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ABSTRACT

ADVANCED COATING TECHNOLOGIES WITH SPECTRAL
ALTERATION FOR SOLAR APPLICATIONS

Spectrally selective coatings are used to maximize the efficiency of solar thermal
systems and they are designed based on the application. This study focuses on two solar
applications; solar thermal energy systems and greenhouses. For solar thermal energy
systems, the coating should have high absorptance at solar wavelengths and low emittance
at the infrared wavelengths, where absorber emits heat to maximize the heat transfer to the
working fluid. For greenhouse applications, coating should provide high radiation at the
photosynthetic spectrum and distribute light uniformly and diffusely. This study focuses
on fluorescent and non-fluorescent pigmented coatings that consist of a binder and well
dispersed nanometer or micrometer sized particles that are known as pigments, selected to
achieve the desired spectrally selective behavior based on application. Radiative behavior
of coatings depends on coating thickness, pigment size, concentration, and the optical
properties of the binder and pigment materials that can be identified by modeling the
radiative transfer across these coatings. Models are developed for the problems considered
to solve the radiative transfer equation based on the governing physics to predict the
spectral reflectance, transmittance and light distributions in conjunction with Lorenz-Mie
theory and T-matrix methods that are used for predicting radiative transfer properties.
These models are used to design coatings to achieve optimal behavior for considered
applications. It is found that the model used for designing pigmented coatings of solar
thermal systems can be very critical, and coatings must be designed using a unified model
considering the effective medium theory and four flux method together with Lorentz-Mie
theory. Besides, it is found that while fluorescent coatings can improve spectral
distribution of irradiation for photosynthetic production, they also lead to a significant
decrease in the transmittance, decreasing the irradiance when used for traditional
greenhouses. However, for vertical farms it is found that using fluorescent particles in
coatings both improve distribution of light and effective PAR, resulting around 35%

increase in yearly crop production for lettuce.



OZET

GUNES UYGULAMARI iCiN DALGABOYUNA HASSAS
OZELLIKLI GELiSMiS KAPLAMA TEKNOLOJILERI

Tayfsal secici kaplamalar, 1s1l giines sistemlerinin verimini azami miktara ¢ikartmak
icin kullanilmig ve uygulama tipine gore tasarlanmistir. Bu calisma; 1s1l giines enerjisi
sistemleri ve sera uygulamalari olarak iki tip giines uygulamasina odaklanmaktadir. Isil
giines enerjisi sistemleri i¢in kaplamanin; solar 1s1mim dalgaboylarinda yiiksek emilim,
kizil6tesi dalgaboylarinda diisiik 1s1n1im yaparak sistemde donen siviya tasinan isty1 azami
miktara ¢ekmesi beklenir. Sera uygulamalart i¢in ise kaplamanin fotosenteze faydali olan
tayfta yiiksek 1s1nim saglamasi, 15181 esit yaymasi ve dagitmasi gerekmektedir. Bu ¢alisma;
uygulamaya gore arzulanan sekilde tayfsal secici davramis gosteren, baglayici madde
icerisine 1yl sekilde dagitilmis floresanli ve floresansiz pigmentli kaplamalara
odaklanmaktadir. Kaplamalarin 1sinim transferi modellenerek saptanabilen 1simnimsal
davranigi; kaplama kalinligi, pigment boyutu, pigment derisimi ve pigment ile baglayici
maddenin optik Ozelliklerine baghdir. Isinin gegisini, yansimasini ve dagilimim
ongorebilmek i¢in effective medium teorisi, four flux metodu ile Monte Carlo metodlarina
dayanan modeller gelistirilip 1s1n1m transfer denklemi ¢oziilmiistiir. Bu denklemin ¢6ziimii
icin gerekli 1simim transferi ozellikleri ise Lorenz-Mie teorisi ve T-matrix metodu ile
bulunmustur. Bu modeller, kaplamalarin tasariminda optimal davranisi elde etmek igin
kullanilmaktadir. Isil giines sistemleri i¢in tasarlanan pigmentli kaplamalarda kullanilan
modelin ¢ok kritik 6nemde oldugu ve kaplamanin effective medium teorisi ile four flux
metodunun  kullanildigi  biitiinlesik  metodun  kullanilarak tasarlanmasi  gerektigi
goriilmiistiir. Ayrica, floresan kaplamalarin, geleneksel seralardaki fotosentez artigi icin
tayf dagilimini daha iyi hale getirse de, 151k gecisinde kayda deger bir diisiise neden oldugu
gorilmiistiir. Ancak dikey sera uygulamalarinda floresan pargaciklarin kullanilmasi; 15181n
hem uzaysal hem de tayfsal dagilimini iyilestirerek marul bitkisi i¢in yillik iiretimde %35°e

varan artis saglamaktadir.
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1. INTRODUCTION

1.1. Motivation

Food and energy are driving forces of civilizations, and production of these has been
one of the major interests of engineers and scientists throughout history. Energy and food
consumption has been increasing with increasing prosperity and population. Major
resource of food and energy source is the solar energy. The fossil fuel is derived from old
life forms, which is thrived using solar energy millions of years ago. Similarly, major
renewable energy sources either depend on the sun directly (e.g. solar energy) or indirectly
(e.g. wind and hydroelectric energy). Food production and natural food chain are also
depended on solar energy; since most of the primary producer organisms such as plants
and algae are photosynthetic, and use solar energy to produce biomass from inorganic
materials. These producer organisms are basis for food chain, which composed of

herbivores, omnivores and carnivores.

In order to increase efficiency of food and energy productions, their utilization
mechanisms should be understood and modeled. Radiative energy emitted from the sun has
a spectral variation, global solar radiation is incident upon earth depending on latitude, and
reaches to surface of the Earth after atmospheric absorption and scattering. Modeling
energy and crop productions, under incoming spectral solar energy and then creating the
mathematical model are essential steps to estimate the efficiencies. Then proper parametric

studies and/or optimizations method can be performed to maximize the outcome.

1.1.1. Energy Production

Major energy sources can be classified as fossil, nuclear, renewable and biofuels, and
utilization of each source has its advantages and disadvantages. Fossil fuels such as oil,
coal and natural gas have been the most widely used energy source since the industrial
revolution. Although use of other resources have been increasing in the recent decades, the
ratio of the energy produced by fossil fuels to the total energy produced is about 78% as

shown in Figure 1.1. The portion of wind, solar and geothermal energy in the total energy



consumption is only 1.6% [1]. It is relatively easier to utilize and transport fossil fuels and
their low cost per kilowatt hour as presented in Figure 1.2. is the major reason behind their

popularity.

Increasing demand on a limited resource leads to an increase in energy prices that is
a major concern for global economy. Moreover, many political problems and conflicts
have been arising as controlling energy resources is an important concern for all states.
Besides all these, utilizing fossil fuels causes serious environmental problems. Solar
energy is considered as one of the leading alternatives as life on earth relies on sun as it is
fundamental energy source. Although mankind has been using solar energy extensively
throughout history, solar energy has not been utilized for production of useful work
directly until recently. Solar energy can be utilized for heating, electricity generation,

lighting and some other minor purposes, such as desalination.

Renewables (19.3%)

Nuclear (2.3%)

Fossil Fuels (78.4%)

Figure 1.1. Total final energy consumption in 2015. [1]



200 T T T T T T T T T T T T T

150

100

50

Levelized Cost of Electricity [$/MWh]

= = = » = (9]
s % g¢ ¢35 ® 3 B % oz ® ¢
— = > 3 3 < € © = o e 5
© T 5 & £ g 3 3 € = § 5 & o
ko) c =1 =] =] = o = 3 < Ko)
Q 3T ©vIY K -z = = o) [}
8 = 0 o O o o O ) = [=4
c c c O C < o o) . 5
© o5 €S 5 - 8 Q 0] ! «© >
> > © ol e ° [} T
© c E > E o 3 = = n
< OG0 © o c3 ¢ s
OO0 <O S E B
>
c o <
< O

Figure 1.2. Variation in levelized cost of resources. [2]

The available solar energy depends on time, geographical location, and the economic
feasibility of a solar system depends highly on available solar energy per collection area.
Concentrating systems and solar tracking systems that follow direct sunlight are used to
maximize solar flux. Although south of Turkey’s annual average sum of global irradiation
is about 2000 kWh/m? that is suitable for electricity generation, flat-plate collectors for
domestic hot water systems are main solar energy utilization in Turkey and there is only
negligible energy production. Whereas, Germany’s annual average solar irradiation is half
of that of Turkey's, but 3% of electricity consumed in Germany is generated by solar

power.

One of the most important roadblocks for utilization of solar energy is its relatively
high cost per power as it could be seen from Figure 1.2. Although fossil fuel costs are
expected to increase due to limited resources, their costs are still expected to be lower in
the near future. Therefore, cost of energy produced from solar systems must be decreased
so that it could become a competitive alternative. Reducing manufacturing costs and

improving the performance of systems are required to reduce the cost per power for solar



technologies and any means of improving the performance of the solar energy systems is

critical.

There are two main approaches to produce useful work in the form of electricity
using solar energy. The first one is by using photovoltaic systems, and the other is through
solar thermal systems. While solar energy is directly converted to electricity by
photovoltaic systems, it is transferred to a fluid using collectors and the heated fluid is used
by a thermodynamic power cycle to generate electricity in solar thermal systems. While
solar thermal systems used for domestic hot water applications and PVs used for domestic
electric generations are most widely adopted technologies; both PV farms and concentrated
solar thermal systems can be operated for large scale power production with comparable
levelized cost of electricity ($/kWh).

There are three common types of collectors that are used in solar thermal
applications: Parabolic-trough reflectors focus light to heat a vacuum tube where working
fluid flows. The mirrors surrounding the tower that are also known as heliostats focus light
to the absorber located in the tower heating the working fluid in central tower receiver.
Lastly, parabolic dish receiver, which collect incoming radiation above the center of the
dish. These dishes have independent engines or PVs on its focal point, which eliminates

use of working fluid.

Parabolic through systems are the most widely adopted concentrated solar power
system. The absorber of a parabolic through system is usually comprised of a pipe that has
an absorbing coating, surrounded by a transparent evacuated tube in order to minimize
convective losses as shown in Figure 1.3. Radiative emission becomes the major heat loss
mechanism in the absence of convective losses. Therefore, an ideal absorber must absorb
as much solar energy as possible, whereas it must emit as low heat as possible to the
environment. Considering the high temperatures achieved in the absorbers due to
concentration effect, the radiative heat lost can be significant; therefore, special coatings
should be used to maximize absorbed solar energy and minimize energy loss by emission

of the absorber surface.



Solar radiation can be approximated as a blackbody heat source at 5777 K and is
predominantly in the visible light wavelength range, 0.4-0.7 um. Whereas, the radiation
emitted by absorber is at infrared wavelengths, larger than 1um, considering the typical
absorber temperatures, as it is shown on Figure 1.4. Therefore, the ideal coating must have
high absorptivity in shorter wavelengths, whereas it must have low emmisivity in longer

wavelengths.

Transparent Evacuated
Tube

Coated Absorber
Tube

Inddent*_
Sunlight | —

Parabolic Trough

Figure 1.3. Parabolic through collector and its absorber tube
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1.1.2. Food Production

Population increase rate of Turkey was reported to be 1.6%, which is over global
population increase that is reported as 1.1% in 2016. These increases result a proportional
increase on food demand. Unfortunately, the land is restricted and, agricultural lands are
decreasing with historically agricultural lands are converted to industrial and residential
areas. The change of agricultural land area in Turkey for last 20 years is presented in
Figure 1.5. If increase of food demand and decrease of agricultural area cannot be
compensated by crop efficiency increase, which is total crop per land, food should be
imported and food prices will increase due to increasing costs and demands.
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Figure 1.5. Change of total agricultural land in Turkey by years. [3]

Greenhouse farming has many advantages over traditional agriculture. Crops are
not effected from climate in a greenhouse; therefore, more crops can be harvested
throughout the year. Farming in a closed area also help farmers to prevent from diseases
and bugs more easily. Moreover, agriculture in a controlled environment uses far less
water (70-80%) [4]. Total area of greenhouses in the world was 1.2 million hectare, where
Turkey holds 70,000 hectare as of 2016 [3]. Increase in the greenhouse farming can be

observed from Figure 1.6. There are 4 greenhouse types that are widely used; glass, plastic,



high tunnel and low tunnel. Variation of their number is also presented in Figure 1.6. As of
2014, 6.6 million tons of crops were grown in greenhouses, which had a corresponding
income of 16 billion Turkish Lira. While most of the crops were consumed within Turkey,
only 15% is exported [5]. Ratio of greenhouse area to total vegetable growing agricultural
area was about 8% in 2016 and the ratio is increasing both by increasing greenhouse area
and decreasing total vegetable growing agricultural area as it could been observed from
Figure 1.7. [3]
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Figure 1.6. Change of total greenhouse land in Turkey by years. [3]
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1.2. Literature Survey

1.2.1. Spectrally Selective Thickness Sensitive Pigmented Coatings for Solar Thermal
Applications

There has been growing concern on global climate change, availability of existing
sources and environmental safety for the current energy infrastructure that predominantly
rely on fossil fuel and nuclear technologies. These concerns have increased interest on
utilization of renewable energy sources, and solar energy systems are considered as one of
the leading alternatives. However, the most important roadblock for wide adoption of solar
energy is considered as its relatively high cost per power. Reducing manufacturing costs
and improving the performance of the systems are required to reduce the cost per power
for solar technologies.

Solar thermal systems rely on transferring solar energy to a working fluid that is
either used directly or in a thermodynamic cycle such as Rankine cycle for producing
useful work. A brief review of solar thermal systems and their applications is presented in
[6]. Concentrating systems such as parabolic-trough collectors are used to produce high
temperature working fluids that is required for power cycles. The concentrator and
absorber design must be optimized to maximize the amount of energy transferred to the
working fluid and the performance of concentrating solar-thermal systems accordingly.

However, majority of the installed solar thermal systems are for domestic water heating.

Special coatings are used for receivers to maximize absorption of incident solar
energy. Depending on receiver temperature, energy loss by emission must also be
minimized to maximize the net radiative transfer to the receiver and the working fluid.
Therefore, spectrally selective coatings must have high absorptance at shorter solar
wavelengths and low emittance at longer IR wavelengths. A detailed review of spectrally
selective coatings for medium to high temperature concentrating solar systems is presented
in [7].

Pigmented coatings comprise of a binder or a resin material and micro to nanometer
sized particles known as pigments, and they are widely used as solar coatings due to their
low cost [8]. The pigmented coating’s radiative properties depend on pigment and resin

materials’ optical properties, pigment size and concentration, and the thickness of the



coating. Therefore, optimizing a solar coating for maximizing the performance of the solar

system necessitates the estimation of these parameters.

Radiative properties of solar coatings produced through different manufacturing
processes were characterized experimentally in earlier studies such as [9], and thickness,
volume fraction and radius are altered in various experimental and theoretical studies such
as [10-12]. A summary of the earlier works on pigmented coatings with comparisons of
effective medium theory (EMT) based predictions and experimental results are presented
in [13]. While use of EMT is practical, it does not yield accurate predictions unless small
pigments or infrared (IR) radiation is considered [14]. A more accurate prediction of the
radiative behavior of pigmented coatings can be achieved using Lorenz-Mie theory (LMT)
and Kubelka-Munk theory (KMT) considering independent single scattering. Kubelka-
Munk theory is based on two-flux model and describes radiative behavior of thin
translucent films subject to diffuse irradiation. Extended KMT considers collimated
irradiation rather than diffuse [15] and therefore, it is more appropriate to use it for
modeling solar coatings. The multiple scattering effects can be incorporated by extended
Hartel theory (EHT) [16]. Using four-flux method (FFM) improves accuracy further
considering both collimated and diffuse components of radiation [17], in conjunction with
LMT and EHT [18]. When pigments are densely spaced with respect to the wavelength,
the effects of dependent scattering must be considered in IR wavelengths [19]. T-matrix
method can be used in conjunction four flux method is used to estimate the spectral
behavior of the coating [20].

The models proposed in [15-18] are applied to predict the spectral behavior of solar
coatings [21], and their validation for polymer based TiO> or SiO, pigmented coatings for
radiative cooling applications are presented in [22]. Effects of particle size and volume
fraction is also presented through a parametric study [23]. More recently, LMT and
radiation element method by ray emission model (REM?) has been employed for
optimizing TiO2 based coatings for thermal and aesthetic effects, where radiative cooling is
desired while minimizing the glare for buildings [24]. A comparison of CuO and TiO>
pigmented coatings for radiative cooling are presented in [25], and a black-color coating
with high reflectance in the NIR region is established by altering CuO particles’ size in
[26]. The optimal pigment size and concentration is identified through Nelder-Mead
Simplex method and Quasi-Newton Opmization for various solar thermal applications to
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closely match ideal coating behavior relying on inverse design, where the system is
modeled using LMT with EHT and FFM, considering a fixed coating thickness [27].

However, coating thickness also effects spectral coating’s behavior and should also
be optimized [28]. Thickness sensitive, spectrally selective solar coatings are investigated
using LMT and FFM, estimating the solar absorptance and total emittance and a range
where the optimal values of coating thickness, pigment radius and concentration for
commonly used pigments are suggested based on a parametric study [29]. Optimizing
pigmented coatings to obtain high transmission in visible wavelengths and low
transmission in UV wavelengths by altering thickness, volume fraction and radius are
considered in [30], where numerical calculations are compared with experimental

measurements.

1.2.2. Greenhouse Coatings with Scattering and Fluorescent Pigments

Greenhouse farming has many advantages over traditional agriculture and it enables
production of higher number of crops per year. Agriculture in a controlled environment
uses far less water (70-80%), and the crops are subjected to more limited microbes and
pests [4]. There are various numerical and experimental studies about solar concentrators,
passive coatings, desalination roofs, anti-condensation materials that target improving
greenhouse conditions such as humidity, temperature and light. Of these, studies
incorporating solar radiation manipulations have received significant attention [31]. It is
well known that solar radiation that reaches the surface of the earth has a wide spectrum
from ultraviolet (UV) to infrared (IR). However; only the visible light, between 400 nm -
700 nm is usable by plants, which is defined as Photosynthetic Active Radiation (PAR)
[32]. Photosynthetic efficiency also varies within PAR and reduces within 450-550 nm
spectrum, as the green plants tend to reflect these wavelengths. The possibility of
converting the less photosynthetically efficient photons and transmitting them to
photovoltaic devices (PVs) that are attached to both sides of the coating is described by
[33]. Converting the photons from less efficient bands of spectrum to more efficient bands
by using fluorescence to increase photosynthesis was also considered and applied in
experimental studies [34-37]. These studies compared the photosynthetic growth under

fluorescent pigmented coatings with bare coatings and report better growth under
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fluorescent pigmented coatings. El-bashir et.al. [37] showed that under solar radiation,
soybeans under fluorescent and scatterer pigment doped film grow better than those grow
under bare film. Spectral measurements of this study also showed the effects of
fluorescent particles in the coating on broadband diffuse reflectance and transmittance.
While fluorescent pigments can convert photons with low photosynthetic efficiency to
photons with higher efficiency, some portion of these converted photons will be diffusely
reflected due to isotropic fluorescence emission [31], as experimentally measured by [37,
38]. It is widely known that plant growth increases with increasing light intensity.
However, recent studies showed that growth of plants being subjected to high intensity
light is reduced due to stressing of plants [39, 40]. Wakachaure and Minhas [39] performed
experiments with 3 types of soybean genotypes and found that photosynthesis rate starts to
decrease after exceeding a certain irradiance. Moreover, it is also reported that the diffuse
irradiation that can be achieved by increasing the haze of the coatings also increases the
photosynthetic rate [41, 42]. Therefore, a rigorous radiative transfer analysis of
fluorescence coatings is necessary to be able to explain the observed increase in the growth
rates under fluorescent coatings in the experimental studies. Radiative transport equation
(RTE) must be solved to identify the radiation transfer in a scattering, absorbing and
fluorescence medium for lighting [43] and bio-medical [44] applications. There are
various methods to solve RTE in a fluorescent medium such as diffusion approximation
[45], Monte Carlo method [45] and Kubelka-Munk theory [46]. While the validity of
diffusion approximation and Kubelka-Munk theory are relatively limited, Monte Carlo
method (MCM) has been considered as one of the standard approaches for solving
radiative heat transfer [47]. The first application of MCM for biomedical systems was by
Wilson and Adam [48], Keijzer et. al. [49] introduced generation, reflection and
transmission of tissue auto-fluorescence. Wang et.al. [50] presented a fluorescence MCM
that is capable of solving the RTE for monochromatic excitation and emission
wavelengths. Neuman et.al. [51] introduced fluorescent term to RTE for a broadband

system and solved it by using mathematical particle method.

Scattering particles are also used in fluorescent medium in some biomedical [52],
lighting [53] and greenhouse [37] applications. Effective scattering coefficient, absorption
coefficient and quantum yields are calculated to estimate optical behavior of these hybrid

coatings as suggested by [44]. Excitation and emission bands of some fluorescent
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materials can overlap as presented by [54]. Both path length based MCM and Kubelka-
Munk theory is found to estimate that region poorly, whereas a collision based MCM can
successfully handle overlapped excitation and emission bands with emission spectrum at

desired pigment concentration.[55].

1.2.3. Concentrated Optical Fiber Lighting with Fluorescence Reflectors for Vertical

Farming

Food scarcity and rising food prices are common problems of humanity. Although
setup and upkeep costs of greenhouses are higher, their use increases due to the negative
effects of climate change and spreading of pesticide resistant microorganisms on the
traditional open farm agriculture. Indoor farming is referred as Controlled Environment
Agriculture (CEA), where farming conditions controlled to achieve optimal survival and
growth conditions [4]. The agricultural production is mostly carried out in rural areas,
away from both consumption and labor due to high land costs in densely populated urban
areas. Vertical farms, where plants are kept in stacked shelves, can be used in rural areas
to overcome these issues by increasing yield per land. There are increasing use of
commercial vertical farms in different geographies, from Asia to North America, but

further technological developments are necessary to increase the feasibility of the concept

[4].

The electricity consumption in buildings constitutes approximately 40% of the total
electricity consumption [2], and about 40-50% of that consumption is due to lighting [3].
Therefore, utilization of optical fibers to carry sunlight inside the buildings has been
attracting attention. The availability and feasibility of solar lightning systems is studied by
Ghisi and Tinker [56] and the potential for energy savings on lighting is found to be
ranging from 56 % to 89 % in the UK. Ullah and Shin [57] outlined a detailed model to
concentrate sunlight into optical fibers using collectors and then to transmit it to multiple
floors. A similar system can be implemented to vertical farms in order to reduce cost of
electricity [58].

Solar radiation that reaches the surface of the earth ranges from ultraviolet (UV) to

infrared (IR). However, only visible light that is between 400 nm - 700 nm is usable by
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plants, which is referred as Photosynthetic Active Radiation (PAR) [32]. Photosynthetic
efficiency also varies within PAR wavelengths and it is reduced within 450-550 nm, as the
green plants tend to reflect within this band. Corrado et al. [33] proposed converting less
photosynthetically efficient photons to more efficient ones via fluorescent coatings for
photovoltaic devices (PVs). Converting photons from less efficient bands of spectrum to
more efficient bands by using fluorescent coatings to increase photosynthesis was also
considered for greenhouses in numerous experimental studies [34-37]. These studies
compared the photosynthetic growth under fluorescent pigmented coatings with bare

coatings, and observed improved growth under fluorescent pigmented coatings.

While fluorescent pigments can convert photons with low photosynthetic efficiency
to photons with higher efficiency, more than half of these converted photons will be
diffusely reflected out from the greenhouse once they are introduced to semitransparent
coatings due to isotropic fluorescence emission [31, 32]. This is experimentally observed
in [37, 38], and limits the increase in the photosynthetic growth rate. A rigorous radiative
transfer analysis of fluorescent coatings is necessary to understand the experimentally
observed increase in the growth rates under fluorescent coatings. For that, Radiative
Transport Equation (RTE) must be solved for absorbing, emitting, scattering, and
fluorescent medium, as in the case of lighting [43] and bio-medical [44] applications.
There are various methods to solve RTE in a fluorescent medium such as diffusion
approximation [45], Monte Carlo method [45] and Kubelka-Munk theory [46]. While the
validity of diffusion approximation and Kubelka-Munk theory are relatively limited,
Monte Carlo method (MCM) has been considered as one of the standard approaches for

solving radiative heat transfer [47].

1.3. Objective

This study aims to increase the performance of solar energy systems by
implementing suitable pigmented coatings to alter spectral solar flux. The proper pigment
and binder types are chosen along with the optimal pigment size, concentration and coating
thickness to achieve the desired coating behavior for the considered problems, using the

proper models and theories. Three applications are considered in this study:



14

The first study presents a unified model for predicting the spectral reflectance of the
pigmented coatings considering EMT, independent, and dependent scattering regimes
combining models developed in the earlier studies [15-18]. The unified model is then
used for design of the spectrally selective coatings for solar thermal applications. Two
different collector types; flat plate and parabolic trough collectors are considered to find
optimum pigmented coating types at different conditions such as absorber temperature and
solar irradiation. An ideal coating behavior, in terms of spectral emittance, is defined to
maximize the net radiant energy transferred to the working fluid in solar thermal systems.
The design problem is considered as predicting the pigment size, volume fraction and
coating thickness that best approximates the ideal coating's net heat flux, and it is
formulated as an inverse problem, where the cause of a known or desired effect is sought.
This design is usually referred as inverse design was applied for radiative transfer
problems earlier. Solution of non-linear inverse design problems is possible by
optimization methods [59, 60], and a global search algorithm, simulated annealing method
(SAM), is used in this study as the introduction of thickness to the unknowns results in a

topology with multiple local extrema.

In the next study, the effect of fluorescent and scattering coatings to net
photosynthesis is identified through rigorous numerical analysis. Growth of soybean,
which is a widely used and investigated agricultural plant with available experimental data
in the literature, is considered. While the reasons behind observed improved growth rates
under fluorescent pigmented coatings are investigated, the effect of concentration to haze
and net photosynthesis is further discussed. A collision based MCM based model is
developed to solve the fluorescence embedded broadband RTE and validated with

experimental data from literature [44].

A solar illuminated vertical greenhouse, capturing solar slight using parabolic
through collectors, and using a light distribution system, is considered in the final study.
The collected solar irradiation is brought to each shelf layer by optical fibers, and is
distributed over the crops with the help of optical lenses. Use of fluorescent reflectors is
proposed in this study, to improve the growth rate by altering the irradiation spectrum for
crops, and the improvement in the growth rate is investigated through rigorous numerical
analysis. A collision based MCM model is developed to predict the irradiation distribution
over the shelves for both cases. The developed model is capable of solving the broadband
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RTE in the fluorescent medium that is validated with experimental data from the literature
[44]. Vertical greenhouses with different number of shelves, illuminated by a solar
collector and optical fiber light distribution system are considered at three different
latitudes. The effects of using fluorescent reflectors and distribution of irradiation over the
shelf on the growth rates are analyzed. Moreover, optimal reflector design, optimal
number of shelves and the corresponding increase in the growth rate are identified for a

fixed collector size.
1.4. Organization of the Thesis

This dissertation is divided into five chapters. Chapter 2 presents inverse design of
spectrally selective thickness sensitive pigmented coatings for solar thermal applications.
The problem, formulation and results presented here are from [61]. Improving
photosynthetic efficiency using greenhouse coatings with scattering and fluorescent
pigments is presented in Chapter 3. Whereas, the formulation and results presented in this
Chapter are also presented in [62]. The improving concentrated optical fiber lighting with
fluorescence reflectors for vertical farming constitutes Chapter 4. The study and its
outcomes are also presented in [63]. The conclusions and the recommendations for future

work are included in Chapter 5.
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2. PIGMENTED COATINGS FOR SOLAR THERMAL
APPLICATIONS

2.1. Radiative Transfer Properties of Pigmented Coatings

The scattering behavior of particles can be classified according to their particle
volume fraction and size parameter, x=2nnrp/A, using the regime map introduced by Tien
and Brewster [30]. Three regions of interest for pigmented coatings are those where EMT,

independent multiple scattering and dependent scattering approximations are valid.

2.1.1. Effective medium theory

The optical properties of small particles in a medium (x<0.3) can be represented
based on EMT that approximates the particles and the medium as a single homogeneous
medium [10]. The effective behavior of coating while interacting with other media such as
substrate and air can then be estimated based on the effective properties [19]. The effective
complex dielectric function can be defined by the Maxwell Garnett approximation as

— - &pi +2€rl+2fv(8p,ﬂ—€r,i)
Ee ) =&Er )= = = =
Epa+2ecs—f,(Epa—Era)

(2.1)

The resin materials are non-magnetic; therefore, the refractive and extinction

indices of the coating can be represented in terms of complex dielectric function, [64] as,

1
ne,zz = E(gé,l Ty 8é,,12 + ‘9e’,'/12 ) (2.2)

1 ’ , ' "
ke,lz = E(_ge,l + ge,lz +ge,/12 ) (23)
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If thickness of absorbing thin film coating on a metal substrate is larger than

wavelength [15], the spectral reflectance for normal incidence can be estimated as;

_ Pes +p;l(1—2pc’i)exp(—87r-t-ke’l/l)

R
g 1- pc,/lpé,/l exp(—8rx-t- ke,/l /i)

(2.4a)

otherwise, interference effects occur and spectral reflectance for normal incidence can be

estimated as;

r,,+r.,exp(-4diz-t-n,, /) |2

R, = : - (2.4b)
‘1+ r.,fe, exp(— 4|7z‘t-ne’,l//1)‘
where spectral reflection coefficient at air to coating boundary is
1_(ne _ike )
r, = e (2.5)
1+(n,, —ik,,)
and spectral reflection coefficient at coating to substrate boundary is
n., —ik, ;) —(n,, —ik
o - (n,, —ik.,)—(ng, —ik; ;) 26)

(ne,l - ike,l) + (ns,l - iks,l)

where ne, ns, are effective coating refractive index and substrate refractive index, ke and ks

are effective coating absorption and substrate absorption index respectively.

2.1.2. Independent scattering: Lorenz-Mie theory

When the particles are larger, and they are distinctive, EMT is no longer valid and
the radiative transfer equation must be solved. LMT defines scattering and absorption
behavior of a single scattering medium consisting of spherical particles based on analytical
solution of Maxwell equations [19] and it can be used to model the radiative behavior of

the pigmented coatings approximating pigments as uniformly sized spheres, considering
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the resin material as dielectric. Formulation of the theory is described in [27-29] with

details, and it is not repeated here.

2.1.3. Dependent Scattering: T-matrix method

When clearance to wavelength ratio is small (c/A<0.5), effect of neighboring
particles becomes significant. This effect arises from two reasons: Radiation scattered from
a particle can interfere with scattered radiation from another particle (far field effect), and
the internal electromagnetic field of a particle can be affected by scattering by neighboring
particles (near field effect). In such a case, the radiative transfer properties must be
predicted through the solution of Maxwell equations considering the neighboring particles.
T-matrix method (TMM), also known as extended boundary condition method or null-field
method, is a general solution method to electromagnetic field equations that is applicable
to dependent or independent scattering problems of spherical or non-spherical particles.
Detailed information in regards to TMM is not presented here as it is already presented

elsewhere [65]. In this study, open source implementation developed by Mackowski and

(c,0,0)
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Figure 2.1. Pigment distribution [16] that is used to model dependent scattering.
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Mishchenko [65] is used to estimate orientation averaged scattering and absorption cross
sections and the phase function of particles in the cluster. The predictions using different
number of particles and orientations were presented in [20] and the recommended

configuration that is shown in Figure 2.1 is adopted in this study.

2.1.4. Radiative Transfer Model of Pigmented Coatings with Four Flux Method

The pigmented coating applied on a metal substrate can be considered as a thin slab
as shown in Figure 2.2 that is illuminated from one side. For small particles with respect to
wavelength, where effective medium approximation is valid, the absorption behavior of the
coating can be estimated through Fresnel formalism (Equation 2.4). For larger particles,
the radiative transfer equation must be solved considering the radiative transport properties
based on independent or dependent scattering. There are different methods that can be used
for solution of radiative transfer equation for the one dimensional thin slab problems
shown in Figure 2.2. For solar collectors, the incident light have diffuse and collimated
component; therefore, using four flux method is more appropriate. The FFM considers four
intensities traveling through the slab as shown in Figure 2.2 [17, 18], where Iq is the diffuse
forward, Jq is the diffuse backward, I is the collimated forward, and Jc is the collimated
backward intensity. Through the solution of coupled differential equations written for each
intensity component, the diffuse, Ry, and collimated reflectances, R, can be estimated,
yielding spectral reflectance, R;, as:

Ry =Ry, +Rc, (2.7)

The four coupled differential equations and their solution are presented in detail in
[17, 18, 26]. Once the spectral reflectance is calculated, spectral emittance and absorptance

can be defined as:

a, =1- Rﬂ (28)

=4 (2.9)
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Therefore, through the solution of FFM, for radiative transport properties defined
by LMT or TMM, the spectral emittance of the coating can be defined based on pigment

radius, volume fraction, thickness, optical properties and resin thickness.

Incident l4
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Reflected ]
. d
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Figure 2.2. Sketch of the spectrally selective coating on a substrate.

A global search algorithm is to be used in this study, and a unified model (UM) is
developed so that for a given set of parameters, the proper method (EMT or FFM with
LMT-EHT or FFM with TMM) can be used according to the scattering regime map, as
discussed earlier. Moreover, a simplified version of unified model (SUM) is developed,
where only EMT and independent scattering regimes (FFM with LMT) are considered,
whereas dependent scattering is ignored and LMT-EHT is used within this region instead
of TMM. Coatings optimized with UM will be compared to those optimized by SUM in
order to observe the effect of considering dependent scattering in optimization. A list of the

models, their validity ranges and limitations are provided in Table 2.1.

The spectral reflectance of a coating with 400 nm PbS pigment 40% by volume in 2
um thick polybinder is presented in Figure 2.3. It can be observed that prediction of UM is
identical to that of LMT-EHT in the first region (A<0.8 um), TMM in the second region
(0.8 <A<8.2 um) and EMT in the last region (A>8.2 um). Whereas, prediction of SUM is
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identical to that of LMT-EHT in the first two regions (A<8.2 um), and EMT in the last
region (A>8.2 um). Prediction of UM and SUM are presented along with the estimations of
all models for the entire spectrum and it was observed that there is a good agreement at
model transitions. It can also be observed that estimation of different models at each region
differs. Therefore, it can clearly be observed that the estimates by using a single model

along the whole spectrum will yield erroneous results.

Table 2.1. Validity ranges and limitations of different models used for solving radiative

transfer equations and its parameters.

Methods to Estimate Scattering Phase Function, Absorption Coefficient and
Scattering Coefficient
Method name Validity Handled Scattering
Type
Lorentz Mie Theory (LMT) Single sphere Single Scattering
T-Matrix Method (TMM) Single / Cloud of spheres Single / M_ultlple
Scattering
Methods to Implement Multiple Scattering to LMT
Method Name Validity
Hartel Theory Optically thin medium
Extended Hartel Theory (EHT) | Optically thick and thin medium
Methods to Estimate Reflectance
Valid for
Valid for Particle
Method Name Scattering Type Size Clearance
Parameter Wavelength
Ratio
Four-Flux Method (FFM) with Independent
LMT - EHT Multiple x>03 203
Four-Flux Method (FFM) with Dependent
T™MM Multiple x>0.3 ¢/ <0.5
Effective Medium Theory . Particles are
(EMT) No scattering x<03 " indistinguishable
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Figure 2.3. Spectral reflectance for different regimes of unified model.
2.2. Problem Statement and Formulation

The net heat transferred to the working fluid must be maximized in order to
maximize the performance of a solar thermal system. The radiation incident to the absorber
of a generic system can be defined in terms of solar irradiation and a concentration factor,
Ct, which is 1 for flat plate collectors and larger than 1 for concentrating collectors. For a
given absorber temperature, concentration factor, coating properties the net heat transfer

can be formulated as:

q' = jo [2,G,,C, -¢E,,(T,) ]d4 (2.10)
Considering that, and dominant emission wavelengths of sun and absorber, the
spectral emittance of an ideal solar coating that maximizes the net heat flux can be

represented as:

B 1 A<A, » 11
€ideal 2 = 0 A4 (2.11)
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where Ac represents a cut-off wavelength that depends on the absorber temperature, T,
concentration factor, Cs, and solar irradiation Gs . For a given set of Ta, Csand Gs . Ac can
be identified by maximizing net heat flux as explained in [27]. In this study, standard solar
radiation based on ASTM-G-173-3 [66] is considered and corresponding Ac values for

given set of Ta, Cs are presented in Table 2.2.

The design problem is considered as an inverse problem of predicting the cause of a
desired behavior. Since ideal coating yields the maximum net absorber radiant heat flux,
the objective function to be minimized can be formulated so that the parameters yielding
similar or identical performances with that of the ideal coating

F0) = | €IG, ,C —Ey , (T )] [, — €, (0T} (2.12)

where y represents the set of parameters to be identified, [rp fut]".

Considering the non-linearity of spectral emittance of the pigmented coating, a
direct solution for minimization of Equation 2.12 is not possible. Optimization is used for

solution non-linear inverse design problem similar to [59, 60].

There are various pigments used in spectrally selective solar coatings such as,
nickel, germanium, carbon, silicon, copper dioxide, lead sulfide which are tabulated in
[26]. Achieving high solar absorptance is possible by using dark colored or black pigments
with relatively higher extinction index such as nickel (Ni), lead sulfide (PbS) and carbon
(C). Therefore, these three pigments are considered for the optimization study along with
the polybinder. Refractive index for these pigments and binder are available in [29]

respectively, and is not presented here.

A maximum volume fraction of 0.52 is experimentally observed in [67]. Thus,
upper limit for volume fraction is selected as 0.5, which is also the upper limit for
Maxwell-Garnett Effective Medium theory. Gunde and Orel defines minimum clearance

between particles as:

xA(0.905— f1/3
c=0| (2.13)

T f1/3
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Etherden et al. [29] suggested that pigment size should be substantially smaller than
the film thickness. A constraint is introduced to ensure that coating thickness is greater
than 5 radii, As a result, single layer pigment structure is avoided and FFM is applicable at
all cases. Pigments with radii as low as 20 nm is reported in [67], which is considered as
the lower limit for radius in this study. Similarly, 0.3 um coating thickness is reported in
[11] for pigmented coatings, and this thickness is considered as the lower limit for
thickness.

Carbon element is stable up to 1023 K, whereas PbS particles are stable up to 400
K [68] and 100% silicone binder can be stable up to 800 K [37]. Considering the material
properties, medium temperature and high-temperature absorber cases are considered as
373K and 773 K, respectively. For concentrating collector cases, Cs is considered as 30 and

60, which are within the practical range suggested by literature [38].

2.3. Optimization Method

The minimization of the objective function described by Equation 2.12 is a non-
linear optimization problem and the system has a complex topology with multiple local
extrema. Therefore, use of gradient based methods could yield solutions dependent on the
initial guess and global search algorithms must be used to overcome this problem.
Simulated annealing (SA) is one of the most widely used global search algorithms due to
its high performance and wide applicability [39].

The method mimics the physical process of annealing of solids [69]. It starts with
an initial guess, yo=[rpo fvo to]", that is considered as the current point and an initial
temperature, To=100. At every step, temperature is decreased based on, T=0.95**T,, where
k is the iteration number. A random candidate point ycp=[rp.cp fu.cp tep]’ is created in a
random direction, with a step length T from the current point. If the value of the objective
function at the candidate point, F(ycp) is smaller than that of the current point, F(yx), the
candidate point replaces the current point as yk+1=ycp. Otherwise the acceptance of the
candidate point is randomly evaluated based on a probability distribution function

representing the annealing process as:
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2

P =
1+ exp(ATFj (2.14)

Here P is the probability of acceptance, AF is difference between current value of
the objective function and previous one. If P is smaller than a generated pseudo random
number, then candidate point is accepted although the current solution is better, which
resembles the candidate point proceeding through a local minimum. If P is not smaller than
the generated pseudo number, then a new random candidate point ycp is created. At first
iterations, where the temperature is high, possibility of selecting worse candidate point is
high; therefore, method can check values from different local minimums. As temperature

decreases, method converges near the global minimum.

Metaheuristic methods such as SA execute more objective function evaluations
than gradient based optimization methods such as Newton or Quasi Newton method.
However, SA is capable of handling discontinuous and multiple extremum systems. While
Genetic Algorithm is another widely used global optimization method, it was reported in
[70] that SA has higher convergence than genetic algorithm. Thus, SA is used in this study
due to its robustness and ease of applicability [70]. More detailed information about SA is

available in literature [71].
2.4. Results and Discussion

This study considers inverse design of spectrally selective pigmented coatings to
maximize the energy harvesting from sun for solar-thermal applications. Integrated form of
Equation 2.12, represents net heat flux when all convection loses are ignored and can be

presented

q"=a,C,G, -&oT; (2.15)

where a5 is the solar absorptance, ¢ is the total emittance of the coating, and G;s is the total
solar irradiance. In order to maximize the net heat flux received by absorber, high solar

absorptance is desired along with low total emittance.
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2.4.1. Model Validation and Verification

Verification and validation studies are performed to understand the predictive
accuracy of the UM before using it for design of pigmented coatings. The verification of
the UM for dependent and independent scattering regime is performed by comparing
predicted results with those in [20] and represented in Figure 2.4. Predictions show good
agreement with data from literature for both LMT-EHT and TMM. Besides, significant
difference is observed between estimations of spectral reflectance considering dependent
and independent scattering approximations from 1um to 2 um, which implies that
predictions by LMT-EHT are not accurate within this band. The model is further validated
for small size parameters where EMT is valid and the predictions are presented in Figure
2.4 together with experimental data from literature [28]. The comparisons presented
indicate that the UM is in good agreement with measured and calculated values, thus
validating the model. However, predictions of SUM that ignores dependent scattering,
diverge from those of UM within this regime as expected.

1
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Figure 2.4. Spectral reflectance vs wavelength for validation and verification studies.
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2.4.2. Demonstration of SA

The optimal coating leading to maximum net heat transfer is identified by inverse
design by minimizing the objective function presented in Equation 2.12. In order to
demonstrate inverse design’s capability of finding optimum coating leading to maximum
heat flux, a design problem is considered with PbS pigment in polybinder, for an absorber
at 373 K and Cs=1. The contour plots of net heat flux change with r, and t, for three
discrete fy values (fv = 0.1, 0.2 and 0.3) are presented in Figures 2.5a-d, respectively. It can
be
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Figure 2.5. SA iterations and variation of net heat flux for (a) f.=0.1,0.2,0.3 together, (b)
fVZO.l, (C) fv:0.2, and (d) fv:0.3.
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observed that the system has multiple local extrema and SA is capable of identifying the
global maximum, by minimizing the objective function presented in Equation 2.12. The
iteration points initially populating around the local minima, populates to global maximum
more densely as iterations proceed and at the end the algorithm converge to global

maximum.

2.4.3. Evaluation of Different Pigments

Solution of the design problem using objective function defined by Equation 2.12,
for three different pigments, C, Ni and PbS, are carried out for different concentration
factors and absorber temperatures by using UM and SA algorithm. A summary of the
results are presented in Table 2.2, where it can be observed that the total solar absorptance
of PbS and carbon pigmented coatings are similar, whereas Ni pigmented coatings has a
lower absorptance for an absorber temperature of 373 K. Moreover, total emittance of
carbon pigmented coating is larger than that of PbS and nickel pigmented coatings.
Besides, the coating with PbS pigments follows the behavior of the ideal coating more
closely than carbon and nickel (Figure 2.6). Therefore, PbS appears to be a more suitable
pigment material for the flat plate problem, with carbon pigmented coating has excessive
heat loss due to higher emission, and nickel pigmented coating results has lower

absorption.

Although pigmented coatings are mostly preferred for low cost applications, where
temperatures are relatively low, the study also considers high temperature cases to further
identify the behavior of pigmented coatings. Using PbS pigmented coatings for high
temperature applications is not possible due to their instability at higher temperatures.
Moreover, as carbon pigmented coatings has higher absorptance than nickel pigmented
ones, and their relatively high emissivity has less significant effect as concentration factor
increases, only carbon pigmented coatings are considered for high temperature
applications. The total and spectral emittance of the carbon pigmented coatings for Cs of 1,
30 and 60 are presented in Table 2.2 and Figure 2.7, respectively. It can be observed hat, as
concentration factor increases, the optimal coating’s total emittance and solar absorptance
both increase. However, emittance becomes less significant and increasing absorptance

dominates with increasing concentration factor. Etherden et al. [29] suggested
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Table 2.2. Summary of optimal parameters for spectrally selective coatings for solar

thermal systems.

Ta Pigment Ip
K] Materia [m) v tlemloos ‘ [kW/m?]  [um]

PbS (Ci=1) 142 021 07 085 005 0.72 2.5

373 Ni(C=1) 110 018 06 080  0.05 0.67 2.5
C(@Ci=1) 130 03 07 084 010 0.65 2.5
C(Cs=30) 163 011 21 089 023 1948 23
C(Ci=60) 163 011 29 091 027  43.96 2.4

that optimal radii for pigmented coatings are around 100 nm and they also claimed if
further optimization study is carried out the exact optimum radii could be found between
100 and 200 nm, for Ni, C and PbS pigmented coatings and different absorber
temperatures. The optimal radii estimated in this study are in agreement with their
suggested range as presented in Table 2.2.

2.4.4. Parametric Analysis

Parametric analysis is carried out next to identify the effect of each design variable

on collection efficiency. Here the collection efficiency is defined as;

14
_ q net

UC_GS'Cf

(2.16)

and it represents the ratio of net absorber radiant heat flux to solar irradiation. The
parametric analysis considers the optimal coating parameters presented in Table 2.2,
varying one parameter at a time, keeping the other two constant. The effect of coating
thickness on collection efficiency is presented in Figure 2.8. Absorptance and emittance
increases with increasing thickness. Increase of emittance dominates increase of
absorptance after optimum point, thus efficiency starts to decrease. Oscillatory behavior of
the decrease is due to interference effect modeled by EMT, which is discussed in detail by
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Laaksonen et.al. [72]. A number of local extrema can be observed aside from the global
extremum that justifies the use of global search algorithms. Oscillation effect in emittance
due to interference is more noticeable than reflectance as longer wavelengths results a
lower coating thickness to wavelength ratio. Therefore the oscillation is more prevailing
for flat plate collectors than concentrated collectors.

FFM with LMT - EHT and FFM with TMM use scattering and absorption
coefficients to estimate reflectance. Etherden et.al. [29] states particle size is crucial for
scattering and absorption coefficients and an optimization study that considers radii
between 100 and 500 nm will reveal exact optimal particle for different pigments. Figure
2.9 shows that pigments has optimum radius values that meets with predictions of Etherden
et.al. [29]. From Figure 2.9, it can be observed that the particle size have a limited effect
on collection efficiency for carbon. However, it appears to be critical for nickel pigments.
Considering that the pigments have a size distribution, ignoring the size distribution will
not have any significant effect on carbon pigments, whereas a narrow distribution is

desired for nickel.
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Figure 2.8. Variation of collection efficiency with thickness.
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The effect of pigment volume fraction is presented in Figure 2.10, where a
significant variation in collection efficiency is observed with changing pigment volume
fraction. Absorptance and emittance increases with increasing volume fraction, after
optimum volume fraction; increase of emittance dominates increase of absorptance and
efficiency starts to decrease. This effect is more pronounced at higher concentration ratios,

where the optimal particle volume fraction is lower.

2.4.5. Evaluation of Different Models

Most of the prior studies rely on a single model such as EMT or LMT over entire
variable domain [25, 26]. In this study, unified models are developed and verified for
designing pigmented coatings to overcome the limitations in regards to each model. In an
additional study, use of EMT, LMT-EHT, UM and its simplified version SUM is evaluated
for such an optimization by considering resulting collector efficiency and required
computation time. This is accomplished by designing 4 coatings using EMT, LMT-EHT,
SUM and UM for a prescribed case, and predicting the performance of the 4 identified
coating parameters using UM that is the most accurate model.

Design of PbS and carbon pigmented coatings are performed for flat a plate
collector at 373K, and for a parabolic collector at 773 K, respectively. Optimized design
variables (rp, fyv, t) and the corresponding performance parameters (as, ¢, ¢", 7c) predicted
by each model compared to the expected values predicted by UM are presented in Tables
2.3 and 2.4. For flat plate, the coating designed by using EMT is 11% less efficient than
the one that is optimized by using UM as seen in Table 2.3. The coating designed by EMT
has a higher emittance than the coating designed by UM, which is more critical for a flat
plate collector. However, the predicted emittances are similar for EMT and UM, as the
absorber emits mostly in longer wavelengths where the size parameter is low and UM uses
EMT. Although using LMT-EHT vyields a coating design with relatively higher solar
absorptance (2s=0.92), the resulting efficiency is 19% lower due to the high emittance
(e=0.25) of the coating. LMT-EHT is not capable of accurately predicting the emittance at
these wavelengths, predicting emittance as 0.04 that is significantly different from the
prediction by UM leading to a poorly performing design. However, using SUM and UM

yield almost identical designs and performances («s=0.85 and ¢=0.05).
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As it can be seen in Table 2.4, the coating designed by using EMT is 4.2% less
efficient than the one that is designed by using UM, for concentrating collector.
Considering the high concentration factor, the maximizing the absorptance is more critical
than minimizing the emittance for this case. Therefore, using carbon pigments leads to a
coating with relatively higher solar absorptance and emittance (=0.90 and ¢=0.35). Using
LMT-EHT vyields a slightly better coating design than that by using EMT in this particular
case where emittance is less significant. Similar to the previous case, using SUM and UM

yield identical designs and performances («=0.91 and ¢=0.27).

Results indicate that SUM can be used to optimize pigmented solar coatings.
Coating designed by LMT-EHT performs weakly for flat plate applications due to high
total emittance as presented in Table 2.3. Effect of total emittance becomes less significant
for concentrating collectors; therefore, using LMT-EHT results in more accurate

predictions for concentrating collector applications as presented in Table 2.4.

Table 2.3. Optimized design variables (rp, fv, t) and the corresponding performance
parameters (as, ¢, ¢", nc) predicted by each model compared to the expected values

predicted by UM for PbS pigmented coating at T=373K

Model P f t as € I\/IOdqe!’ as € o ”

[(m] " [um] [W/m?] [3};] S [V\?/mzl [‘7’};]
EMT 20 032 24 086 015 619 684 087 015 619 684
'-Em 192 005 49 092 004 777 860 092 025 550 60.8
SUM 140 020 07 085 005 709 784 085 005 717 793
UM 142 021 07 - - - - 08 005 718 794

Computation time required for estimation of total reflectance using each model is
presented in Table 2.5. While TMM is the most expensive method due to increased matrix
size based on number of spheres considered in the estimation of extinction and scattering
efficiencies, UM reduces computation time by 95% with respect to solely using TMM.

Considering that the optimization algorithm performs about 1500-2500 total reflectance
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estimations depending on initial guess and coating properties. For TMM, the optimization
takes about 50 days, and UM requires approximately two and a half days of computation.
However, using SUM provides further significant improvement and design can be
completed within minutes. Therefore, SUM is suggested as a good compromise between

accuracy and computational efficiency.

Table 2.4. Optimized design variables (rp, fv, t) and the corresponding performance
parameters (as, €, ¢”, nc) predicted by each model compared to the expected values
predicted by UM for C pigmented coating for C+=60 at T=773K

. t Model UM
MOdEI P fv s € q" e s € q" Tl
[nm] [um] [KW/m?] (%) [KW/m?] (%)
EMT 20 026 17 090 035 419 770 090 035 4.7 769
"E'\ﬂ 180 003 99 0091 025 443 8.7 092 034 421 776
SUM 163 011 29 091 026 439 809 091 027 439 809
UM 163 011 29 - - i ~ 091 027 440 811

Table 2.5. Computation time of calculating objective function with TMM, EMT, LMT-
EHT and unified models separately for PbS pigment. r,=170 nm, f,=0.2, t=1 um on single

core of 3.40 GHz CPU.
Method CPU Time (seconds)
EMT 0.2
LMT-EHT 0.5
TMM 2437
SUM 0.4
UM 123
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3. FLUORESCENT GREENHOUSE COATINGS

3.1. Problem Statement

The horizontal roof of a greenhouse coating made of 40 um thickness polyethylene
terephthalate (PET) is considered as a plane parallel layer under diffuse and beam solar
irradiation as presented in Figure 3.1. The coating is embedded with fluorescent

(K2SiFs:Mn**) or scattering (TiO2) pigments to alter coating’s optical properties.

Beam Solar Irradiaton (Gp) Diffuse Solar Irradiaton (Gq)

o NNt
Greenhouse

Phosphor / Scattering Particles in PET

Inside Greenhouse

Figure 3.1. Sketch of the greenhouse coating for total solar irradiation.

McCree [73] showed the spectral variation of photosynthetic quantum efficiency of
crop plants as represented in Figure 3.2. Pearson et al. [32] defined and suggested to use
effective quantum transmission (=) to calculate effective transmissivity for
photosynthesis by considering the effect of photosynthetic quantum efficiency suggested
by McCree [73]. The effective quantum transmission for beam (direct) and diffuse

irradiation is defined as:

J.:Gb,z(ez)ﬂvﬂ((gz)Y (A)dA

Tt p(0,) = =
[ G, (62 (2)dA

(3.1)

[ [ Gy e, (O)Y (B cos(o)iado

Teff g =

&N (32)
LA L G, ,AY (4)cos(8)dAdE
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where Gp 2 and Gg,z are the spectral beam and diffuse incident clear sky solar radiation, 7
is the spectral transmissivity of coating, Y is photosynthetic weighting factor that can be
determined from quantum vyield relationship represented in Figure 3.2. The angle of
incidence (&), diffuse and direct components of clear sky solar irradiation on a horizontal
plane changes with respect to latitude (¢), day of year (nq) and time of the day (h) [8]. The

effective transmitted, photosynthetically active radiation (PAR) can be defined as

700

nm 700nm
Gyt (@,ng,h) = Teff,dJ. 0 G, . (@,ng,h)dA + 74 b (QZ)LOOnm Gy, (p,ng,h)dA (3.3)

400nm

Three different latitudes (@ = 24.77° for Riyadh, 41.02° for Istanbul, and 52.38° for
Amsterdam) are considered in this study to identify the coating effect on plant growth
under different solar conditions. The diffuse and direct components of clear sky solar
spectral irradiation for these latitudes are calculated using SMARTS developed by NREL
[74].

Photosynthetic growth is represented in terms of net photosynthesis that describes
the difference between gross photosynthesis and rate of respiration and it is calculated by
measuring CO2 gas exchange and leaf area. Wakchaure and Minhas [39], Hu et al. [40]
showed that while net photosynthesis increases with increasing PAR incident upon plant
up to a light saturation point, and it starts to decrease due to stress with further increase.
The net photosynthesis of soybean culture with varying incident PAR reported by [39] that

is presented in Figure 3.3 is used in this study.

For a given latitude, ¢, the net daily photosynthesis is estimated by

NPy, (9.0,) = || NP[G,, (.1, )] (3.4)

Estimation of the daily net photosynthesis (NPday) under different greenhouse
coatings necessitates the prediction of effective transmissivity. RTE must be solved for

different coating configurations for predicting the corresponding effective transmissivity.
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Figure 3.2. Relationship between photosynthetic quantum efficiency and wavelength of
crop plants. [73]
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For fluorescent medium, RTE is defined [45] as:

%= Ky, —x, ), —o |, + Zﬂf_ [1,2,(2 942 +s, (3.5)

S

where 1, is spectral intensity, oss is spectral scattering coefficient and Sz is the fluorescent
source term representing the emitted fluorescent intensity at wavelength 4 due to absorbed
intensity in the fluorescent medium at A. In presence of fluorescent medium, the
absorption in the medium is due to both fluorescent and non-fluorescent components of the

medium, and the absorption coefficient, x1, can be defined as:
Ky =K, Ty, (3.6)

where x12 and xnra are absorption coefficients of fluorescent and non-fluorescent
components of the medium, respectively. Considering isotropic fluorescent emission, the

fluorescent source term can be defined as;
1 = A ,
S, =], xu QY (1) - P (DdA (3.7)

The emitted energy due to fluorescent excitation follows a distribution that is usually
identified in terms of normalized fluorescent intensity, fn (1) that represents the fluorescent
emission at a wavelength with respect to its maximum value. The ratio of energy emitted

at a particular wavelength 1 to the total energy emitted is defined as

P (1) = fa(2)
T G9)

Equation 3.7 can be further simplified by using the spectral power yield from A'to 4, Y(1,
7).



40

Y6 =QYE )R () (3.9)

The RTE with fluorescent source term defined in terms of spectral power yield then
becomes

—ic,l, =01, + ‘;7; [ I)~¢A(Q’,Q)dQ’+% [ et Y@ pax (3.10)

Here the last term introduced represents the increase in intensity due to fluorescent
emission due to excitations from all incident directions and wavelengths. Equation 3.10
can be used to predict the divergence of radiative heat flux for broadband fluorescence and
considers energy transfer from one wavelength to another. While a spectral energy balance
might not be satisfied for all wavelengths, the total energy balance must be satisfied.
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Figure 3.4. Excitation and emission properties of K;SiFs:Mn** phosphor. [76]

The spectral reflectance and transmittance is calculated through the solution of the
RTE for the system presented in Figure 3.1. Surface reflectivities required for the solution
of Equation 3.10 are calculated by Fresnel formalism [19]. The optical properties for PET
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and TiOz used in model are presented by [78, 79] respectively. Excitation and emission
spectra of phosphor K,SiFs:Mn*" is from Pust et.al. [80] that is presented in Figure 3.4.
Emission intensity of K,SiFg:Mn** is stable up to 100 °C [81], it is compatible to use in
PET [82] and it is an effective material that is used in greenhouse led based lighting
research for red spectrum [83]. Finally, quantum yield of the phosphor is 0.74 [85]. The
calculation of total reflectance and transmittance, transmission haze and its daily average

from spectral transmittance and reflectance are then straightforward.

3.2. Solution Method

The MCM is used in this study for solution of RTE through a 1D layer with
fluorescent and scattering pigments subject to broadband solar radiation. A detailed
description of the method is not presented here as the details of the collision based
algorithm adopted is presented by Howell et.al. [47]. Wang et.al. [50] presents the details
of handling the fluorescence. The highlights of the fluorescent MCM can be summarized

as follows:

The PAR spectrum is approximated by N;=301 discrete wavelength bands, and
Np=10° photons are simulated for every wavelength. Each incident photon bundle at a
particular wavelength has energy based on total spectral irradiation that is defined by,
w;=G,;/Np. Once a photon bundle is absorbed within the medium, it is either absorbed by
the binder or the fluorescent pigments. The probability of a bundle being absorbed due to
fluorescent pigments is xi/x2, and as quantum yield represents the probability of re-
emission once the photons are absorbed by fluorescent pigments, overall probability of re-
emission once a bundle is absorbed by layer is QY(4) (x.2/x2). Therefore, once a photon
bundle is absorbed by the layer, a pseudorandom number is generated and compared to
QY (2)(x1,4/x2); a photon at a different wavelength will be re-emitted if the random number
is smaller, otherwise no re-emission takes place. In the case of re-emission, the re-emitted
photon’s wavelength must be identified based on the probability density function (PDF)
presented by Equation 3.8. The corresponding cumulative distribution function (CDF) can

be defined as
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2 oy g
Ra(4)= M (3.11)
[ fa@7ydr"

The CDF is calculated numerically using trapezoidal rule for N discrete
wavelengths considered, and the wavelength of re-emission is determined by linear
interpolation based on a generated pseudorandom number as an analytical random number
relation (RNR) cannot be derived. The PDF and CDF for the fluorescent re-emission are
presented in Figure 3.5. Once the re-emitted photon’s wavelength is identified, its energy

is calculated as w;=w;{A/1), and the difference, w;-w;/, is absorbed by the medium.
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Figure 3.5. PDF and CDF for re-emission wavelength of the fluorescent layer.

The re-emitted photon is traced considering the radiative properties of the re-
emission wavelength until it is absorbed, or it leaves the medium from either side. Once
tracing of all photon samples is completed, spectral radiative properties; reflectance,
absorptance and transmittance, can be estimated. While discretized spectral absorptance
for N; wavelength bands would suffice for the analysis, discretized spectral reflectance and
transmittance must be defined as a N; x N; tensor so that the spectral distribution of

reflected and transmitted energy can be defined for an incident wavelength. Flow chart of
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the Monte Carlo method that is introduced for broadband solution of RTE is presented in

Appendix.

3.3. Results and Discussion

3.3.1. Model Validation

Solving RTE in a scattering and fluorescent medium by Monte Carlo method is
validated by comparing estimated reflectance and fluorescence with experimental data
presented by Liu et.al. [44]. Problem definition is well defined in the study and is not
represented here. The presented results of fluorescent medium for diffuse reflectance and
fluorescence in Figure 3.6 are in the same error margins with literature and there is a good
agreement between the estimated and measured results. Each experimental and simulation
data point have been normalized by the sum of all experimental and simulation data points

respectively, as suggested by Liu et.al. [44].
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Figure 3.6. (a) Normalized diffuse reflectance and (b) normalized fluorescence for different

absorption coefficients.

3.3.2. Fluorescent Coating for Different Latitudes

A parametric study is performed in order to investigate the effect of fluorescent
particles on net photosynthesis and effective transmitted energy for low, middle and high
latitudes, considering KSiFs:Mn*" pigments with volume fraction of 0 to 0.2. Although the
fluorescent conversion of photons to higher photosynthetic efficiency increases Get, the
combined effect of absorbed energy due to down-conversion and quantum yield, and reflected
energy due to isotropic fluorescent re-emission is more effective, resulting in a reduction in
Gett With increasing fluorescent particle volume fraction for all latitudes considered (Figure
3.7a).

The change in net photosynthesis (NP) with changing fluorescent pigment particle
concentration depends on latitude as observed in Figure 3.7b. While fluorescent pigment
concentration has a weak effect on NP for Istanbul, it is more significant for Amsterdam

and Riyadh. However, the trends are stronger and opposing for the other two latitudes
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Figure 3.7. Effect of increasing fluorescent pigment concentration on (a) Gesr and (b) NP.
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being investigated. While NP increases with fluorescent pigment concentration for Riyadh
and it decreases with increasing concentration for Amsterdam. Solar irradiance of
Amsterdam does not exceed the optimum irradiance presented in Figure 3.3, and
increasing fluorescence pigments concentration decreases both effective solar energy and
net photosynthesis. Therefore, using pigments at higher latitudes where solar irradiance is
below optimal is not beneficial. Whereas, solar irradiance is higher than the optimal value
in Figure 3.3 for Riyadh, and increasing fluorescent pigment concentration decreases
effective solar irradiation that leads to an 8% increase in NP. Solar irradiance of Istanbul
is slightly larger than the optimum irradiance thus using fluorescent can only achieve 1%

improve in NP.

El-bashir et. al. [37] observed an increase in growth for soybean using PMMA
coating doped with fluorescent and scattering particles with respect to non-pigmented
PMMA coating in Riyadh in September. Their results also confirm the results being
presented; the introduction of pigments leads to a reduction in effective solar irradiance

that leads to an increase in growth in Riyadh.

3.3.3. Scattering Coating for Different Latitudes

Previous section showed that increase in net photosynthesis is a result of change in
Gefr, Where a decrease in low latitudes and increase in high latitudes might be desirable based
on the plant of interest. Therefore, embedding scattering particles to the coating could also be
an effective and cheaper way to reduce Ger. TiO2 particles are embedded to 40 um PET
coating to investigate the effect of scattering particles, and its effect at different volume
fractions is estimated for 3 different latitudes. The particles are considered to be 300 nm as

their scattering behavior is dominant at this size [88] .

The effective solar irradiation, Gesr, is almost halved for 0.02 particle concentration
as presented in Figure 3.8a due to the back-scattering effects of TiO, particles. The
observed Gest decrease in Figure 3.8a is more significant than it is in Figure 3.7a, as there
exist no physical means for increasing Ges, unlike the case in fluorescent particles.
Moreover, there exists an optimal particle concentration where NP is maximized for

Istanbul and Riyadh, which is not the case for Amsterdam as observed in Figure 3.8b. The
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optimal particle concentration for Istanbul is about 0.001, which does not introduce a
significant growth rate increase with respect to using a coating without any scattering
particles. Whereas optimal scattering particle concentration is about 0.004 for Riyadh that

leads to a 10% increase in growth.
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Figure 3.8. Effect of increasing scattering pigment concentration on (a) Gesr and (b)NP.
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Hourly change of effective transmitted flux and net photosynthesis rates are also
investigated, and presented in Figures 3.9a-b, respectively. Plants get stressed as Gest
level exceeds 218 W/m? as it can be seen in Figures 3.3. and 3.9a-b, which is the case for
low and mid latitudes at midday. While the optimized coating for Riyadh and Istanbul is
nearly coincident in Figure 3.9a, this coincident distribution is the optimum Ge
distribution. Although coating leads to a reduction in NP for earlier and later hours, it
increases net photosynthesis at midday which contributes to overall daily NP for low
latitudes such as Riyadh. The reduction in NP at earlier and later hours is compensated by
the observed increase in midday for Istanbul. Use of pigments in the coating reduce net
daily photosynthesis for high latitudes, where effective transmitted flux is always smaller

than optimum flux levels.

3.3.4. Spectral Properties of Coatings

Spectral, effective solar irradiation of optimal scattering coating (f,=0.004) and the
fluorescent coating with highest particle concentration (fv=0.2) under direct irradiation in
Riyadh at September 15", 1:00 pm is presented in Figures 3.10a and 3.10b, respectively.
While spectral balance between incident, and sum of reflected, absorbed and transmitted
radiation is satisfied through the entire spectrum for the scattering coating as presented in
Figure 3.10a, similar balance is not satisfied for the fluorescent coating at all wavelengths
as presented in Figure 3.10b. Spectral energy balance is satisfied for fluorescent coating
between 520-575 nm and 675-700 nm, where excitation and emission effect does not exist.
However, the sum of absorbed, reflected and transmitted flux is smaller than irradiation
between 400-520 nm, as most of the incoming flux is down-converted to other bands with
fluorescence excitation. However, total irradiation equals to sum of total reflected,
absorbed and transmitted radiation, satisfying the radiative energy balance for the

fluorescent coating.

The effect of using a fluorescent coating to spectral transmitted radiation can be
observed in Figure 3.10b, where the increase in transmitted flux at certain wavelengths is
not enough to increase Gest as discussed earlier. Results show that due to isotropic nature of

fluorescent emission, re-emitted portion, the shaded areas in Figure 3.10b, leaves the
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system as reflected and transmitted flux. Since the diffuse reflected part is reflected back
to the atmosphere, transmitted fluorescence cannot compensate diffuse reflectance and

fluorescence absorption loss and as a result effective transmissivity reduces.

Although the growth model used in this study relates growth with total effective
irradiance, diffuse irradiation improves plant growth as lower parts of the plant can receive
more light under diffuse illumination (Aikman, 1989; Pieters and Deltour, 1999) as
mentioned earlier. Scattering and fluorescent pigments in the coatings augment the diffuse
irradiation by reducing beam irradiation. The optical behavior of transparent or semi-
transparent layers and coatings should also be described by the directionality of the
reflectance or transmittance besides their values. Transmission haze is defined as the ratio
of diffuse transmittance (Tq) to hemispherical transmittance (T) and it can be used for
describing directional characteristics according to ASTM-D 1003 Standard [89]. The
diffuse transmittance can be described based on transmitted light that deviates 2.5° more

than the direction of incidence, and the transmission haze can be defined as

0,+2.5°
Ger (@,ng,h) =G, (0, g, h) jreﬁ »(0)cos(0)do )
H; (p.ng,h) = 0,-25" .100 :
G (@,ny, )
and the daily weighted average of transmission haze, Hr av is defined as
24
Io H: (@,ny, )Gy (9,0, h)dh
Hy o (@ng) = (3.12)

24
[, Gt (o0, h)dh

Haze calculations of both fluorescent and scatterer are carried out at the optimum
concentrations for net photosynthesis. Use of fluorescent coating leads to a slightly
increases haze from 14% to 16% in Istanbul, and 12% to 14% in Riyadh. Since
fluorescence effect is only observed in excitation spectrum, its effect on haze is less
significant than effect of scattering. Using TiO2 doped coating increase transmission haze

from 12% to 32% in Riyadh and 14% to 24% in Istanbul. An optimum concentration does
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not exist as both fluorescent and scattering coating decrease net photosynthesis for

Amsterdam; thus, haze is not estimated for there.

Considering the increase in haze, it is expected that estimated net photosynthesis
increase would have been larger in an actual system as haze effects are not included in the
growth model used in this study due to lack of reported experimental data that relates haze

and intensity to net photosynthesis.
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4. FLUORESCENCE REFLECTORS FOR VERTICAL FARMING

4.1. Problem Statement

The solar illuminated vertical farm introduced here comprised of parabolic
collectors, a light distribution system and shelves as shown in Figure 4.1a. Beam or direct
part of sunlight is collected by the parabolic trough collectors (Figure 4.2), and the
collected light is distributed to the shelves of the vertical farm by a light distribution
system, which consists of optical fibers, splitters and lenses. A solar tracking system is
used with collectors to maximize collected radiation amount. In a typical system, referred
as the “baseline system” in this study, the solar radiation transmitted through the optical
fiber, passes through an optical lens to achieve a uniform irradiation distribution over the

shelf, and it is directly exposed to crops as shown in Figure 4.1.

A modified system is proposed in this study, in which the optical fiber bundle is
directed to the fluorescent reflector at ceiling of shelf that uniformly distributes the
radiation over the crops as it is presented in Figure 4.3. The proposed reflector is
comprised of a 4 mm BK7 optical glass embedded with fluorescent (K2SiFs:Mn*")
pigments and have a Lambertian back reflector, as presented in Figure 4.4. Preparation of
fluorescent glasses are described in the literature [90]. K2SiFs:Mn** is chosen to convert
blue-green light to red and the surface of the BK7 glass is coated with a 100 nm thick

MgF2 antireflection coating to reduce specular reflection.

The solar irradiation that can reach the shelves diminish due to losses from the
absorption in parabolic trough collector, the reflection with angles of incidence larger than
cable acceptance angle, and the attenuation of light through the distribution system. Liang
et al. [91] measured 60% efficiency during collection and transmission of 60 W of
radiative energy by 19 optical fibers. Jaramillo et al. [92] transmitted 26 W of radiative
energy with 88% efficiency over one optical fiber with 10 meter length, and 5 mm
diameter. The collection and transmission parts of the design in this study are adopted
from Ullah and Shin [57], and 60% efficiency for the multiple optical fiber system is
considered based on the study of Liang et al. [91].
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Figure 4.1. (a) Layout of the vertical greenhouse lighting system. (b) Top view of a shelf.
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Figure 4.4. Detailed layout of fluorescent reflector.

The analysis is carried out per greenhouse cross-sectional area. Therefore, 1 m?
collector and shelf area is considered for each unit, as shown in Figure 4.1b, and the
number of shelves in a unit area is defined as Ns. Three different latitudes at northern
hemisphere, ¢ = 20° for low, ¢n =40° for medium and ¢, =60° for high, are considered in
this study to identify the feasibility of crop production using vertical farms at different
latitudes. Growth of lettuce is considered as it is a widely grown crop with growth data
available in the literature. Lettuces are placed within pots, with dimensions of 20 x 25 cm?
as described in literature [93], and the pots are distributed to the shelves so that 1 m? of
greenhouse shelf holds 20 pots as shown in Figure 4.1b. The shelves are separated apart
by 50 cm and one optical fiber is dedicated to a unit area a single shelf. Therefore, total
number of fiber output bundle for each m? cross-sectional area of vertical farms is Ns. The
optical fibers are placed on top in the baseline system, and they are placed on the bottom in
the modified system with the fluorescent reflectors placed on top as shown in Figures. 1a
and 3, respectively. Biconcave lens [57] which have a focal length of 13.2 mm and a
radius of 12 mm is used on fiber tips to distribute light output. Incoming light from the
probe is directed to the reflector uniformly within 53° incidence angle, 6, by using the

biconcave lenses.
4.2. Formulation

Beam component of solar irradiation is collected with a parabolic collector,
distributed by optical fibers and transmitted to tips/probes of the cables with an overall
collection and distribution efficiency, 74, of 60% [91]. The beam component of the clear

sky solar spectral irradiation for corresponding latitudes is calculated using Simple Model
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of the Atmospheric Radiative Transfer of the Sunshine (SMARTS) developed by NREL
[74]. Considering the number of shelves, transmitted spectral solar radiation per probe,

Gp,4, Is defined as;

G, (p,n,,h) 537 2.511
G, (p,n,,h0)= H -6

S

where spectral solar irradiation, G, changes with respect to latitude (¢), day of the year
(ng) and time of the day (h) [94], #ncd is considered as 60%, H is heaviside step function.
The PAR for a probe is then defined as;

700nm
PAR(p,n,.h,0) = [

A G,,(p.,ny,h,0)dA 4.2)

As it was mentioned earlier, lettuce is considered in this study due to the
availability of experimental data relating PAR with lettuce growth. Fu et al. [93] reported
the fresh weight of the above-ground parts of lettuce plants growing under different PAR.
Seeded lettuce plants are exposed to different PAR for 14 hours per day, for 17 days [93].
The fresh weight of above-ground parts grown per pot within the specified period is
defined as the crop function C (PAR) based on data reported by Fu et al. [93], and it
represents the lettuce harvest for a specific PAR as presented in Figure 4.5.

The experiment in [93] is conducted at constant PAR during 14 hours for 17 days;

therefore, growth per total lighting hour is defined as;
C,.(PAR)= C(PAR) (4.3)
n 1417 '

PAR can simply be multiplied with transmittance for a non-fluorescent coating
between solar irradiation and plants. However for a fluorescent coating, Pearson et al. [95]
defined and suggested using effective quantum transmission to calculate effective
transmittance in order to implement photosynthetic quantum efficiency of the fluorescent
particles in the coating to PAR. As the proposed system relies on reflection, the effective
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quantum reflectance, petr, analogous to the effective transmittance used in the literature, is

defined as;

/) (+700nm
j j G, ,(®.ny,h,0)p,(,ny, h,O)Y (A)Acos(d)d Adg

0 400nm

Pers (@0, ) = (4.4)

% 700nm
jo j G, ,(¢.ny,h,6)Y (1) Acos(9)d Ad9

400nm

for the proposed design, where p; is the spectral reflectance of coating and Y is
photosynthetic weighting factor known as photosynthetic quantum efficiency that
identifies the effects of light at different wavelengths within PAR on crop growth.

180 T T T T T T T T

160 7
140 4

120 .

100 .

80 r .

C(PAR) [d]

40 | 1

20 7

0 | 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

PAR [W/m?]
Figure 4.5. Fresh weight per pot of above-ground part of lettuce plant with changing PAR
[93].

The photosynthetic quantum efficiency of crop plants as outlined by McCree [73]

is presented in Figure 4.6. Here, the spectral reflectance of the coating is calculated by;

o, (o0, .h,0)= J‘owGM‘((”’ ng.h,0)p, ., (@.ng,h,0)dA’ -
A s g th - — |
-[0 Gp,l'(¢1 nd1h,6)d/1'
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where the spectral reflectance of the fluorescent coating oz under irradiation Gp, 1 (¢,ng,h,6)
is estimated from the bi-spectral reflectance, pxr—,, that is defined by a tensor and
represents the fluorescent spectral conversion by the proposed coating. The effective PAR,
PARes, can then be defined as;

PAR . (9.1.0)= pyy (@1, 1) [ PAR (.., 0)c0s 06 (4.6)

There exists a spatial PAR distribution over the greenhouse shelf and it should be
identified to estimate the lettuce growth at different regions of the shelf. Therefore, a

normalized light density function, D(x,y), is defined as;

G(xy)
D(x,y) =4
y [Hox. y)laxdy

(4.7)

where G(x,y) represents the spatial distribution of irradiation over a shelf.

The irradiation distribution is estimated with Monte Carlo method for both systems
presented in Figures 4.1 and 4.3a.  Diffusely and specularly reflected photon bundles
from the coating are traced up to shelf floor, which is divided into a 100 x 100 grid. The
energy of the photons that reaches a surface sub-element are summed to estimate the
irradiation distribution G(x,y). The distribution function, D(x,y) is defined by normalizing
G(x,y) using the total irradiation over the shelf. Similar to spectral reflectance, pi(¢,nq,h),
D is implicitly dependent on A,¢, ng and h. However, it is found that these dependencies
are negligible after performing calculations for different ¢, nq and h. Moreover, its
dependence on A is also weak due to the diffuse back reflector used and isotropic
fluorescence emission. As a result, D(x,y) is approximated to be independent of ¢, ng, h
and spectral change, that holds for the fluorescent and non-fluorescent cases considered in

the study.

The total crop depends on the light density distribution function that depends on
how the PAR leaving the probe is distributed across the shelf by the reflectors. Therefore,

estimation of irradiation field, G(x,y), and pa(@nqg,h) necessitates the prediction of the
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effective reflectance through solution of the RTE. RTE for the fluorescent medium is
defined as [51]:

dl O-S ’ ’ 1 © ' A !
d_s): Kly —x; 1, _O-s,/llzl + 4; .[m 1,P,(2',2)d2 +EJ.O Kf,A'IJJQY(/1 )7 P; (4)dA (4.8)

where the last term represents the increase in intensity based on fluorescent emission due
to excitations from all incident directions and wavelengths. In the presence of fluorescent
medium, the absorption in the medium is due to both fluorescent and non-fluorescent
components of the medium. Hence, the absorption coefficient can be defined as;

K, =K, ¥iy, (4.9)

where x12 and xnr. are absorption coefficients of fluorescent and non-fluorescent

components of the medium, respectively.

The emitted energy due to fluorescent excitation follows a distribution that is
identified in terms of normalized fluorescent intensity, fn (1), which represents the
fluorescent emission at a wavelength with respect to its maximum value and represented in
Figure 4.6. Then the probability of fluorescent emission at a specific wavelength, 4, is

defined as:

fa (1)
Pr(A)=——"""—"-
“) |, fa()da (4.10)

Scattering and absorption coefficients must be known to solve the RTE. These
coefficients for the phosphor particle in the BK7 glass are calculated by Mie theory using
the complex refractive index of the phosphor presented in [96]. The resulting scattering
albedo and normalized absorbing coefficient, fex (1), based on its peak value of 4.6 cm™ at
450 nm, is presented in Figure 4.6. The optical properties for BK7 Glass and MgF used in
the model are adopted from [97] and [98], respectively.
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300 350

Equation 4.7 is solved to predict the divergence of radiative heat flux for a
broadband fluorescent system, considering energy transfer from one wavelength to
another. While a spectral energy balance might not be satisfied for all wavelengths due to
fluorescence, the total energy balance must be satisfied. The estimation of the directional

spectral reflectance, pz, through the solution of RTE is well known and can be found in

literature such as [77].

Once the directional spectral reflectance is calculated through the solution of the
RTE for the system presented in Figure 4.4; G(x,y) and peff can be evaluated from Equation
4.4, the PAResf can be calculated from Equation 4.5 from the estimated per. The total crop
per greenhouse unit area, TC, can then be calculated by considering the PAR distribution
defined in terms of light density distribution function over the greenhouse shelf considered.
Annual total crop growth for a latitude, TC(¢), can be calculated considering there are 20

pots per unit shelf area, and Ns shelves in the unit area of the vertical farm. The annual

growth per unit area is defined as:
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365 23

TC(9)=N,203 3" [ ["C,, [Doy)PAR (40, fixdy *.10)

nd:]_ =

A red emitting phosphor that is used in greenhouse lighting research [98]
(K2SiFs:Mn*"), with high quantum yield (QY=0.92), and emission peak that matches well
with the peak of photosynthetic weighting factor is selected [99]. While the particle size of
the phosphor can be reduced to 1 um, it is reported that this also significantly reduces the
quantum vyield [100] and it is reported to have high quantum yield around 55 pum [100].
Therefore, phosphor pigment with 55 um radius is considered in the study to have high
quantum yield. The pigment volume fraction is defined based on a parametric study. The
maximum effective reflectance, pefimax, IS the maximum value of the perr (4,ng,h). The
change of maximum effective reflectance, peftmax, With the pigment volume fraction up to
74% pigment volume fraction, which represents the maximum packaging limit for sphere
pigments, is shown in Figure 4.7. The estimated oefr,max Value 1.13 for the proposed design,
is within the theoretical effective limit, 1.20, reported in the literature [32]. While the

maximum effective reflectance is observed at the maximum packaging limit; it can be

111 7]
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Figure 4.7. Change of effective reflectance with varying volume fraction.
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observed in Figure 4.7 that effective reflectance with 30% pigment volume fraction leads
to 99% of the maximum value, and it corresponds to a particle concentration of 430
particles/mm? that is within manufacturing limits [101]. Thus, volume fraction of

fluorescent pigments for the reflector is chosen as 30%.

4.3. Results and Discussion

4.3.1 Model Validation

Validation of RTE solution for scattering and fluorescent medium by MCM is carried
out through the comparison of estimated reflectance and fluorescence with the experimental
data presented by Lie et al. [44]. Detailed definition of the experimental system is available
in Lie et al. [44] and is not presented here. The diffuse reflectance and fluorescence presented

in Figure 3.6 are in a good agreement with measurements within acceptable error margins.

4.3.1 Effective Quantum Reflectance

Effective quantum reflectance, pett (¢, ng, h), is estimated from Equation 4.4 in
order to implement fluorescence effect on PAR that is defined by Equation 4.5. As it relies
on three independent variables, it should be estimated for all three latitudes, 365 days and
24 hours. Spectral incoming heat flux calculated for ¢=40°, ng=195 and h=12, is presented
in Figure 4.8 along with its absorbed and reflected parts. For the particular set of
parameters, pert iS estimated as 1.12. The fluorescent pigment can also absorb light
between 300-400 nm; therefore; wavelengths of interest is extended to 300-700 nm.
Considering this wavelength interval, for the particular set of ¢, nq and h; total incoming
solar flux is 441.1 W/m? (39.6 W/m? in 300-400 nm, and 401.6 W/m? in 400-700 nm), 60.0
W/m? of the incoming flux is absorbed (17.3 W/m? in 300-400 nm, and 42.7 W/m? in 400-
700 nm), whereas 381.2 W/m? (2.7 W/m? in 300-400 nm, and 378.6 in 400-700 nm) is
reflected. Although total heat flux is conserved, spectral heat flux is not due to
fluorescence. Transfer of energy from 300-520 nm to 600-650 nm results in a spectral
reflectance greater than unity between 600-650 nm as it could be seen from Figure 4.8.

Energy is absorbed in excitation wavelengths due to conversion losses.
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Figure 4.8. Spectral heat flux and reflectance of the coating ¢=40°, ng=195 and h=12.
4.3.2. Crop Estimation

Normalized light density function, D(x,y) for systems with and without fluorescent
coating (shown in Figures 4.3 and 4.1a, respectively) is estimated by Monte Carlo ray
tracing method and the results are presented in Figure 4.9. It can be observed that
scattering in the coating, diffuse reflectance at the back of reflector, isotropic nature of
fluorescence emission and doubling path length of the light results a more uniform light

distribution than regular light distribution with optical fibers.

Total crop per m? of vertical farm is estimated using Equation 4.10 for different
number of shelves and latitudes as shown in Figure 4.10 by implementing estimated D(X,y)
and perr. As it could be seen from the Figure 4.10, using fluorescent particles in coating

increases total crop in all three latitudes investigated.

As Ns increases, excessive light is distributed to other shelves, reducing excess PARef,
beyond optimum its point. Further increasing the number of shelves, PARes drops so that

increasing number of shelves and lettuces do not compensate slowing growth, and the
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resulting total crop decreases as shown in Figure 4.10. Optimum number of shelves and
corresponding crops are listed in Table 1, where optimum number of shelves increases by
decreasing latitude as expected. It can also be observed from Table 1 that the total crop
increases up to 31.0% using fluorescent reflectors. Both light distribution, D(x,y), and

effective reflectance, perr, have distinct effects in the increasing efficiency.

5 10 15 20 25 30 35 40 45
x [cm]

(@)

5 10 15 20 25 30 35 40 45
X [em]

(b)
Figure 4.9. Normalized light density function D(x,y) for (a) proposed vertical farm (Figure
4.3) and (b) baseline vertical farm (Figure 4.1).
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In order to estimate only the effect of light distribution within the overall efficiency
increase, normalized light density function of fluorescent coating presented in Figure 4.9a is
used with per =1 to eliminate gain provided by spectral alteration due to fluorescence.
Efficiency increase of 21.4%, 21.1%, and 16.4% are estimated for ¢=20°, #=40° and ¢=60°,
respectively. Therefore, the remaining increase can be attributed to spectral alteration due to
fluorescence, which is 10.1%, 8.2% and 7% for latitudes ¢=20°, ¢=40° and ¢#=60°,

respectively.
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Figure 4.10. Total yearly lettuce crop per greenhouse unit for different number of shelves and

latitudes, with and without fluorescent reflector.

Table 4.1. Yearly optimum lettuce crop in kg of a vertical greenhouse unit and

corresponding optimum shelf numbers.

Proposed Design Base Design

Latitude Optimum Ns Crop [kg] Optimum Ns Crop [kg] Crop Increase %
20° 10 326 8 244 33.6
40° 9 284 7 217 31.1
60° 7 200 6 160 24.5




67

PAR changes timely as it is mentioned earlier, and it might be worthwhile to
change shelf numbers monthly to improve monthly production. An additional study is
conducted to investigate the benefits of using monthly optimum shelf number instead of
permanent ones to find feasibility of changing shelf number monthly. Corresponding shelf
numbers and crop results are tabulated at Table 4.2 and Figure 4.11 respectively.

Table 4.2. Monthly optimum shelf number for corresponding latitude.

Optimum Shelf Number for Each Month
Latitudke 1 2 3 4 5 6 7 8 9 10 11 12

20° 10 10 10 10 10 10 10 10 10 10 9 10
40 7 8 9 10 9 9 9 10 9 8 8 6

6° 3 &5 7 8 9 8 9 8 8 6 3 2
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Figure 4.11. Total lettuce crop in kg of a vertical greenhouse unit with optimum shelf

numbers optimized monthly and yearly.

Yearly crops per unit, increase to 326 kg, 291 kg and 220 kg for low, mid and high
latitudes respectively which corresponds to 0.1%, 2.3% and 10.1% further increase, by
monthly changing the number of shelves used. Results show that changing shelf number
for low latitudes create insignificant effect on crop, similarly at mid latitudes, increase is
small. However, lowering shelf number thus increasing PAR per optical fiber bundle
during November-February can contribute significantly to increase in total crop, thus 37%

crop increase with respect to non-fluorescent case can be achieved.
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5. CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

5.1. Conclusions

Inverse design of spectrally selective pigmented coatings is proposed for solar
thermal systems. A unified model and simplified unified model are developed, for
predicting the radiative transport properties of pigmented coatings. In these models,
Lorenz-Mie theory in conjunction with extended Hartel theory is used to predict radiative
properties for independent scattering with multiple scattering effects, whereas T-matrix
method is used for dependent scattering for unified model, along with effective medium
theory for very small pigments. While T-matrix is a precise model, it requires significant
computation time; therefore, for simplified unified model, T-matrix method is not used
ignoring dependent scattering effects. Once the radiative transport properties are estimated,
the spectral emittance of the coating is calculated by four flux method. It is observed that
the simplified unified model is capable of designing and modeling coatings adequately and

can be considered as a good compromise between efficiency and accuracy.

Ideal coating behavior depends on working conditions of the system such as
absorber temperature, and concentration factor. The design problem can be formulated as
estimating the design parameters, for achieving the ideal coating behavior. Such a design
problem can be considered as an inverse problem, where a system that exhibits a desired
behavior under known conditions is predicted. Moreover, the design problem is a non-
linear inverse problem due to highly non-linear dependence of coating behavior on design
parameters. Therefore, the solution of the non-linear inverse design problem is achieved
through optimization techniques. The optimization problem is formulated as a
minimization problem of an objective function and solution by gradient based algorithms is
highly dependent on initial guess due to existing multiple local extrema. Therefore, global
search algorithms must be used. Simulated Annealing algorithm is used in this study that

successfully locates global minimum independent of initial condition.

It was found that the net solar absorptance of coatings with lead sulfide pigments is

superior to carbon and nickel pigments for medium temperature applications. While the
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solar absorptance of lead sulfide pigmented coating is similar to that of carbon pigments, it
has significantly lower total emittance. Therefore, the net heat flux for absorber with lead
sulfide pigmented coatings is larger. However, as lead sulfide is unstable at high
temperatures and nickel has lower absorptance, carbon pigment is used for high
temperature applications where it shows better performance with respect to medium
temperature. The optimal pigment radius, coating thickness and volume fraction is
dependent on prescribed absorber temperature and concentration factor. Therefore, it was
shown that pigmented coatings must be designed considering the operating conditions of

the system.

Based on this study, it can be concluded that inverse design is a useful tool that can
be applied for solution of design problems in different energy systems. The design method
presented in this study is flexible and by modifying the objective function, different

constraints and considerations can be easily incorporated to the design problem.

Effect of fluorescent and scattering pigmented greenhouse coatings to net
photosynthesis of soybean is investigated at different latitudes. Monte Carlo method is
used to solve radiative transfer equation in an absorbing, emitting and scattering
fluorescent medium and transmittance of the coating under direct and diffuse sunlight is
estimated at selected latitudes. Estimated transmitted intensity from the coating is used to
calculate net photosynthesis based on data from previous experimental and theoretical
studies that relates photosynthetically active radiation and net photosynthesis.

Results show that embedding fluorescent particles does not increase effective
transmissivity of the greenhouse coating. However, it can contribute to growth in low
latitudes where excessive photosynthetically active irradiation stresses the plant by
decreasing the transmissivity. Due to its high reflectance, using coatings with scattering
particles such as TiO2 have similar effect. Moreover, the results also showed that
embedding TiO: as scattering particles to a coating yields to a higher growth performance,
by reducing transmissivity more effectively than embedding fluorescent particle
K2SiFs:Mn**.
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While similar optimal net photosynthesis values at different latitudes are predicted
for both scattering and fluorescent coatings, as TiO2 particles are cheaper and more stable
than K,SiFs:Mn**, using TiO, scatterer appears to be a more feasible choice. However, for
higher latitudes, reducing effective energy does not increase soybean’s net photosynthesis
and using particles in greenhouse coatings should be avoided. Further analysis is required
to include the effect of changing haze so that a more accurate representation can be
considered. Therefore, there is a need for more experimental data relating greenhouse

coating’s haze with the growth.

A novel lightning system, with a parabolic through concentrating collector, a light
distribution system comprised of splitters, optical fibers and fluorescent reflectors, is
proposed for vertical greenhouses. Sunlight is collected by a parabolic trough collector,
and is transmitted into greenhouse shelves by splitters and optical fibers. Finally, the
output of optical fibers is directed to a reflector that has a coating comprised of fluorescent
(K2SiFe:Mn**) doped BK7 glass to alter solar spectrum to increase photosynthetic
efficiency. Effects of fluorescent (K2SiFs:Mn**) pigmented coating and number of shelves
on crop weight of lettuce are investigated at different latitudes. Monte Carlo method is
used to solve radiative transfer equation in an absorbing, emitting, and scattering
fluorescent medium and reflectance of the coating under fiber illumination is estimated.
Estimated reflected PAR from the coating is used to calculate the lettuce growth based on
data from previous experimental and theoretical studies that relate photosynthetically

active radiation and lettuce mass.

Results show that embedding fluorescent coating particles increase crop growth up
to 35% depending on latitude. Decreasing latitude increases optimum number of shelves;
therefore, proper calculations should be carried out considering the latitude while

constructing a vertical greenhouse to find optimum shelves.
5.2. Recommendations on Future Work
In this study, it is shown that using fluorescent pigments increases net

photosynthesis thus growth in greenhouses. The growth is by shading effect in traditional

greenhouses and by increasing effective PAR in vertical farms. In traditional greenhouses,



71

half of the emitted radiation by the fluorescent pigments is reflected back to space due to
isotropic emission nature of fluorescent pigments. This behavior can be altered by
implementing nano antennas next to fluorescent particles. Introducing nano-sized dipole
antennas next to the fluorescent pigments can control emission direction as studies by [102,
103]. Embedding antenna in the coating can be a solution to minimize reflected fluorescent
emission; however, proper material for antenna should be selected to minimize absorption

of excitation irradiation.

Changing shape of emitting surface, effects the emission direction as suggested by
[104], therefore; a forward emitting fluorescent pigment could be manufactured to
minimize the loss arises from reflected fluorescent emission by altering geometry of
fluorescent pigments. Resulting filter design that is embedded either by antenna or re-

shaped fluorescent can have an effective PAR transmission over unity.

Correlation of PAR vs. net photosynthesis and/or crop growth are available in the
literature for various plants. Although there are studies that shows plants grow better in
diffuse rather than direct light, any correlation between haze vs crop growth in the
literature is not available up to author’s knowledge. The study that is presented in 3™
chapter shows that using scatterer and fluorescent pigments increase haze at different
ratios, however; lack of correlation data that relates haze to crop growth prevents
quantitative evaluation of haze effect on plant growth. Therefore, a study that relates PAR
and haze to crop growth will fill the gap in the literature and enable the researchers to

investigate the effect of haze on growth quantitatively.
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Flow chart of the code to solve broadband radiative transfer equation in fluorescent

medium is presented in Figure A.2. Details of execution of the Monte Carlo method is

presented in Figure A.3. Nomenclature for the flow chart is given in Figure A.l.
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Figure A.1. Nomenclature for the flow chart.
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Figure A.2. Flow chart of the code to solve broadband radiative transfer equation in

fluorescent medium.
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Figure A.3. Details of execution of the Monte Carlo method.



