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ABSTRACT

FRESNEL LENS SOLAR COLLECTOR DEVELOPMENT CONSIDERING
LOCAL CONDITIONS

DENIZ DEGIRMENCI,
M.S., Department of Mechanical Engineering

Supervisor: Prof. Dr. Ilker Tar1

September 2022, 83| pages

In this thesis, the development of Fresnel lens solar collectors is investigated consid-
ering local conditions. The Fresnel lens solar collector focuses the sun’s rays on a
receiver located at the focal line using the principle of refraction. This collector sys-
tem can reach relatively high temperatures that can be used in industrial processes.
To analyze the lens, a ray tracing code and an auxiliary lens design code has been
developed that work with a wavelength-dependent spectrum and takes the refrac-
tion, reflection, absorption, and extinction coefficients of transparent materials into
account. For obtaining the efficiency of the designed collector, the heat loss from
the system, and the time-dependent variation of the operating temperatures reached
during the day, a thermal model of the collector receiver and an annual performance
model, which uses the actual TMY data, were developed. Combining these two mod-
els, operating temperature values obtained during the day and collector performance

data are obtained and presented.

Keywords: Fresnel lens solar collector, Solar heat for industrial processes, Ray trac-

ing, Heat flux distribution
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YEREL KOSULLARI GOZ ONUNDE BULUNDURARAK FRESNEL LENS
GUNES KOLEKTORU GELISTIRME

DENIZ DEGIRMENCI,
Yiiksek Lisans, Makina Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. Ilker Tari

Eyliil 2022 ,[83]sayfa

Bu tezde, yerel kosullar géz oniinde bulundurularak Fresnel lens giines kolektorleri-
nin gelistirilmesi incelenmistir. Fresnel lens giines kolektorii, giinesten gelen 1gilart
kirilma prensibini kullanarak odak hattinda bulunan bir aliciya odaklamaktadir. Bu
kolektor sistemi, endiistriyel islemlerde kullanilabilecek goreceli olarak yiiksek si-
cakliklara ulasabilmektedir. Lensin incelenmesi i¢in, dalga boyuna bagli spektrumla
calisan ve 15181n kirilmasini, yansimasini ve sogurulmasini, saydam maddelerin so6-
niim katsayilarin1 ve dalga boyuna bagh kirilma endekslerini dikkate alan bir 151n
izleme kodu ve yardimci bir lens tasarim kodu gelistirilmigtir. Tasarlanan kolektoriin
verimini, sistemden 1s1 kaybini ve giin i¢inde ulagilan ¢alisma sicakliklarinin zamana
baglh degisimini elde etmek icin kolektor alicisinin termal modeli ve gercek TMY
verilerini kullanan yillik performans modeli olusturulmustur. Bu iki model birlestiri-
lerek, giin icinde elde edilen sicaklik degerleri ve kolektor performans verileri elde

edilmistir ve sunulmustur.

Anahtar Kelimeler: Fresnel lens giines kolektorii, Endiistriyel islemler icin giines

enerjisi, Isin izleme, Is1 akis1 dagilimi
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Problem Definition

Global CO, and greenhouse gas emissions have increased exponentially in the current
century due to the increasing energy consumption from population increase and tech-
nological development [1]. This increase resulted in a human-induced issue known as
climate change. For reaching the peak of these gas emissions throughout the sectors
and limit the increase in the global average temperature to 2 °C above pre-industrial
levels, a universal response named "The Paris Agreement" is adopted [2]. The United
Nations [3] reports that 192 countries and the European Union have joined this agree-

ment.

The potential of solar energy, which can be used for generating electricity, heating
homes and water, and power transportation, as a means of reducing reliance on fossil
fuels and mitigating climate change is being discussed. While the upfront cost of
solar energy technologies can be prohibitive, the long-term costs are much lower than

those of fossil fuels making solar energy an attractive option for reducing emissions.

In the context of electricity generation, two technologies arise at the top. The first
is photovoltaics (PV), which converts solar energy, in terms of global horizontal ir-
radiance (GHI), into electricity at the atomic level [4], and if storage is concerned,
it would require a battery system. Later one is the concentrated solar power (CSP)
system which collects the solar energy, in terms of direct normal irradiance (DNI),
through absorbers and transfers it to a working medium such as heat transfer oils,
molten salt, and granular particles to be used in a power block or stored in a stor-

age tank. Comparing two solar electricity systems, Fraunhofer [3] reports that PV



systems without battery systems have a levelized cost of electricity (LCOE) below
2.5Ccent/kWh, while CSP power plants with integrated thermal storage at full load
hours up to 3600 hours are below 6 Ccent/kWh at locations with high solar resources,
to be precise, DNI of 2000 kWh/(m?a). However, as Gurung A. and Qiao Q. [6] state,
integrated PV-battery systems, which are in the early stages of research and develop-
ment, have three technical challenges, energy density, efficiency, and stability. Due to
these challenges concerning the integrated PV-battery systems, CSP systems are the
sensible choice for supplying electricity to the demand during night hours due to their

simplicity and cost-effectiveness of energy storage solutions.

Countries that are rich in terms of solar resources, like countries in the Middle East-
/North Africa (MENA) region, use this resource in their favor by investing in solar
technologies and setting a roadmap to increase their renewable capacity to double in
5 years, from 15 GW in 2021 to 32 GW in 2026, according to International Energy
Agency (IEA) [7].

Especially in light of the Russian invasion of Ukraine, the European Commission
renewed its effort under A European Green Deal and is taking action to save energy,

produce clean energy, and diversify energy supplies [8].

Another application area of the solar energy systems is heating, and as illustrated in
Figure [I.1] prepared through Solar Payback Project [9] using several data sources,
global heat demand can be branched as 32% for industrial, 31% for transport, 24%

for residential, and 13% for other areas.

M Industry Low-temp heat
M Transport (below 150 °C)
Boiling, pasteurising,
M Residential 45 % ¢ sterilising, cleaning, drying,
M Other © Coal washing, bleaching, steaming,
................................................... pickling, cooking.

Medium-temp heat
(150 to 400 °C)

Distilling, nitrate melting, dyeing.
compression

High-temp heat
(above 400 °C)
Material transformation
processes

1 % other

Figure 1.1: Global heat demand in the industry; total, final energy consumption, 2014,
by Solar Payback Project [9].



Therefore, low-temperature heating applications which are below 150 °C have an as
big impact as medium-temperature and high-temperature heating applications, con-

sidering residential usage in addition to industrial.

In Figure [I.2] the share of solar thermal heat consumption in total final energy con-
sumption for selected countries, which are members of IEA, are given. Comparing
the countries which are located at similar latitudes and have similar solar insolation,
i.e., Greece, China, Turkey, Portugal, Spain, and Uzbekistan, the maturity and the ac-
ceptance of the solar technologies used in the heating applications in these countries

can be deduced.
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Figure 1.2: Share of solar thermal heat consumption in total final energy consumption,

in selected countries and regions, 2019, by IEA [10].

As the largest energy end-use, heat accounts for half of global final energy consump-
tion, and about 50% of the heat consumed in 2020 is consumed by industrial pro-
cesses, and another 47% is consumed in buildings, according to IEA [11]. Utilizing
the potential of solar thermal for a wide range of applications, both for domestic
and industrial use would result in a significant decrease in emissions. Turkey En-
ergy Outlook 2020 by Difiglio et al. [12] indicates the share of heat demands of the

low-temperature and medium-temperature industrial processes by sectors, such as, in



2018, textile with 9%, food with 8%, and paper and non-ferrous manufacturing with
each 2%, accounting for 21% in total, while sectors like iron-steel, cement, chemi-
cals and petrochemicals, ceramics, and glass production, where high temperatures are

needed, consume 61% in total.

As illustrated in Figure [I.3] 2019 data from IEA [13] shows that only shy of 11%
of global heat consumption is supplied from renewable sources. Moreover, solar
thermal accounts for 0.7% of the global heat supply, which corresponds to 6.4% of

the renewable sources.

Bioenergy: 6.9%

Renewable electricity: 2%
Solar thermal: 0.7%

Fossil fuel and other: 73% Geothermal: 0.3%

Renewable DHC: 0.5%

Traditional uses of biomass: 12%

Non-renewable electricity: 5%

Figure 1.3: Share of renewable sources in global heat consumption, 2019, IEA [13].

To increase the share of the solar thermal, the reasons for not being selected as a viable
option and the challenges in the deployment of these systems should be emphasized.
To this end, perusing the current research and the research plans for the future are
important. During a presentation in 2019, at the ODAKr Seminar Series, Zarza E.
from CIEMAT [14], stated that a significant research and development effort related

to concentrated solar thermal (CST) systems is devoted to the following items.
e Cost (capital expenditure (CAPEX), operational expenditure (OPEX)) reduc-
tion,
e Efficiency increase,
e Better dispatchability,

e Better environmental sustainability.



Likewise, the European Commission’s Strategic Energy Technology Plan progress
report for 2021 [[15] indicates that half of the key projects on CST focus on reducing

the costs both for installation and maintenance.

As illustrated in the publication highlighting the renewable power generation costs
in 2020, published by International Renewable Energy Agency (IRENA) [[16]], which
compares the concentrating solar power plants’ capacity, storage hours, and total in-
stallation costs, it can be concluded that the installation costs of the concentrating
solar technologies are in a decline. For instance, in the same publication, a CSP plant
with a parabolic trough collector field at a capacity of around 100 MW, and 0-4 hours
of thermal storage costs around 9000 $/kW in 2015, while a similar-capacity CSP
plant with a parabolic trough collector field with 8-10 hours of thermal storage in

2020 costs around half of the previous one.

Although the price of technologies has a decreasing trend due to the increasing num-
ber of technological advancements, their initial costs are still considered to be high.
Furthermore, Kurup P. and Turchi C. [[17] share their findings about the final costs of
installation per meter squared of the widely used parabolic trough collectors for plant-
scale installations which are 178$ for Ultimate Trough and 170$ for SkyTrough.
These findings will be discussed in Section [[.4] in detail, however, to briefly men-
tion, a significant portion of the cost of the parabolic trough collector systems is due

to the support structures which hold these heavy collectors and rotate with them.

For residential use and most industrial applications that could utilize solar heat, these
initial costs could be cumbersome. Besides, land needed for the systems such as cen-
tral receiver system, parabolic trough collector, and linear-Fresnel collector may not
be available. Low-cost and versatile systems can address these issues. The aim of this
thesis is to explore a refraction-based concentrator system as the manufacturing costs
of the lenses decrease and there is a motivation for the use of solar heat integration
industrial processes, and to develop a collector system that addresses the sectors ac-
counting for 21% of the industrial heat demand of Turkey, indicated in Turkey Energy
Outlook 2020 by Difiglio et al. [12].



1.2 Concentrated Solar Thermal & Power Systems

The concentrated solar systems use mirrors and lenses to focus rays coming from the
Sun to receiver surfaces to increase the temperature of the working medium to provide
heat to processes and power cycles. In these applications, one of the main advantages
of concentrating systems is that they can be coupled with integrated energy storage

technologies to prolong the operation hours of these systems.

These concentrating solar thermal systems can be categorized into two, point-focus
and line-focus concentrating systems. The point-focus concentrating systems can
achieve higher concentration ratios compared to the line-focus concentrating systems
due to the ratio of the collector aperture area to the receiver area. As explained in
Duffie J. and Beckman W. [18]], the maximum theoretical concentration ratio for a
three-dimensional concentrator such as a paraboloid can be as high as 45000, while
it is limited to 212 for a two-dimensional concentrator such as a cylindrical parabolic

concentrator.

1.2.1 Point-Focus Concentrating Systems

Two common systems of the point-focus concentrating systems are given in Figure

the central receiver and the parabolic dish.

(a) (b)

Figure 1.4: Schematics of the point-focus concentrating systems, (a) central receiver,

(b) parabolic dish.



1.2.1.1 Central Receiver

In central receiver systems, a field of mirrors tracks the Sun on two axes, independent
of each other, to focus its rays on a receiver, mostly on a tower. The concentration
ratio of the central receiver systems can be between 300 and 1500, resulting in indica-
tive temperatures between 150 and 2000 °C, according to Kalogirou S. [19]. Besides,
at high concentration ratios, system temperatures up to 1000 °C can be achieved ac-
cording to Luzzi A. and Lovegrove K. [20]. Furthermore, as system temperature
increases, the thermodynamic cycle efficiency also increases. Although the central
receiver has a lower levelized cost of electricity due to higher cycle efficiency, the

installation cost of this system is higher compared to the other collector systems.

Figure 1.5: Crescent Dunes central receiver system solar power plant, Worland J. and

Raab J. [21]].

1.2.1.2 Parabolic Dish

In parabolic dish systems, the mirrors are placed in a paraboloid structure, which
tracks the Sun on two axes, to focus the rays on its receiver. The concentration ratio
of the parabolic dish systems can be between 600 and 2000, resulting in indicative

temperatures between 100 and 1500 °C, according to Kalogirou S. [19]].
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Figure 1.6: Maricopa solar power dish plant, EERE [22].

1.2.2 Line-Focus Concentrating Systems

The line-focus systems have lower initial and maintenance costs compared to the
point-focus systems. However, their concentration ratios are also lower in compari-
son. The lower concentration ratios result in lower temperatures, starting from 150
°C to temperatures around 400-600 °C depending on the heat transfer fluid and the
concentration ratio according to Breeze P. [23]. Known examples of these systems are
parabolic trough collectors and linear-Fresnel collectors which use mirrors to focus
the rays on the linear receivers. Due to lower temperatures and their cycle efficiencies
of them in comparison, the line-focusing systems would have a higher levelized cost

of electricity than the point-focus systems, as indicated by Dieckmann et al. [24]).

Receiver Fresnel Lens Receiver

N

A N % / NN
'\ S AN AN )/ U—»Receiver

S IRV Parabolic L—» Reflector
Reflector

PN
AN

Figure 1.7: Schematics of the line-focus concentrating systems, (a) parabolic trough

collector, (b) Fresnel lens collector, (c) linear Fresnel collector.



1.2.2.1 Parabolic Trough Collector

The parabolic trough collector systems consist of a cylindrical parabolic mirror with
a receiver located at its focus, apart from the structural components. Due to its shape,
the mirror and the receiver track the Sun on one axis, which creates complications
regarding joints connecting the receiver to the rest of the collector system. In com-
parison with the point-focus systems, the concentration ratio of the parabolic trough
collector systems is lower, resulting in a lower temperature range. The concentration
ratio of the parabolic trough collector systems can be between 10 and 85, resulting in

indicative temperatures between 60 and 400 °C, according to Kalogirou S. [19].

Figure 1.8: Parabolic trough collector field at the Ouarzazate Solar Power Station

Project — Phase I, also known as Noor I [25]].

1.2.2.2 Linear-Fresnel Collector

The linear-Fresnel collector system utilizes strips mirrors to track the Sun on one axis
and to focus rays coming from the Sun to a stationary receiver. These strips of mirrors
are individually adjusted for achieving the focus. In comparison with the parabolic
trough collector system, the concentration ratio of the linear-Fresnel collector system
is lower, resulting in a lower operating temperature range. The concentration ratio of
the linear-Fresnel collector systems can be between 10 and 40, resulting in indicative

temperatures between 60 and 250 °C, according to Kalogirou S. [19].
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Figure 1.9: Linear Fresnel collector field at Puerto Errado 2 solar power plant [26].

1.2.2.3 Cylindrical Fresnel Lens Collector

The Fresnel lens collector systems use transparent materials to focus the rays coming
from the Sun to the receiver, utilizing refraction instead of reflection. Compared
to conventional lenses, which have large volumes and weights, Fresnel lenses are
smaller in volume and lighter in weight. They are suitable for mass production at a
low cost, with a presumed production method of injection molding. Commonly used
materials for these lenses are polymethyl methacrylate (PMMA) and polycarbonate
according to Ma et al. [27].

There are studies on similar topics using Fresnel lens solar collectors. Sample reading
recommendations related to these topics include the desalination study by Wu et al.
[28]], studies on the use of the cavity receivers by Xie et al. [29] and [30], the review
papers for coupling the Fresnel lens with CPTV, Sripadmanabhan Indira et al. [31]],
and wide-range review of the Fresnel lens solar collectors including chronologically

ordered study references by Xie et al. [32].

Recent experimental studies by Ma et al. [27]] and Ma et al. [33]] on cylindrical Fresnel
lens solar collectors provide numerical performance data. Ma et al. [27] indicate that
their collector system reached operating temperatures around 250 °C at 1050 W/m?

with a total aperture area of 2.6 m? and aperture width of 0.65 m at 83% optical

10



efficiency. Additionally, another experimental study related to cylindrical Fresnel
lens solar collector focused on the thermal aspect of this kind of collector, by Ma
et al. [33]], reaches steady output temperatures of 125 °C, 150 °C, and 175 °C with
collection efficiencies of 0.53, 0.48, and 0.44. The aperture width of this collector is

1.3 m, and the total installation area of the experimental setup is 20 m?.

Figure 1.10: Experimental setup of a cylindrical Fresnel solar collector system, Ma

et al. [34].

For the optical performance of the cylindrical Fresnel lens solar collector, Ma et al.
[34] used the lens shown in Figure [I.10] and to focus the light on a lambert target
and captured it with a charged-coupled device (CCD) camera, and obtained 81.6%
real transmittance and a geometrical concentration ratio of 19.7. Moreover, in this
experiment, under operating conditions of 0.2 and 0.5 MPa, collection efficiencies
of 0.48 and 0.44, respectively. Additionally, an analysis made by Ma et al. [35]
concludes that the geometric concentration ratios of 41.8 for PMMA at 28° and 29.2

for polycarbonate 20° for line-focusing Fresnel lens collectors are possible.
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1.3 Solar Heat for Industrial Processes (SHIP) Applications

For the current industrial processes, the heating potential of the concentrating systems
is gaining momentum. Market potential analysis performed by the European Solar
Thermal Industry Federation [36] in 2006, 50% of the industrial processes would re-
quire heat up to 250 °C, including sectors such as food processing, chemical industry,
textile industry, and others. Also, 74% of the global industrial energy demand, which
accounts for 32% of the total global energy demand, is due to industrial heat, sep-
arates into three, 30% for processes requiring temperatures below 150 °C, 22% for
processes requiring temperatures between 150 °C and 400 °C, and the rest of it is
for processes requiring temperatures above 400 °C stated in the brochure by Solar
Payback Project [9]. A more recent analysis regarding the industrial heat demand in
Turkey by Difiglio et al. [[12] states that sectors considered to require heat at low and

medium temperatures account for 21% of the industrial heat demand.

Similar to electricity generation, there is a decrease in the installed costs in the SHIP
applications. While the weighted-average installed costs of 11 SHIP projects were
1,679 USD/KW in 2017, the average installed cost of 15 plants is 531 USD/kW in
2020, resulting in a decrease of 68% as a result of support for larger deployments of

these technologies according to Solrico [37].

Furthermore, solar collectors, especially the line-focusing collector systems whose
operating temperatures can range from 150 °C to 400 °C could be used to supply the
heat demand corresponding to low-temperature and medium-temperature heat pro-

CESSES.

1.4 Economics of the Current Systems

There is an effort for decreasing CAPEX and OPEX costs in solar energy technolo-
gies [14] for decreasing the cost of generating both electricity and heat. Current CSP
systems, however, experience high CAPEX costs due to the structures and founda-

tions.
Kurup P. and Turchi C.’s [17]] findings about the final costs of installation per meter
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squared of the widely used parabolic trough collectors for plant-scale installations

which are 178$ for Ultimate Trough and 170$ for SkyTrough. For smaller installa-

tions, these costs tend to rise. In Tables [I.T] and [I.2] costs of CSP technologies in

2015 and cost estimations for 2025, published by Dieckmann et al. [24], are pre-
sented. These tables indicate that 23.5% and 28% decrease in CAPEX for these

technologies, however, costs in 2015 show that construction costs for the parabolic

trough collectors and the heliostat fields correspond to 38.1%, 29.4%, respectively,

and the percentages of these costs do not decrease for predicted prices.

Table 1.1: Current and future specific CAPEX for parabolic trough field by compo-
nent ($/m?), published by Dieckmann et al. [24]].

Parabolic trough solar field Costs 2015  Cost variation Costs 2025
[$/m?] [%] [$/m?]

Site preparation 25 -20 20
Collector structure (incl. assembly) 66 -20 52
Pylons & foundations 22 -20 18
Drivers 7 -20 5
Mirrors 22 -15 19
Receivers 27 -30 19
Cabling 4.2 -10 3.7
HTF system (fluid) 21 -88 3
HTF system (excl. fluid) 38 0 38
Total 231 -23.5 177

HTF - Heat transfer fluid.

Table 1.2: Current and future specific CAPEX for the heliostat field by component
($/m?), published by Dieckmann et al. [24]].

Heliostat field Costs 2015 Cost variation Costs 2025
[$/m?] [%] [$/m?]

Site preparation 11 -50 5.5
Mirrors 26 -35 16.9
Drivers 45 -25 33.8
Structure & foundation 42 -25 31.5
Controls 4 -20 3.2
Installation (wiring/foundation labor) 15 -20 12
Total 143 -28 103
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1.5 Thesis Overview

The contents of this thesis are separated into three parts, the methodology and the
theory for developed tools, optical and thermal analysis of the collector, and the in-
vestigation of the performance of the collector for the local conditions using actual

typical meteorological year data.

In Chapter [2 the data related to the spectrum, the parameters, and the properties
of the materials used in the simulation are obtained, the methodology related to the
ray-tracing algorithm is explained, and the ray-tracing algorithm and the algorithm
for designing the lens is presented. Then, the theory behind the convex lenses used
for verifying the ray-tracing code is explained. For the last part of this section, the

thermal model used for the heat loss calculation from the receiver is presented.

In Chapter 3] the results of the verification study, which is on the biconvex lenses,
are presented. Then, the results of the parametric study on the optimal geometry are
presented. The shape approximation and the sample size independence are studied,
and the appropriate selection for both parameters is made. After that, the model pa-
rameters used in the ray-tracing simulations are given, and the results of the optical
performance of the collector are presented. In Section [3.5] where the optical perfor-
mance of the collector is discussed, the local concentration area is obtained, and the
changes in the efficiency due to incidence angle around both transversal and longitu-
dinal axes are given. In Section[3.6] the results of the thermal analysis are given along

with verification of the model.

In Chapter [ the methodology used for the seasonal and the annual performance
analysis is presented, and the results of this analysis obtained for various providences
are given. Additionally, by coupling the thermal analysis on the receiver and the

annual model, temperature distribution for a day is obtained and presented.

The study is concluded in Chapter [5] and comments on the future work related to this

study are made.
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CHAPTER 2

THEORY AND METHODOLOGY

This chapter explains the methods used in the developed codes, as well as how the
data required for the operation of these codes are obtained. Initially, the spectrum of
rays emitted from the source plane that the code will use is specified, as well as how
the random distribution of this spectrum is provided. After the initial explanation
of reflection, refraction, and absorption of the rays as they interact with a lens, the
following section delves into methods for calculating the intersection point of those
waves. The methods used in the literature and the method used in this study are

compared, and how the actual intersection point is distinguished is stated.

The algorithm for the developed ray tracing code is given, and it is stated which pro-
gramming language the code is written in and which computer-aided design (CAD)
software is being used to keep it organized and visualize it. Then, the methods for
creating lenses that have been mentioned in the literature are stated, as well as the
steps for creating the lens geometry that was used in this study, and the algorithm that
was developed for that purpose is given. To ensure that the developed code functions
correctly, software used in the industry is specified for comparison, explaining which

parameters will be monitored.

The final section of the chapter explains how the one-dimensional thermal resistance
analysis is performed on the receiver placed on the lens focal line, including the for-

mulas to be used in the analysis.
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2.1 Solar Irradiance and Probability Distribution of the Ray’s Wavelength

Air mass coefficient quantifies the amount of light lost due to atmospheric absorption
and scattering. The spectral distribution for the selected air mass coefficient, AM1.5
[38], presented in Figure 2.1] is used for generating probability distributions for the
wavelength to be used as an input to the ray-tracing code and to account for the local
conditions. To calculate the probability distributions, occurrences of the photons in
bundles corresponding to the respective wavelengths are needed instead of the packed
energy within those bundles. For that purpose, each one of the data points is adjusted
according to their wavelengths using Equations 2.1 and 2.2] from Modest [39].
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Figure 2.1: Spectral irradiance of the incoming rays for AM1.5, ASTM G173-03
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The probability distribution and the cumulative probability of the distribution, indi-
cating the occurrences of the photons, can be calculated for the spectrum between
400 nm and 4000 nm, considering the interval of the material properties. Thus, a
random number generated between 0 and 1 can be assigned to a ray and can carry
information related to its wavelength which is then calculated using the cumulative
probability distribution. The probability distribution and the cumulative probability
distribution calculated according to the direct and circumsolar irradiation data given

in the reference spectra are presented in Figure [2.2]
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Figure 2.2: Probability distributions of the rays, calculated according to the direct and

circumsolar spectral irradiance included in ASTM G173-03 Reference Spectra [38]].



2.2 Events in Consideration Between the Rays and the Lens Medium

The determination of the events happening when the rays intersect with the lens sur-
faces and pass through its medium is another aspect of the tracing procedure. Fur-
thermore, the reflection and the refraction are demonstrated in Figure [2.3] Refraction
angle, 65, which corresponds to the angle between the surface normal and the direc-
tion vector in the new medium is found using the ray incidence angle, 6, the refractive

index, n, and the extinction coefficient, k&, of the material of the lens.

Modest [40] describes Snell’s law, given as Equation applied to the refractions be-
tween two dielectric mediums, and generalized Snell’s law, given by Equations [2.4]
[2.5] and [2.6] used for the refraction angle calculation between a dielectric medium
and an absorbing medium. The difference between these two sets of equations is
the inclusion of the extinction coefficient, which accounts for the losses in energy
and the deviations in ray-tracing simulations. Furthermore, the losses arising from
the absorption within the medium and the deviations should be taken into account.
However, these equations that utilize the extinction coefficient may burden unneces-
sary computations to the simulations. Therefore, the extinction coefficient should be

considered in calculations where it substantially affects the results.

Incoming Ray

6 O,

/| Y\~ Reflected Ray

my=n

my = ny — ik,

Refracted Ray

my=n

6, Emergent Ray

Figure 2.3: Events happening at the interface between two mediums.
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N9 sin 0y = ny sin 6, (2.3)

P =

1
5 (\/ng — k3 —n?sin®0; + 4n3k? + (n3 — ki — n3 sin® 91)) (2.4

2

¢ = (\/n% — k3 —n?sin®0; + 4n3k} — (n3 — ki3 — nisin® 01)) (2.5)

1
2

ptanfy = nq sin 6 (2.6)

The differences observed between the results acquired using Equations [2.3] and [2.6|
while calculating the refraction angle for polycarbonate seem negligible. A sample of
results for different wavelengths and incidence angles, which illustrates the difference
between using Equations [2.3]or [2.6] is given in Figure[2.4] Therefore, Equation [2.3]is

preferred for the refraction angle calculation step of the ray tracing done during this
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Figure 2.4: Sample of results for refraction angle calculation using different incidence
angles and different wavelengths, (left) using Equation[2.3] and (right) the difference

between the two equations.

19



Although the transmissivity of the medium is usually taken as an average value or
an array of values dependent on the wavelength, the extinction coefficient should be
considered due to varying and increasing optical loss within the medium depending
on the length of the path of the ray. The refractive index and the extinction coefficient
of the polycarbonate, reported by Zhang et al. [41] [42]], and the change in the in-
ternal transmittance for different thicknesses, calculated using Equations [2.7]and [2.8]

gathered from Modest [43]], are plotted in Figure[2.5]between 400 and 4000 nm.

Similar to the polycarbonate, the refractive index and the extinction coefficient of the
low-iron-borosilicate glass used for the receiver envelope, calculated using the data

from Rubin M. [44], are given in Figure 2.3
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Figure 2.5: Terms of the complex refractive index of polycarbonate (a) and its internal
transmittance for different thicknesses (b), terms of the complex refractive index of
low-iron borosilicate (c) and its internal transmittance for different thicknesses (d)

and between 400 and 4000 nm.
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Additional losses occur at the lens surfaces due to the reflectivity, notably dependent
on the angle of incidence, ¢;. The parallel and perpendicular components of the re-

flectivity is calculated using Equations [2.9) & [2.12]and [2.10] & [2.13] respectively. The

reflectivity of the interface of between the transparent mediums can be calculated us-
ing Equations[2.9]and [2.10} together with Equation 2.11} Furthermore, the reflectivity
equation coupled with the generalized Snell’s law, which accounts for the complex

refractive index, Equations and can be used together with the first half of

Equation 2.11]

11 cos By — 1y cos 6y 2
ny cos By + ny cos 64
ny cosd; — ngy cos by 2
= 2.10
L <n1 cos 81 + n9 cos 92) ( )
p= P +pL _ 1 tanz ((91 — 92) S%Hz (01 — (92) @.11)
2 2 [tan® (01 + 62)  sin® (6; + 6)
— ny sinf; tan 0;)* + ¢
p = P ) T, @.12)
(p+nqysinf tan6,)” + ¢
0 —p)’ + ¢
p, = meosbi=p) +4q (2.13)

(nycos B + p)2 + ¢?

Similar to the previous step, where the refraction angle is calculated, differences be-
tween the results acquired by using these two sets of Fresnel relations are negligible.
The sample of these results and their differences, at a maximum of around 1%, are
illustrated in Figure[2.6] Therefore, Equations[2.9]and [2.10] which do not consider the

extinction coefficient, are preferred for the reflectivity calculation step of this work.
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Figure 2.6: Reflectivities of the polycarbonate and differences between two sets of

equations, Equations [2.9] & [2.10] and [2.12] & [2.13] for the incidence angles between
0° and 90°. (a) 400 nm, (b) 1600 nm, (c) 2800 nm, and (d) 4000 nm.
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2.3 Ray-Element Intersection

The probable intersection point is calculated on the plane where the element lies
within, using Equations [2.14] to The first equation is to determine whether
there is an intersection and the second is to determine the probable intersection point.

Considering the properties of the dot product rule, the second is simplified using

Equations [2.16]and is obtained.

—_—
Sdp - Nplane . ‘/ray (214)
——  Npiane - PpPs =
P, = PP, - a2y 1P, (2.15)
Nplane . V;“ay
Nplan;/. P,Ps _ |Nplan;/| |PpP;| cos(a) (2.16)
Nplane . ‘/ray |Nplane| |V;“ay| COS(B)
—_—
— P,P; —
p, = BB — bl cosl) = 2.17)

[Viayl cos()

Geometrical representation of the vector operations preferred in this work for ray-
plane intersection calculation, the equations above with additional information related
to angles between the vectors and their respective projections onto each other are

demonstrated in Figure

Proj;— N,

plane

PP, \ x

NP,

plane

Py

w5 N,

z Projpp: Notane

Figure 2.7: Vector operation related to intersection point calculation on a plane con-

taining an element.
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In addition to finding probable intersection points, there is a need for an algorithm for
determining whether the probable intersection point is within the element and whether
an intersection exists or not. To do this using meshed geometries, there are a couple
of algorithms and methods, which can be classified as ray-triangle intersection, ray-
polygon intersection, and bounding box control. Likewise, solving three-dimensional
equations of the bodies is another option for ray-surface intersection calculation if
the geometry is defined appropriately. However, as the complexity of the geometry
increase, this method becomes difficult to implement and costly in terms of computa-

tional power and run-time.

Fundamental works related to the ray-triangle intersection algorithms focus on the
barycentric coordinates within a triangle. Barycentric coordinates can be defined as
a correlation using the edge vectors of a triangle or other convex polygons to de-
scribe every single point on the area defined by the polygon. Snyder, J. M., and
Barr, A. H. [45] describe an algorithm to compute ray-triangle intersections using
barycentric coordinates. The aim of their work, published in 1987, is described as ray
tracing complex models containing mathematically defined surfaces to extend the list
of "ray-traceable" surfaces. The algorithm calculates the normal vector of the plane,
containing the triangle, finds an intersection point on that plane, and performs an en-
closure test using the barycentric coordinates. In 1990, Baudel D. [46]] describes an
algorithm, quite similar to the work of Snyder, J. M., and Barr, A. H. [45]], by intro-
ducing additional parameters to simplify the calculation steps and obtain faster runs.
In 1997, Moller T. and Trumbore B. [47] proposed one that also utilizes barycentric
coordinates, and as an initial step, it manipulates the equation system of the intersec-
tion to obtain a translation of the element to the origin and transform it into a unit

triangle in yz-plane with ray direction in the x-axis.

Ray-polygon intersection algorithms, as described by Akenine-Moller et al. [48],
indulge in finding whether the probable intersection point is contained in the poly-
gon, reducing the solution to two dimensions, in a more detailed fashion, i.e., self-
intersecting and/or concave polygons with a rather high number of edges. Schneider
P. and Eberly D. [49] describe a ray-convex polygon intersection algorithm and two
other, asymptotically faster algorithms one of which is a derivative of the first. Addi-

tionally, for complex polygons intersections reduced to the two-dimensional domain,
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Akenine-Moller et al. [48]] and O’Rourke, J. [50] outline an algorithm called the "ray
crossings test". In this algorithm, a ray is cast from the point in question to the infinity
in a direction on the plane of the polygon, and line segment intersections between the
ray and the edges are calculated and the number of true returns is counted. The deci-
sion on whether the point is in the polygon or not is made based on the number of true
returns, i.e., odd numbers mean that the point is in the polygon, and even numbers

mean otherwise.

For the element translation from the output of the ray-tracing code to the input to the
computational domain for further simulations, the quadrilateral element is considered
areasonable choice for the element shape for the geometry studied in this work. Thus,
the higher quality approximation can be generated in the simulation software by re-
fining the former approximation in the extruded direction effortlessly and without the
hassle of skewed elements. However, the decision indicated requires a approximation
independence study on the curved surfaces. The surface approximation independence

study regarding ray-tracing could conceivably be made in two dimensions.

In this case, the methodology defined by Schneider P., and Eberly D. [49] is preferred
for determining whether an intersection occurs between the element and the ray cast,
due to its simplicity and consistency of it together with the vector operations written
in the ray-tracing code. A sample of the vector operations regarding this intersec-
tion algorithm demonstrated for an edge is presented by Equations [2.18] 2.19] and
and Figure The ray cast from point P, with the directional vector of m
is assumed to be intersecting the x-z plane at point F}. For the element in consid-
eration, surface normal, Jm, edge vectors, a to ‘Zi, and vertex-to-intersection
vectors, ‘7;11) to m, are calculated. Then, for each edge, by taking cross products
of the surface normal of the element with each of the edge vectors, vectors, 17,31) to
‘7;4, perpendicular to both is obtained. Furthermore, representative projections of the
vertex-to-intersection vectors to the vectors expressed with 170; are performed by dot
product operations. The sign of the result of the dot product operation indicates the
position of the intersection relative to the edge vector. Therefore, if signs of these

results comply, it can be said that an intersection exists.
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— = =
Viin =Py, — Pa (2.18)
T
‘/Cpl = Nsurf X V:al (219)
— —
Sapt = Va1 - Vepr (2.20)

On the left side of Figure [2.8] sample vector operations for a ray intersecting an
element are given. The resulting projection is in the same direction as the vector
obtained by the cross-product of the surface normal and the edge vector. On the right
side of Figure [2.8] similar operations for a ray missing and element are given. The

projection is in the opposite direction with the V., for that edge.

y y
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Figure 2.8: Sample vector operations for determining whether the ray intersects with

the quadrilateral element (left) or not (right).

In addition to these two main steps, a final step that can separate the multiple inter-
sections and determine the actual intersection is required. To perform this operation,
an additional simple code is written for finding the distances in the correct direction

and ranking them to reach the verdict for the closest intersection.
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2.4 Algorithm of the Developed Ray Tracing Code

The purpose of this algorithm, presented in Figure [2.9] is to implement operations
laid down in Sections and to trace rays emitted from the source plane,
and to observe and account for the interactions in a proper order, which is calculating

the eventual trajectory in an accurate and fast manner.

Insertuser-defined
configuration.

— n.
NN

i e

.
'

Determine random
location onthe emitting
planeandgenerate
randomwavelengt

SartingAngles 1

- - -

Determine probable
intersections, select
dosestone, and calculate
inddenceangle, ;.

Calculate absorptivity, o,
using length of the path, and
generate random numbe; ;..

Opaquesurface/

Transparentsurface/
Simulation boundary
g
5
Calculate surface reflectivity, py and
generaterandomnumbes r;,.
Read surface reflectivity, p, and Calculate refraction
generate randomnumbes r;,. vector.

V P

Figure 2.9: Algorithm used for the ray tracing simulation.
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At the second and third steps of the simulation, user-defined and additional configu-
rations are read. The user-defined configuration consists of the number of rays that
are emitted from the source plane, NN, their starting angles, o and 3, and the source
plane’s size and location. Additional configuration includes pre-defined properties
of the geometry, the materials, and the spectrum in consideration. After reading the
configurations, rays are emitted from the random location on the source plane with
starting angles defined in the configuration and a random wavelength between 400nm
to 4000nm. After that, the simulation follows the checks and the loops given in Figure

2.9

Through these operations, to decrease memory usage, large datasets, such as the in-
tersection points and other ray-related information, are saved to data files. These files
could also be used for post-processing and verification purposes. Furthermore, the
algorithm is implemented in Julia [51]], a fast programming language with embedded
functions. It can handle large data sets and works harmoniously with GMSH [52], a
3D finite element mesh generator with a built-in CAD engine. Apart from generating
mesh and storing geometry files, GMSH is also used as a graphical user interface

(GUI) for visualization of the simulation. A screenshot from the GMSH environment

is given in Figure

1Lk 1 [ i
e M m‘ Klw

| W\r 2

Figure 2.10: Screenshot, taken at the GMSH environment, of the simulation results

for a preliminary run.
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2.5 Algorithms for the Creation of the Lens Geometries

Fresnel lenses work with the same principle as conventional lenses work. Through
refractions at different angles of the interfaces between the mediums, they focus or
collimate light depending on the application. Figure [2.11]illustrates the geometrical
representation of the imaging principle and the creation procedure of a focusing Fres-
nel lens. By extracting thicker, mostly unnecessary volume, but keeping the angles at
the interfaces between the mediums of a conventional convex lens, thin lenses, such

as a Fresnel lens or a cylindrical Fresnel lens, can be obtained.

(N

Conventional Lens Fresnel Lens

Imaging Principle Cylindrical Fresnel Lens

Figure 2.11: Imaging principle and the creation procedure of Fresnel lenses.

Further manipulation regarding the position of the line of focus can be achieved by
adjusting the angles of the prisms, in other words, serrations. Moreover, for the appli-
cation of solar concentration, energy losses should be reduced. Therefore, the targeted
position of the line of focus should be met by adjusting the angles of the serrations,

since the thickness of a lens contributes to the transmissivity of the lens.

On the assumption that these serrations’ primitive form is triangular prisms, Figure
[2.12] prepared by Ma et al. [33]], illustrates the traces of the rays transmitting through
a triangular prism. Knowing that the upper surface of the lens is a pre-determined

shape, only the lower surfaces are available for manipulation.
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F' o

F

Figure 2.12: Traces of the rays transmitting through the lens. [33]

By applying Snell’s law of refraction to a triangular prism, Ma et al. [35] derive a
differential equation for theoretical ideal curves of the Fresnel lenses. Furthermore,
an analysis for variations of transmittance with total refracted angle, meaning the
difference between the incidence angle and the emergent angle, and refractive index
of the lens material has been made. In another study that also examines the lens
creation procedure, Zheng et al. [S3]] apply Snell’s law of refraction to a serration
with a circular upper surface and calculate the edge coordinates of the Fresnel lens
which has its line of focus positioned around the diameter away from the most upper

point of the lens.

In this work, a Fresnel lens, that has its line of focus positioned at the center of the
lens, is preferred by design. Moreover, exploiting the procedure defined by Zheng
et al. [S3] is possible by changing variables such as the thicker height, the thinner
height, or preemptively the design distance of the line of focus. However, from an
overall perspective, these are not scientifically based manipulations. Therefore, in

like manner to ray tracing, an algorithm-based approach is deemed appropriate.

The algorithm uses the incremental search method to find the thinnest lens that can fo-
cus on an object is developed and Figure [2.14] depicts its steps. This algorithm uses a
different intersection methodology than the ray-tracing algorithm. As a result of this,
this algorithm is not affected by the approximation quality, thus, it does not require
a approximation independence study. Serrations in the lens are created one by one,
starting from the most inner serration. They are also created with the largest allowable

width and the smallest overall height for the least optical loss due to absorption.
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For the non-planar surfaces of the lens, the shape is approximated using lines in two-
dimension and rectangles in three-dimension. The illustration for shape approxima-

tion for the cylindrical surfaces is presented in Figure [2.13]

Figure 2.13: 2D representation of the surface approximations during the creation

procedure of Fresnel lenses.

Aftermost, a geometry file that is GMSH and Julia compatible is created with incre-
mentally found serrations. Furthermore, other parts within the simulation environ-

ment and the material-related information are added to the geometry file.
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Figure 2.14: Algorithm related to the creation of the lens geometries.
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2.6 Verification of the Ray-tracing Code

To verify the calculations and the providing accountability concerning the ray-tracing
code, performing four other ray-tracing simulations utilizing the developed code along-
side a commertial software using two biconvex lenses and two planar-convex lenses
is proposed. The reason behind using two different types of lenses is to provide one
simulation free of chromatic aberration and one with decreased spherical aberration
and also without chromatic aberration. The biconvex lens is considered to be a thick
lens, which can be calculated using the Lensmaker’s equation, given by Equation
given in Hecht E. [54]]. Also, equations for determining the focal length of the
planar-convex lenses are presented as Equation [2.22] derived from Equation [2.21] as
Ry is replaced with an infinitely large number, resulting in those terms including it
to approach zero. In these equations, effective focal length, f, is calculated using
the refractive index of the lens n;, radii of the spherical surfaces, R; and R,, and the

thickness of the lens, d;.

1 1 1 (nlens - 1) dlens:|
=n ens ]- I —— 2.21
flens ( : ) [Rl RQ nlensRlRQ ( )
1 1
= (Ngens — 1) |—=— 2.22
flens ( l ) |: R2:| ( )

Although these equations are for the ideal lenses that are not affected by the defects
such as aberrations, they are useful for acquiring preliminary information about these
lenses. The aberrations are categorized as monochromatic aberrations, such as spheri-
cal aberrations, comma, astigmatism, field of curvature, and distortion, and chromatic
aberrations as explained in Hecht E. [54]. While the chromatic aberrations are due
to wavelength dependency of the refractive index of the lens material, the monochro-
matic aberrations are deviations of light from its path due to non-idealized conditions

related to the lens shape.

In this work, primarily the effects of the chromatic aberrations and the spherical aber-
ration will be investigated. Foremost, the aberration due to the difference in focal
lengths between the rays closer to and the rays further from the principal axis is

called spherical aberration. To elaborate, the rays closer to the principle axis meet at
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a long distance after refraction while rays far from the principal axis meet at a shorter
distance. Secondly, in definition, chromatic aberrations arise from the fact that the
refractive index is a function of color, as stated in Hecht E. [34], therefore rays with
different wavelengths would refract at different angles. Lastly among all mentioned
aberrations, the effects of comatic aberration on the concentrator will be discussed.
The representations of these three effects are illustrated in Figure[2.15] obtained from

Hepp J. [S3]].

(a) (b) (c)

Figure 2.15: Some of the aberration types [S3)]. (a) Spherical aberration, (b) Chro-

matic aberration, (c) Comatic aberration.

In the verification study, however, only the spherical aberration will be taken into
account and used for determining the focal spot sizes at different locations. These
spot sizes, in comparison with simulations conducted in commercial software, will

be used for determining the accuracy of the written ray-tracing code.
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2.7 Thermal Model

The performance of the collector is determined by the heat added to the heat transfer
fluid within the collector. In order to accurately model the receiver’s thermal behavior,
losses from the system must be taken into account and incorporated into an energy
balance equation. The heat transfer network model of the receiver is illustrated in

Figure [2.16] adapted from Kalogirou S. A.[56].

Sky
Ambient air

Davsorbed-n Qe

Receiver
tube

Glass

envelope Vacuum

(a)
qahsorhcd,rt qabsnrbed,ge
' R ' R
: conv,rto-gei : conv,geo-a
1 1 )
! ! ambient
v v
fluid Rconv,rt-f : Rcond,rti—rto : : Rcond,gei—geo : Rrad,geo-s sky
1 1 1 1
I I I I
1 1 1 1
rt; rt, g6 g€

(b)

Figure 2.16: (a) The receiver flux representations and (b) the heat transfer network
model of the receiver, adapted from Kalogirou S. A. [56]]. From left to right, the

domains are the fluid domain, the receiver tube, the annulus, the glass envelope, the

ambient air, and the sky.
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And the energy balance of this receiver for the steady-state conditions, i.e. no accu-

mulation, is written as Equations between [2.23]to

Qeond,rt;—rt, — Geonv,f—rt; (223)

Qabsorbed,rt = Geond,rt;—rt, + Qconv,rt,—ge; + Qrad,rto—ge; (224)
Qconv,rto—ge; + Qrad,rto—gei — Geond,ge;—geo (225)
Qcond,ge;—ge, + Qabsorbed,ge = Gconv,geo—a + Qrad,ge,—s (226)
Qloss = Geonv,geo—a + Qrad,ge,—sky (227)

The receiver is evacuated which results in a negligible convective transfer inside the
annulus, between the receiver tube and glass envelope. Following the energy bal-
ance and the analysis in Kalogirou S. [56] with a couple of simplifications, the terms

in the equations and the assumptions for finding their values are as shown between

Equations [2.28] and [2.46]

The convective heat transfer between the working fluid and the receiver tube is calcu-

lated by Equation [2.28]

QConv,rt—f == thrt—fATrt—fL (2 28)
== h‘fﬂ—DTti (Trti — Tf)L

where the convective heat transfer coefficient for the flow inside the receiver tube is
given by Equation [2.29]

ky
Dy

hy = Nup,,, (2.29)
and the Nusselt number for the flow inside the tube is taken as 4.36 for laminar flow
assuming constant heat flux, and calculated using Petukhov-Popov correlation [57],
valid between 4000 < Re < 5 10° with an accuracy of +5 %, given by Equation
coupled with the Bhatti-Shah correlation [S7] for the friction factor with an accuracy

of £2 %, given by Equation [2.30} if the flow is turbulent.
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CCH127(f /22 (PrP - 1)
900 0.3
RGDTti 1+ 10PTf

N,U’Drt

(2.30)
C =107+

f=A+B Rep!™
A =0.0054,B=2.310"% m = —2/3 for2100 < Re < 4000 (2.31)
A =0.00128,B = 0.1143,m = 3.2154 for 4000 < Re < 107
If Reynold’s number indicates that the flow regime is in transition, then by using both

Nusselt numbers for laminar and turbulent flows in the Taborek’s correlation [57]],

which is valid between 2000 < Re < 8000, given by Equation [2.32]

NuDrti = ¢ Nulaminar,DTti + (1 - ¢>Nuturbulent,Drti
e, (2.32)

¢=1.33—

(2.33)

And the thermophysical properties of the heat transfer fluid, Syltherm 800, are found
by the interpolation function in MATLAB using the manufacturer data [58|]. The
conductive heat transfer within the receiver tube is calculated by Fourier’s law of

conduction in cylindrical walls from Cengel Y. [59]], and given by Equation [2.34]

27Tkrt (Trti - Trto)

Geond,rti—rt, — Dot
In [ Fte
Drti

L (2.34)

where the thermal conductivity of the receiver tube made from SS 316L, k., is cal-
culated using the correlation given in Kalogirou S. [56], which is given by Equation

2.35]

Trti + T’I‘to

kye = 0.013 +15.2 (2.35)
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The radiative heat transfer between the receiver tube and the glass envelope is esti-
mated using Equation 2.36][59], where €, and €., are the emissivities of the receiver

tube coating and the glass envelope, respectively.

oDy, (Tfto — Tg46,'>

Qrad,rto—ge; — 1 N (l_egei)DT‘tO
€rto fgeiDgei

The conductive heat transfer within the glass envelope is calculated similarly to the

receiver tube, using Equation

L (2.36)

21k ge(Tye, — Tye,
Qcond,ge;—ge, — gl (<D ) g )L (237)
n gdeo

where the thermal conductivity of the glass envelope, kg, is 1.15 Wm 'K~ [60].

The convective heat transfer from the glass envelope to the ambient air is calculated

using Newton’s law of cooling, given by Equation [2.3§]
Geonv,geo—a = hgeofaﬂ-DgeD (Tgeo - Ta)L (238)

where the convective heat transfer coefficient is given by Equation[2.39]

kair
hyeo-a = 75~ Nup,, (2.39)
géo

The thermal conductivity of the air is calculated by the interpolation function in MAT-
LAB using thermophysical property data from Incropera [61]. Assuming that there is
no wind around the receiver due to its location in the collector, the Nusselt number is

calculated using Equation [2.40] [59].

0.387Ray"

Nup,,, = [0.60 + - (2.40)
A —=
(1 + (0.559/Prg60_a)ﬁ) 7
where, ,
T,.. —T,) D2,
Rap,, - 90 Qo =T0) Dyes (2.41)
Vgeofa
and,
1 Eo—a T e + Ta
B=— Proe, o= O”f— Tyeyma = 20— (2.42)
geo—a geo—a
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And, if there is wind around the receiver, the Nusselt number for cross flow over a
cylindrical surface is calculated by Equation[2.43] correlation suggested by Zukauskas,
given in Incropera [61]], valid for 0.7 < Pr < 500, and 1 < Rep < 10°.

P'rair 1/
Pry )

Nup = CRe Pr,. ( (2.43)
where, n is 0.37 for Pr < 10, and n is 0.36 for the rest of the range, Reynold’s number

is calculated by Equation [2.44] and other constants are given in Table [2.1

Table 2.1: Constants of Equation [2.43|

RGD C m

inaD
1-40 075 04 Rep = VuwindDge, (2.44)
40- 103 051 05 Vair

10°-210° 026 0.6
210°-10° 0.076 0.7

Finally, the radiative heat transfer coefficient is given by Equation [2.45][59],

Grad.ge,—s = 0€ge,™Dye, (T, — THL (2.45)

geéo

where Ty = T, — 8 K. The emittance of the glass envelope, €., is taken as 0.86 [36]],
and the emittance of the receiver tube is calculated using Equation [62].

€, = 3.27 107*T,,, — 6.5971 102 (2.46)
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CHAPTER 3

RAY-TRACING SIMULATIONS & INVESTIGATION OF THE THERMAL
PERFORMANCE OF FRESNEL LENS SOLAR COLLECTOR

3.1 Verification of the Ray-tracing Model

In the verification simulations, the wavelength of the rays is selected as 800 nm, and
the polycarbonate’s respective refractive index is found as 1.58, from the data pub-
lished by Zhang et al. [41] [42]]. Both of these are given as material and ray-related
properties to both simulation environments. By selecting a single wavelength, the
effects of chromatic aberration are eliminated from the verification study. Similarly,
the effects of comatic aberration are also eliminated from the verification study by
selecting the angle between the ray and the normal vector of the aperture as zero.
Additional simulations for determining the correctness of the wavelength-dependent
calculation are considered a repetitive and unnecessary step since the additional step
is only a data interpolation regarding the refractive index. Also, investigating the
comatic aberration in the verification study is considered to be a repetitive and unnec-

essary step because those angles and the refractions are encountered.

In the ray-tracing code for the verification study, the internal loss due to the absorption
within the medium and the Fresnel reflections are neglected to obtain ray-related data,
as much as possible, hence the spot diameter at the control surfaces is selected as the

verification parameter.

To verify the correctness of the refraction calculations in the ray-tracing simulations,
two biconvex lenses and two plano-convex lenses are selected. The properties of these
lenses are given as input to a new geometry creation code, and they are drawn in the

GMSH environment through programming in Julia. Additional control surfaces are
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added to these lenses illustrated in Figure [2.15] and the environments for the verifi-

cation simulations, ray-tracing code, and Zemax OpticStudio [63], and the sample

results are given in Figure [3.1]

() (b)

"

///N\\
V. \\\

(©) ()

Figure 3.1: Lens types used in the verification study of the ray-tracing simulations.
(a) Biconvex lens (Code), (b) Biconvex lens (Zemax), (c) Planar-convex lens (Code),

(d) Planar-convex lens (Zemax).

In notation with Equation |T_2TL two biconvex lenses, R1 = 800 mm and 1000 mm, R2
= 1000 mm and 800 mm, respectively, and similarly, in notation with Equation 2.22]
two planar-convex lenses, R2 = 750 mm and 1500 mm, respectively, are generated.
For each simulation, five different distances are selected for the control surfaces. The

results of this study are presented between Figures [3.2] and [3.3]
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Figure 3.2: Ray number and incoherent irradiance distributions for the biconvex lens,
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lens, R2 = 750mm. (a,c,e) Ray-tracing code, (b,d,f) Zemax.
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Figure 3.5: Ray number and incoherent irradiance distributions for the planar-convex

lens, R2 = 1500mm. (a,c,e) Ray-tracing code, (b,d,f) Zemax.

44



3.2 Parametric Study on Optimal Geometry Parameters

To determine the optimal geometry, which should have high transmittance and focus
the incident rays to the receiver, to be used in the simulations, an initial study on a
set of parameters is conducted. These parameters, illustrated in Figure include
minimum and maximum height, and the latter limiting value for the width, which
delays the narrowing, of the prism. The results of the initial study using the set

parameters are given in Figure 3.7

to receiver

Figure 3.6: Parameters used in the parametric study for optimal geometry creation.

The radius of the lens is selected as 1000 mm, and the results for the initial study,
whose sample size for each simulation is 10*, given in Figure indicate that in-
creasing the minimum and the maximum height of the prism has a reducing effect on
the efficiency, and the latter limiting value for the width of the prism has no signifi-
cant effect on the efficiency. The efficiency in terms of energy of the solar collector
is not the only parameter that needs to be examined during the lens creation proce-
dure, because the unfavorable combinations of the heights of the prism may result in
inadmissible lens geometries in terms of both the prism shape and the aperture width,

observed in the sudden drop at the right side of Figure

Complying with the results of this study, the minimum and the maximum height and
the latter limiting value for the width of the prism are selected as 2 mm, 7 mm, and
10 mm, respectively, using a lens with a radius of 1000 mm. This combination of
parameters resulted in 39.5% optical efficiency with a geometric concentration ratio
of 14.43 using a receiver diameter of 70 mm. Moreover, in this preliminary study
with a sample size of 10%, the factors that cause loss mentioned in Chapter [2, have

been included.
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Figure 3.7: The solar-to-receiver efficiency, left, and the product of the solar-to-

receiver efficiency and the geometrical concentration ratio, right. (a,b) Minimum

starting height, (c,d) maximum height, and (e,f) the latter limiting width value.

An additional parametric search is conducted for the secondary concentrator, in this

case, a cylindrical reflector, to catch the light escaping the receiver. Its radius and

location of its origin with respect to the receiver, which are illustrated in Figure [3.8]

are examined and the results are given in Table[3.1]
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Figure 3.8: Illustration of the parameters studied for the secondary concentrator.

The results indicate that as the radius of the reflector surface increases, the light that
it collects increases, and as the center of this half-cylindrical reflective surface in-
creases, meaning that the surface gets closer to the receiver, the efficiency of the solar
collector increases. Considering the results given in Table [3.1] the radius of the sec-

ondary is selected as 155mm and its center is 40 mm above the receiver’s center.

The efficiency terms presented in these results are 7),,;, which is the percentage of ab-
sorbed energy to the incident energy, and 7;,;, which is the percentage of the number

of the rays absorbed to the ray sample size.

Table 3.1: Results of the parametric study on the secondary concentrator surface’s

radius and placement.

Tref  Yshift Mopt Nint* Other Surf. Abs. Internal Abs. Lost

(mm) (mm) (%) (%) (%) (%) (%)
135 0 40.5 342 1.3 34.1 30.3
145 0 399 338 1.6 344 30.3
155 0 389 329 1.5 35.1 30.5
135 10 42.1 354 1.3 35 28.3
145 10 413 345 1.5 355 28.5
155 10 42.6 36.1 1.6 34.1 28.1
135 20 444 374 1.2 34.5 26.9
145 20 44.0 369 14 34.9 26.9
155 20 443 36.8 1.5 35.2 26.5
135 40 49.0 40.8 1.4 34.8 23.0
145 40 495 414 1.5 344 22.8
155 40 49.5 409 1.5 35.1 22.4

* The intersection efficiency of the lens is for the band between 400 nm to 4 pm.
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3.3 Surface Approximation and Sample Size Independence Study

The environment for the simulation is made up of several components: a lens, a
receiver, a mirror, a source plane, a control surface, and a bounding box. These
components are illustrated in Figure [3.9] The previous analysis determines the lens’s
dimensions, and the position and dimensions of the source plane change according to
the lens and the starting angles of the rays. The receiver is positioned at the center
of the outer surface of the lens, and the mirror is placed according to Table [3.1] The
bounding box is a three-dimensional space large enough to contain the subject of
interest and not affect the results. The control surface is a two-dimensional plane that
lies between the bounds of the bounding box, and intersections on it do not count as

an event intersection.

Source Plane

Lens

—~

N O — Mirror

Receiver

Control Surface

Figure 3.9: Simulation environment of the Fresnel lens solar collector.
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3.3.1 Surface Approximation Independence Study

To account for the effect of the segment size of the approximation in the ray-tracing
simulations, a study is conducted on the number of divisions on the circular surfaces,
that are divided into quadrilateral segments. In this study, for not accounting for the
variation due to light spectrum, the wavelength of the rays is selected as 800 nm,
which results in an increase in the optical efficiency by roughly 15%. The division
numbers are selected as 50, 100, 200, 400, and 800, and for the result parameter,
optical efficiency is examined. In Figure [3.10] the results of the simulation which
presents the mean and standard deviation of the efficiency and the respective simu-
lation speeds are given. The sample size of these simulations is 10*, and the total

number of 17 simulations are conducted for each parameter.

61 T 30

|
N

60 —

595 -

Absorbed/Incident Energy (%)
I I
S O

Simulation Speed (rays/second)

59

58.5 1 1 1 1 1 1 1 1 0
0 100 200 300 400 500 600 700 800 900

Number of Divisions (#)

Figure 3.10: Results of the surface approximation independence study.

Due to the small sample size and the total number of simulations, the standard de-
viation calculated for each step is larger than expected. Increasing the sample size
to the order of 10° and increasing the simulation number should mitigate this issue.
Considering the computational time for the simulations, approximating the circular
surfaces with 200 divisions, in which the simulation speed eventuates to roughly 10

rays per second is decided to be an adequate selection.
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3.3.2 Sample Size Independence Study

To find the sample size of rays that should be emitted to the collector, different sam-
ple sizes and their resulting optical and intersection efficiencies are compared. A
simulation with the ray sample size of 107 is performed and the smaller studies are
calculated by undersampling the original data. The repetition numbers are selected as

100 for the undersampled smaller ray sample sizes. These results are given in Table
3.2

Table 3.2: Results of the sample size independence study, conducted with varying
ray sample sizes and repetitions on a lens with 1 m? aperture area at the condition of

perpendicular ray-lens alignment.

Nray nTPt W* NT@petition** Unapt O nint
(%) (%)
10* 49.56 41.31 100 0.60 0.44
10° 49.58 41.34 100 0.18 0.16
10° 49.57 41.34 100 0.05 0.05
107 49.57 41.34 1 - -

* The intersection efficiency of the lens is for the band between 400 nm to 4 pm.
*#* Smaller sample sizes are acquired by splitting the study with a sample size of 107 in an

arbitrary manner.

The standard deviations of the efficiencies, which are given in Table @, show that
the standard deviation is expectedly decreasing as the ray sample size is increasing.
Considering the results, a sample size of 10° per square meter aperture area is a suit-
able choice. Additionally, the last two columns for the sample size of 10* show that

the deviation illustrated in Figure [3.10]is likely to be associated with the sample size.

Finally, another effect of the sample size is on the spectrum of the emitted rays. As
the sample size increases, it is expected that the wavelengths assigned to the rays
would fill the spectrum according to the rule of the cumulative distribution function.
For examining the effect of the sample size on the emitted rays’ spectrum, assigned
wavelengths and their cumulative distribution function for two sets, whose sample

sizes are 10° and 107 are plotted over Figure and given in Figure m
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Figure 3.11: Simulation coverage of the AM1.5 spectrum for the simulation with the

ray sample sizes of (a) 107, and (b) 10°.

Figure [3.11)and Table [3.2]indicate that the ray wavelength distribution under the rule
of cumulative distribution function matches AMI1.5 spectrum. Therefore, it can be

said that the ray sample size of 10° per square meter is appropriate.
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3.4 Model Parameters

The parameters required for further simulations to determine the collector’s optical

performance are presented in Table[3.3] The parameters for the receiver are acquired

from SNL’s technical report [64]. The minimum and the maximum thicknesses and

the parameters for the reflector are acquired using the parametric study. The aperture

width of the lens and the geometrical concentration ratio are obtained from the devel-

oped geometry creation code. Moreover, to lessen the effect of the incidence angle

around the transversal axis, the array length is chosen as 4 meters.

Table 3.3: Parameters used in the ray-tracing simulations.

Part Name Parameter Name Parameter Value/Type
Array Length 4m

Solar Collector Aperture Area 4.04 m?
Geometrical Concentration Ratio  14.43
Outer Radius 1000 mm
Minimum Thickness 2 mm
Maximum Thickness 7 mm

Lens Total Aperture Width 1010 mm
Single Lens Volume 2.2310° m?
Total Lens Volume 8911073 m?
Material Polycarbonate
Envelope Outer Diameter 115 mm
Envelope Thickness 3 mm
Absorber Outer Diameter 70 mm

i) Absorber Thickness 2 mm

Receiver Envelope Material Low-Iron Borosilicate
Absorber Material Stainless Steel 316L
Absorber Coating Cermet
Absorptance” 0.95
Radius 155 mm

Reflector Location of Center (0,40 mm, 0 : 4 m)
Reflectance 0.94

Absorptance of the Cermet coating is corrected for the ray-tracing simulation using

Equation from Dulffie J. and Beckman W. [65], where 0 is the angle of incidence

of the coated receiver tube.

Qg

—2 =1—1.5879 10720 + 2.7314 107%6% — 2.3026 10~°6>

O

+9.0244 10770* — 1.8000 107%0° + 1.7734 10~ '%¢°

—6.9937 1071307
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3.5 Optical Performance of the Fresnel Lens Solar Collector

For evaluating the optical performance of the Fresnel lens solar collector, multiple
simulations have been performed using the developed ray tracing code. For these
simulations, the parameter set, which is given in Table is used. The isometric

view of the simulation geometry, drawn in the GMSH environment is given in Figure

B.12

Figure 3.12: Isometric view of the Fresnel lens solar collector simulation geometry

in the GMSH environment.

Using the simulation results from Section [3.3.2] Figures [3.13] and [3.14] have been
created. While Figure a) uses the result with a sample size of 10°, Figure b)
uses the result with a sample size of 107, which induces the apparent difference in
clearness. As it can be seen from both figures, Figures [3.13|and [3.14] the main focus
on the receiver is located around ¢,... = 5 and there are two smaller focuses under the
receiver, originating from the secondary concentrator surface. Furthermore, as given
in Figure [3.14] the local concentration ratio on the receiver, calculated by Equation

reaches its maximum at ¢, = 5 with a value of 16.

Glocal
LCR = 3.2
Gbeam ( )
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Figure 3.13: Absorbed irradiances on the receiver surface for the runs with the de-
termined parameters and the ray sample sizes of (a) 10°, and (b) 107, on a Fresnel

lens solar collector with 1 m? aperture area at the condition of perpendicular ray-lens
alignment.
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Local Concentration Ratio

Tangential direction (rad)

Figure 3.14: Local concentration ratio on the receiver.

For determining the efficiency of the collector when the rays are incoming from Sun at
an angle, a factor called incidence angle modifier should be calculated. Moreover, the
efficiency of the collector for increasing incidence angles is simulated with a collector
length of 4 meters, and the results are given in Table [3.4, As determined in Sections

3.3.1] and [3.3.2] division number of 200 for the cylindrical surfaces, and a sample

size of 10° per square meter is used. Additionally, internal absorption in column 3 is

coherent with the 81.6% real transmittance obtained by Ma et al. [34].

Table 3.4: Energetic and quantitative outcomes of the rays for different angles of

incidence, with sample size 4 10°, which is for a collector length of 4 meters.

0 Eabs,rec  Eabs,tra  Eiost  Nabs,rec ~ Nabs, tra Niost
(deg) (%) (%) (%) (%) (%) (%)
0 49.51 20.00 30.50 41.29 34.82 23.90
10 45.18 19.77 35.05 37.75 34.53 27.72
15 41.37 19.60 39.03 34.63 34.32 31.04
30 25.56 18.97 55.47 21.62 33.64 44.74
45 10.42 20.70 68.88 9.10 3491 55.98
50 8.45 18.67 72.88 7.23 33.23 59.54
60 4.23 18.80 76.96 3.85 33.29 62.86
65 2.23 18.47 79.30 2.11 32.87 65.03

"E" stands for energy, and "N" stands for number.
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In Figure [3.15] sample simulation results for the simulations for incidence angles of
0° and 30° are illustrated using 500 rays. Considering the results in Table[3.4]and Fig-
ure 3.15] it can be said that as the incidence angle increases, the Fresnel reflectance
due to intersection and internal absorptance increases due to the longer path of the

ray, causing a steeper decrease in the efficiency.

i
\\\
il

I
i

|l

AR

(b)

iy

W

Figure 3.15: Simulation results illustrated using 500 rays in the GMSH environment,

for (a,b) O° angle of incidence, and (c,d) 30° angle of incidence.

Using the second column of Table[3.4] the incidence angle modifier is determined and
presented in Figure[3.16] The incidence angle modifier has a sharp decrease between
0° and 15° , and soft landing after 60, unlike incidence angle modifiers for parabolic
trough collectors. However, this result is similar to the study by Lin et al. [66] on a

linear Fresnel lens solar collector.
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Figure 3.16: Incidence angle modifier for incidence angles around transversal axis.

The fit equation is in the form of Equation[3.3]

K(0) =3.889 107%¢% — 2.311 107%0 — 7.587 10720 + cos( ) for0 <6 <70

0"
180
=0 for 70 < 6 < 90

(3.3)

And in Figure the effect of incidence angle around longitudinal axis on the opti-
cal efficiency is presented. A longitudinal incidence angle greater than zero indicates
that the collector is not pointed directly at the target, and is caused by installation and
tracking errors. Therefore, Figure indicates that the acceptance angle of this col-
lector is 6°, and the one dimensional tracking errors, which is given in the literature is
lower than 4+0.2° and +£0.4° as stated by Sallaberry et al. [67]] and [68]], indicate that

the tracking errors would not likely to have a noticeable impact on the efficiency.
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Figure 3.17: Optical efficiency for incidence angles around longitudinal axis.
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3.6 Thermal Performance of the Fresnel Lens Solar Collector

The results of the one-dimensional thermal resistance model described in Section 2.7]

are given in Tables[3.5|and [3.6] In comparison with the receiver heat loss results from

SNL [64]]. In Table heat losses from the receiver under "no sun" and "no wind"

conditions, and in Table [3.6] heat losses from the receiver under no wind conditions

have been studied. The "no sun" condition refers to zero insolation on the collector,

and the "no wind" condition refers to a set cross wind over the receiver.

Table 3.5: Heat loss results for SEGS L2 collector under no sun and no wind condi-

tions for various air, and fluid temperatures.

Ta Tf Qloss,conv (ID) Qloss,rad (ID) Qloss (ID) Qloss (SNL [64])
°O) (&®) (W/m) (W/m) (W/m) (W/m)
17.00 47.00 -0.16 1.85 1.69 2
19.00 97.00 -0.03 7.81 7.78 8
24.00 147.00 0.11 20.21 20.33 21
30.00 197.00 0.64 41.81 42.45 44
40.00  246.00 1.29 75.97 77.26 82
52.00  296.00 2.40 128.38 130.79 141
69.00  345.00 3.40 202.42 205.83 225
89.00  394.00 4.47 303.79 308.25 344

Table 3.6: Heat loss results for SEGS L2 collector under no sun condition for various

wind speeds, air, and fluid temperatures.

Ta Tf Vwind Qlc (ID) er (ID) Qloss (lD) Qloss (SNL [64])
°O) ((®) (m/s) (W/m?) (W/m?) (W/m?) (W/m?)
2630 111.78 3.2 -0.76 2.73 1.97 0.3
25.40  100.00 2.9 -1.10 2.60 1.51 0.9
2250  199.20 0.1 2.09 6.76 8.85 14.4
26.70  298.45 2.0 18.81 9.29 28.09 36.7
1990 153.35 1.1 1.31 3.29 4.60 53
2420 25345 1.5 10.55 6.91 17.45 23.4
27.60 34745 0.6 23.22 20.66 43.88 55.8

Moreover, using the thermal model, heat losses for different DNI values, which are

500, 750, and 1000 W/m?, and different fluid temperatures at 0° incidence angle, and

25 °C air temperature are calculated. These results are given in Figure [3.18]
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CHAPTER 4

ASSESSMENT OF THE ANNUAL PERFORMANCE OF THE
CYLINDRICAL FRESNEL LENS COLLECTOR

The annual performance of the collector is evaluated by selecting provinces with rel-
atively higher direct normal irradiation values. The selected provinces whose long-
term average of DNI’s are given in Figure {.1] [69], are Gaziantep, Aydin, Antalya,

and Ankara.

The methodology for the model for this assessment contains Sun equations and TMY
data for the aforementioned provinces in Turkey, and it is explained in Section {.1]
Additionally, a complementary MATLAB code, which gathers typical meteorological

year data from OneBuilding’s [70] repository, is written.

© 2019 The World Bank
Source: Global Solar Atlas 2.0
Solar resource data: Solargis

Long term average of DNI, period from 1994 (1999 in the East) to 2018 ! 200km

Dallytotals: 28 32 36 40 44 48 52 56 60 64
[ B e kWh/m*

Yearly totals: 1022 1168 1314 1461 1607 1753 1899 2045 2191 2337

Figure 4.1: Long term average of direct normal irradiation map of Turkey, published

by The World Bank [69].

61



4.1 Methodology

To calculate the optical efficiency, the Sun to receiver efficiency in this case, through-
out the day, n, at a latitude of ¢, and longitude of L., the angle that the incoming

beam radiation makes with the aperture of the collector should be obtained.

Using the following equations gathered from Duffie J. and Beckman W. [65], the

position of the Sun is calculated.

The declination angle is calculated using Equation 4.1

284+n w T
365 180/ 1R0

0 =23.45 sin (360 4.1)

The equation of time, E, is calculated in terms of minutes using Equation @,

E = 229.2(0.000075 + 0.001868 cos(B) — 0.032077 sin(B) W)
—0.014615 cos(2B) — 0.04089 sin(2B)) ’

where B is found using Equation 4.3

B—(n 360

(n — )%@ 4.3)

The middle of the hour in the solar time is calculated using Equation 4.4

E
tsolarmidhour - tstandard + 4 (Lst - Lloc) + @ - 05[1’11'] (44)

The local standard meridian is found by multiplying the difference between the local

standard clock time and Greenwich Mean Time by 15.

w = 15 (tsolarmidhour — tstandard) % (4.5)

The solar zenith angle for horizontal surfaces is calculated using 4.6
cosf, = cos ¢ cosd cosw + sin ¢ sin d (4.6)

And the solar azimuth for horizontal surfaces is calculated using 4.7]
Vs = sign(w) |cos ™ <COS ZIZ;Z fo;zin 6) ‘ 4.7)
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After calculating Sun’s position, and its relative angles with a horizontal surface, the
angle of incidence of the beam radiation on 1D tracking collectors can be calculated.
For a collector that is N-S tracking by rotating around the E-W axis, the angle of

incidence is calculated using Equation {.8]

cosf, = (1 — cos? ¢ sin? w) 12 (4.8)

The surface tilt angle is calculated using Equation 4.9

tan By = tan 6, |cos | 4.9

And the surface azimuth angle is calculated using Equation .10}

0° if |vs] <90
= (4.10)
180° if |7, > 90
For a collector that is E-W tracking by rotating around the N-S axis, the angle of

incidence is calculated using Equation d.T1] angle of incidence

cosf, = (cos2 6, + cos? § sin? w) 12 (4.11)

The surface tilt angle is calculated using Equation 4.12]

tan s = tan @, |cos (7 — 7s)| (4.12)

And the surface azimuth angle is calculated using Equation 4.13]
90°  ify, >0

y= (4.13)
—90° ify, <0

Using the angle of incidence on the collector for the middle of the hour in solar time
and the obtained TMY data, the incidence angle modifier, the optical efficiency, which
accounts for the losses except for the heat losses, and the absorbed solar radiation can

be calculated using Equations [3.2] 4.14] and [4.T5] respectively.

770}775(9) = K(@) Topt,0 (4-14)

Gabsorbed,rt = 770pt<6) [b (415)
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4.2 Annual Performance Results

To illustrate the results of the annual performance assessment, four provinces in
Turkey have been selected. While the DNI for Gaziantep is the largest among the
selected provinces, for Ankara, it is the smallest, most likely due to the weather con-
ditions. In Figure 4.2] annual average hourly irradiation values are given. For this
calculation, the incidence angle modifier obtained for the collector with a 4-meter

length is used.

Considering the results given in Figure .2 and Table {1 which present the average
daily total irradiation values, the E-W tracking collector has a higher daily average in-
solation than the N-S tracking one. As indicated by the last two columns of Table 4. 1]

similar annual average optical efficiencies for all providences due to similar latitudes.
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Figure 4.2: Annual average of hourly direct normal irradiation, and solar irradiation

absorbed by the receiver for the E-W, and N-S tracking collectors.
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Table 4.1: Annual average daily total direct normal irradiation, solar irradiation ab-

sorbed by the receiver, and annual optical efficiencies for the E-W, and N-S tracking

collectors.
Providence =~ DNI Iew Ins Toptical, EW Tloptical,NS
(kWh/m?) (kWh/m?) (KWh/m?) (%) (%)
Ankara 4.11 1.25 1.02 30.30 24.78
Antalya 5.05 1.56 1.26 30.88 24.88
Aydin 5.33 1.63 1.30 30.67 24.42
Gaziantep 5.79 1.80 1.37 31.12 23.69

In comparison to the other collector systems, the annual average optical efficiency
of the Fresnel lens solar collector is lower considering the optical simulation study
conducted by Kincaid et al. [71], which concludes that the annual optical efficiency
for the selected parabolic trough collector is 60%, for the selected central receiver
technology it is 52%, and for the selected linear Fresnel collector it is 40%, using
China Lake, California as the location. Additionally, the average collection efficiency
reported by Ma et al. [33]], which is the most comparable efficiency in the literature to
the presented optical efficiency in this study, is between 44% and 53% for days with
DNI values averaging between 600 and 700 W/m?.

In Table 4.2, seasonal daily average total DNI and solar irradiation absorbed by the
receiver, and seasonal optical efficiencies are given. These results indicate that while
the collectors with N-S tracking have similar optical efficiency throughout the year,
the collectors with E-W tracking have varying optical efficiencies. Furthermore, in
autumn and winter, days closer to the winter solstice, collectors with E-W tracking
receive the rays at higher incidence angles, resulting in higher orientation losses and
lower optical efficiencies. However, in spring and summer, days closer to the summer
solstice, collectors with E-W tracking receive the rays at smaller incidence angles.
The optical efficiencies of the collectors during summer are as high as around 40%.
In comparison with the 0° angle of incidence, orientation losses account for 15-20%

of the overall losses.
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Table 4.2: Seasonal average daily total direct normal irradiation, solar irradiation

absorbed by the receiver, and annual optical efficiencies for the E-W, and N-S tracking

collectors.

Providence Season DNI Igw Ins Noptical, EW Noptical NS

(kWh/m?) (kWh/m?) (KWh/m?) (%) (%)

Winter 2.16 0.23 0.63 10.62 29.16

Ak Spring 3.86 1.33 0.90 34.49 23.30

fkara Summer  6.27 2.56 1.44 40.76 22.98

Autumn 411 0.84 1.10 20.42 26.69

Winter 3.46 0.39 1.01 11.32 29.09

Antal Spring 5.02 1.82 1.16 36.32 23.11

ntalya Summer  7.05 2.98 1.64 4226 23.20

Autumn  4.65 1.02 1.22 21.85 26.29

Winter 3.34 0.39 0.94 11.83 28.04

Avd Spring 5.57 1.99 1.29 35.68 23.11

ydin Summer  7.31 3.04 1.66 41.64 22.68

Autumn  5.03 1.07 1.31 21.30 26.04

Winter 3.62 0.40 1.06 10.92 2921

G Spring 5.77 2.11 1.25 36.59 21.65

aziantep g mer  8.10 3.44 1.75 42.51 21.63

Autumn  5.61 1.22 1.42 21.70 25.29

In the winter, the solar energy resources of the provinces in Turkey are lower than in
other seasons. This is because Turkey is located in the northern hemisphere, and the
sun is lower in the sky in the winter. Moreover, the optical efficiency, or the amount of
light that is collected, is affected by the angle of the sun’s rays due to the fact that the
sun’s rays hit the earth at different angles throughout the year. The optical efficiency
of a collector with E-W tracking decreases from 40% in summer to 10% in winter,
while the optical efficiency of a collector with N-S tracking decreases from 29% in
summer to 21% in winter, which is lower than the E-W tracking collector, but it is
in a narrower band. Withal, as expected, lower optical efficiency due to latitude was
obtained for Ankara compared to other provinces, and the low DNI values compared
to other provinces abbreviate the heat collected with low optical efficiency. For fur-
ther examining the results, two days with relaitively clear skies close to the solstices
have been selected and the results obtained from the annual model on those days are

presented in Figure 4.3
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Figure 4.3: Sample results for the annual model for Ankara at two relatively clear

days, close to solstices.

As illustrated in Figure 4.3] the DNI values on December 26th, which is close to
the winter solstice, is significantly lower compared to the DNI values on June 24th,
which is close to the summer solstice. Furthermore, the optical efficiency of the E-
W tracking collector varies depending on the season and time of day, which is, in
summer, the efficiency is highest in the hour closer to the middle of the day, while
in winter the efficiency is lowest in the middle of the day. Besides, the N-S tracking
collector is less affected by the seasonality of the incidence angles of the sun’s rays

and draws a similar profile throughout the year.

If examined, the peak of the heat collection value of the EW tracking collector is not
in the middle of the day. It is belived to originate from the fact that the collected heat
is a product obtained by multiplying the DNI value with the optical efficiency. The
N-S tracking collector, which is used to collect heat from the sun, reaches its heat
collection peak at the middle of the day. This is as expected, since the sun is at its

highest point in the sky during this time.
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4.3 Working Temperature Range of the Fresnel Lens Solar Collector

The thermal and annual models have been coupled to determine the outlet tempera-
tures throughout the day. To do this, a simple search algorithm based on bisection

method, which uses Equations [4.16] 4.17] and [4.18] is utilized.

The Equation [4.16] which calls the thermal model, allows for the determination of
the convective heat transfer to the working fluid, given the absorbed energy, the mean

fluid temperature, the ambient air temperature, and the flow rate of the working fluid.

Geonv, f—rt; = fthermalmodel((b"adrta QTadgea L, Taa Tf, moil, Vwind) (416)

Using Equation the temperature range of the oil for the step is calculated.

Qconv,f—rt;
AT = Touier — Tintet = ——=—r~ “4.17)
Mol Opoil (Tf)

And using the search algorithm on Equation4.18| mean fluid temperature for the step

is obtained. This search algorithm is illustrated in Figure [4.4]

AT

fobjective = Tf - T — Tintet (418)

f(Ty)

Figure 4.4: Illustration of root-finding method for determining the bulk fluid temper-

ature for a step.
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Utilizing this search algoritm with the absorbed energy data obtained from the an-
nual model for Ankara on June 24th, a sunny day close to the summer solstice, the
results given in Figure[4.5]are obtained. In these simulations, collector lengths, L, are
4 and 8 meters, which refers to two 4 meters array, the ambient temperature is 25 °C,
the working fluids flow rate is 55 liters per minute, wind speed and g,qq,, are zero.
Addionally, the bounding temperatures for the bisection search algorithm are the am-
bient temperature as the lower bound and 400 °C as the upper bound. Besides, there
is another parameter seperate from the previous models, hourly loop count, which
indicates the oil tank volume proportional to the flow rate. In these simulations, the
preferred hourly loop count is 10 and 5 correspond to 330 and 660 liters tank volume,

respectively.
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Figure 4.5: Sample outlet temperature calculation results for the coupled thermal and
annual models for Ankara on June 24th, close to summer solstice. (a) 4-meters long
collector array, 330-liters tank volume, (b) 8-meters long collector array 330-liters
tank volume, (c) 4-meters long collector array, 660-liters tank volume, (d) 8-meters

long collector array 660-liters tank volume.
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The outlet temperatures of the working fluid gradually increase from sunrise to sunset
and then starts decreasing after sunset. This means that the inlet temperature of the
working fluid is constant during a loop, and the effects of thermal stratification are not
considered. In Figure .5] the first two graphs are for 4 and 8 meters long collector
arrays, in which the working fluid loops the field ten times per hour, and the collectors
reach temperatures around 100 °C and 180 °C respectively. The latter two graphs are
for 4 and 8 meters long collector arrays, in which the working fluid loops the field five
times per hour, and with this difference the assumed tank volume would be doubled,
and the collectors reach temperatures around 65 °C and 100 °C respectively. The

absorbed and the collected heat during the day for these cases are given in Table

24Nj60p

Qcollected = E Moil Cpoil
t=1

(Toutlet (t) - Enlet(t>
2

) (Toter(t) — Toe(t)) (4.19)

Table 4.3: The absorbed and the collected energies for the sample results for Ankara

on June 24th.

Casel Case2 Case3 Cased

Qcollected (MJ) 3745 69.84 3751 7490
Qabsorbed (MJ) 39.83  79.66 39.83 79.66

The results of the study suggest that the heat loss predicted by the model is not
enough. The ideal temperature profile would be a wide bell-curve, whose center
is shifted to afternoon, however, the results show a steady increase from sunrise to
sunset and a slight decrease after sunset. This result is expected because the model
only focuses on the receiver, and not on the rest of the system. This means that there
would be no heat losses from the working fluid to the environment, and additionally,

no thermal load added to the system.

The results from the coupled model suggest that the scaled Fresnel lens solar collector
system would be able to handle the thermal load of a low-medium temperature SHIP
application. A more comprehensive system model should be constructed and further

analysis should be made in order to improve the understanding of the system.
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CHAPTER 5

CONCLUSIONS

5.1 Conclusions

The cylindrical Fresnel lens solar collector studied in this thesis is a promising tech-
nology for solar energy applications. The iterative testing algorithm proposed for
designing the lens is effective, and the open-source ray-tracing code developed for ex-
amining the performance of the collector is accurate. The thermal model constructed
for finding the heat loss under different conditions is reliable but underestimates the
heat loss from the collector system since it focuses on the receiver. The annual model
constructed using actual TMY data for Turkey gives realistic results for the year-long

analysis.

Under zero incidence angle conditions, the optical efficiency of the collector system
is obtained as 49.57%, and an incidence angle modifier equation for optical efficiency
for non-zero incidence angles is proposed. The local concentration ratio is drawn for
zero-degree incidence angle in Figure [3.14] and a geometric concentration ratio of
14.43 is obtained for the lens. The seasonality of the optical efficiency, according
to the annual performance model results, shows that a collector with E-W tracking
has an optical efficiency of about 40% in summer and 10% in winter, while an N-S
tracking collector has an optical efficiency of about 29% in summer and 21% in win-
ter. Comparatively to other collector systems, the average annual optical efficiency
of the Fresnel lens solar collector is inferior to that of the optical simulation study
conducted by Kincaid et al. [71]], which finds that the annual optical efficiencies are
60% for the parabolic trough collector, 52% for the central receiver technology, and

40% for the linear Fresnel collector. In the literature, the average collection efficiency
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provided by Ma et al. [33], which is one of the most comparable efficiency to the op-
tical efficiency presented in this study, is in the range of 44% to 53% for days with
average DNI values ranging from 600 to 700 W/m? . It is suggested that to improve
the annual collector performance, and the collector should be placed at an angle to

reduce the orientation loss due to the incidence angle throughout the year.

The combined model combines the thermal model on the receiver with the annual per-
formance model and provides operating temperatures for different oil tank volumes
and collector array lengths for a given loop. For example, an 8-meter-long collector
array with a tank volume of 330 liters reached operating temperatures around 180 °C
in Ankara on June 24. It is noted that the thermal model underestimates the collector
system’s heat loss as it emphasizes the heat loss from the receiver. Further analysis is
required to integrate the additional heat losses occurring in different components of

the system.

The average resin price for polycarbonate at the time is 1.28 €/kg [72], which corre-
sponds to a material cost of 6.84 €/m? aperture area. Xiao et al. [73]] specify a cost for
a cylindrical Fresnel lens solar concentrator as around 600 Chinese Yen, equivalent to
$87.5 with 10 years of a lifetime for a Fresnel lens with a 1.3 m? aperture area. The
assessment of Ma et al. [34]] with a wider perspective, projects a cost of 260$/m? for
the whole collector system. In comparison to the parabolic trough collector cost anal-
ysis given in Table[I.I] with the assumption of reducing costs by using stable receiver
tubes, and constructing a simpler structure due to light-weight, there seems to be a
potential, however, the decrease in the aperture area increases the receiver cost up to
110 $/m? [74]], and the initial cost assumption to 200$/m? for this collector system.
For that reason, ways to increase the aperture area and alternative receiver systems
should be investigated. Nevertheless, the Fresnel lens solar collector system could be
scaled to be used to supply the heat demand corresponding to low-temperature and

medium-temperature heat processes, especially for small installation areas.
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5.2 Future Work

The future work of this thesis can be separated into three parts, the open-source ray-

tracing code, the system model, and the experimental study.

The open-source ray-tracing code could be improved by,

speeding up the code by adding a shape library,

speeding up the code by utilizing high-performance GPU programming that

Julia offers,

adding a user interface with calls to Julia, and

embedding GMSH into the code, and using pycall to bring Paraview for visuals.
A system model that includes other components of the collector system should be
constructed.

The experimental study planned after this study includes a roof-top experimental

setup illustrated in Figure[5.1]

Figure 5.1: Schematic of the experimental setup for future work.
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