies is still not widespread due to their relative costs, limited performance,
and energy density in comparisoreiisting noarenewable energy resources. Electricity generation in PV
cells is presently the most important and widespread solar energy conversion technology due the high
quality of electric power which can be used to power most devices and appliddtereser, as discussed

in Section 1.1.1 the most cesffective PV cells are relatively inefficient towards the direct conversion of
sunlight into electricity. As mentioned in Section 1.1.2, one potential method of improving the energy
conversion efficiencyf PV cells is through solar thermophotovoltaics. Another method of improving PV
solar energy harvesting systems, described in this section, is through the design and development of

cogeneration, mukiunctional, or hybrid systems.

By utilizing the diferent parts of the solar spectrum simultaneously for multiple applications, the total
energy conversion efficiency can be improved. To facilitate the simultaneous operation of multiple solar
energy conversion processes, sunlight can be partitioned aardtsebby wavelengths, energy levels, and
propagation directions. The ability to separate or convert the broadband solar irradiance into multiple spectra
in a controlled manner offers several advantages. For example, PV cells can harvest solar eireggy with
optimized spectral band with energy just above its band2&@R24]. This helps the PV cell maintain low
temperatures and have higher efficiency and less thermalization losses. Secondly, the part of the solar
irradiance not absorbed in PV cells canused for other applications such as heating or photochemical and
photothermal applications in hybrid systemS][2A wide variety of approaches including the use of solar
spectrum splitters, waveguides and cavities have been investigaliegctmnally and spectrally split and

control the solar irradiance to facilitate energy conversion in multifunctional and hybrid solar applications

[26,27).



1.2.1 Using solar spectrum splitters for solar energy harvesting

Due to broadband nature of the sdteaidance, splitting and controlling the distribution of solar energy in
different wavelength bands can significantly enhance overall -sBkamergy conversion efficiencies.
Various techniques have been proposed and developed to partition and condahthspectrum. For
example dispersive optical elements such as grating,-suef@ces and photonic crystal structures have
been comprehensively investigated. Yuhan et28]. designed a multilayer mefdm to partition the light

into different wavelenps with different angles. The metarface was composed of several two
dimensional grating layers stacked vertically. The implementation of the designed structure was shown in
solar concentrators. The concentrated solar beam hits the dispersive elethéntdarctionally and
spectrally partitioned to reach appropriate PV cells. Elikkottil et28l. designed a silicon nitridbased
diffraction grating structure on a glass substrate to diffract the portion of the solar spectrum from
wavelengths of 700 th400 nm. The diffracted spectrum is propagated in the glass sheet waveguide to the
edges where the PV cells are located. They reported an NIR guiding efficiency of 18% and power conversion
efficiency of 11%. Elsarrag et aB(] used a photonic crystal tigal filter as a beam splitter to partition the

solar spectrum into regions wherein the wavelength is b8@Avnm and abov800 nm. The higher and

lower energy regions of the solar spectrum were transferred to PV cells and thermoelectric generators
(TEG), respectively. The overall performance of the proposed hybrid BE® solar harvesting system
achieved ~20% efficiency which was ~10% higher in comparison to thenB\&setup. Ellikottil et al.31]
designed and fabricated a novel dielectric grating &tremn a window glass as a planar concentrator to be
used in net zero energy buildings. The solar spectral splitter transmitted the visible light and guided the IR
light to the edges of the window to be captured by the PV cell. The grating was polarigdépendent

and able to achieve 0.72% guiding efficiency for wavelength range of 700 to 1000 nm. Guiding and coupling

losses were attributed to be the major loss mechanisms in the system.



1.2.2 Using waveguides for solar energy harvesting

Waveguides, whiclkeonfine and direct the propagation of electromagnetic waves with minimal losses, can
be used in the design of broadband solar energy harvesting systems. For example, Luminescent Solar
Concentrators (LSCs) comprise photoluminescent materials embedded avitfsinsparent planar host

matrix [32]. The photoluminescent materials absorb solar radiation and subsequently emit radiation at a
longer wavelength. A large portion of emitted radiation will undergo total internal reflection (TIR) at the
upper and lowernsfaces of the host matrix. The transparent host matrix functions as a waveguide, directing
light towards its edges where PV cells can be located. Also, Chou et. al. made flexible waveguide solar
concentrators composed of polydimethylsiloxane (PDMS) a@garticles B3]. The TiG: particles scatter

incident solar radiation and the PDMS guide a significant portion of scattered light to PV cells located at its
sidewalls. These flexiblevaveguide PV structures demonstrated an optical efficiency of greated #%6

and a power conversion efficiency of 5.57%. Michel et. al. proposed a solar concentrator that functions as
both a spectrum splitter and a wavegui@®d] [This concentrator is made of two main optical elements: a

lens with a grating structure and aweguide. The graded lens partitions the solar irradiance into different
spectral regions, which are directed to different PV cells and opposite ends of the waveguide. PV cells with
band gap positions that minimize unabsorption and thermalization losdke fmrtioned spectral regions

are used at the edges of the waveguide. Vu et. al. designed and numerically evaluated a spectral splitting
concentrator PV system based on a Fresnel lens array and double wavi@&ghi@eshroic mirrors within

the doublestacked waveguide structure partition the solar irradiance into different spectral regions, which
are guided to PV cells that wetiatched to these spectral regions. Numerical analysis showed an overall

conversion efficiency of 46.1%.

1.2.3 Usingoptical cavities for solar energy harvesting

Another type of structure that can be used to facilitate solar energy conversion is optical cavities. An optical

cavity comprises an arrangement of mirrors or reflective surfaces which confine light to a certain spatial



region. Pastorelli et. al. used an optical metal cavity configuration to trap near infrared light in an organic
solar cell. By using this optical cavity configuration a PV cell that transmitted more than 20% of the incident
light over the visible spectra¢gion was demonstrated to have an efficiency equal to 90% of the efficiency

of an opaque celBBp]. Moreover, cavity receivers are used to minimize losses in concentrated solar power
systems 37]. Tian et. al. have performed numerical analysis and repdhat blackbodygavities can be

used to design spectrally selective absorbers that enable temperatures of 880 °C to be achieved under solar
radiation with a concentration factor of 10. This work emphasized the robustness and durability of using a
cavity to make a selective solar absorber rather than alternative methods such as photonic crystals,
metamaterials, and other structures that are built using nhanofabrication mégjodéejnstein et. al. used

optical cavities to design directionally selectivdas receivers wherein radiation losses from the receiver

are suppressed by the cavity in all directions other than those for which there is incident sunlight. By using
a hemispherical cavitya 75% reduction in radiative losses from a blackbody absorbéace was

demonstrated3g].

Optical cavities are relatively inexpensive and can be made to withstand high temperatures cyclic
temperature cycles. When used in conjunction with other materials and structures, such as solar spectrum
splitters and wavegdes, optical cavities can manipulate the directional and spectral properties of the solar
irradiance. Despite these advantages, very little work has been reported on the use of optical cavities for
controlling the directional and spectral propertiesgtitito facilitate the conversion of the solar irradiance

into useful forms of energy.

1.3 Goals andobjectives

This thesis addresses the underexplored area of using optical cavities, combined with spectral splitters and
waveguides, to harness the broadbanar ®mergy resource. Emphasis is placed on the design of structures
that function as waveguides and cavities that manipulate light in relatively simple, yet very useful, ways.

For example, elliptical structures have the inherent property that they redgsu=mitted from one of their
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focal points to their second focal point. Also, parabolic surfaces can collimate rays emitted from their focal
point. These geometrical properties are skalbwn, but have not yet been sufficiently applied to enhance

cavitiesand waveguides in the design of broadband solar energy harvesting structures.

This thesis addresses this technological gap\umsstigatinghe scientific questions as to what extent optical
cavities can be used to directionally and spectrally modifyniteming solar radiation, and to what extent

this can be used to enhance solar energy harvesting. In this thesis, the geometrical properties of paraboloid
and spheroitased optical cavities are investigated to directionally and spectrally manipulaterdrad

solar energy. These optical cavities are used in the design of solar energy harvesting applications. In some
instances, they are used to drastically reduce the effective emissivity of emitters in solar thermophotovoltaic
devices. In other applicatis these optical cavities are used to partition the solar irradiance into its PAR and
nonPAR components. The nd?PAR is directed towards PV cells with negligible emission losses, while

the PAR is transmitted to be used in underlying photobioreactorgoEieand objectives of this thesis are

as follows:

A To explore the area of optical cavity and wave
applications, and design novel optical structures to address the gap wherein this technology has been
underexplored for solar application8s this objective is the main goal in this thesis, this objective is
addressed throughout ti@haptersTwo throughSeven In Chapters Two and Three elliptiased solar

spectrum splitters are used in the design of-m®iered photobioreactors and microalgae cultivation
systems. In Chapter Four, elliptic and parabelmded solar spectrum splitters are used to designdhybri

solar lighting systems for power generation in buildings. In Chapters Five through Seven ellipssédal

optical cavities aresed in the design of thermophotovoltaic systems.

A To determine the extent and edldavitiesaedstougtures (fromh whi c
the previous step) can partition, control and utilize the solar irradiance for multiple purposes simultaneously
(such as electric power generation, photosynthesis, and indoor lightinig).objective is addressed

throughait the ChaptersTwo, Three andFour. In first implementationof the optical cavity dliptic

11



paraboloidbased solar spectrum splitters for qudfvered photobioreactoesedefined.The results show
thatthe system can partition the solar irradiance PA®R and noRPAR spect in order to power algae
cultivation system and PV cells, respectively. The-gelfiered photobioreactor has optical efficiency and
emission losses of 73% and 6%, respectively with capability of producing 0.2 kg algae and 6l@&riJ

power dailyfor 0.2 nt projected area of solar radiatiom the next application, the optical cavity is
implemented into elliptic array luminescent solar concentrators for combined power generation and
microalgaegrowth. In this application the syste has an optical efficiency of 63%, whereas in similar
conditions, the optical efficiency for a conventional planar LSC is 47.2%. The electrical conversion
efficiency for the elliptic array LSC is ~17%. In the third implementation of the optical cafilbgr optic

based hybrid solar lighting system is designed to selectively harveshfraeed photons for electric power

generation in buildingg he results show a nensible-light-to-electricity conversion efficiency of ~ 13.4%.

A To determine the extent to which the newly desi
thermophotovoltaic systenighis objective is vastly addressed throughouiChapterd-ive to Seven.One

of the key findings ishatthere isalways an optimumtradeoff value between photon recycling and view

factor for the system efficiency of a TPV systéon a blackbody emitterf~urther, ly implementing the

optical cavity proposed in this study in an STPV systarsystem efficiencyof up to~ 425% can be

achieved using@ black body emitter

1.4 Thesisoverview

The contents of this thesis are as follows: In Chapter Two, an optical structure in the form of an elliptic
paraboloidbased solar spectrum splitters (EPSSS) is designed and numericaljigenesl for the
application of a selpowered photobioreactor. In this application the EPSSS is shaped in the form of two
oppositely facing senelliptic paraboloids, that partition the solar irradiance into PAR andP#dR to
simultaneously power algdmsed biofuel cultivation systems and PV cells, respectively. In Chapter Three,

a novel waveguide in the form of an elliptic array LSC is numerically evaluated for combined power and
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microalgae growth. Chapter Four presents a new optical structure, retferasda doubkstack semi
elliptic/parabolic solar spectrum splitter, used for hybrid solar lighting (HSL) systems for both indoor
lighting and electric power generation. In Chapter Five, thermophotovoltaic systems (TPV) are introduced
and the effect aniinportance of optical cavities for TPV systems are discussed. In this chapter parametric
analysis of the effects of the probable fate of emitted photons on the output of TPV systems are presented.
In Chapters Six and Seven, as optical structure in fowblafe/prolate spheroid is proposed to significantly
enhance the performance of TPV systems. In this section of the study, the main focus is on the
implementation of the optical structure on Sdldermophotovoltaic (STPV) systems. In the last chapter

future works are discusses.
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2 Elliptic paraboloid -based solar spectrum splitters for setpowered

photobioreactors'

Nomenclature Prmax maximum output power
q charge of an electron

Roman symbols T temperature
A area Vextra additional volume of biofuel
Aep installed area of red LEDs Voc open circuit voltage
A( @) luminophore absorption spectrum W width of the elliptic paraboloid
a self-absorption coefficient
C concentration factor Greek symbol
Calgae algae concentration V] material absorption coefficient
D probability of a photon to scatter oW spectrakegion from280 ~ 400 nm
F(o) luminophore emission spectrum W spectrakegion from500 ~ 600 nm
FF fill factor pw spectrakegion from740 ~ 900 nm
G geometric gain factor Oemission emission efficiency
h heat transfer coefficient Orresnel incident light coupling efficiency
0 mean light intensity ChonPARADS non-PAR absorption efficiency
lo dark saturation current OronPARGpt nonPAR optical efficiency
li initial light intensity dprLoy photduminescence quantum yielg
In normalized intensity Oroughness surface roughness efficiency
Isc short circuit current Oseltabs self-absorption efficiency
k Boltzmanndés const Ostokes Stokes shift efficiency
L length of the elliptic paraboloid Orransmission ~ transmission efficiency
I optical pathlength dy solar halfangle
N the number of photon collisions with e wavelength

thesurface Usa self-absorption cross section
ny refractive index othe external medium U1 light intensity incident onto the

nonimaging solar concentrator
n; refractive index othe internal medium 02 light intensity incident onto the
annular PV cells

0] radius of the entrance port on the U pwi photon fluxof oW

elliptic paraboloid U w2 photon fluxof oW
P focal distance U pws photon fluxof qo W

! This chapter is based on referenc@s p2]
19



2.1 Abstract

Microalgae has potential for largeale biofuel production andO. remediation howeverits growth is
easilyhindered bycontamination, unsuitable environmental conditions, and photosaturatianitigate
these problems the solar irradiance campeiioned into photosynthetically active radiation (PAR) and
photosynthetically inactive radiation (nétAR). The PAR can be used for algae growth in a
photobioreactor under controlled conditions. The -Ré&R can be used to generate electricity in
photovoltaic (PV) cells which could provide for agitation, thermoregulation, G@eplenishment, and
enhanced illuminatiom a photobioreactofl his chaptepresers numerical analysis of a luminescent solar
spectrum splitter (SSS) shaped in the form of oppositely facing elliptic paraboloidthat partitions the
solar irradiance into PAR and nétAR to simultaneously power algdmsed biofuel cultivation systems
and PV cells, respectivelfhe SSS enald®.25 MJ of electric power generation in a photoééator with

a projected area and volume of 0.2and 0.2 r respectively, which produces 0.2 kg of algady. The
SSSdirects nonPAR to PV cells with emission losses of 6%, and @ptical efficiency of 73%1ln
comparisorif a planadtuminescenpanelwas to split the solar spectrum emission losgagd be26% and
the nonPAR optical efficiency would b89% Furthermore, the ShocklgQueisser efficiency limit for nen
PAR is calculated to be 24% and the SSS enables a conversion efficiency of 15.8%dosolar
irradiance.This is enough electric power to provide for thdtivation and harvesting processes in the
photdiioreactor and toperate théwo-axis solar tracking system required by the SSS. This extra generated
power can also be usedit@reaseébiomass volume productivity 8.3%, which represents an additional ~
0.17kg/m?-day of CQ fixation. The luminescent SSS enabdelf-poweredohotobioreactoraith increased

utilization of space and solar radiati@mdhigher net energy gaintras.

2.2 Introduction

Energy derived from fossil fuel sources increagesospheri€€O, concentrations ancbntributes to global

warming.Biofuels from microalgae are an interestalternativeenergy sourceonsideringheir ability to
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tolerate various halats including salt and water environments, biomass productionofa38s100 times

faster than land plants, af&causesach ton of algal biomass produced fixes 1.83 tonnes of1CQ).
However, innovative research efforts are requiredptiimize growth parameters and develop competitive
algaecultivation systemslo date, algae production has not been efficient enough to proxieraercially
competitive biofuel product.The "open pool" style of algae production suffers from a number of
disadvantages including extreme land area demand, high evaporation ratesntéghination risk, and

low volumetric productivity. More recent advancements have focused on the design of enhanced
photobioreactors. However, a major problem with these reactors is their high operating cost, weak stability

and suboptimal cultivation pocesse§3].

One fundamental method of improving photobioreactors is to utilize the entire solar speuottiis.
context, spectral photon management stratdgige been employdd-6]. For example, it has beahown

that mcroalgae growttor crop production in greenhousesn be improved by gy acrylic fluorescent
sheets to modify the spectral distribution of the incidear irradiancg7, 8]. Moreover,Ooms et al[9]
demonstrated growth rate increase of 6.5% in photosynthetic organisms by tuning the resonant wavelength
of gold plasmonic nanodisk arm{o match thi absorption peakAnother spectral photon management
strategy is tantegratesolar spectrum splitte(§SS)to direct the portion of the AM1.5 spectrum not fully
utilized for photosynthesis onto PV cells generate electricityDetweiler et. al.[10] showed that
luminescent solar concentral{@SC) panels comprising Lumogen Red 305 fluorescent dye eailized

to transmit blue andedwavelengths used for photosynthesis while using the energy from absorbing green
photons to emit red photons. The fluorescently emitted red light could be used to boost algal growth or be
converted to electric power PV cells. Barbea et. al[6] placed semtransparent dysensitized solar cell
modules overtop of a biomass reactoiirtgprove the overall photoconversion efficienty produdng
electricity while transmitting light used for photosyntheSisey showedthatfor low light intensities the
presenceof the semitransparent moduledecreases the biomass productivity. However,high light

intensity conditions photainhibition effeds were mitigatecand biomass productivitwas enhancedn
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addition, A. Brodu et. al. [11] combinal a semitransparent amorpls silicon PV panel with a
photobioreactarIn this studythe semitransparency of th®V cell wastailored to match thespectral
respons@f microalgadn order toenhance the overall sunligbliotoconversion efficienayhile providing

power toa photobioreactar

SSS$ have been made using selectively transmitting fluids, chromatic mirrors, Bragg reflectors, diffractive
structures, and luminescent mater[alz-16]. Utilizing spectratsplitting LSCs to enhance photobioreactors
areparticularly attractive because they are relatively inexpensive, lightweight and amenable to large scale
production. LSCs also offer design flexibility in shape, size and spectral transpfk@éid}. However,

due to their intrinsic loss mechanisms and modest efficiency, LSCs have yet to be extensively
commercialized. The main loss mechanism in LSCs is emission losses, which occur when light is emitted
within the escape cone by luminophores within tR€LLight emitted within the escape cone propagates

in a direction less than the critical angle for total internal reflection (TIR) to occur and is refracted outside
the waveguideTo date, research directed towards reducing emission losses in LSCsdstigjdated the

effects of coating wavelengtelective mirrors on the surface of LSC panels, or aligning the luminophores
within the LSC[20-23]. The purpose and novelty ofettvork reported hereiis to investigate the possibility

of mitigating emission losses by shaping the matrix that hostsuthiméphores to drastically reduce the

size of the escape cone such that it is almost eliminateddesign of a novel du&lliptical Paraboloid

Solar Spectrum Splitter {HPSSS)is consideredhat is shaped to reduce emission losses from its focal
point. As described in the subsequent section, tB®8SS uses the specisalitting properties of LSCs to
partition the solar irradiance into its PAR and &R spectral components to simultaneously power

photobioreactorand PV cells, respectively.

2.3 Description of the self-poweredphotobioreactor

To enhance the performance of algaetobioreactorsPV cells can be used to convert fi?AR to

electricity to provide power to operate tphhotobioreactarFor example, electric power generated from
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nonPAR could be used to power equipment that provides blue and red lighting, temperature regulation,
CGO; enrichment, or agitation within thphotobioreactorThe PAR spectrum fochlorophyll, the main
pigment in algae, is shown overlaying the AM1.5 solar spectrum in2Fig.[24]. The PAR spectrum
extends from 400 nm to 740 nm and exhibits maxima in the spectral vicinities near 450 nm and 700 nm.
Furthermore, the solar irradiance in the spectral region from approximately 500 nm to 600 nm is not fully
utilized for phaosynthesis. Herein we refer to the portion of the solar irradiance that is inactive towards
photosynthesis, or barely used for photosynthesis (e.g. ~500 nm to ~600 nm for chlorophyHpPa&non
Moreover, as shown in Fi@-1b, the ShockleyQueisser effiiency limit [25] for the noAPAR spectra
formed by subtracting the chlorophyll PAR spectrum from the AM1.5 solar spectrum shown 2nlEig

is 24% for a single junction PV cell with a bagdp of 1.1 eV. A theoretical maximum ai% of the AM1.5
spectrum can be converted to power because 24% of theARrspectrum representgaW/n¥ out of a
possible 1000 W/mavailable from the sotarradiance. This result is technologically significant because
silicon-based PV cells, which dominate the PV market and have a band gap of 1.1 eV, can be optimally
utilized in biofuel/ PV energy cegeneration system$urthermore, using the AMO solar spectrum for
electricity production and bioregenerative life support systems (BLSS) that provide food production and air
revitalization is of interest for future planetary outposts, especially lunar and martian greenisterss s
[26-28]. The solasto-electric power conversion efficiencies for the total and-R&R components of the

AMO spectra are plotted in Fig-1b as a function of the basgrhp energy of thBV cell used in the system.

The maximum solato-electric convesion efficiency for the no®PAR component of the AMspectra is

22%at a banejap energy 01.07eV.
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Figure2-1 a) The normalized chlorophyll PAR spectrum, in arbitrary units, overlaying the AM1.5 getaruam. b) The Shockley

Queisser efficiency limit fothe AMO, AM1.5 spectra and the n®AR portions of the AMO and AM1.5 spectra.

2.3.1 Description of the dual-€lliptical paraboloid solar spectrum splitter

A dualtElliptical Paraboloid Solar Spectrugplitter @-EPSS$, made of aolid transparent materigguch
asglassor PMMA, with the shape of two oppositely facisglid elliptic paraboloids that share the same
focal pointis shown in Fig2-2a The dEPSSS accepts a collimated beam of concentsatied radiation
through an entrance port located at the center of its upper surface. In this waskstinsed that solar
radiation with an intensity of 1000 Wfmeceived over an area of 0.2 im concentrated and collimated
prior to being directed intthe entrance port at the top of th&PSSS. 1 has been reported that solar energy
can be concentrated and collimated with efficiencies as high awith% divergent angle of 0.15° using
the combination of a parabolic mirror and a convex I[&8. A high numerical aperturefibre optic
collimator attached to a twstage norimaging solar concentrator can be utilized to creatdghly
concentratedtollimated beam witla projected area of 0.2%n the XY plane[29-31]. In this work our
numericalanalysis focuses on the efficiency with which tRERISSS absorbs and converts4R#R from

this incident collimated beam into electric power.

The collimated beam of light propagates along the axis of the paraboloids to their shared focal point, where

a region concentrated with luminescent dye absorbdPAdt andre-emits radiation at equal intensity in all
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directions. As described subsequentithweference to Fig2-2b, light radiated from the luminescent dye

is ultimately directed towardBV cells.For the case shown in Fig-1a, dye that absorbs in the spectral
regions from280-400nm,500-600 nmand~740-1100 nm should be used to absorb-R&R from the
collimated beam of solar radiation anekmait radiation that will be directed towards siliebased PV cells.

The portion of the collimated beam not absorbed by the fluoresgeakis a port at the bottom of the SSS

and carbeefficiently distributed in a photobioreactf2-38]. In a LSC the primary function of the dye is

to absorb incident radiation arnlden isotropically emit radiation such that a large portion of it becomes
trapped due to TIR in the medium hosting the dye. The work presented herein considers the benefits of
shaping the medium hosting the dye in a paratimdied, rather than pladaasel, configurationAs shown

in Figs. 2-2a and2-2b, the radiation emitted from the focal point of tREEISSS is directed towards annular

PV cells located at its top and bottom surfac&snular shaped PV cells can be attained using laser
processing methodiescribed in the literatuf89, 40]. Moreover, the majority of light (over 90%) emitted

from the focal point of the-&PSSS impinges onto the PV cells from the normal direatibith minimizes
reflection form the surface of the R¥Il. This is achieved by designing the curvature and degree of overlap
of the two elliptic paraboloids such that radiation emitted at their shared focal point undergoes TIR at their
curved sidewallsThe design for the curvature and overlap of the atightparaboloids for the two
dimensional casean be describedith reference to Fig-2b. The general equation for the parabola shown

on the left side of FigR-2bis given as EquatioB.1:

N E— (2.1)

Wherez, andxo are the x and z intercepts, respectively, Brid the distance from the vertex to the focal
point. By setting the vertex at the origimandk are set equal to zero. If thiedex of refraction of the
medium internahnd externalo the parabol& n, and n,, respectivelyt hen based on Snel |l 6s

emitted from the focal point of the parabola will undergo TIR when Equathis satisfied:

— — >0 NOET-= (22)
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For light emitted from the focal poinz € P) Equation2.2 is simplified to— < M—, and theratio of the

refractive indces,ni:ny, should be less #n0.707.For example,fithe external medium is ain(= 1) and
theinternal medium has an index of refractiompf 1.49, which is a good approximatifor PMMA, then
TIR will occur at points along the parabola for which 1.81P andz > 0.82°. As shown on the right side
of Fig. 2-2b, two parabolas with an internal iexi of refraction oh, = 1.49, sharing the same focal point
but facing opposite directions, can be overlapped such that they intercepizit, and all radiation emitted

from the focal point will undergo TIR at the parabolic surfaces.
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Figure2-2 a) A crosssectional diagram of thdualElliptical ParaboloidSolar SpectrumSplitter (d-EPSSS)b) A two-dimensional
crosssectional diagram showinte elliptical paraboloids within the solapectrumsplitter can be designed such that radiation

emitted from their shared focal point undergoes total internal reflection at their sidewalls.
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2.4 Geometric gain factor and emission losses for the duadlliptical paraboloid solar

spectrum splitter

2.4.1 Methods used tocalculate thegeometricgain factor and emission losses

The geometric gain factog, is defined as the planar area of the solar receiver with normal incident to the
solar irradiance divided by the area of the PV cé&lis, the geometric gain factagmknds on the-BPSSS

and the solar receiver used to provide it with a collimated beam of kghtthe numerical analysis
performed in this work it is assumed that a solar receiver with a planar abe& rof concentrates and
focuses a direct beam of solar irradiance onto tiP8SS along its verticataxis. The radius of the
collimated beanis assumed tbe equalto or less tharD shown in Fig.2-2a The area of the PV cells is

assumed to be equivalent hetareas of the upper and lower annular surfaces of HRSSES.

The primary loss mechanism for radiation emitted from the focal point of-Ef@SES is radiation that
propagates through the ports at the center of the annular PV cells on its upper ensuldaces. The
percentage of radiation lost through these ports as a function of the geometrical paranwiensdO, of

the dEPSSSis determined usingquatiors 2.3 and2 4.

EmissionLosses(%) = (1- x100 (2.3)

n

(L+P) =— (2.4)

2.4.2 Resultsand discussiorfor calculating the gain factorand emission losses

As shown in Fig2-3a, thegeometric gain factoi@) decreases a¥increases for constant valuesf The
percentage of radiation lost through #@rance and exit ports at the upper and lower surfaces of the d
EPSSS ishown as a surface plas a function ot, andO in Fig. 2-3b. G is plotted as a function of the
percentage of radiation lost througle tbenter ports for values bfandO ranging from1 to 10 cmin Fig.

2-3c. As the lengthl., of the elliptic paraboloids increases, the width,and areaA, of the PV cells also
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increase, an decreases. As the openir@(and focaldistance P), decreae,G increase. A maximum

value ofG of 159is achieved when the length of th&BSSS is 1 cm and tleenissionloss in this case is
29.3%.G is 130 when the losses are the same as that of a planar LSC, which is ~25%. Moreover, when the
emission losses are 5@= 52. Furthermore, it is noteworthy that the geometric concentration factor can be
significantly increased by further decreasing dbenng. For example, for a-PSSS withO = 0.1cm, a

maximumvalueof G =5231 can be achieved while the emission losses are just 5%.
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Figure2-3 a) A surface plot of thgeometric gairfactor (G) as a function of the dimensions of th&BSSS: the openin@®, and
width, W, as indicated in Figa b) A surface plot of the percentage of light emitted fronftloal point of the dEPSSS that is lost

through its entrance and exit ports as a functfo@,@ndL. ¢) Thegeometric gain factor plottemb a function of the percentage of
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light lost through the opening and exit ports; increasing and decreasing curves are plotted for constant PahrebLof

respectively, as indicated in the figure.

The geometric gain factors plotted Fig. 2-3c arecalculated assuming annular PV cells were situated at
both the upper and lower surfaces of tHERESSS. In practicéhe geometric gain factor could be increased
by replacing the PV cell at the upper surfatthe dEPSSS with anirror. If the annular PV cell located at
the top surface of theEPSSS is replaced with a mirror, light emitted from the dye that is normally incident
onto the mirror is reflected and refocused at the focal point and is ultimatstyedi onto the PV cell located

at the bottom side of the EPSSS. Thus, replacing the PV cell at the top surface of-BRRSES with a
mirror increases thgeometric gain factor@) by a factor of ~2G is slightly less than 2 because ~10% of
the light rgys impinging onto the mirror are incident from the-oérmal direction and have a chance to
escape the-&#PSSS before they are incident onto the PV cell at the bottom surfacededietric gain
factorand emission losses faid-EPSSS withdiffering values ofL andO, and with either two P\¢ells or
asinglePV cell (andmirror at its upper surfagere provided ifmable2-1. The optical efficiencyghonrar

op, @and concentration factd, are also included farach configuration in Tab® 1 for completeness. The

methods used to attain thessgmeters are provided fBection2.6.

Table2-1 Gain factor, eission lossespticalefficiency, andconcentration factdior d-EPSSSwith different lengths and

opening port size for the cases wheraiaor or PV cellis located atheir upper surface.

Optical
d- _ _ Geometrical| Emission | Emission .
Opening | Length | Width efficiency | Concentration
EPSSS gain factor | 10ss (%) | loss (%)
(mm) (cm) (cm) (Ghonpar factor (C)
number (©) (no-mirror) | (mirror)
opt) (%)
Al 1 7.94 1.26 200 0.01% - 82.3 164.6
A2 1 7.94 1.26 400 - 0.68% 78.6 314
A3 2 3.98 1.28 200 0.13% - 83.9 167.8

29



A4 3.98 1.28 400 - 1.29% 80.7 323
A5 2.64 1.29 200 0.64% - 84 168
A6 2.64 1.29 400 - 5% 79.1 316
A7 2 1.33 200 1.9% - 83.2 166.4
A8 2 1.33 400 - 8.5% 76.6 306
A9 1.6 1.36 200 4.45% - 81 162
A10 1.6 1.36 400 - 12.35% 73.5 294
Bl 15.9 1.79 100 0.00% - 79.1 79.1
B2 15.9 1.79 200 - 0.5% 73.2 146.4
B3 7.69 | 1.765 100 0.03% - 82.3 82.3
B4 7.69 | 1.765 200 - 1.2% 78.2 156.4
B5 5.3 1.81 100 0.16% - 83.1 83.1
B6 5.3 1.81 200 - 2.5% 79 158
B7 3.98 1.83 100 0.50% - 83.4 83.4
B8 3.98 1.83 200 - 4.33% 78.5 157
B9 3.18 1.85 100 1.20% - 83 83
B10 3.18 1.85 200 - 7.24% 76.4 153
C1 39.8 4 20 0.00% - 70 14
C2 39.8 4 40 - 0.25% 58.4 23.4
C3 19.9 4.01 20 0.02% - 77.5 155
C4 19.9 4.01 40 - 1% 70 28
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C5 9 8.84 4.09 20 0.51% - 81 16.2

C6 9 8.84 4.09 40 - 4.48% 73 29.2

The results presented kigs.2-2, 2-3 and Table2-1 arecalculated assuming the fluorescent dye is located
precisely at the focal point of the elliptical paraboloidspiactice the luminescent dye molecules will
occupy a finite volume, the size of which depends on the amount of dye required to abismidehenon
PAR solar photon fluxThe effects of distributing the dye over a finite volume are dised in the

subsequent section.

2.5 Effects of spatial distribution of theluminescent dyeon theefficiency of the dualk

elliptical paraboloid solar spectrumsplitter

To further investigate the effects of the finite dye volume we consider the specific case wherein the projected
area of the twestage norimaging concentratdhat receives the incident solar radiatisf®.2 m? and the
d-EPSSS has a length, opening, and width of 8.84 cm, 0.9 cm, and 4.09 cm, respectively. Furthermore, it is
assumed that a mirror resides at the upper surfate dfEPSSS and the geometrical concentration factor

in this case is 40 (this is listeasconfigurationd-EPSSgs in Table2-1).

2.5.1 Methods for estimating the volume occupied by the luminescent dye and related

optimal efficiency.

To estimate the volume occupied by gyéthin the d-EPSS%s we considered LR 305 luminescent dye,
which absorbgireen light (with a peak wavelength of 575 nm) and emits red light (with a peak wavelength
of 620 nm)[5, 41 44]. Furthermore, its assumed that the dye radius-i$0 nm, the fluorescence lifetime

is ~ 6 ns, and the solar photon flux of green light in the vicinity of 575 nm that the dye is required to absorb

is ~ 4x10% /s-n¥ [44, 45]. It is also assumed that the density of the luminescent dye solution is equal to that
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of its host matrix (e.g. glass or PMMA) and that the dyelisvi% of the volume it occupiesuch that self

quenching oaggbmeratio effects are negligiblgt6].

To investigate the effects of the spatial disttibn of the luminescent dye dhe optical emissionlosses,
we calculag the losses for luminescent point sources locatedhreedimensional grid array. The position
of the point sourcesx{y,? in the grid array with the focal point situated at the origis, given as a

combination of, y, andz points that have the following values:
X=xn:0.4mm; y=+n:04mm z=+n-0.1mm; ny,n,andp=0,1,23,¢&
where z represents the direction along the axis of BB 8S Ge.

To determine themissionlosses as a function of the uate occupied by the dye we ratfie points (at

positionx,y,? in increasng order of the amount of light lost when emitted frardye located dhat point.

In previous work LSCs have been modeled using teldarlo raytracing method$47-50]. Herein we
model the optical path, emissiomskes and optical efficiency for light emitted within thERISSS using
COMSOL Multiphysics software (version 5.4) ray optics and heat transfer modules supplemented with
MATLAB for analytical analysis. The number of rays emitted from each point s@t6& the maximum
mesh size ikept to onethousandth of the focal distance, and maximum relative tolerancerfeergence

is 10°.

2.5.2 Results and discussion for @imating the volume occupied by the luminescent

dye and related optimal efficiency

Based on th assumptionseported inSection2.5.1it is estimated that theolume required to host a
sufficient amounbf LR 305 Luminescent dyie d-EPSSSsis ~2 mm?. The optimal spatial distribution of
dye is shown in Fig2-4a, where dye molecules are situated atcthraers of thgrey cubes As shown in

Fig. 2-4b, the emissionlosseswhen the luminescent dye is optimally distributed ov@rran® volume is
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6%. The dfects of optimally distributing the dye over a 2 gAwolume (as opposed to assuming all the dye

is situated at the shared focal point of tHERSS$ on the emission losses is discussed subsequently.

O
8 10 12

Emission losses (%)
6

e 2 01 2 3 4 5 6 7 8 9 10
Focal point 15 x 103 m Volume (mm?)

Figure2-4 a) Optimum distribution of luminescent dye for the case in which a volume of*2smeguired to host a sufficient
amount of dyeEach cube in the array occupies a volume of 0.018. e volume, which has rotational symimyeabout the z
axis, is shown for the > 0,y > 0 quadrant; bEmission losses as a function of the volupé&mally occupied by the luminescent

dye in the vicinity of the €€PSSge focal point

Thepercentage of radiation emitted from the dye thatsstirough the exit and entrance ports as a function

of the displacement of the dye from the focal poinhed-EPSSgs with L = 8.84 cm,0 =9 mm andWV =

4.09 cmis shown in Fig2-5. Theemission losses amspatialintensity distribution of radiation incident onto

the annulaPV cell from dye molecules that aoéfset from the focal poinih the X-Y plane are shown in
Figs.2-5a and2-5b I-lll, respectively; the emission losses for a-aftset byr = 1, 2, and 3 mnis 5.81,

12.4 and 21%, respectively. @lemission lossesndintensity distribution of radiation incident onto the
annularPV cell as a function of dye displacement in the¥>and Y-Z planes are shown in Fig&.5c and

2-5b IV-IX, respectively. Notably, wie displacing the dye from the focal point in thg plane increases
emission losses, light emitted from these displaced dye molecules is more evenly distributed on the surface

of the annular PV cells, whidk beneftial for achieving higltonversion diciendes[51, 52].
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Figure 2-5 a) A crosssectional diagram of the spectslitting solar concentrat with an inset showing the radiation loss
percentage as a function of timeplanedisplacement of the luminescent dye from the focal pbinthe intensity distribution of
radiation incident onto the annular PV cell from dye molecules that are di$jtettes radial and vertical directions by a distance
of r, andz, respectively. Theercentage of light emitted frodye molecules located at, ¢) that is lostL, isalso provided. ¢) The
percentagef radiation lostas a function of thdisplacement of the dye molecule from the focal point in both the vertical and in

plane directions.

The 2 mni volume required to host the dye rE®PSSSsis indicated as the region shaded with blue stripes

in Fig. 2-5¢ and, considering the luminescenedyccupies this volume, the geometric concentration factor

and optical emission losses are 40 and 6%, respectively. In comparison, the emission losses for a planar
LSC with an index of refraction of 1.49 are ~25%, however, as described in the following deestimate

the overall efficiency othed-EPSSgs a complete set of loss mechanisms must be considered.
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2.6 Evaluating the optical efficiency of thedual-elliptic paraboloid solar spectrum

splitter using the concentration factor

2.6.1 Methods for estimatingthe optical efficiency of the dualelliptical paraboloid

solar spectrum splitter

The overall efficiency of the-BPSSSs is evaluated using theoocentration factorQ®), whichis defined as
the light intensityincidentonto the annular P\¢ells (@ 2) divided by thdight intensity incident onto the
norrimaging solar concentratdi 1): C = 0 2/t 1. The concentration factor can be rewritterCas G.dnon
paropt, WhereG is the geometrical gain factor adgbrraropt iS the optical efficiencyf the dEPSSSs for

the incident nofPAR spectrum which is given #3]:

d.nonPAR-opt: Frﬁtsnel‘ClnonPAR—Abs'dPLQY'd_Stokesd_EmissionClRoughnesdiTransmissiond_self—abs. (2-5)

wheredrresnelis the efficiency withwhich incident lightis coupled into thel-EPSSGs, rather than being
reflected from the surface. If theEPSSgeis made from a material with an index of refractiomef1.49

then drresnel ~96% dnonrarabs is the efficiencywith which theincident noRPAR is absorbed by the
luminophores. We assumha sufficient amount of Lumogen Red 305 resides in tB@8S%s (~100 ppm)

such that 100% of the ndPAR in the spectral region of 500 to ~ 600 nm is absorhedb qvis the
photduminescence quantum yield dedfthas theatio between theumber ofphotonsemittedandabsorbed

by the luminescdandye In this study,for LR 305 luminescent dyd, is assumed thalpLoy = 0.95[53].

dstokedS the energy lost through molecular vibrations and heat generation duringdhgiabsand emission

event which is assumed to Heokes= 95% for Lumogen Red 3(053]. However, in this analysis we set
dstokes= 1 because as long as the photons incident onto81é°¥ cell have energy greater than its band

gap, which is 1.1 eV, the amount of energy these photons contribute to the output current is independent of
the Stokes shiftdemission IS the efficiency wt h whi ch t he L S@mitied frompghe 0 t he
luminophores As discussed previously with reference tosFig-4 and 2-5, emission losses for the-

EPSS%s are 6%, and thugemission= 94%. In comparison the emission losses ddsionfor a planar LSC
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with an index of refraction of 1.49 are6% and ~7%, respectivelydroughnessepresents the efficienaeyith

which TIR occurs. That is, a fraction of light that undergoes TIR at@ogh surface may be emitted from

the LSC if the surface is not perfectly smooth. These emission losses increase with increasing surface
roughness. In practice, emission losses in a LSC due to surface scattering can be described using the
expression (D), whereD is the probability that a photon is scattered out of the LSC host matrix for a
single collision andN is the number of collisions with the LSC surfd6d]. In this studyfor the specific

case of EEPSSgs, D anddroughnes@re assumed to be 0.03 and 94%, respectistelysmissiods the efficiency

with which photonsemitted from the luminescent dye aransporéd through the LSC without being

absorbed by the host material. The transmission efficiency is governedlanbertBeerlaw:
—=10Q (2.6)

whereUis the material absorption coefficient of the medium hosting the luminophoreisitite optical
pathlength from the dye molecules to the PV cells. Assuming the hosting matrix iB##3%sis PMMA,
U= 5x10° cm™ for &= 620 nm[55], which is theemissionpeak wavelength of the luminescent dyke
transmission efficiency fal-EPSS%s is drransmissio= 90.8%.0seirans IS the efficiency with which reemitted
light can be transported through theEBRSSS without being absorbed by other luminophdged:
absorption is a consequence of the spkoivarlap betweerthe emissionand absorptiorspectra of the
luminescent dyeDenotingthe emission spectruy F ( and theabsorbedspectrum byA ( ,ahe self

absorption cross sectipiisy, for an optical path length df cmis quantifiedas[56]:

fisa=—. "O_0 _0Q 2.7)

>v = = =

where b=_ "O_Q_ and [isd=— (2.8)

As can be seen from Equati@f7, selfabsorption losses decrease significantly as the Stokes shift increases.
Considering selibsorption losses, the corrected Photoluminescent Quantum Yield (R)L@#n be

calculated from thebserved PLQY using Equati@® [46]:
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PLQYcorr - (29)

Wherea is the selfabsorption coefficientAs can be seen fromquation 2.9, if the quantum vyieldof
luminescent dye is close 10(~0.95 for Lumogen Red 305hen selfabsorption can be neglectéd the

d-EPSSGs.

2.6.2 Resultsand discussionof estimating the optical efficiency and concentration

factor of the dual-elliptical paraboloid solar spectrum splitter.

Considering all loss mechanisms and efficiencies as described by EqR&tiche noAPAR optical
efficiency and concentration factor fArEPSSGs are dnonraropt = 73% andC = 29.2, respectivelyln
comparisona conventionaplanarLSC with a thicknessof 1 cmunderthe samerea ofsolar irradiance
(0.2 n¥) has an optical efficiency and concentration factotefraropt = 39% andC = 4.9, respectively.
Before estimating the amount of electric power that can be generated usidd=BP®SZs in Section2.7
we perform a thermal analysis in the next section to consider the effects of elevated operating temperatures

on the performance aFEPSSGs.

2.7 Thermal analysis

2.7.1 Methods usedto perform the thermal analysis

Solarirradiance absorbed in PMMBased eEPSSSjenerates thermal energy that causes its temperature

to rise. Thus, another important point to consider is the performancebERESGs at elevated oprating
temperatures, as the absorption and emission efficiency of luminescent dyes are known to degrade as
temperatires increasgb7]. To evaluate any potential deleterious thermal effects on the performance of the
luminescent dye we use COMSOL Multiphysics software to simulate dhmpedrature distribution
throughout the €EPSSSGs. In this simulationoptical powertransmissiongoverned by the LambeBeer

law (Equation2.6), is coupled with hearansferequationsSolar radiation with an intensity of 2000 WWm

received over an area of 0.2 im concentrated and collimated prior to being directed into the entrance port
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at the top of the-EPSSSWe considered-@EPSSgs with a length, width and opening of 8.84 cm, 4.09 cm
and 0.9 cm, respectively, and assuhitds madeof partially fluorinatedperfluorinatedPMMA or N-BK7
glasswith an effectiveattenuation ofJ= 2x10° cm over the incomingdar spectrumTheheat generated

due to theStokes shift between tHeght absorbed and emittday LumogenRed 305is determined to be
0.137 W/ni. This is modeled by putting a thermal source within #EPSSSs with the material properties
similar to that of PMMA and the given volume of 2 ras stated isection2.5.2 The heat is generated
uniformly throughout this volumerhe heat generated from these two sources is modeled and simulated
separately, and then based on superposition principle the results are suinsinedld be noted that the
refractive index is also a fation of temperature. However, the changes in index of refraction caused by
temperature changase assumed to be negligible dale not been taken into consideratibime validation

for this assumption is given in the next section.

2.7.2 Results and discussioffor the thermal analysis

The temperature distribution throughdbe d-EPSSSs under operating conditions is shown in F2g6.

The temperature of-EPSS%s increases from room temperature to a maximum temperature30fik-at

the region where the lumineent dye resides. The initial consequence of this temperature increase is that
the absorption efficiency of the luminescent dye is expected to decrease by ~20%. However, over time the
absorption efficiency of the dye will partially recovis7], and the longerm effects of elevating
temperatures to 3B K are expected to be insignificafkurthermore, different techniques can be used to
significantly decrease the attenuation coefficient of the host matrix to mitigate the thermal effectsedssociat
with high absorption levels. These techniques inclfiderination and perflourinatioj58, 59], and
modifying the host mediunby addingcopolymersor fluoroacrylate[60]. Alternatively, differenttypes of
transparensolid hostmaterialssuch asN-BK7 glassandlow-OH fused silica optical fibsrcan be used to

decrease the attenuation coefficiggit, 55]

38



329.5

330
39 ¥
]
g
325 32855
) 5
~ =
L 328
g 320
«
g 327.5
g m327 ~
2 <
315 H 321 ‘g
2
g
&
315§
310 £
g
310 ~

Figure2-6 a) temperature distribution on the surface -®RISSSs under operating conditions; b) temperature distribution on the
planar crossection through the focal point and (c) four isothermal surfaces witBiRSI5S6 under operating conditions. (The

heat transfer coefficient from the surface eéESSSsto the sirrounding region is assumed totbe 10 W/m?-K).

It can also be noted that the upper and lower surface of EHRS& S shown in Fig2-6 reach a temperature

of ~310 K, while the ambient temperature is assumed to be 300 K. The efficiency ot&lif§enerally
decreases with increasing temperatUree affect of this increase in temperature by 10 K is expected to
reduce the efficiency of Si PV cells by less than 82 fnd this has not been taken into consideration in
this work. Moreover, the teperature of the PV celisexpected to be lower than that of the upper and lower
surface temperatures of theePSSSc6 due to thermal contact resistances and insulation provided by glass

that would cover the PV cells.

The increase in temperature caroatause a change in the refractive index of the host maon®PMMA
the following equation is used for the refractive index as a function of temperature ranging from 0 to 140

°C [63, 64]:

nT)=n +a T b (2.10
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no = 1.49538, a=-0.000115, b=-5.17358 x 10

When the temperature of a PMM#ased optical cavity reaches from ambient temperatureGp%o
maximum of55 °C (Fig. 26), the refractive index decreases from 1.492 to 1.488. This verifies the

assumption that the smhahange in refractive index can be neglected

2.8 Estimating the electric power generated by thelual-elliptical paraboloid solar

spectrum splitter

2.8.1 Methods for estimating the electric power generated by thelual-elliptical

paraboloid solar spectrum splitter.

To estimate the amount of electric power generated during operation we cdrsSRIBS 3s. As mentioned
before, the structure has=8.84 cm,O =9 mm andV=4.09 cm It is assumed that thgowerprovided by
thenon-PAR spectral regions fror280-400 nm (PN, = 45 W/m?), ~500-600 nm (pN> = 152 W/n?) and
~740-:900 nm N5 = 161 W/m?) can be absorbed inEPSSSs and converted to electricityn order to
calculate the optical efficiencies fgiVi andgdNs, asimilar approactthatwasusedor gdV- isimplemented
To harvestthe UV region @\1), highly efficient rare earth complexes such as Eu(T:{REpPO) and
Eu(AP), or an acene compound and a benzothiadiazmtgoound or nanocluster phosphotan be used
[65-70Q]. In the optimalscenariothe noRPAR optical efficiency over the spectral region fre@280400
nM, dpwaonraropt 1S 30%. To harvest the IR regiomd(\s), ytterbium chelates, cyanine and cyarike
dyes,and neaiinfrared fluorescein dyes containing a tricoordinate boron asmrbe usefir1-73]. For the
bestcasescenaridhe nonPAR optical efficiency in the spectral region fref40-900 nM dypwaonrARopt,

is 65%.

Here we assume theonimaging solarconcentrator has a projected areafof= 0.2 nt and the

photobioreactor is cylindrical with a top surface area of ¢.2md a height ot m. It is also assumed that
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the photon flux incident onto theSi PV cell at the bottom side of PSS gs for thesespectral regions are

U pwi= 8.5x 10° cm?-s?, 0 pw= 415 % 10 cm?-st 0 pws= 6.55x% 10t cm2-st,

Moreover, we assueithe PV cells have an External Quantum Efficiency (EQEEQE ow+ ¢ 95%,
EQE pw- @ 85%andEQE pws € 80%, for light thatis absorbed by the dye in spectral regiois:, V-
and (PN, and reemitted in spectral regiog®Vi, V> and gV '3, respectively[74-76]. Under these
assumptions, the short circuit currelat), open circuit voltageMoc) and the maximum output poweét{x)

generated by the PV cealtecalculated using Equatis2.11, 2.12 and2.13, respectivel\j77]:

lsec=Aq( - 8 _8000: _a+
- 8 _8®00: _a&_+
. - 8 _8&00: _&a) (2.11)
Voc: In (_ p (212)
Pmax: Isc'Voc'FF (213)

Wheren = 1 is the ideality factoki s Bol t z ma A=0300Kdsdhe setl tanmperaturég= 101°
A is the dark saturation currenfis the charge of an electron, gfidis the fill factor which can be expressed

as a function of opeaircuit voltage(Vo) [77]:

FF = (214)

where

b O — (2.15)
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is a normalised voltage. Equati®ri4 is assumed as an appropriate approximation dfEhehenu 10.

2.8.2 Results and discussion for estimating the electric power generated by the dual

elliptical paraboloid solar spectrum splitter

Based on Equatio.13, out of a total of71.6 W of nonPAR incident in thegdM:, gV and gdN; solar
spectral regiond,1.32W can be converted to electric power, representing a totaPAdhto electric power
conversion efficiency 015.8046 (wherelsc= 20.02A, Voc= 0.673 V, andFF = 0.84). Thisl1.2 W of

electric power can be used to provide the energy required to power the cultivation and harvesting steps
which includes agitation, heating/cooling, aeration, and f@Plenishmenf78]. For example, given an
algae biodiesel volumetric productivity rate of 1 kg/day-im a tubular photobioreactdi79], the
photobioreactor shown in Fig-7 would produce 0.2 kg of algae per d&urther assuming an operation

time of 6 hours per dayg40 Wh would begenerated for each kilogram of algae produced in the reactor.
Thus, the photobioreactor shown in F&37 can generate much more energy than the\WWR({kg that is
consumed for algae cultivation and harvesting in a typical photobioreahtopower surplsican be used

to operatea two-axis solar tracking system (estimated to be ~ 9 |86 required for operation of the d
EPSSSandto provide extra PAR to further accelerate algae productdternatively, the electricity
surplus could be used to powadio Frequency (RF) technigues rapid lipid quantificatiorj81], or drive

Pulsed Electric Field (PEF) instruments (~ 6 kJ) to directly convert algae to biofuel by bypassing the

conventional dryingnd solvenbased extraction procesg§ég].

As an example of producing extra algassed biofuel, this extra powek1(32W) can be used to operate
red LEDs at an inteity of 310 umol/m?-s over an area of 0.2°nmo illuminate the photobioreactor.
Assuming a light absorption coefficient 6§ = 200 ni/Kg in the algal solution and a constant algae
concentration ofC = 1 Kg/n®, an optimal productivitywhere all the photons emitted are absorbed by
microalgae)of 100 umol/nt-s can be achievedrhe additional volume of algae biofuel produced can be

calcdated from Equation®.16 and2.17 [83]:
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Vextra= ALep .| (2.16)

0o —— (2.17)

where,Aiep = 0.2 ntis the installed area of red LEOSs the optical depth from the illumination surface
to the depth with the mean light intensity’®t 100 pmol/nf-s andl; = 310 pmol/n?-s is the initial light
intensity. Solving Equation®.16 and2.17 shows that an extrB8.6litres/day algaebased biofel solution
with algae concentration @agee = 1 Kg/n? can be produced (representia®.3% increase in biomass

volume productivity) and an additional34 g/dayof CO, can bebio-fixated (1g of biomass requires 1.804

g of CQ).
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Figure2-7 nonPAR spectrum utilizethy d-EPSSSe to power different components atubular photobioreactor shown faded

color bandsgp W= 280~4€0 nm gp W= 500~600 nm andp W= 740~30 nm
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It can be noted that in determining the extra power provided from usingERS8S 11.32W) it was
assumed that the mirror used at its upper surface reflected 100% of the light incident onto its surface. If it
was assmed that &ilver mirroris coated on the top side tife d-EPSS$Swhich has a reflectivity of 97%

from 400to 90 nm(therange ofemission wavelengthrelated tap/Ni, g2, N5) [84], the emission losses

would decreaséy only~1%.

2.9 Discussion

In this chaptera luminescent solar spectrum splitter shaped in the form of two oppositely facing elliptic
paraboloids (referred to asEPSSS) with reduced emission losses as compared to a conventional planar
LSCis presentedThat is, the €EPSSS exhibits mininh@mission losses, on the order of ~6% in a practical
design, as compared to emission losses of ~25% in a conventionparkdt LSC. Furthermore, in
comparison to a conventional planar LSC, optical surface scattering and absorption losses are #maller in
d-EPSSS because radiation emitted at its focal point is internally reflected from its surface only once
(minimizing scattering losses) and directed towards PV cells, thereby minimizing ittepath (and

related absorption losses).

The ability to us the dEPSSS to partition the solar irradiance into its PAR andR&R spectral
components to simultaneously power algased biofuel cultivation systems and PV cells, respectively,
was investigated. Numerical analysis shows that when operating innctajuwith a high numerical
apertue fibre optical collimator and a twstage nofimaging solar concentrator such as a Cassegrain
structure that receives solar radiation over a projected planar area of, th2 EPSSS can be designed

to achieve a geoetrical gain factor, concentration factor, and optical efficiency of 40, 29.2, and 73%,

respectively, while the emission losses are less than 6%.

Using LSCs to separate nelRAR from PAR has been reported in the literat@ 85]. For comparison,
we perbrmed numerical analysis showing that a conventional LSC has a geometrical gain factor of 12.6, a

concentration factor of 4.9, and an optical efficiency of 39% under similar solar irradiance conditions. The
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caveat for this comparison is that th8C provides both the spectrablitting and solar concentration
functions, whereas theEPSSS only functions as a solar spectrum splitter, and must work in conjunction
with a collimator. Nevertheless, assuming a collimator with an efficiency of 71% [29] thdl efficiancy

of a system comprised of both theE®SSS and the collimator is 52%, which is still a significant
improvement over theSC. The collimator increases system complexity and cost, but provides additional
benefits. Algae growth is often limited pyotoinhibition, but collimated light can be efficiently distributed

in a photobioreactor through light guides to alleviate the affects of photoinhif#6e88]. Furthermore,
the collimated peamnglbl ows t ho n ghbihtiapbhilting toirud algae a n
based indoor oxygen produati and air purification systenf89] or into a spacecraft for bioregenerative
life support systems9[)]. Future workrequiresexperiments to validate the results and optimization of a

complete system, includidgyht distribution ina photobioreactor.

2.10 Conclusions

Microalgae has potential for largeale biofuel production, GQOremediation, and oxygen production.
However,its growth is energy intensive and easily hindered by contamination, unsuitable environmental
conditions, and photosaturation. To mitigate these problems the solar irradiance can be partitioned into PAR
and noAPAR. The PAR can be used for algae growth photobioreactor under controlled conditions. The
nonPAR can be used to generate electricity in photovoltaic (PV) cells which could provide for agitation,
thermoregulation, C@eplenishment, and enhanced illumination in a photobioreactor. In desgysiegns

that use sunlight for simultaneous algae and electric power production it is worth noting the upper limit on
the amount of electricity that can be generated from thePdd® portion of the solar spectrum. In this work

the ShockleyQueisser efficiecy limit for the noaPAR from the AM1.5 solar spectrum is determined to be
24% for a single junction PV cell. For the RBAR portion of the AMO spectra, which is relevant for space
exploration applications, the Shocki®ueisser limit is 22%. In this workumerical analysis of a
luminescent solar spectrum splitter in the form of two oppositely facing elliptical paraboloids shows that
collimated light can be partitioned into PAR and +##&R with minimal emission losseBhe solar spectrum
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splitter enablesanversion of nofPAR to electric power at a conversion efficiency of 15.8% and provides
efficient utilization of space and available solar radiation, and high net energy gain ratios. They can
potentially be utilized as a key component in peliveredphotdioreactorswith applicationsfor air

purification highly-populated urban areas ahibregenerative lifessupport systemfor space exploration

applications.
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3 Elliptic array luminescentsolar concentrators for combined power

generation andmicroalgaegrowth?!

Nomenclature T temperature
Tm1 mean traveling time for photons &
Roman symbols conventional LSC
Tre mean traveling time for photons
A area Voc open circuit voltage
A ( @) luminophore absorption spectrum Greek symbol
a semimajor axisof an ellipse V] material absorption coefficient
as self-absorption coefficient d Light propagation angle
b semiminor axisof an ellipse W spectrakegion from500~ 600 nm
Cc distance between the focal point and oW spectraregion from740~ 1100 nm
centre of an ellipse
concentration factor Oemission emission efficiency
probability of a photon to scatter Orresnel incident light coupling efficiency
Eq bandgap energy Ghonrarabs  NONPAR absorption efficiency
F ( &) luminophore emission spectrum GhonParopt  NON-PAR optical efficiency
FF fill factor drLoy photduminescence quantum yield
G geometric gain factor Oroughness surface roughness efficiency
h height Oseltabs selfabsorption efficiency
lo dark saturation current Ostokes Stokes shift efficiency
lin inputlight intensity Orransmission ~ transmission efficiency
In normalized intensity dp solar halfangle
lout outputlight intensity = wavelength
Isc short circuit current Csa self-absorption cross section
k Boltzmannbés const ¢ 01 light intensity incident onto the
I optical pathlength nonimaging solar concentrator
N the number of photon collisions with 0> light intensity incident onto the annulg
surface PV cells
ny refractive index othe external medium i hoton fluxof oW
N refractive index ofhe internal medium ~ewt P @
o) width of the optical receiver port Upwa photon fluxof qo W
ODeasss optical density for the EASSS 0 out output energylux
OD.sc  optical density foplanar LSC Oin input energyflux
q charge of an electron

1 This chapter is based on referendss; 57
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3.1 Abstract

Full utilization of the broadband solar irradiance is becoming increasingly useful for applications such as
long-term space missions, wherein power generation from external sources and regenerative life support
systems are essential. Luminescent solar eunators (LSC) can be designed to separate sunlight into
photosynthetically active radiation (PAR) and fiR@AR to simultaneously provide for algae cultivation and
electric power generation. However, the efficiency of LSCs suffers from high emission Tégsebapter

shows that by shaping the LSC in the form of an elliptic array, rather than the conventional planar
configuration, emission losses can be drastically reduced to the point that they are almost eliminated.
Numerical results, considering thengbined effects of emission, transmission and surface scattering losses
show the optical efficiency of the elliptic array LSC is 63%, whereas in comparison the optical efficiency
for conventional planar LSCs is 47.2%. Further, results from numerical siomslahow that elliptic array
luminescent solar concentrators can convertPAR to electric power with a conversion efficiency of

~17% while transmitting PAR to an underlying photobioreactor to support algae cultivation.

3.2 Introduction

Human space exploiah endeavours include returning to the moon, extended duration crew missions, and
occupying mars [B]. These ambitious missions will requiregenerative environmental control and life
support systems (ECLSS). Further, it will not be possible to bringnargy source that can supply the
power required for the duration of the mission and onboard energy conversion systems that utilize energy
sources available in space will be needed. Regarding ECLSS fotelongspace missions, microalgae
cultivation haseen investigated as a promising solution owing to its potential to regenefaden@ Oy,

high growthrates, and ability to close the carbon loop by providing a source of fegd [ddeed, in the
Photobioreactor at the Life Support Rack (PBR@LSR) iyt an advanced microalgae photobioreactor
(PBR) utilizes concentrated G@rom a life support rack onboard the International Space Station [7].

Onboard power generation fepacecraftoperating in the inner solar system is often achieved using
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photovdtaic (PV) solar panels to convert sunlight into electricity. In this work we are interested in the
potential use of luminescent solar concentrators (LSCs) that focus sunlight onto PV cells located at their
sidewalls for space applications. LS@&e partiaularly interestedbecause in addition to concentrating
sunlight they can also function as a solar spectrum splitter that separates PAR filBARhdDur objective

is to design a LSC that splits the solar radiation to simultaneously provide for electeicgeweration and
microalgae cultivation using ndPAR and PAR, respectively. The ability to provide multiple functions is
highly valuable for mass and volume conservation on spacecrafts. Further, using LSCs for PV operation in
space can offer additionagbefits. For example, small PV cells are located at the edges of the LSC where
they can be shielded from harmful radiation [8], and it has been predicted that specific power values greater
than 1 kW/kg can be achieved by using LSCs in space [9]. Howeeeefficiency of LSCs suffers from
emission losses, whereby a large fraction of light emitted from the dye within the LSC panel exits the
structure rather being directed towards the edges of the LSC via total internal reflection (TIR). LSCs have
a planar onfiguration, although in this work we investigate the ability of using other structures to achieve
TIR over a broad range of angles to minimize emission losses. We show that emission losses can be
drastically reduced by structuring the LSC in the forrarotlliptic array rather than a planar configuration.

In thischaptemwe design and numerically evaluate the performance of ellptay LSCs that can operate

in tandem with a PBR and use solar energy to simultaneously generate electric power andfqgrrovide

microalgae cultivation.

3.3 Background

Significant research efforts have been undertaken to explore innovative spectral photon management
strategies that optimize algae growth conditions and biofuel cultivation systerhS][Fbr example, Sun

et al [16] enhanced microalgae production by embid) hollow light guides in a flgtlate PBR made of

PMMA. The hollow light guides also induced turbulent flow, promoting microalgae suspension mixing, and
the photosynthetic efficiency of microalgae growth in 2R was increased by 12.52%. Ooms et al [17]
demonstrated wavelength specific scattering from plasmonic-paterned surfaces as a means of
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addressing the challenge of photon management in PBRs. Modular PBRs were constructed with different
reflective subtrates including arrays of plasmonic nanodisks, and broadband reflectors, and untreated glass
and a power efficiency enhancement of 52% was achieved with the plasmonic nanodisk arrays as compared
to the case wherein the broadband reflector was used.eFudte, a 6.5% cyanobacterium growth rate
increase was achieved by using a plasmonic substrate in comparison to using a photobioreactor equipped

with untreated glass.

As another spectral photon management strategy for optimizing-ladgae biofuel cultiiion systems,

LSCs are one of the most economical and practical options to harvest solar energy because they have the
dualadvantage of: (1) concentrating light onto a smaller area (resulting in greater geometrical gain), and
(2) splitting the solar irradince into different spectral regions such that it can be used to simultaneously
provide power for multiple applications. A LSC is typically comprised of a transparent panel that hosts
luminophore molecules. These luminophores, such as quantum dots oc oiges) absorb incident solar
radiation and use this energy to isotropically emit radiation with a longer wavelength. If the photons are
emitted within the critical angle, they will be directed, via TIR, towards PV cells located at the edges of the
transparent panel. Incident dar radiation outside the spectral region absorbed by the fluorophores may
pass through the panel. This technology can be used in a vast range of applications includimgugeeen
panels, serdiransparent windows that generatectieity or heat [18], and skylights because the

transparency, shape, size and color of the panel are easily controlled [19].

The luminophore embedded within the LSCs can be designed to split the solar spectrum into its PAR and
non-PAR components and comteate the noPAR onto PV cells located at the LSC sidewalls. Over the
course of millions of years, photosynthetic organisms have adopted-gotéction mechanisms to
naturally regulate energy flow and minimize energy fluctuations within their phatof2d]. Most
photosynthetic organisms reflect green light @RAR), which has the maximum photon flux in the solar
radiation spectrum, to avoid overheating. Instead, light harvesting antennas within photosynthetic organisms

often absorb in the spectrakinity of blue and red light (PAR) [21]. However, due to several deficiencies
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and considerable loss mechanisms, the power conversion efficiency of LSCs is still less than 10%. The main
operating mechanisms and loss phenomena in LSC devices are desdrdemlisntly with reference to

Fig. 3.1 [22].

a

AML.5 b

PV cells on side walls
PV cells on side walls

Luminescent layer
Luminescent layer

Figure3-1 a) Mechanism of a LSC as a solar spectrum splitter and solar concentrator and, b) Operation and loss mechanisms in an
LSC: 1) Fresnel reflection los8&3) Light guiding of photons emitted outside the escape cone via TIR to PV cells at the sidewalls
of the planar waveguide 4) Emission losses of photons emitted within the escape cone, 5) Internal absorption losses, 6) Surfa

scattering losses at the vemyide/air boundary.

A main reason for low efficiencies in LSCs is transmission losses because a large amount of incident
sunlight passes through the panel. Transmission losses occur because luminophore dyes absorb over a small
spectral region comparedttte spectrally broad solar irradiance. However, this feature makes it possible to
use LSCs as semitransparent windows for numerous applications including greenhouses and building
facades. Other loss mechanisms include surface reflection loss (which igor@8tmally incident light),

emission losses due to light being emitted at angles less than the critical angle for which TIR occurs, and
emission losses due to surface roughness, which increases photon scattering out of the LSC, and internal
absorption dsses, which includes absorption of light by the host matrix waveguide material and the re
absorption of emitted photons by other dye molecules. Many efforts have been applied to reduce the
aforementioned losses in LSCs. Methods of reducing surface iostgde fabricating selective mirrors,

Bragg reflectors, or plasmonic structures at the LSC surfaces, and aligning the luminophores within the LSC

to control the path of the emitted light.
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Efforts to reduce internal losses caused by reabsorption includiessbn novel organic fluorescent dyes,
guantum dots and inorganic phosphors [23]. Correia et al. [24] provided a comprehensive overview about
the potentials of lanthanideased organinorganic luminescent dyes in order to increase the performance

of LSCs. Meinardi et al. [25] designed and fabricated CdSe/CdS quantum dots that utilize a large Stokes
shift to eliminate reabsorption losses in laggea LSCs and optical efficiencies exceeding 10% with a
concentration factor of 4.4 were achieved. Buffalef26] developed dyeloped polysiloxane rubber
waveguides for LSC systems and evaluated the potential of enhancing fluorophore fluorescence efficiency
in the presence of different concentrations of Au nanoparticles. Unlike the more common waveguide hosts
(e.g. PMMA), polysiloxane rubber is flexible which enables applications in tents, fabrics, sleeping bags, or
other such devices that can be rolled up, folded, or otherwise deformed. The first transpaiafransdr
(NIR)-absorbing LSC with high transmarcy was demonstrated by Zhao et al. [27]. In this study they
developed luminophore blends of cyanine and cyanine salts and synthesized cyahivs bé&ihds with
quantum efficiencies greater than 20% accompanied with spectrally selective NIR harzasijeet al.

[28] increased the energy output of LSC waveguides by adding white scattering layers to the bottom side of
LSCs separated from the waveguide by an air gap. Cambié et al. [29] developed a Monte Carlo ray tracing
algorithm to simulate photqraths within LSGbased photomicroreactors and experimentally validated their
results. Chou et al. [30] fabricated a flexible waveguiding LSC that exhibits high optical efficiencies and
great mechanical flexibility. In this research, a certified power asiom efficiency (PCE) of 5.57%, with

a projected PCE as high as approximately 18% was reported. A significant amount of research has also been
performed to investigate the performance of LSCs for agrivoltaics, algae cultivation, and greenhouse
applicatiors [11, 3133]. For example, Detweiler et al. [11] fabricated a wavelength selective LSC panel
that harnesses the green light portion of the solar irradiance, most of which is not used for algae growth.
The LSC panel contains Lumogen Red 305 dye which Bbsord emits green and red light, respectively.

The fluorescently emitted red light was either used to enhance algal growth, or waveguided and captured by
PV cells to be converted into electricity. The results revealed that microalgae growth rateseih@? th

panels were equivalent to growth rates under the full solar radiation spectrum.
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Based on Snell 6s | aw, al/|l photons emitted from |
of the LSC panel at an angle smaller than the critical angléeviimitted to the surrounding medium, (loss

4 in Fig 3-1b) which is one of the main loss mechanisms in LSCs. Measurements reveal that the
accumulated emission losses, considering secondary absorption and emission events and scattering due to
surface roug-ness can reach 5% [34]. In this context, all strategies for reducing surface losses are based

on two main processes: integrating selective mirrors, and aligning the luminophores to directionally control
the emission of light [35, 36]. However, topgiebased strategies wherein the shape of the host medium is
altered and optimized to reduce emission losses have yet to be explored. In this context, the work presented
herein considers the benefits of shaping the medium hosting the dye in anlediggicrather than planar

based, configuration to minimize the absorption and surface (including scattering and cone zone) losses for
LSCs. The performance of these novel elliiiticsed LSCs is investigated and compared to conventional
LSCs for the dual applation of simultaneously providing power for algae and PV electricity production

systems.

In this study, we present a novel specsltting solar concentrator (SSS) with an elliptical configuration
that partitions the solar irradiance into its PAR anatp$éynthetically inactive radiation (ndPAR) spectra

to be utilized in microalgae cultivators and PV cells, respectively.

An ellipse can be defined as a curved line that forms a closed loop around two focaFpamit®, with

the property that for any poion the curve, the sum of the distances ffoto Sandf, to Sis constant.
Moreover, the normal to the curve at any p&8iah the ellipse bisects the angle between the lines connecting
f, to Sandf, to S As shavn in Figure 2a, from a ragptics perspective, this implies that all light emitted
from f1 (f2) that is specularly reflected from the internal surface of the ellipse will be directed tdw&ids
because the angle of incidergigdb) is equal to theragle of reflectiond, (dh). In this work we utilize this

internal refocusing property of an ellipse to design a LSC panel with minimal optical losses.
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Figure3-2 a) Crosssection of an ellipsoid as a clasop curveand b) the geometrical parameters for an ellipse.

The equation defining an ellipse using Cartesian coordinates is provided in EQubtMfhere the center

of the ellipse is at the origi), and the »axis is the major axis.

(3.1)

&18&
&1 8&
ge)

With reference to Figure 2b, the valuep@ndb are given in EquatioB.2:
b —and B=2&i ¢ (32)

The shape parametasandb are the seminajor axis and senminor axis, respectively. The proposed SSS
is composed of an array of wtiells wherein each unit cell has the shape of two overlappinglipBes
that share the same focal point as shown in3R& The shared focgoint is occupied with concentrated
luminescent dye that absorbs ABAR and reemits radiation at equal intensity in all directions. Light

radiated from the luminescent dye is directed towards the focal points of the adjacent unit cells.
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This phenomenonwhereby light emitted from one focal point is refocused at the focal points of adjacent

unit cells, is achieved by designing the curvature of the ellipses such that radiation emitted at their shared
focal point undergoes TIR at their curved sidewallsh& medium internal to the SSS, has an index of
refraction equal toy and the medium external to the structureisrair|1) t hen, according t
radiation emitted from the focal point of the overlapped ellipses will undergo TIR at the surface when
Equation3.3 is satisfied:

3 OADET 2 (33)

€p

The minimum value of/afor which radiation emitted from the focal point of the ellipse will undergo TIR
at the ellipse surface is plotted as a function;dthe medium internal to the ellipse) in F&3b for the
case in which the external medium is air. For example, ieliifgse was made from glassyfss= 1.49),
polymer Qigh refractive index polymers 1.7) OF titanium dioxid€nrio2= 2.5) the minimum values af/athat would
satisfy the TIR condition defined by Equati83 would be 0.905, 0.727 or 0.436, respectively. Based on
the definition of an ellipse/a < 1, which implies that the index of refraction of the medium internal to the
ellipse must be 1.41 or gtea, as indicated by the red line in F&3b, to satisfy the TIR condition if the
medium external to the ellipse is air. The inset at the top right ir3R3 shows five different shapes of
ellipses over the range of 0.98%/a < 1. The TIR conditiordefined by EquatioB8.3 for the case in which
the internal medium is glass is illustrated in.Agc, which shows that radiation emitted from the shared
focal point of two overlapping ellipses escapes the SSS structure for vattlas<dd.905 converséy, all

rays emitted from the focal point undergo TIR at the surfaces of thelifaed ellipse for the case in which

c / @.905.
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Figure3-3 a) A unit cell which hosts concentrated luminescent dye at the shared focal point of two ellipses. The width of the unit
cell is 2C. b) The minimum value ofafor which TIR will occur for radiation emitted from the focal point plotted as a function of

the refractive index of the medium internal to the ellipse (assuming the medium external to the ellipse is air), and tppropaga
behaviour of radiation emitted from a point source located at the shared focal point of overlapping ellipses for thevices in

the index of refraction of the internal medium is n = 1.49 and the ellipse paramet@es=afe6,c/a = 0.75 andc/a = 0.95.

Herein the ellipsdbased unit cell shown in Fi@-3 is usedin the design of a spectraplitting solar
concentrating paai that transmits PAR radiation such that it can be used for algae cultivation while
absorbing notPAR incident from the solar irradiance to generate electric power. A-seatisn of this
panel , -Y&h plhaen d,X i 34a,anddochevshape thfis panelds realized in threémensions

by translating thiscrosse ct i on i n t he fZa34b.iForeondiseness, warsfer folthis wn
panel as an elliptic array solar spectrum splitter (EASSS). Also shown.i-&kgis an array of &zval

lenses which focuses the incident solar irradiance onto the focal lines within the EASSS. The concentrated
light beams coming from the Petzval lens array are incident onto an array of linear receivers (negative
lenses) residing on the upper surfatthe EASSS which facilitate coupling the incident light onto the focal
lines. The incident noRPAR is absorbed by luminophores concentrated along the focal lines within the

EASSS while PAR is transmitted and leaves the EASSS through a linear exicptetlibeneath the focal
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line. Radiation from the luminophores, emitted with equal intensity in all directions, is confined within the
EASSS via TIR and is directed towards PV cells embedded at the side walls of the EASSS. In this case,
luminescent dye absuos the spectral region from ~5800 nm and from ~740100 nm and remits

photons at wavelengths matched to the single junction PVs at the EASSS side walls. For example, Lumogen
Red 305, one of the most commonbed dyes in LSCs, which has an absorpiesk of ~ 580 nm and an
emission peak of ~613 nm, and CY (a cyanine derivative) with absorption spectra peaks at 742 nm and NIR
emission peaks at 772 nm can be utilized. InGgR (E82 eV), single junction Si (& 1.1 eV) and GaSb

(Eg = 0.67 eV) solacells can be used as PV cells at the panel sidewalls to harvest different ranges of the
nonPAR spectrum. The portion of the incoming beam not absorbed by the luminescent dye can be used for

algae cultivation in a photobioreactor located beneath the Ef&ESS!].

' x1078
d N : 7 bl Extension into 3D ,
¥ 5 Wlivt‘\{j“{::fww :![FL,M!‘ ‘
Petzval Lens Configuration Sun light ‘ ) Petzval Le}’s .
T it Configuration
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Solar cell

receiver [

Figure3-4 a) The proposed configuration of Elliptic Array Solar Spectrum Splitter (EASSS) in 2D; b) extension of the EASSS into
3D and; ¢) The concept of receiver to couple the incoming comatedtlight from Petzvel lens to the luminescent dye area and

send out through the exit port.

67



The EASSS exhibits significant advantages in comparison with conventional LSCs including: (1) minimal

emission losses, (2) minimal surface scattering losses andr{Bnal internal absorption losses.

In conventional flappanel LSCs light emitted within a broad cone does not undergo TIR at the panel surface
and emission losses are ~25%. In the EASSS TIR occurs for all light emitted from the focal line with the
excefpion of the light which is emitted onto the receiver or the exit port. As discussed subsequently with
reference to Figure 4, the expected emission losses from the EASSS are just a few percent. Surface scattering
losses can be estimated using the equétidd)™ whereD is the surface scattering coefficient as the

number of ray collisions with the surface of the EASSS. Moreover, the internal absorption losses can be
determined using the expressm‘i‘\L\NhereUis the absorption coefficient of the internal medium the EASSS

is comprised gfandL is trajectorypath length of the rays through this internal medium.

In the literature, LSCs are often modeled using Monte Carldraajng methods [435]. Herein we
numerically modeled the optical path, emission losses and optical efficiency for light emittedtiéthin
EASSS using COMSOL Multiphysics software (version 5.4) ray optics and heat transfer modules
supplemented with MATLAB for analytical analysis. The number of rays emitted from each point source
was at least FQthe maximum mesh size was kept to-timeusandth of the focal distance, and maximum

relative tolerance for convergence was.10

The analysis is performed as follows: Firstly, the EASSS structure without entrance ports (receivers) or exit
ports is considered. Specifically, surface scattering $psseterms of the number of surface scattering
events N, within the EASSS is modeled and analyzed in 2D and compared with that of the conventional
flat panel LSC. Then, the absorption losses, in terms of the meamdighathlength, are determined for

the EASSS and flghanel LSC. Subsequently, the effect of structure thickness on the absorption and surface
scattering losses are investigated. Afterward, the receivers and exit ports are introduced on the upper and
lower sides of the EASSS, respectivelyhe effect of altering the structure of the receiver on the
performance of the EASSS is considered and discussed thereafter. In practice, all the luminescent dye

required to absorb the incident nBAR spectra would occupy a finite volume and could mopiecisely
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on the focal lines within the EASSS. In this regards the effects of the finite volume occupied by the dye and
the sensitivity of the performance of the EASSS with respect to the displacement of the dye from the focal
line is investigated. Furdimore, considering the highly concentrated solar irradiation on the narrow

receivers, thermal analysis of the EASSS is carried out. Finally, the optical and power conversion efficiency

for a sample case of an EASSS working in conjunction with a giioteactor is analyzed and discussed.

3.4 Results

3.4.1 Surfacescattering losses in theelliptic array solar spectrum splitter

The number of scattering events per meter width in ttiigection is plotted as a function of the heig2th (
= h) andc/aratio of the EASS$ Fig. 3-5. For a constant height of the EASSS structure/amcreases
the number of unit cells (focal lines) per meter within the EASSS panel decreases and therefore the number
of surface collisions decreases, which lowers surface scattering losses. In gereahnad increase

surface scattering losses dexge.
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Figure3-5 Number of surface scattering events per métén, within an EASSS panel plotted as a functiomaihdc/a.
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The number of surface scattering events per meter in-tlireation is plottedas a function of LSC height

for an EASSS witlt/a =0.91and a conventional flgganel LSC in Fig3-6a. Fig 3-6b shows comparisons

of the trajectory of light emitted from a point source located at the center of the EASSS to the trajectory of
light emitted from the center of a conventional LSC panel. When the panel height is 2 cm, the number of
surface scattering events in the EASSS and conventional LSC pandis -ar22/m and N = 55/m,
respectivelyWhen the panel height is increased to 10 cm, the nuofl®irface scattering events in the
EASSS and conventional LSC panel&lis 4/mandN = 11/m, respectively. Thus, the number of surface
scattering events in the EASSS is typically less than half that in the convectional LSC, which helps to

minimize surfae scatterindgpsses.
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Figure3-6 a) A comparison of surface scattering loss events on-aneéer basis for light propagating along the planar direction
(the xdirection) of an EASSS and a conventional-flahel LSC for a constant value@f = 0.91 and; b) The trajectory of light
emittedfrom the center of a conventional LSC panel and EASSS for two cases wherein the height of thelparznidh = 10

cm.

3.4.2 Absorption losses in theelliptic array solar spectrum splitter

The optical pathlength traverskd light emitted from the luminophores within an EASSS in tiogrection

are plotted as a function ofaandhin Fig. 3-7. The absorption losses are independent of structure height,
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h, because, for a constant valueff ash increases the optical felength remains invariable. On the other
hand, ag/aincreases the curvature of the EASSS surfaces increase and light emitted from the focal lines is

more strongly directed towards the EASSS sidewalls, resulting in a decrease in the optical path length.
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Figure3-7 The optical pathlength of light emitted from the focal lines within the EASSS as a functitaaoidh.
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The optical pathlength of radiation emitted from the center of a panelsidétsalls is shown in Fig-8a

for the EASSS and the conventional LSC panels for a heightd? cmand a width of 2 m. For a point
source located in the middle of a conventional LSC, emission at the critical @xgjle ( ( ° wheh the

index of refradbn of the LSC is 1.41) an@.A/2results in optical pattengths of 150 cm and 110 cm,
respectively. For the EASSS however, the optical pathlength is independent of the emission angle.
Furthermore, the optical pathlength ranges from 110 cnc{éox 0.9() to 100 cm (forc/a = 0.999). As

can be seen in Fi@-8b, the number of unit cells (focal lines) in the EASSS increasefaecreases,
resulting in a longer optical pathlength for an EASSS with a fixed height and width of 2 cm and 2 m,

respectively.
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Figure3-8 a) Optical patHengths of radiation emitted from the center of the EASSS and conventional LSC panels for a structure
with a width of 2 m. For the conventional LSC, the pathlengths for emiasithe critical angle for which TIR occug ( = )C. A.
and for emission at half the critical angle are considered; and b) Geometrical illustration of the ray propagation ioraim&at

and EASSS witlt/a= 0.91 and 0.995 fdn =2 cm.

The optical pdt length and number of surface scattering events are plotted as a function of the height of the
EASSS panelh, in Fig. 3-9. As h decreases the number of surface scattering events increases thereby

increasing the expected surface lossés=0.97).
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Figure3-9 The relationship between the EASSS thicknéjsuid the optical pathlerfyaind the number of surface scattering

events for light emitted from the focal lines within the EASSS.

3.4.3 Transmissionlosses in theslliptic array solar spectrum splitter

Fig. 3-10 shows the fraction of radiation emitted from luminophores at the centee ABSS and
conventional LSC panels that are incident onto PV cells located at the panel sidewalls as a function of time.
In this figure two EASSS witle/a = 0.995, andt/a= 0.91 and a conventional LSC are considered, each
having a height ofi = 2 cm Thedistance between the luminophore at the center of the panels and the PV
cells at the panel sidewalls is assumed to be one meter. As can be seer8ibOFipr the EASSS the
emitted photons from luminescent dyes reach the solar cells sooner in comfzatisoconventional LSC.

This improved time profile is consistent with a reduction of transmisgi@fskissiop, Selfabsorption dseit

abg), surface roughnestdroughness and emissiontemission l0sses, which will be discussedbsequently.
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Figure3-10 Radiation emitted from the center of the EASSS and conventional LSC panels incident onto the PV cells at the panel

sidewalls plotted as a function of ray travelling timeter 2 cm.

3.4.4 Optical receiverdesign

As mentioned previously, a linear array of Petzval lenses is used to collimate the solar irradiation into the
EASSS along the focal lines where the luminescent dyes are concentrated. The Petzval lens configuration
is composedfawo positive lens groups separated by an air gap. To enable the incoming concentrated PAR
to efficiently exit the underside of the EASSS, a negative lens element is placed on top of the entrance port
on the upper side of the EASSS as shown in3-#g. The entrance port introduces emission losses, which

are discussed subsequently.

3.4.4.1 Emissionlosses as &unction of theoptical receiverdesign

It is clear that increasing the width of the optical receiver @ytgs shown in Fig3-11c, results in higher
emission losses. For constant value©aindh, asc/aincreasesp = b?/a decreases and emission losses

increase. From the perspective of structure thickrgs$of constant values @ andc/a, ash increasep
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increases and ession losses decrease. The emission losses are shown as a furotardofa for three

different values oh = 2, 5, and 10 cm in Fig8-11a, b and c, respectively.
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Figure3-11 Emission losses as a functionaé and the width of the optical receiver pa@i)for a)h =2 cmb) h =5 cm,and c)h

=10cm.
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3.4.4.2 Emissionlosses as &unction of thevolume occupied by théuminescentdye in thevicinity of

the elliptic array solarspectrum splitter écal line

The results presented in all previous sections were calculated in 2D assuming the luminescent dye is located
precisely at the focal point of the overlapped ellipses. In practice, the luminescent dye molecules will occupy
a limited volume, the size of which depends on the amount of dye required to absorb the incidR&iRnon

solar photon flux. Figs3-12a and b, show the percentage of radiation emitted from the focal line that is lost
through the upper and bottom entrance antpeiis as a function of the-plane (<Y plane shown in Fig

3-3b) and oubf-plane (Y¥-Z plane shown in Fig3-3a) displacement of the luminescent dye from the focal

line for two sample EASSS configurations with 5 cm anch = 2 andh = 4 cm, respectigly.
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Figure3-12 The percentage of emission loss as a function-pfane and oubf-plane displacement due to the volume distribution

of luminescent dye along the focal line & =4 and b)2cm(c =5¢cm,0 =1 mm).

As an example, based on assumptions and analysis regarding dye concentration and absorption that we
reported in previous work [46], it was concluded that the required volume of Lumogen R305 dye in EASSS
with parameter values afa= 0.91,c=1.25 cmO = 0.1 cm and area of 10*10 éno absorb all incident

light over the spectral range of 575~620 nm, requires ~1.57°n@® for each unit cell. This required

volume creates negligible focal lkwdfset losses (less than ~1%).
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3.4.5 Performance comparison: elliptic array solar spectrum splitter vs.

conventional luminescent solar concentratorpanels

In this section we compare a conventional LSC and a EASSS panel with parameter valae0d1, ¢
=1.25 cm an® = 0.1 cm. The area toth panels is assumed to be 10 cm x 10 cm, and the hergl2if

of both panels is assumed to be identical.

The fraction of radiation emitted from a point source located at the center of the panel that is incident onto
PV cells located at the panel sidls is plotted as a function of time in F&13 for the conventional LSC

and EASSS panels. At steady state the emission losses for the EASSS and conventional LSC panels are
7.4% and 25.8%, respectively, resulting in 24.8% improvement in emissioremtficiThe mean traveling

time for photons to propagate from the center of the EASSS and conventional LSC panels to the sidewalls
is Tm1= 0.66 ns andm2= 1.45 ns, respectively. The difference between the mean propagation time for the
two panels is relateto the differences in transmission efficiengyansmission(here transmission efficiency

refers to losses that occur for light propagating within the host of the LSC towards its sidewalls). For
example, assuming the same intensity of incident lighhenEASSS and conventional LSC panels, and

that the host material has an index of refraction and mean absorption coeffialent1o49 andlhean=

3x10° 1/cm, respectively, [45] the Optical Densi®@) can be determined for a light emitted from the

certer of the EASSS or a planar LSC using the following equation:

o e @
OD=a Spga‘ (34)

00

where lin = the intensity of light at the center of the LSC &nd- the intensity after the light has propagated
to the sidewalls of the LSC. The ratio of the optical density for the EASSS and planar OBgssigOD, sc
= 0.45, which implies that the transmission losses through the EASSS panel are significaritinlésst t

for the conventional LSC panel.
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Figure3-13 Fraction of photons emitted within the EASSS and conventional LSC panels incident onto PV cells located at the panel

sidewalls as a function of time.

The total efficiency of the EASSS can be calculated using the concentration factehnjch is the light
intensity incident onto the rectangular PV cells embedded on two sidawaliyided by the light intensity
incident onto the Petzvel lens concerdrafi 1;: C =0 2/0 1. In other words, the concentration factor can be
re-written asC = G.dhonparopy, WhereG is the geometrical gain factor ad@nraropt is the optical efficiency

of theEASSSfor the incident nofPAR spectrum which is given as:

qnonPAR—opt = Frg@ner d_nonPAR-Abs‘ dPLQY' QStokeSQEmission dRoughnesSdTransmissiond_seIf»abs (3 5)

wheredrresneidepicts the Fresnel labvased efficiency with which incident light is coupled inte BPASSS,
rather than being reflected from the boundary surfaces. If the EASSS and two negative Petzvel lenses are
made from PMMA K = 1.49) therresnei~ 82%.0nhonrarabsiS the efficiency with which the luminophores

absorbs the emitted ndPAR. Here, v assume that sufficient amount of luminescent material such as
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Lumogen Red 305 are embedded in the EASSS (~30 ppm) such that 100% of BfeRhimthe spectral

region from ~500 to ~600 nm is absorbdg gvrepresents the phdtominescence quantum yie(@LQY)

efficiency described as the ratio between the number of photons emitted and absorbed by the luminescent
dye in noRPAR range. It is assumed ththptov= 0.95 for LR 305 luminescent dye [4@wokesshows energy

lost through molecular vibrations ahéat generation during the absorption (~580 nm peak) and emission
(~620 nm peak) event which is assumed toldages= 95% for Lumogen Red 305 [47]. However, in this

study we seflsiokes= 1 because we are investigating the fraction of incidentA#dR photons in the spectral

region in the vicinity of 50600 nm that are absorbed by Lumogen Red 305 and eventually directed towards
the rectangular PV cells located at the two sidewalls@BASSS. That is, all the photons incident onto

the ¢Si PV cell with energy greater than its bandgap, which is ~1.JaeV1(1 pm), independent of the

Stokes shift contribute to the output curréltissioni S t he ef fi ci ency wiatphd whhiec h
light, thus preventing photons emitted from the luminophores from escaping the panel. As discussed
previously with reference to Fi§-13, emission losses for an EASSS with parameters 0.91,c = 1.25

andO = 0.1, are 7.4%, and in this cag@ission= 92.6%. In comparison, thimissionfor a planar LSC with

an index of refraction of 1.49 is ~74%, which is only valid for a perfectly smooth interface. Surface
roughness creates parasitic surface losses and reduces the efficiency of tothtéfiectian and therefore

an additional factomjroughness iS introduced in EquatioB®.5. These surface scattering losses increase with
increasing surface roughness. In practice, surface scattering losses are highly dependent on the quality of
fabrication and in a LSC panel can be described using the expré&dipi, whereD is the probability that

a photon is scattered out of the LSC due to surface roughness each time it is incident onto the LSC surface
andN is the number of collisions with the LSCrface [48]. In this studyfor the specific case whereifia
=0.91,c=1.25cm an® = 0.1 cmof EASSSit is further assumed thBt= 0.03, which results idroughness

= 93%.drransmission!S the efficiency with which photons generated from the lumemgsdye are transported
through the LSC without being absorbed by the host material due to the concentrations of attenuating species

in the material sample. The transmission efficiency is governed by the LaBszriaw:
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whereUis the absorption coefficient of the material the panel is comprised of (PMMA in this study). The
absorption coefficient is assumed tolbe 5x10° cmr* for &= 620 nm [45] and therefore, the transmission
efficiency is drransmissio= 93.6%.0sitans iS the efficiency with which remitted light can be transported
through the EASSS panel without being absorbed by other luminopBetéabsorption is a consequence

of the spectral overlap between the emission and absorption spectra of thestamirdye. Denoting the
emission spectrum & ( anyl the absorbed spectrumfag ahp self-absorption cross sectiotika for an

optical path length of 1 cm is quantified as [49]:

Gsa=5 . 'O_0 _Q (37)
herek=_""0_Q_ and [isd =2 38
wherek=, "O_'Q_ and [isd == (3.8)

As can be seen from Equati8y and3.8, selfabsorption losses decrease significantly as the Stokes shift

increases. Considering sealbsorption losses, the corrected Photoluminescent Quantum Yield (RLQY

can be calculated from the observed PLQY using Equatibf50]:

- lT)Df’é(@Bi
PLQYeor = o5 0a, (39

Whereas is the selfabsorption coefficient. As can be seen from Equaiénif the quantum yield and the
self-absorption coefficient of luminescent dye are ~ 1 and 0.7, respecite}¥gps= 0.95 andas = 0.7 for
Lumogen Red 305 [50]), then selbsorption can be assumegtians = 98%. Considering all loss
mechanisms and efficiencies as described by kEgque5, the noAPAR optical efficiency and
concentration factor for the EASSfanel considered in this sectiondignraropt = 61.5% andC = 2.77,

respectively.

It should banentioned that selibsorption losses can be the dominant loss mechanism in most cases when
luminescent dyes have lower quantum yield and/or a smaller Stokes shift. For ealespmgtion event the
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photon energy can be dissipated again through one ahitneementioned loss channels. Consequently,
for an irradiance input energy flux @fi,, the output fluxt .. decreases after an averageabsorption

number ofN-1 per photon to [49]:
a out = id]- dFresnel‘d,nonPAR—Abs- (d,PLQYA StonA EmﬁlsiorA Roﬂhnesé\ TranissiohN (310)

This equation shows that losses increase exponentially as the numbeibgbretion events increases. As

an example, Fig3-14 showdhonraroptfor both a conventional LSC and the EASSS panel o/l 0.91,
c=1.25cm and = 0.1 cm, and their efficiency ratiddassd Lsd), as a function of sekibsorption events,

N. As can be seen, as the number of-abHorption events increases, optical efficiencies exponentially
decrease, and thedecreases occur to a much greater extent for the conventional LSC panel as compared

to the EASSS panel.
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Figure3-14 Optical efficiencies for both a conventional LSC and the EASSS panetiaith0.91,c =1.25 cmand = 0.1 cm

and their efficiency ratiod-aessd Ls¢| as a function of selhibsorption events\).
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The mearravelling time, distance, and surface scattering events for photons emitted from the luminophores
within the conventional LSC andMSSS panels are provided in TaBl& along with the various efficiency

factors and concentration factor for the two LSC panels.

Table3-1 Performance parameters for the EASSS and conventional planar LSC panels

Mean. ph‘?tor Average Scattgring d_Emission d_Transmission ClRoughness d_non (.:oncentra
traveling time| traveling | quantity (%) (%) (%) tion fador
(ns) distance | (times/photon) PARopt
EASSS 0.66 13.29 2.38 92.6 93.6 93 63 2.77
LSC 1.45 29.11 6.92 74 86.45 81 47.2 2.07

3.4.6 Thermal analysis

It is well-known that the quantum efficiency of luminescent dyes degrades as the operating temperature
increases [51]. In this study, COMSOL Multiphysics software was utilized to evaluate any potential
deleterious thermal effects on the performance of the lwsoém dyes throughout the EASSS under the
same illumination conditions as mentioned in the previous sections. in this thermal analysis the attenuation
coefficient and heat transfer coefficient are assumed tahkg= 3 x 10° 1/cm andh = 10 W/n?-K,

respectively.

The EASSS considered in the previous section, with= 0.91, ¢ = 1.25 cm an® = 0.1 cm, is comprised

of a Petzval lens array concentrating solar radiation from a planar area of 266tarfour receiver ports

that have a width d® = 1 mm The results (not shown) reveal that the temperature increases by less than 2
degrees throughout the EASSS and the effects of increased temperature on the performance of the EASSS

during operation are assumed to be negligible.
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3.4.7 Tandem édlliptic array luminescent solar concentratorphotobioreactor for

combined power and algae production

Theinset in Fig 3-15 illustrates the concept of an EASSS operating in tandem with a PBR. In this example
sunlight is incident onto the topside of a Petzval lens arrayhwdiiects light to the focal lines of the
EASSS. Dye located along these focal lines can alsenorPAR in the spectral regions fras®0 ~ 600

nm (@W= 152 W/n%) and 740 ~ 1100 nnggdW= 282 W/n?) as shown as the shaded regions in &itp.

Light emitted from the dye undergoes TIR and is directed towards crystalline silicon PV cells located at the

sidewalls of the EASSS.
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Figure3-15non-PAR from sunlight §wa:=500~600 nm andW. = 740~1100 nmgan be absorbed in a EASSS in a tandem

configuration with a PBR (inset). PAR is transmitted through the EASSS and used to support algae cultivation in the PBR.
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In this example it is considered thaetnonPAR spectral regions from00 ~ 600 nmdp W= 152 W/n7)

and 740 ~ 1100 nngfW= 282 W/n%) can be absorbed in an EASSS and converted to electricitgiin ¢

based PV cells at the edges of the EASSS. The Petzval lens array and upper surface area of the PBR shown
in Fig. 15 are assumed to have an areA sf10 x 10 cm It is also assumed that the optical efficiency of

the EASSS iglhonraropt= 61.5% for both thep Wandgo W spectral regions, and the photon flux incident

onto the eSi PV cell at the top side of EASSS for these spectral regionsqaig= 4.163 x 1€ cm?.s?t

and 0 pw2= 1.263 x 1€/ cm?.s?, respectively, which is consistent with receiving solar radiation at an

intensity of 1000 W/rh(e.g. one sun).

It is assumed the PV cells have an External Quantum Efficiency (E@®)Bf,w-g 100% andEQE pw- 2

e 85%, for light that was absorbed by the dye in spectral regm¥sandopW, and reemitted in spectral
regionsop Wi andop Vs, respectively [554]. Underthese assumptions, the short circuit currésa,(open
circuit voltage Voc) and the maximum output powd?.{) generated by the PV cell are calculated using

Equations3.11,3.12 and3.13, respectively [55]:

lsc= A- g d.norrPAR-opt-(vq)dp Wep = OG pwzp _ ’Q=+>thd): WX — OG z%dq — Ql (311)
: Q'Y 04
Voo=—=1h (% o (312)
Pmax= lsc:Voc' FF (3.13)

wheren = 1 is the ideality factoki s Bo |l t z ma M a 808 K is thencsllttempetaturig= 10° A
is the dark saturation currentis the charge of an electron, drf is the fill factor which can be expressed

as a function of opeaircuit voltage Vo) [55]:

PRzt o il A (314)
where

L

U ¢ W %?Y (315)
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Is a normalized voltage. EquatiBri4 is assumed as an appropriate approximation éflehenu 10.
Based on EquatioB.13, out of a total of 4.34 W of néRAR incident in thepWandg W solar spectral
regions, 0.735 W can be converted to electric power, representing a toRARoto electric power

conversion efficiency of 16.94% (whelg= 1.466 A,Vo.= 0.605 V, and-F = 0.8285).

Notably, this analysis was done for the AM1.5 spectrum, whereas in space applications sunlight has an AMO
spectrum. Nevertheless, using the AMO spectrum in the previous calculation would not result in any
significant difference from thel7% value determined for the efficiency. On the other hand, the amount of
electric power generated (and amount of PAR available for algae cultivation) strongly depends on the
distance from the sun. For example, the maximum solar irradiance on Mars igVA880compared to a
maximum of ~1050W/don Eart hés surface, and thus it is expe
for algae cultivation) that could be generated in the vicinity of Mars would be about half of that generated

on Earth.

It shoul also be noted that the lenses within the Petzval lens array must track the sun, which will require a
tracking system. Furthermore, the fabrication methods and stability of the materials used in the EASSS
would have to be tested for duration, temperattaeyum conditions and radiation exposure. In this context

the Petzval lens array could provide shielding for the EASSS.

3.5 Conclusion

In this work a new LSC in the form of an elliptic array solar spectrum splitter (EASSS) is presented.
Numerical simulationsvere carried out to compare the performance of the elliptic array LSC to that of a
conventional planar LSC. A distinct advantage of the elliptic array LSC is that it can be designed to achieve
TIR over a broad range of emission angles, which drasticadlyces emission losses. Furthermore, in
comparison to a planar LSC the number of surface scattering events for photons propagating within the
EASSS LSC is significantly less than that of a planar LSC, thereby reducing scattering losses. Also, the

pathlengthitraversed by light travelling from the center to the edge of an EASSS is substantially less than
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the pathlength for light moving from the center of a planar LSC to its edge. The shorter pathlength for light
in the EASSS reduces absorption losses wherporteon of light emitted from the dye is absorbed in the

LSC host material as it travels towards PV cells located at the edges. Moreover, considering the combined
effects of emission, transmission and surface scattering losses numerical results siptisatleffaiency

of the elliptic array LSC is 63%, whereas in comparison the optical efficiency for conventional planar LSC

of the same size is 47.2%. It should be noted that an array of Petzval lenses that track the sun to focus light
onto focal lines vthin the EASSS is required, which increases system cost and complexity. Nevertheless,
the EASSS can provide the dual function of partitioning solar irradiance into PAR arBARDN
components to simultaneously provide for algae growth and power genefdigoability to optimally use

the broadband solar irradiance for these purposes has potential applications for extended duration space
missions wherein power generation and regenerative environmental control and life support systems that
include algae grovitare of high value. In this context, results from numerical simulations show that elliptic
array luminescent solar concentrators can conveHR#iR to electric power with a conversion efficiency

of ~17% while transmitting PAR to an underlying photobioteato support algae cultivation.
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4 Selectivelyharvesting near-infrared photons in fiber optic-based

hybrid solar lighting systems forpower generation in buildings!
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Nomenclature

Roman symbols

area

luminophore absorption spectrum
semimajor axisof an ellipse
selfabsorption coefficient
semiminor axisof an ellipse

distance between the focal point and cer
of an ellipse

probability of a photon to scatter
luminophore emission spectrum

fill factor

geometric gain factor

dark saturation current

initial light intensity

normalized intensity

short circuit current

distance from theertex to the focal point
Boltzmannés const a

distanceof thefocal point to PV cell
optical pathlength

the number of photon collisions with
surface

the number of photon collisions with
surface
refractive index othe external medium

refractive index othe internal medium

radius of the entrance port on the elliptic
paraboloid

maximum output power

q
T

Voc
W

charge of an electron
temperature

open circuit voltage
radius of the top surface

Greek symbol

U
oW
W

q_Emission

QFresneI

q_IR-opt

dnorrVis—Abs
q_non-vis-opt
drLoy
q_Roughness
d.self—abs
d,Stokes
q‘rransmission

quv—opt

material absorption coefficient
spectrakegion from280 ~ 85nm
spectrakegion from675~900nm
emission efficiency

incident light coupling efficiency

optical efficiency for the wavelength
rangedrom 675to 900nm

nonvisible absorption efficiency
nontvisible optical efficiency
photduminescence quantum yield
surface roughness efficiency
self-absorption efficiency

Stokes shift efficiency
transmission efficiency

optical efficiency for the wavelength
rangesrom 280 to 435 nm

wavelength
self-absorption cross section

light intensity incident onto the
nonimaging solar concentrator

light intensity incident onto the annulz
PV cells
photon fluxof g W

photon fluxof o W

! This chapter is based on referendgsip, 49
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4.1 Abstract

Hybrid Solar Lighting (HSL) systems have recently been expanded in order to fully utilize the broadband
solar spectrum to bring the natural light intoimdioor space, and make use of the-mimible spectrum in

other forms of energy and applications. In this chapter a parabolic/elliptic shaped solar spectral splitter (SSS)
is presented to partition the concentrated collimated solar radiation into ite gisibnorvisible parts. In

the proposed SSS, phosphorescent emitter materials and a bifacial PV cell are appropriately placed in the
structure to capture the spectral ranges of 280 to 435 nm, and 675 to 900 nm and convert them into
electricity. The visike light is coupled to a waveguide to be used in indoor lighting systems. The proposed
SSS is analysed for 0.2%mprojected area of solar radiation and the results show that the system can reach
up to ~ 13.4% norvisible-to-electricity conversion efficiennc The power generated in the system can be

used to power the electrical components of the system.

4.2 Introduction

Most factories, manufacturing centres and residential buildings with finite natural lighting input are mainly
lit using fueltbased electricjt which vastly contributes to the rapidly increasing atmospheric CO
concentration and global warming. Currently, powering -hasded electrical lighting systems causes
approximately 244 million tons of G@missions per yeat]. Estimations from the U.@nergyinformation
administration reveal that in 2015 approximately 404 billion kWh of electricity were consumed just for
lighting applications by the commercial and residential sectors in the United States. This amount was about
10% of the total electrity consumption in the U.S. Solar energy, as a renewable ardiendly resource

is a promising alternative to electrical lighting systems as it can be directly used for illumination by
bypassing the conversion and storage phases that results in manefés and highoss events in the form

of heat generation. Evaluations show that, efficient utilization of sunlight in buildings can decrease the
consumption of electric lighting energy by 50% to 802 [n this regard, solabased indoor lighting

sysems have a prominent economic value, especially due to the fact that in filtered sunlight there are more
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lumens per Watt (200 Im/W) in comparison to incandescent (~15 Im/W), fluorescent (~65 Im/W) or LED
(~90 Im/W) lighting. In other words, at least 2 Wetéctricity can be displaced with 1 W of visible sunlight

[3]. Indeed, considering the health and wellness of building occupants, recent research reveals that natural
light improves the level of welbeing, human health and productivigj.[In this contet, one of the most
promising strategies for transporting sunlight deep inside a building is utilizing a solar fiber optical lighting
(FOL) system. This system is comprised of three mairsyatems: 1) a concentrator, (which concentrates

and couples solarradiation in an optical waveguide), 2) a plastic optical fiber (which functions as a light
pipe to deliver sunlight throughout the interior of a building) and, 3) a diffuser (sunlight traveling through
the optical fibre is guided into the diffuser todréformly distributed). This type of system is referred to as

a AHybrid Solar Lighting ( HShajedand artdiciaelightingtfo adjusti t i
and control the indoor light intensity when sunlight is unavailable. Furthermore istggnificant growth
potential for HSL systems in applications such as photocatalytic reactors, chemical reactors and

photobioreactors, especially to improve algae productivity for biofuel production and for the food industry

[5].

However, FOL systentface a number of technical challenges including high manufacturing costs, the low
acceptance angle inherent to fiber optic waveguides, spectral loss mechanisms due to the incomplete use of
the solar irradiance, and light pipe absorption losses and thmpanging heat generation throughout the
waveguide. Significant research efforts have been put forth to address these technical challenges. Obianuju
and Chong#®] developed a novel dualxis solar tracker coupled with a tvstage reflective neimaging

dish concentrator to transfer the solar irradiance into high acceptance angle fibre optics. The proposed
daylighting system with a reflective area of 0.2was capable of illuminating an office with an area of 6.3

m? with an average illuminance of 647.94 lux. Chen Wang efptidveloped a new concept for remote

indoor daylighting systems based on a fluorescent-8bkar concentrator. This system consists of a PMMA

plate and 150 pieces of threelor 1 m long, 2 nmm diameter fluorescent fibers. The system was tested over

a 6month monitoring and evaluation period and achieved a radieticadiation efficiency of 0.057 and a
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lighting effect of up to 110 Im. Ullah et alB][designed a large scale, highly concemtlaand uniform

optical fiberbased daylighting system by integrating a collimator segment and a trough compound parabolic
concentrator upstream of the optical fibers. They also performed a comparative analysis between using a
linear Fresnel lens or a padis trough as the first stage of the solar concentrator. They showed that using
the parabolic trough provides more illuminance than that of the linear Fresnel lens. A combination of a
biconcave lens and a concasonvex lens was also designed to makeiform distribution of light in the

building. Nilsson et al.g] investigated the color distribution of light transmitted through light pipes by
using spectrophotometric measurement approaches for the assessment of the qualitative perception of the
delivera illumination. Their results showed a great color shift for different illuminants, which were used to

represent daylight of different correlated color temperatures.

To enhance the lighting efficiency and reduce the payback period for HSL systems,jeasigaifiount of
research has been directed towards using optical filters and spectrum splitters to partition the solar irradiance
for co-generation applications. For example, Schlegel efLlé].dresented a fulbpectrum hybrid lighting
systeminwhichth secondary fAcoldo mirror | ocated at the
the visible spectrum into the optical fibers for lighting and transmits the IR region of the concentrated solar
irradiance to a low bandgap photovoltaic array. Thenaual impact on lighting, heating, and cooling loads

in six locations within the United States were estimated and analyzed. Honolulu, HI and Tucson, AZ
performed the best over a-§8ar analysis period. Kandilli et al.J] presented a lightingower geneation

system that used cold mirrors to split the solar irradiance into its visible and IR spectral components (a cold
mirror reflects visible light while efficiently transmitting light in the infrared spectral region). The visible
light was coupled into fiber optic bundle for indoor lighting while light in the IR spectral region was used

to power a Stirling engine. The energy and exergy efficiencies of the combined lgbtieg system were

calculated as 0.15 and 0.09, respectively, and an average lswfiiwacy of 347 Lm/W was achieved.
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According to estimations performed under a contract with the US Department of Energy it was predicted
that by 2020 fullspectrum solar energy systems in the US will enable more than 30 billion kwh in energy

savings, grpass $5 billion in economic benefits, and reduce carbon emissions by more than Z MtC. [

In maximizing the power generation and evaluating the efficiency limits of full spetiaged HSL
systems, it is first essential to define the spectral rangeeafisible and notwisible portions of the solar
radiation. For example, the photopic response of the human eye (relative sensitivity of human eye) and the
AML.5 solar spectrum is illustrated in Figrla. The Color Rendering Index (CRI) and Average Visible
Transparency (AVT) are common parameters used to measure visible light, the level of transparency, and
light quality. Herein, it is assumed that solar light within the visible spectral range froi67836m is
transported to the indoor environment via &L system. This implies CRI > 95 and AVT > 99.5%][

Although the human eye can slightly sense the outer ranges of the visible spectral region (380 to 435 nm
and 675 to 740 nm) light in these ranges has an insignificant contribution towards our gencegztion of

light. In this regard, a vast amount of research has been conducted to develop transparent photovoltaics and
Luminescent Solar Concentrators (LSC) to be utilized for both lighting applications and energy harvesting
resources, simultaneouskor example, electric power generated from thevisible spectrum could be

utilized to run different components in an HSL system such as a solar tracker, powering visible LED lights

for higher luminesce/intensity, and running sensors and control systenaage indoor lighting.

It is clear that the power generated by PV cells depends on their efficiency. The maximum theoretical
efficiency of a singlgunction PV cell can be determined by the Shodkgyeisser (SQ) efficiency limit

[13]. In this studyhumerical analysis is carried out and the maximum efficiency for a single junction PV
cell for the full solar irradiance and the reisible portion of the solar irradiance (from 280 nm to 435 nm

and 675 to 4000 nm) at three concentration values of 1ad@®00 are shown in Fig-1b. This figure

shows a maximum efficiency of 20.5, 23.4 and 24.5% occurs when the PV cell band gap is ~ 0.95 eV for
the nonvisible portion of the solar spectrum at concentrations of 1, 100 and 500, respectively. A theoretica

maximum of 132 W/rhfor a singlejunction PV cell is achieved for the netsible portion of the AM1.5
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spectrum under a concentration of one sun. These results are technologically very important due to the
domination of silicorbased photovoltaic cella the PV market which have a bandgap of 1.1 eV, which is
close to the optimal band gap of 0.95 eV. A sifglection siliconbased PV cell (bandgap energy of 1.1

eV) has a theoretical efficiency of 20.1% for the 4visible portion of the AM1.5 solar irréahce, which
generate 129 W/frpower under a concentration of one sun. Thus, silzased PVs are wedluited to be

used in fibre optic lighting energy aeneration systems. Figd-1c and4-1d illustrate the Shockléy
Queisser efficiency limit for doublginction PV cells as a function of the band gap energy of the top and
bottom junctions for the AM1.5 solar spectrum and the-visible portion of the AM1.5 solar spectrum,
respectively. For double junction PV cells under the AM1.5G solar irradiancst effieiency of 45.2% is
achieved when the bandgap of the top and bottom side junctions are 1.65 and 0.95 eV, respectively. For the
nonvisible portion of the AM1.5 spectrum, the maximum efficiency attained using dputilgon PV

cells decreases to 2¥%&bfor the case when the top and bottom PV cells have bandgaps of 1.4 and 0.95 eV,

respectively.
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Figure4-1 a) The AM1.5 solar spectrum and the relative human eye sensitivity plotted as a function leihgtive) The SQ
efficiency limit for the AM1.5G solar spectrum and the +isible portion of the AM1.5 at concentrations of 1, 100 and 500. c)
The efficiency of a doublgunction PV cell under the AM1.5 solar spectrum. d) The efficiency of a doublegnriR¥ cell under

the nonvisible portion of the AM1.5 solar spectrum

SSSreported in the literature that partition the solar spectrum into its visible andsilole parts are based

on chromatic mirrors, spectrally selective absorber fluids, diffracsiractures, Distributed Bragg
Reflectors (DBR), and phosphorescent materiéds 17]. As a promising spectral photon management
strategy, LSCs are remarkably desirable as they have several advantages: comparatively inexpensive
fabrication costs, lightnesand amenability to large scale production, supplemented with design flexibility

in size, shape, formation, configuration and spectral transparency. However, this type of SSS includes
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several intrinsic loss mechanisms and has yet to reach widescale oialipadion. The primary loss
mechanisms in LSCs are emission losses, which occurs for the photons emitted from luminescent dyes with
angles less than the critical angle (*#& a PMMA waveguide panel). These photons with small
propagation angles dwot undergo total internal reflection (TIR) at the surface of the PMMA matrix and

are refracted outside the panel and lost rather than being directed towards PV cells situated at the sheet edges
of the PMMA matrix. To date, research has focused on alighiadguminophores embedded in LSCs or

using Bragg reflectors on the surface of LSCs to reduce emission I&8s24][ In this study, the design

of a host matrix for luminescent dyes that significantly reduces emission losses is presented. More
specificaly, an HSL system that combines the focusing capabilities of a collimator with the spectral splitting
properties of LSCs with a unique geometry that is designed to drastically reduce and nearly eliminate
emission losses. This study combines these two fgsimns to design a spectral solar concentrator to
partition the sun irradiance into visible and nasible spectrum to simultaneously power the fibre optic

lighting system and PV cells, respectively.

4.3 Description of the doublestack semielliptic/parabolic solar spectrum splitter

Fig.4-2a shows two configurations of doutdtack semelliptic/parabolic solar spectrum splitter comprised

of a twostage SSS connected in series and attached to the underside of a concentrator. The concentrator is
comprised of a first primary upwafdcing parabolic mirror with a projected area of 0Zmthe XY plane

and a smaller secondary downwdading parabolic mirror located near the focal point of the primary
mirror. The incoming solar irradiance is contated onto the focal point of the main parabolic dish and

then reflected and collimated by the secondary mirror along the axis of the Cassegrain structure and coupled
into a waveguide port at the center of the primary parabolic mirror. After passinghhtioee port the

collimated beam enters the double stack SSS as shown idigsr4-2c.
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The SSS, which would be made of a solid transparent material such as PMMA or glass, has two stages
stacked in series to sequentially absorb selected spectrahsegfi the collimated solar irradiance, and

subsequently emit light in appropriate spectral regions to power a PV cell.

Each stage within the SSS in Fg2b is comprised of two oppositely facing sesilipsoids that share the

same focal point. The sharéocal point of the first stage is occupied with luminescent dyes that absorb
incident light in the spectral region from ~280 to 435 nm and emit light with a longer wavelength (in the
visible or IR spectral region). The portion of the collimated lightbeat absorbed by the dye at the focal

point of the first stage of the SSS continues to propagate along the central axis (aledigettiton) of the

SSS. Similarly, dyes that absorb and emit light in the NIR spectral region are located at the shhred foc
point of the semellipsoids in the second stage of the SSS. A dejulmietion PV cell with an annular shape

(to allow the collimated beam to pass through its center) is located along the plane that separates the upper
and lower stages of the SSS. Thp junction in the PV cell absorbs light emitted from the dye situated at

the shared focal point of the seatlipsoids in the first stage of the SSS, while the bottom junction in the

PV cell absorbs light emitted from the dye at the shared focal poihe afemiellipsoids comprising the

lower stage of the SSS. Planar annular mirrors (assumed to be ideal in that they reflect 100% of the light
incident onto their surface) are located at the top and bottom surfaces of the SSS. These mirrors specularly
reflect light emitted by the dye at the focal points of the seltipsoids and, due to the symmetry of each

stage in the SSS, reflected light is directed back to the focal point and towards the PV cell. The SSS shown
in Fig.4-2c is similar to that shown in ¢ri4-2b, however the lower serailipsoid in the first stage and the

upper semgellipsoid in the second stage are replaced with paraboloids. Notably, light that is emitted from
the shared focal points in Fig-2c and reflected form the internal walls b&tparaboloids are normally

incident onto the PV cell, which can be beneficial for reducing reflection losses from the PV cell.

Fig. 4-2d shows the first stages of the SSSs shown in Big@b. and4-2c. The trajectories of radiation
emitted by the ge at the shared focal point at tite 0, shown as the green lines, change colour to yellow

and then red as time proceeds according to the colour bar shown in the right side of the figure. Light emitted
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from the shared focal point is reflected from th&einal surface of the first stage of the SSS either in the
downwards direction towards the PV cell (if reflected from the surface of the loweelgswid) or in the
upper direction towards the planar mirror located at the top surface of the SH8dfi¢deform the surface

of the upper sengllipsoid). As shown in Figd-2dl, emitted light reflected from the internal surface of the

semiparaboloid is incident onto the PV cell from the normal direction.

The SSS is designed to reflect all lightitted from its shared focal point that is incident onto its internal
surface. This is achieved by designing the curvature and degree of overlap of the tethijgsnids (or the
semiellipsoid and parabola for the structure shown in &igc) such thatadiation emitted from the focal

points undergo total internal reflection (TIR) at the internal surfaces of the SSS. Referring 4elbigsd

c, The PV cell located on the plane between the two stages of the SSS can be-puddtidreor bifacial

solarcell designed to optimally harvest the photons emitted from the focal points within the top and bottom
stages of the SSS. The portion of the collimated sunlight beam that is not absorbed by the dyes at the focal
point within the SSS (e.g. the visible port) is coupled into a waveguide at the bottom of the SSS to be
used for indoor lighting. The proposed SSS can be expanded into multiple stacks and stages to optimally
split, tune, concentrate and harvest the different ranges of solar spectrum by usipgateduminescent

dyes for each stage. Fifr2e shows the propagation of a point source light located on the focal point of an
elliptic/parabolic structure constructed of a solid PMMA polymer. The wave propagation in these structures

will be explainedn the following section.
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Figure4-2 a) A Cassegraitbased collimator and a twaiage SSS. b) The-'¥ planar crossection of the SSS composed of semi
ellipsoids and c) sengllipsoids and paraboloidsl) Two-dimensional crossectional diagram of the first stages of the SSSs
showing light emitted from the focal point undergoing total internal reflection at the internal surfaces of the SS$sopaghaton
behaviour of a lighpoint source located ahe focal points of an ellipse and parabola made of PMMA {.49). their shared

focal point undergoes total internal reflection at their curved sidewalls.
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The function of the dye at the focal points in the SSS is to absorb light within a ceetetiralsgange and
subsequently isotopically emit light at a longer wavelength. As mentioned, the geometry of the SSS can be
designed such that the majority of light isotopically emitted from its focal points is trapped via TIR and

ultimately directed towasdthe PV cell at its midplane.

Designing the curvature and the extent to which the-sdlipsoids (or the sensllipsoid and paraboloid
for the SSS shown in Fig-2c) overlap can be described with reference to4&g. The general equations

describing the surfaces of a parabola and an ellipse are given in Eqdétiang4.2, respectively:

A — (4.1)

— — P where, Q — and PP=2a71 (42)

In the equation for the parabolaandh represent the x and y intercepts, respectively, which are set equal
to zero in this studyK represents the distance from the vertex to the focal point.Uatieg4.2, the shape

parametera andb represent the semmajor and semininor axis of tie ellipse, respectively.

The internal medium of the SSS is assumed to have an index of refraction eguahtbthe medium
external to the structure is assumed to bergir£ 1) . Under these conditions,
photons emitted from the shared focal points of the overlappedetigmsbids or semellipsoid/paraboloid
will undergo TIR at their surfaces when Equatidr® and4.4 are satisfied for the elligtiand parabolic

curves, respectively:

—  _ >0AGETI— 43)

— -——=|- OADET — (44)

y=c, x=k
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For example, for a refractive indexmf= 1.49, which is a good approximation for a PMMNAsed SSS, as
shown in Figd-2e TIR will occur at points on the surface of a parabola for whieli.81P andy > 0.82P.
Likewise, whem, = 1.49, TIR will occur orthe surface of an ellipsoid when/ ®.906.Fig. 4-2d(l) shows
two overlapped senrtllipsoids withc/a= 0.91, and Figi-2d(ll) shows a sengllipsoid/paraboloid withk

=1.32 cm.

Monte Carlo raytracing methods are vastly applied for the numerical ningleind analysis of LSC22-

25]. Herein, ray tracing and heat transfer modules from COMSOL Multiphysics software (version 5.4) are
used to model the light propagation through the destaek SSSs shown in Fig=2. Analytical analysis
performed by MATLARB are also supplemented to calculate the optical efficiency, emission losses and
optical density. The normalized intensity distributions for light emitted from the focal point of the SSS
shown in Fig4-2b (comprised of doublstacked ellipsoids) at fouohizontal crosssections (labeledIV)

are shown in Figst-3a and b.

The geometric parameters of the ellipsoids shown iMfdg areK = 1 cm, c/a= 0.94, and. = 0.25, 0.5,

0.75 and 1 cm for crossections I, Il, 1ll, and IV, respectively. The annuiR cell within the SSSis to be

located at a plane that is at a distahdeom the focal point and is parallel to cresections 4IV. As L

increases the area of the PV cells increases, and the intensity distribution of the radiation broadens in the
radal direction. As shown in Figd-3b, the normalized intensity distribution profile has two symmetric
peaks due to the emitted light that is specularly reflected from the mirror at the upper surface of the top
ellipsoid. AsL increases the intensity pedksm light emitted form the focal point in the downwards and
upwards (reflected from the mirror) directions approach each other and merge into one peak when the upper

and lower semellipsoids have the same length< 1 cm for the case shown in Fg3a).

Figs.4-3c and4-3d illustrate the intensity distribution of light emitted from the shared focal point of a semi
ellipsoid that overlaps with a paraboloid. Three ellipsoid/paraboloid structures are considered eiierein
=0.91and IP=0.25, )P =0.5, and llI)P = 1 cm.Wis the radius of the top surface of the settipsoid.

As P andW increase the distribution of the radiation intensity broadens in the radial dirattiéior all
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cases, due to reflected radiation from the top surface, the radiation intensity has two peaks at the edge of the

opening and decreases exponentially in the radial direction.
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Figure4-3 a) Four horizontatrosssections, denoted as |, II, Ill, and 1V, along the length of two overlappededigmsbids. b) The
incident light intensity distribution profile along the width of four horizontal egesgions: |, 11, 1ll, and I\Vc) Three different semi

ellipsoid-paraboloid configurations denoted as I, Il, and Il wita = 0.91 cm for the ellipsoid and focal pointsPE£ 0.25, 0.5,
and 1 cm, respectively. d) The incident light intensity distribution along the width of the bottom surface of |, Il, Boddll.

structures considered the top surfaces are assumed to be specular annular mirrors with ideal (100%) reflectivity.
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4.4 Types of luminescent dyes required to absorb the nevisible spectrum.

The SSSs shown in Fig-2 sequentially harvests UV and light from a collimated sunlight beam. UV

light is absorbed at the shared focal point in the first stage of the SSS while IR light is absorbed at the focal
point in the second stage of the SSS. A wide variety of phosphorescent materials can be usddWy abso

and I R light at the focal points within the SSS.
conjugated molecular structure which brings tenability and selectivity in harvesting several ranges of the
solar spectrum. This potential can be ey Kactor for norvisible spectrum harvesting. However, two

common challenges in organic dyes are: small Stokes shift (<100 nm) and low quantum yields for emitters

in the NIR range (<50%pf].

Quantum dots are another class of phosphorescent mateatatamtbe used to absorb and emit light within

the SSS. By varying the reaction conditions and particle size for quantum dots, the absorption and emission
spectra can be manipulated. Doping quantum dot semiconductors can significantly decrease their
reabsaoption losses. The reason is that by adding small amounts of luminescent activator ions throughout
the quantum dots, new localized excited states are created within the bandgap of the quantum dots. This
causes a significant downshift of the emission spatwof the quantum dot in comparison to its absorption
spectrum 27]. In this regard, a novel class of quantum dots has been introduced based on 0D nanocluster
nanocrystals. For an example, a (TB¥YsCli4 nanocluster showed a considerable Stokes shi#d@d+m

with absorption and emission peaks in UV and NIR, respectively, which can result in significant reduction

of reabsorption losses in the luminescent @& [

Another class of emitters are ragarth materials. It is shown that ragarth ions candodirectly embedded

into inorganic hosts to make them suitable options to harvest the UV spectrum with large Stokes shift (>
200 nm) and sharp emission peaks (< 20 r&28330]. Singlewalled carbon nanotubes are another type of
photoluminescent material wd are comprised of 1D rolled graphene sheets with different tube diameters.
This material exhibits a wide photoluminescence tenability in the NIR spectral range with a peak emission

ranging from 1000 to 1600 nm. On the other habaibone nanotube£NT9 have remarkably small
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Stokes shift $1-32]. Table4-1 provides a summary of the absorption and emission peaks as well as the
guantum vyield for various emitter materials that can be used to harvestsiia photons within the

proposed SSS.

Table4-1 Some examples of phosphorescent materials to harvesisible spectrum

Luminophore Absorption amax (NM) = Emissionamax (hm) = Quantum Yield (%) Reference
Cyanine Salt 742 772 20i 30 [33]
CdSe/CdS QDs < 450 650 65 [34]
Mn?*:ZnSe/ZnS NCs 400 600 37 [35]
CulnSexSzi«/ZnS

QDs 500 960 40 [36]
CdSe/CdPb1ixS QDs 460 625 40 [37]
(TBA)2MoeCli4NCs 325 750 75 [28]
R-phycoerythrin (R- 425 625 39 [38]

PE)

4.5 Geometric gain factor and emission losses for thalouble-stack semt

elliptic/ parabolic solar spectrum splitter

The geometric gain facto6] is defined as the planar area of the solar receiver that has its normal direction
pointing towards the sun dividéy the area of the PV cells. Referring to FigGlecreases a¥increases.

The primary loss mechanism for radiation emitted from the focal point of the SSS is the emission that
propagates through the ports at the center of the specular mirror and 8haéll on its upper and lower
surfaces, respectively (emission losses). As expected, losses increase as the radius dDilwecpeases.

For a constant value @, the losses decreaselascreases.
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4.6 Effects of special distribution of the luminescet dye on the efficiency of the

double-stack semtelliptic/ parabolic solar spectrum splitter

In Figs.4-2, and4-3 it is assumed that the emitter material is located precisely at the focal points within
each stage of stacked SSS. In practice, the fluorescent dye will occupy a finite volume. The volume occupied
by the emitting dye in the first stage (or second stafjile SSS depends on the amount of dye required to
absorb the UV lighfor IR light) in the collimated sunbeam. The offset for the location of phosphorescent
dyes from the shared focal point (due to the finite volume of the dye region not all dyesprdtisely at

the focal point) can increase emission losses and the traveling distance within the host material (resulting in
transmission losses). These loss mechanisms will be discussed in Section 1.7. In the following, a sample
calculation for the volum of the dye region and the effects of the spatial distribution of the luminescent dye

on the optical emission losses is presented.

First, it is assumed that the area of the Cassegrain reflector i€ arireach sentllipsoid or paraboloid

of the SSS &s a length of 7 cm, armda= 0.95, such that the total length of the tstage SSS (as shown in

Fig. 4-2b or4-2c) would be 28 cm (the thickness of the PV cell is neglected). These assumptions result in a
concentration factor of 120 and 60 for doubdari-ellipsoid and a sergllipsoid-paraboloid SSS structures,
respectively. To estimate the volume occupied by dye at the focal point within the first stage, CdSe/CdS
guantum dots are considered which is a UV absoritémed phosphorescent matergd][ This quantum

dot can absorb light up to wavelength of 435 nm and emits photons with an emission peak of ~650 nm.
Furthermore, it is assumed that the radius of the quantum dots is ~ 5 nm, the radiative lifetime 8%; 5 ns |
and the solar photon flux in thepectral region from 280 ~ 435 nm is 1.7 X¥°Y6-n?. It is also assumed

that the density of the region comprising the luminescent dye solution is equal to that of its host matrix (e.g.
glass or PMMA) and that the dye is 0.1 wt% of the volume it occupileish results in negligible effects

of selfquenching or agglomeration. Based on these assumptions it is estimated that the volume required to
host a sufficient amount of quantum dot luminophore in the first stage of the SSS is “0Byrassuming

similar conditions for the second stage of the SSS and usindRigatymethine dye to harvest the IR and
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NIR spectrum in range from 675 to 900 nm and a photon flux of 9.43%s18¥, the volume required to

host a sufficient amount of luminescent dye fecand stage will be ~0.6 nim

To investigate the effects of the spatial distribution of the luminescent dye on the optical emission losses,
the losses for luminescent point sources located in a-thmeensional grid array were calculated. The
approach usd to calculate the emission losses is similar to that presented in Se6tibhe optical losses

due to emission through the entrance and exit ports when the luminescent dye/quantum dot is optimally
distributed over a 0.1 miwolume is determined to be).5% for both the double semilipsoid and semi
ellipsoid-paraboloid SSSs. Furthermore, for the second stage as supposed to be occupied by*~0.6 mm
luminescent dye, the optical loss through the ports for optimally distributed dye will be 1.5% for a semi

ellipsoid-paraboloid structure and 4% for dousiemiellipsoid configuration.

The percentage of radiation emitted from the dye/quantum dot that is lost through the exit and entrance ports
is shown in Fig4-4 for displacements of the emitting materiahfrthe focal point for both structures with

L=7 cm,0=0.35cm and/a=0.95 cm. The emission losses and intensity distribution of radiation incident
onto the annular PV cell from dye molecules that are offset from the focal point intheaxe are lsown

in Figs.4-4a HI and 4-4b KII. Similarly, Figs.4-4a 1lI-1V and 4-4b IlI-1V shows the emission losses and
intensity distribution for oubf-plane (zaxis) displacements of dye. Finally, the effects of dye offsets where
both inplane and oubf-plare displacements occur, are illustrated in Hgéa V-VI and4-4b V-VI. As an

example, for the semi ellipsejuaraboloid structure, the emission losses for gridne dye offset by =1,

andr = 1.5 mm is 3.6, and 3.14%, respectively.
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Figure4-4 The spectral intensity distribution of radiation incident onto the annular PV cell from dye molecules that are displaced
in the radial and vertical directions by a distance, ahdz, respectively fom) a semellipsoid/paraboloid SSS and b) a double

semiellipsoid SSS. The corresponding loss ratio for the dye molecules located) @ré also provided
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4.7 Evaluating the optical efficiency of thedouble-stack semitelliptic/ parabolic solar

spectrum splitter

The overall efficiency of the proposed SSS can be evaluated using the concentratiofCfaethich is
defined as the light intensity incident onto the annular PV aglsdivided by the light intensity incident
onto the Cassegrain solar concatdr {11): C = 02/01. The concentration factor can be rewritten as
C = Gnonflsopty WhereG is the geometrical gain factor adghnvisopt IS the optical efficiency of the SSS for

the incident nosvisible spectrum which is given by:

dnonVis-opt = FrE’gner QnonVisAbs' q_PLQY' q_Stokesq_Emission q_RoughnesﬂTransmissiond.self-abs. (4 5)

This equation can be considered for each stage separately to calculate the optical efficiency for the
wavelength range from 280 to 435 ndavop), and 675 to 900 nntk-op). Each of the efficiencies shown

in Equation4.5 are explained in Sectidh6. Based on the assumptions and analysis regarding the optical
efficiency we reported ifsection 2.6it was concluded that fa@uv-opt, rresndé = 0.96, Anonvisabs = 100%,

drLoy= 65%,dstokes= 100% demission= 99.5% Aroughness 90%0,Arransmissio= 94%, andiseirans= 50%. Likewise,

for duv-opts Jrresnel= 0.96,0nonvis-abs = 100%,dpLoy = 75%,dstokes= 100%,0emission= 98.5%,droughness= 90%,
Orransmissio— 94%, andiseirabs = 90%. The resulting total efficiencies a@g.op: = 27% andropt = 55% for

the semiellipsoid-paraboloid structure.

4.8 Estimating the electric power generated by the double-Stack semi

ellipti c/parabolic solar spectrum splitter
Here we calculate the electrical energy generated from the SSS. In this regard, the spectral regions from 280
~ 435 nm (W= 86.85 W/m) and 675 ~ 900 nmggW = 240.2 W/m) can be absorbed in the SSS and

converted to @ctricity in bifacial eSi PV cells to power an HSL system. Here we assume the Cassegrain

concentrator has a projected are@of0.2 nt and the photon flux incident onto the bifacigbcPV cell at
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the middle part of SSS for these spectral regions are= 1.7 x 16°/s-n? andl pw= 9.43 x 16 /s-n?,

respectively.

Moreover, we assume the PV cells have an External Quantum Efficiency (E@BEQfw-¢ 100% and
EQEow- & 85%, for light that was absorbed by the dye in spectral regpnsandg W, and emitted in
spectral regionsp VW and gpWs, respectively [8-42]. Under these assumptions, the short circuit current
(Isd, open circuit voltageMpoc) and the maximum outputoprer Pmay generated by the PV cell are

calculated using Equatiodss, 4.7 and4.8, respectively43):

Isc:lA\'Q'(v - _EI)GIOZ _m_+>v — _f{)f)?O z _&Di

Voe=—In(— p 4.7)

Pmax= ls¢Voc' FF (4 8)

Wheren = 1 is the ideality factoki s Bol t z ma i n 308K is thercell tempetaturg= 101° A
is the dark saturation currentis the charge of an electron, drid is the fill factor whch can be expressed

as a function of opeaircuit voltage Vo) [43]:

FF = (4.9)

where

0 o — (4.10)

is a normalised voltage. Equatid® is assumed as an appropriate approximation dffhe&heno 10.
Based on Equatios.8, out of a total of 65.4 W of newvisible light incident in thep Wand o W spectral
regions, 8.76 W can be converted to electric power, representing a totaisina to electric power

conversion efficiency of 13.4% (whelkg= 15.55 A Vo= 0.67 V, and=F = 0.841). This power can be used
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to operate the twaxis solar tracking system (estimated to be ~ 0.3644]) [ight sensors and control the

systems to regate the indoor lighting.

4.9 Effect of surface roughness

It should be noted that, with regards to the optical configurations thaflRsesurface roughness and
imperfections affect the performance of the dewaoel create scattering lossé®ss mechanisms dn
scattering losses due to the surface roughness in optical waveguides have been vastly invegtigated in
literature. The Total IntegratedScattering (TIS)has beerdefined to consider the effect of the root mean

square of surface roughness inatical waveguide47- 49:

TS=R p A@D (4.11)

Where,Ry, 0, d, andarepresent the surface reflection, root mean square of the surface rougiriesat
angleand the wavelength of the incident light. TIS is defined asadtie of the incident wave and the
scattered light. One condition should be considered in this equ#t®root mean square value of the
surface roughness should be small in comparison to the wavelgfrgiht [50]. As can be seen, as the
wavelength ofhe incident light decreases, the amount of scattering due to surface roughness increases. For
greater values of surface roughnésscomparisorio the wavelengtlof light, the incident light can either
berefracted to outside or guided in the waveguide ®TIR. For the applications considered in this thesis
thewavelength range of interest+s380 nm to ~1000 nnit should be noted thaturrent technology can

provide optical elements 3D printed with nanometer (~ 5 nm) scale surface roughness [51, 52].

4.10 Conclusion

In this chapter, an HSL system is presented to fully utilize the broadband solar spectrum for indoor lighting
and electric pwer generation. The HSL is composed of a paraboloid/ellipsoidal structure constructed of
PMMA polymer, phosphorescent dyes and a bifacial PV cell to partition the collimated concentrated solar

spectrum into visible light for indoor lighting and nuisible light to be converted to electricity. The
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analysis shows a system efficiency of 13.4% for-visible-to-electricity energy conversion. The visible
light can be coupled to waveguides to offset the need for indoor lighting, and the electric powerdenerate

in the system can be used to run and control the HSL system.
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5 The effect of optical cavities on thermophotovoltaic (TPV)

systems
Nomenclature Pemission emission power
Pinput input power
Romansymbols Pinband in-band power
Aabs absorber area Ploss loss power
Aemt emitterarea Ppviin power received by the P&ell
BB blackbody Rinband in-band power ratio for cavity and
C solar concentration norcavity emitter
c light speed To emitter temperature without cavity
(= blackbody spectral emissive power T* emitter temperature within a cavity
E. spectral emissive power Greek symbol
Ey bandgap energy inband in-band power over total emissive
. ower
Fpv view factor P . .
F loss factor Ooonvef conversion efficiency
loss

. & wavelength (nm

Frec recycling factor bandaa ga E—:-Ien) th (hm)
. L Vv
G direct solar irradiance ag gapv 9
h Planck constant u StefanBoltzmann constant
K Boltzmann constant (V- emissivity of the emitter
. 0 * effective emissivit
Pconversion conversion power N - y
Ubs total absorption

5.1 Introduction

Thermaphotovoltaic (TPV) systems are optical heat engines that directly convert radiant heat to electricity
using a photovoltaic (PV) cell. TPV is a highly promising technology because it can potentially be used to
generate electric power from any hitgmperature heat source including concentrated solar irradiance,
industrial waste heat, heat from radioisotope decay, and fuel combustion systems. The only necessity is that
the temperature should be high enough for the phiot@hectron conversion to occufhis makes TPV a

flexible and versatile/muHpurpose technology with many applications: portable generators, uninterruptible

power supplies, remote renewable hybrid systems, auxiliary power supplies in vehicles;amibined

! This chapter is based oeferences?s, 74]
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heat and power systems|aoenergy conversion, sghiowered heating devices and industrial waste heat

recovery [1].

TPV systems are composed of two main components: 1) an emitter that is heated to provide radiant energy,
and 2) a PV cell that absorbs radiation from the emittegig@merates electric power. It should be noted that

most TPV systems have additional components such as optical filters to reflect photons with energy less
than the bandgap of the PV cell back to the emitter. Also, the PV cell often hasi@eaaflecdr to return

incident light not absorbed by the PV cell back towards the emitter. Furthermore, solar thermophotovoltaic
(STPV) systems, which use concentrated solar energy as a heat source, are equipped with an absorber, which

converts incident sunlighttio heat and transfers it to the emitter.

To provide further explanation about TPV systems, the operating principles of STPVs, which are one of the
promising TPV technologies and a main subject of study in this thesis, is provided here. In typical solar
panels comprised of singlginction PV cells, electricity is generated by directly absorbing the solar
irradiance in a semiconductor layer with a fixed electronic bandgap. However, the solar spectrum is very
broad and PV cells suffer absorption and therratitin losses. That is, PV cells are not able to absorb solar
photons with energy less than their bandgap, and energy in excess of the bandgap generates heat and thermal
losses rather than contributing to the electric power output from the cell. In fdefireesi by the Shockléy
Queisser limit [2], at least 60% of the solar irradiance is lost due to the inability of single junction PV cells
to effectively convert light energy over a broad spectral region into electric power. Further, the $hockley
Queisseranalysis reveals that if broadband sunlight energy can be converted into incident photons with
energy slightly above the bandgap of the PV semiconductor, a-gimgtéonbased PV cell can achieve an

efficiency of 85.4% [3].

STPV systems utilize an inteadiate element, situated between the sun and the PV cell, to convert the solar
irradiance into light energy with a more favorable spectrum for which PV cells work with higher efficiency

(Fig. 51). The intermediate element shown in Figllh is comprisedf a broadband absorber that is highly
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absorbing over the entire solar spectrum and an emitter that provides radiant energy with an optimized

spectrum to be harvested by a PV cell (a spectrally selective emitter).

It is important for emitters within TPV stems to generate radiant energy with optimal spectral, angular

and spatial distributions to maximize the harvestable radiation energy that is incident onto the PV cell. In
STPV systems the intermediate element should be able to provide broadband abebfigit over the

solar spectrum and adjust the emission spectrum to match the absorption characteristics of the PV cell. Fig.
5-1c shows the solar spectrum incident onto a broadband absorber and the emission spectrum from a thermal
emitter within a TPVsystem. Ideally, the absorber absorbs the solar irradiation and the emitter radiates
thermal emission slightly above the bandgap of the PV cell. As the operating temperature of the emitter
increases its emission spectra shifts towards higher energiegging b overlap the solar spectrum. In

this case it is desirable for the absorber to have a low emissivity over therdwetength portion of the

solar spectrum to prevent radiative |l osses over t

radiation, if the emissivity is low then the absorption must also be low over this spectral region, as is shown

Wl

2
Wavelength (um)

in Fig. 51c.
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Figure5-1 Solar energy flow for a a) standard PV cell and b) STPV systehapc)The incident solar spectrum (green line) and
favorable absorptivity (blue line) for a solar absorber are shown in the top graph. Bottom: A favorable emission speatja (red

with peak emission energy just above the PV bgaygl energy (dashed lins)shown in the bottom graph
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Many different STPV system designs have been reported in the literature. For example, Rardg et al. [
presented a Tantalum (Ta) based mme#derial structure as an ukbmoadband absorber and selective
emitter for an SPTV sysm. Tantalum can be an appropriate candidate for STPVs due to its thermal stability
at high temperatures. They used creisaped Ta structures due to its highly spectral sensitivity and
polarization insensitivity behaviour. Their analytical and numegaiiulations showed the structure can
absorb 92% of the direct AM1.5 solar spectrum and had a PV cell efficiency of 41.8% for an InGaAsSb PV
cell with a 0.55 eV bandgap. Kohiyama et &]. §sed a confined cuboid emitter to significantly increase

the phota recycling factor in an STPV in order to decrease the emission losses and increase the system
efficiency. They showed that the photon recycling in the proposed system can increase the temperature of
the emitter which results in a 1.5% increase in the éhWersion efficiency when solar radiation is incident

at an intensity of 200 W/ctnThey described that the efficiency of the system could be increased to more
than 20% by further improving the back surface reflector. Pirvaram &) ale$igned a ordimensional
multi-stack photonic crystal optical filter in order to reflect low energy photons and transmit high energy
photons in a TPV system. The optical filter is comprised of alternating layers (bilayers) of dense zirconia
and zirconia aerogel. They shewthat for an ideal case composed of two parallel infinite plates as an
emitter and a GaSb PV cell, system efficiency and spectral efficiency can reach to 33% and 46%,
respectively. Kelsall{] demonstrated a cylindrical hollow cebased graphite absorider STPV systems.

They showed that the optimized system design parameters can lead to a 9% system efficiency at 3600X

solar concentration.

The absorber/emitter structure in TPV and STPV systems can be categorized as naturally selective materials
and medls, composite materials, multilayered stacks, 1D, 2D and 3D photonic crystalsnatetils and
metasurfaces §]. Other key factors in STPV systems are the solar concentration factor and the maximum
achievable operating temperature for the absorbdrtrenratio between the area of the emitter and the area

of the absorberl3, 18]. A summary of STPV systems reported in the literature, along with their system

design details and efficiencies is provided in Table 5
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Table5-1 A summery ofdifferent STPV systems

Config. ,rAbsorbe Emitter f:r?c PV type Efficiency | Comment Year |Ref.
cylindrical ESLI(;)W Ejerl]rgesten 4000 GaSh ~10% - Experimental 2005 |[[9]
multiwal
led 1-D
carbon Si/Sio2 750X - Experimental
planar nanotubg hotonic (T=1285 | InGaAsSb | 3.2% - The absorbéemitter areas optimized to tune the | 2014 |[10]
s Er stal K) energy balance of the device=> Ae/Aa=7
(MWNT |
s)
InGaAsSh - Experimental
2D PhC | 2D PhC | 130 (130 _ - Both the absorber and the emitter side are based
lanar (Eg=2.3 |3.74% 2014 |[171
P onTa |onTa |kwW/m? urr?)_ ’ R0 the 2D PhC however with different geometrical
parameters.
1IDPC |[1DPC |45 8% (Exp.) |- Experimental
(Ysz (Ysz Wi/cn? - Multilayer coating consists of thifilm tungsten
planar andW |[and W | (Temit= GaSb 16% sandwiched by yttrigtabilized zirconia. 2015 |[17]
stack) | stack) 1640 K) (Theory) |- View factor is assumed to be 1
Multilay | Multilay 102 - Experimental
er er o - Area ratio ofAem{Aaps= 2.3
planar sandwic | sandwic \(/\1/582}() GaSb 5.1% - Multilayer structure based on hafnium oxide (HfOZ 2016 |[13
hed hed and molybdenum
multiwall . |
d carbon - Experimental e
lanar nanotube 1D PC |800X INGaAsSh | 6.8% - Tandem plasnianterference optical filter is placed 2016 |[14]
P (MWCNT SiISI02 | (1273 K) : on the PV
) forest - Two area ratios are considered: 7 & 12
- Theoretical
- A bifunctional hybrid absorbéemitter
-Sequentially depositin
g/ﬁ)fé/g/l g/ﬁ)fé/g/l 15% metallic surface
films on | films on increase in| - Simultaneous broadband solar absorption and
Cage type a a - - compariso | narrowband infrared emission are enabledhgysame| 2018 | [15]
metallic | metallic n toideal |surface of the structure
surface | surface case - It is theoretically shown that the HAlased cage
type STPV can enable a
increment of >15% compared to the doubige planar|
systems
Titanium| Titanium
nitride | nitride
nanopatt| nanopatt - Theory
erns/diel | erns/diel _ o - Metamaterial structure based on TiN
planar ectric/Ti | ectric/Ti 1900K | Eg=0.5eV 36% nanopatterns/AIN/TiN stack 2015 |[16]
N stack |N stack - Angle-insensitive absorption/emission,
metamat| metamat
erial erial
Hollow | tungsten 3.200X - Experimental & theoretical
. core coated - Ge o -Concentratori7e%yciency
cylendrical| 2 ohite| with %‘1700 (Eg=0.66) | 8% - Efficiency of 2.5% is predicted by.g = 300 K and | 2013 |[17]
) HfO2 FF=0.65
selective| selective - Theoretical
planar metamat| metamat| 200X INnGaAsSb | 12.6% - Acmif Aabsraiio= 4 2016 |[18]
erial erial - if AemifAabsraiio= 1, efficiency=10%
tungsten - Experimental study
wi?r??r?n with 2,500X - Simulated solar energy.
planar anti single | (T=1777|GaSb 6.2% - Simulations show that this efficiency would rise to | 2015 | [19]
reflectio layer K) 7.5% if the PV cell was kept at rocemperature
dielectri during the measurement
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n layer |c coated
(SisNg) | (SisNg)
and
laser
microtex
tured
130
kwW/m2 - Analytical
planar Ta PhC | Ta PhC (T=1400 INnGaAsSb | 10% - Tandem filter on PV 2014 |[20]
K)
InGaAsSb
Meta Meta _ o - Theory
planar material | material 500X EJEH?)_Z'S 14.8% - Optimized area ratio of 3@r this efficiency (14.8%) 2017 | [21]
Hollow oGrraphne 3,600 - Emitter is fabricated but the total efficiency is
cylendrical core Tunoesta (T=1800 | Gasb 9% calculated/estimated from the real data from emitte| 2018 |[22]
n 9 K) - Emitter is either Tungsten or Graphite
] I‘::’;%ftt; mﬁn W T20% lGash  |1% - Experimental 2007 [[23
Pyramid | <. . _
- W nane 3':;:(02 ;?6000 GaSh 49% - Theoretical only 2009 |[[24]
structure
Periodic | Pseude
. Zg:y on L%Ti(;'gn '}2=1700 GaSh 14.4% - Theoretical only 2015 |[25]
w w
w
surface
. Seleclvelgraing | 1=1920 |Gash  [23.49% |- Theoretical only 2011 |[26]
Si/Si02
filter
Blackbo | Monochr T=2872
- dy omatic K_ Ideal cell |45.3% - Theoretical only 2013 |[[27]
absorber| emitter

5.2 Market potentials

Market potentials for TPV systems can be categorized based on user needs, power demand, market value
and market size [1]. As an example, H&8] presented potential examples of TB%sed portable power
generators arranged by their power range: watt to kW (home electronics and soldier equipment), kW to 10
KW (recreational vehicles), 10 to 100 kW (srsadhble cars and vehicles), and larger than 100 kW (spacecraft

and electric bus). Ref29, 30] assesseche market in the area of TPV systems for the commercial market

of Japan. Based on their investigation, portable power generator andGriEravere the most favourable

applications.
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5.2.1 Market potentials for Canada

Canada is a welleveloped country with lotsf demands and opportunities in energy sectors. In addition to

the abovementioned applications, the nuclear technology of Canada is another promising and highly
potential example: According to the Canadian nuclear FACTBOOK released in 2020, Canada bas been

of the worldés strongest nuclear energy ecosystem
next generation of nuclear technology. This technology is the second most utilized source of energy to
provide Canad a6 sofmtleargpowerircOntano .in 2018 las een she second cheapest
source of energy (7.7¢ / kwWh which is six times cheaper than solar energy and twice as cheap as gas and
wind energy sourcespl]. Using Molten Salt Reactors (MSR) and integrate MSR (iMSR has been the

most interesting prospect for Canada in the short to medium term as well as one of the most
remarkable/fascinating recycling scenarios for the future of nuclear power in the province of Ontario. In
these types of reactors, molten salt isasrrier for nuclear fuel in liquid form. The outlet temperature of

this carrier can vary from 46C to 1430°C. This heat source can be a significant source oféngngy

thermal photons to be converted to electricity by using of the invented TPVYhgade32).

Another important sector that Canada has a great potential to use TPV systems in is the spatkesector.
Canadian Space Sector generated $5.7 billion, contributed $2.5 billion to the GDP, and supported ~21,000
jobs in 2018 33]. Furthermoreit is estimated that the space sector provides revenues of ~300 billion USD

globally [34].

There is a strong need for generating more power in space applications. The reason is, space missions are
very costly, limited and often shdived. The capabilis and overall value of a space mission depends on

the energy and power available on a space craft. For many space missions it is not possible to bring an
energy source that can supply the required power throughout the entire duration of the missigrtainerg

be harvested from the sun using PV cells, or from the orbital energy of a spacecraft using electrodynamic
tethers B5]. However, these sources of energy are not always available and require additional components,

increasing the size and weight of @asecraft. It is recognized that TPV technology has a significant and
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influential role in space applications due to its inherent advantages over other-tieeteatric conversion
systems 39- 39]. According to recent research and articles, the followimge approaches can bring a

significant advancement in space technology/applications and increase the duration of space missions:

a) Radioisotope TPV (RTPV) as the main power generator: RTPV, especially for deep space
applications, can bring a higher systefficiency and specific power in comparisorradioisotope
thermoelectrigenerators and Stirlingdioisotopegenerators which have been previously used for

deep space applicatior3q.

b) Waste heat recovery: Presently, excess heat on spacecrafteig largsed, and is most often
concentrated and transported to a radiator and emitted to space to prevent the spacecraft from
overheating. Nevertheless, unwanted heat on spacecrafts has great potential to generate electrical
power independently of solar pea [40]. TPV technology with a very high power density can be a

great match for this applications.

IR power beaming: Previously, space power beaming was based on microwave transeijsiomg
method is very costly and has many disadvantages. Red&figpwer beaming using GaSb PV cells has

emerged which can provide 24 hour per day power with 40% efficididcyg?).

5.3 Competitors, alternatives, and advantages

Competing technologies can be compared based on different parameters such as powsi(\d&kgitad

W/m?3) and conversion efficiencies. Five classes of competing technologies that convert the same types of
heat sources that TPV systems use (chemical and nuclear energy, waste heat, and sun radiation) are: External
heat enginegenerator, internal heat engine generator, electrochemical cells, dire¢b-bEsttricity
converters, and solar photovoltaics. Examples for each of the five classes of competing technologies are

provided subsequent[y#3, 44]
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a) Heat engine generatorganconvert thermal energy from any of the four heat sources explained
above into work and subsequently into electricity if desired. Examples of heat engine generators
include internal combustion engines (ICEs), external combustion engines (ECE) includimg ste
turbines (Rankine cycle) and Stirling engine generators. ICEs are noisy, exhibit limited performance

at low power ranges and have higfaintenance costs. ECEs are costly and still in a field test phase.

b) Electro-chemical cellsuse stored chemical energyprovide electric power on demand. Examples
of electrachemical cells include different types of tertiary cells (fuel cells) and batteries. By using
a combustor powered by any fuel such aspiopane, or methanol in a TPV system, the TPV
system can cormrt stored chemical energy into electrical energy. Thus, the TPV system, when
combined with stored fuel, can provide functions similar to that of batteries. In electrical power
generation mechanisms two important parameters should be considered to dhalsystem:
power and energy density. The energy density of fuels is much greater than that of batteries and
even at low photoconversion efficiencies (<5%) the TPV system, when powered by stored fuel, has
a much higher energy density than staft¢he-art lithium-ion rechargeable batteries. In fact, it is
estimated that a fugdowered TPV system can easily reach energy densities of ~1000 Wh/kg, which
is 5 times more than that of rechargeable lithiom battery technology4pb]. Furthermore, the
proposed fal-powered TPV system is expected to exhibit higher reliability and safety as compared

to lithium-ion battery technology.

c) Direct heatto-electricity conversion devicesincludes TEG, alkali metal thermalo-electric
converters (AMTEC), and thermionic comiers. TEGs have lower efficiencies and electric power
density, and also higher costs in comparison to developed TPV systems. AMTECS deteriorates over

time. The components in a thermionic technology, especially the emitter, is complex.

d) Solar photovoltaicsincludes single junction, multijunction, thiiim, dye-sensitized, perovskite,
organic and quantum dot cells. Currently the market is dominated by crystallinejsirgien

silicon PV cells. The conventional PV panels available in the market have omxfficiencies of
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about 22% 46]. However, by optimizing an STPV system, the thermal radidabeglectricity

conversion efficiency can reach as high as 85.4% in thégaty [

TPV systems have several advantages including: No moving parts and vibratidirgch contact with a

heat source, low or no noise, low maintenance, high reliability, versatile fuel usage, continuous combustion,
low or no pollution, long operation time, good scalability, potential for use in hybrid systems, combined
heat and powerpplications, and very high electrical power density. It should be noted that, recently TPV
systems have reached a wergtord system efficiency of ~30% which is the highest among thesteéd
heatto-electricity converters4g). It should be mentionetthat STPV systems require a solar tracker system

which can increase the system complexity and cost.

5.4 Thermophotovoltaic systemsand optical cavities

Theradiatve heat transfer powdor a surfaces calculated byhe Stefar Boltzmann law
I:)emission: Fﬁ/ (/'T)d / & E/ (/ ’TO) = gﬂt( )/eb/( ’-IZ) (51)
0

where,Un(a) is the emissivity factoi, is the temperature of the emitter, db- ,0) BndE; o ,0) Bre the
spectral emissive power of the emitter and blackbody spectral emissive pespectively. According to

Planks law:

2phc’ (52)

Equation5.1 can be simplified t&quation5.3 for agraybody surface:

Possion = € & 05 (53)

emssion —
where,l = 5.67 W/n? K*is the StefarBoltzmann constanThe hiermal radiatiorto-electricityconvertible
powerfor a TPV systemand conversion efficienaan becalculated byEquation5.4 and5.5, respectively
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I:3:onversi0n: I:PV ﬁE/ (/’-IE)) EQE( 0 d (54)

P .
hconv- of — conversion 3100% (55)
input
where,Fyy is the emitteito-PV c e | | view factor and EQE(a) is the

cell which determines the ratio of the number of electric charge carriers generated in the PV cell to the
number of photons incident onto the surface of the &\/ Achieving high efficiencies in TPV systems
depends on matching key parameters indfign 51 t05.4: 1) the emissivity of the emitteltdf(a)) should

ideally be one for the spectral region just above the bandgap of the PV cell, and zero overectrer s

ranges to achieve the maximum photoconversion efficiency, 2) the higher the temperature of the emitter
(To) the higher the amount of spectral emissive power above the bandgap energy of the P\baed (in
photons) that can be converted to eleitri®) the higher the emitteo-PV cell view factor Epy) the higher

the fraction of emitted radiant power captured by the PV cell. and 4) different types of PV cells have different
bandgaps and EQE(#®&), which det etomuothe®\celhiscconvertdde r ad |
to electric power. As an example, Fig25 s hows t he EQE(&a) for a GaSb PV
power for a blackbody at a temperature of 1920 K. The convertible pBwgEio), Which is the product

of the EQEand the spectral emissive power integrated over the region for which the EQEZisrapis

shown as the patterned area in red color in F@).I8 this figure it is assumed thiag, = 1.
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Figure5-2 The convertible powerRconversiog for a TPV system is shown as the-@alored area for a blackbody emitter with=

1920 K and a GaSb PV cell. It is assunfgd= 1

Recently, the efficiency of TPV systems has reached 30%, which is higher thanatier gtatic thermal
to-electric energy conversion system§][ In this worldrecord system a highhkeflective rear mirror was
coated beneath the PV cell to reflect the-kmergy photons transmitted through the PV cell to the emitter

to be recycled. Meover, intense research and development is presently being directed towards further
improving their efficiencies and the present target is to achieve efficiencies of 50% in practical TPV systems
[49]. The vision of TPV systems operating with 50% efficiesds justified by the extensive capacity for
further improvements, as TPV systems do not currently operate close to their theoretical efficiency limits
of ~85% B0, 51]. The efficiency of TPV systems can be improved by addressing their two major loss
medianisms. 1) Spectral losses due to thesmatch between the emission spectrum of the emitting surface
and the bandgap of the PV cell. In most TPV applications, the majority of photons from the emitter have
energy less than that of the bandgap of the &Vamd are not able to generate current in the PV cell. In
other words, only the photons with an energy greater the bandgap of the PV cell (0.73 eV for a GaSb PV

cell) are able to generate current in the PV cell. 2) Directional losses due to thaeityoriew factor
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between the emitter and the PV cell. To date, most research on TPV systems has focused on5RV cells |
54], absorbers/emitter§$-57], and optical filters to reflect lovenergy photons that cannot generate current

back to the emittei58,59]. An alternative technique for improving TPV systems is to design optical cavity
structuresAn optical cavity is an enclosure that confines the direction of photons emitted from the emitter.

It can decrease the directional losses by increasing the effeaiwv factor between the emitter and the PV

cell. An optical cavity can also reduce spectral losses by photon recycling and therefore, increasing the
temperature of the emitter. When the temperature of the emitter is increased, a greater number of photons
that have a high enough energy to generate electricity in a PV cell are produced. A TPV system can achieve
a high level of tunability for increasing either photon recycling or the view factor by using-des&jhed

optical cavity.However, the design afptical cavities for TPV systems has rarely been studied, despite the
fact that optical cavities can be used to increase the system efficiency, photon recycling, power density,
emitterto-cell effective view factor and provide a number of advantagesothat components in TPV
systems cannot6D,61]. Further, optical cavities can be made using durable and relatively inexpensive
mirror-polished metallic surfaces that direct the radiation from the emitter toward either the PV cell or
emitter itself p2]. Fig. 53 shows several structures of TPV systems integrated with optical cavities in 2D
and 3D. Fig 53a shows a cubical/rectangular optical cavity for a TPV system. The side reflectors can be
either specular or diffusive reflective surfaces to increaseftbetive view factor between the PV cell and
emitter Bp2]. Fig. 53b shows a hentircular/spherical optical cavity. In this configuration the emitter is
placed along the centre of the hetiricle. Upward thermal emissions are redirected to the emitter an
recycled by the optical cavit$d, 64]. Fig. 53c is a circular/spherical optical cavity in which the emitter is
placed at the centre and the PV cell is on a small sector of the optical 6&)viBig. 53d shows a parabolic

optical cavity and the ettér is placed on its focal point. Emitted radiation reflected from the parabolic
cavity is normally incident onto the surface of the PV [&8]. Fig. 53e shows a conical optical cavity for

STPV applicationsq7]. The emitter is located along theayis centre line of the cavity and a PV cell is
placed on the base surface of the structure. Concentrated solar irradiance enters the cavity through the top

opening. Fig. 83f and 53g show two configurations for cylindrical optical cavities. PV cell arrags ar
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placed on the side walls and concentrated light enters the system through the top @& 6@g The

emitters are spherical and cylindrical structures in Fgf. &nd 53g, respectively.
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Figure5-3 Examples of optical cavities integrated in TPV systems. a) A cubical/rectangular optical 82yiy P
Hemispherical/circular optical cavit$$, 64], c) A spherical/circular optical cavity¥§], d) A parabolic/paraboldioptical cavity
[66€], e) A conical optical cavityd7], f) A cylindrical optical cavity with a sphericalghaped emittei6B] and g) A cylindrical

optical cavity with a cylindricalyshaped emitter6Q)].

The geometrical parameters of an optical cabiged TPV system can be tailored to control the probable
fate of photons emitted from the emitter, such as the fraction of photons that are reflected by the cavity
walls, returned to the emitter and recycled, and the portion of photons that are inctdatiednV cell.

The portion of emitted photons incident onto the PV cell is referred to as the effective viewHgagtdihe

portion of photons returned to the emitter determines the recycling f&atpr The emitted photons could

also be absorbed lie cavity walls or lost to the surroundings through any openings or leakage in the
cavity, and these photons contribute to the loss fakt@g ( The summation of the photon fate is unFy(

+ Frec + Fioss= l)
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5.4.1 Effective emissivity and its effect ontemperature

The effective emissivityl{ }; extracted from the recycling factor, is a key parameter to evaluate and measure
the efficiency of an optical cavity in thermal radiation systems. The effective emissivity is the emittance an
emitter would have itthe absence of a cavity that results in equivalent radiative losses as compared to the
case when the cavity is present. In other words, increasing the photon recyclingHagtoedults in a
decrease in the effective emissivity X Also, for a constant input powe®,,, and according to Planck's
radiation laws, decreasiti) causes an increase in the temperature of the emitter. Increasing the temperature
of the emitter shifts the peak of its radiation spectrum to shorter wavede(tygher energy) which
increases the usable photon flux density for PV cells. For a gray/blackbody emitter, the effective emissivity

and equilibrium temperaturd@¥) can be calculated by Hgtion5.6 and5.7:

&= &l Fe) (5.6)

T = — To (5.7)

where, T* gives the temperature of a gray/blackbody emitter when it is within an optical davitg.the
emissivity of the emitter) is the effective emissivity, arifh is the temperature the emitter would be at if

the optical cavity was not present. Figd®& shows the temperature of the emitié @s a function of the

ratio between the emissivity and effective emissivity of the emiiiéin{ and the temperature thfe emitter

in the absence of the optical cavilip) Fig. 54b showsT* for three samples df, = 600, 1000 and 1400

K as a function otJU *and photon recycling factoFgc). In Fig. 54c, the blackbody spectral emissive
power of an emitter with an itil temperature of, = 1000 K is shown for four emissivity ratios @t *=

1, 4, 7, and 10. The power from the emitter increases substantially as the emissivity ratio increases from 1
to 4 to 7 to 10. In this figure the bandgap of a GaSb PV cell ipli#ed as a vertical dashed line. Only

the photons with wavelengths to the left of this vertical line can be converted to electricity within the GaSb
PV cell. These photons are referred tdband photons. The photons with energy less than the bandgap of

the PV cell (and wavelength to the right side of the dashed line in Hig) &re referred as cof-band
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photons. As can be seen in Figd& as the emissivity ratio increases the number of photons from the emitter

that can be converted to electriaitsastically increases.

Figure5-4 a) The temperature of a gray/blackbody emitet) (@s a function of the emissivity ratid) ¥and its initial temperature
when there is no photon recyclin®o), b) T* as a function ofJ0 *and photon recyclingFted) for three values ofo = 600, 1000,
1400 K, and c) Blackbody spectral emissive power for four casél & 1, 4, 7 and 10 fofo = 1000 K. The bandgap of a GaSh

PV cell is shown as the dashedtieal grey line

As an example, for an STPV system within an optical cavity, the temperature of an emjttear( be

determined by performing an energy balance using the probable fate of the emitted photons:
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