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Abstract: This paper presents a study on the use of optical fiber and a solar concentrator for a building
daylighting system. Daylighting is essential for improving indoor environments and reducing electric
lighting power consumption in office buildings. Traditionally, optical fiber daylighting systems were
implemented only on a small scale. More complicated technologies are required for more amounts of
daylight over further distance via a smaller light guider. The proposed solar lighting system with
optical fiber is composed of an array of linear Fresnel lenses and a stepped thickness waveguide.
The linear Fresnel lenses collect light into the stepped thickness waveguide. The stepped-thickness
waveguide is an optical component which redirects focused sunlight from the vertical direction
to the horizontal direction, and it guides light to the attached optical fiber. Simulation models
were developed using commercial optical simulation tools (LightTools™). The optical efficiency
and angular tolerance of the system are analyzed. The overall system cost is also estimated. Some
considerations on the economic expansion of the system in terms of efficiency and estimated annual
average energy saving are discussed. The results show that the presented optical fiber daylighting
system is a strong candidate for low-price and highly efficient solution for solar energy application to
building energy savings.

Keywords: optical fiber daylighting system; plastic optical fiber; stepped thickness waveguide; linear
Fresnel lens

1. Introduction

Lighting is an important part of the total living or working environment. The use of electric
lighting in a building makes up a significant proportion of the electric energy consumption [1].
In commercial buildings, 40% to 50% of energy consumption is accounted for by artificial lighting [2,3].
As a form of green energy, daylighting is essential for improving environments and reducing the
electric lighting power consumption in office buildings [4]. Recently, many researchers have been
concentrating on the development of cost effective solutions to the problems associated with designing
an integrated, energy efficient and functional daylighting system. Optical fiber daylighting technology
is one of the most efficient solutions for the delivery of natural light to a space in a building where
daylight is limited. This technology uses large area optical components to collect direct sunlight
and then transfers the light to interiors through optical fiber which has the ability to bring sunlight
much deeper into buildings [1,5-8]. In comparison with other existing daylighting technologies such
as conventional side and top glass window [9], glazing system [10], and passive tubular daylight
guidance system [11], the optical fiber daylighting technologies also decreases heating, ventilation and
air conditioning (HVAC) cost because they generate no heat. Efficient daylight buildings are estimated
to reduce the energy consumption needed for electric lighting by 50% to 80% [12]. In terms of health,
artificial light fails to produce a comfortable indoor environment. Daylight can be used to reduce
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the impact of illnesses such as seasonal affective disorder and to improve worker productivity [13].
Optical fiber daylighting systems are composed of three main components: the sunlight collector
with a Sun tracking mechanism, optical fibers, and luminaires that distribute light in the required
space [7]. At the heart of the optical fiber daylighting system is the sunlight collector and the Sun
tracking system. Through the research and development of many public and private groups, two basic
collector designs have proven to be the most effective and reliable. The first strategy uses optical lenses
to refract and concentrate sunlight into optical fibers; the second design captures incoming light by
reflection from parabolic mirrors [1,5,7]. However, both designs suffer from the non-uniformity of
the light beam over the endface of the optical fibers, and additional secondary optics are needed to
homogenize the sunlight and increase the optical fiber coupling efficiency and the tracking tolerance.
Traditionally, optical fiber daylighting systems have been implemented only on a small scale. For
scaling up a daylighting system, a large number of concentrators are needed to focus the light into the
optical fiber bundles. However, such a system becomes costly when the number of sunlight capturing
modules must be increased.

In this paper, we introduce an alternative approach for large scale sunlight concentration by
replacing the multiple secondary optics and their associated optical fiber coupling modules with a
multimode waveguide connected to a shared optical fiber coupling module [14-17]. The utilization
of a waveguide as a solar concentrator is quite new, and originally came from the design of a planar
concentrator [18] combined with backlighting [19]. In this case, the sunlight, concentrated by an array
of lenses, was coupled into a slab waveguide using specular reflections from an associate area of prism
facets fabricated at each lens focus [20]. This approach is able to reduce the complexity of optical
fiber daylighting systems through a more robust concentration. Sunlight concentrators using optical
waveguides as secondary optics can be classified into two main classes, namely, lossy and lossless
systems [15]. On one hand, the lossy systems have planar waveguides which maintain the same modal
cross section, so that the length of the planar slabs is unlimited. The first lossy structure proposed by
Karp et al. [15] uses round and small micro-structures as secondary optical elements. However, the lossy
systems lose some of the collected sunlight that strikes and decouples subsequent directing surfaces.
On the other hand, the lossless systems do not have geometrical decoupling losses. The lossless
system is a kind of planar solar concentrator of “stepped-shape” that proposed by Moore et al. [21].
The appropriate stepped waveguide design successfully avoids guiding-ray interaction with other
injection facets, so that it prevents the ray leakages from the waveguide. The thickness of the waveguide
needs to be increased as the light is collected from each subsequent linear Fresnel lens. Therefore, since
the thickness of the waveguide is limited, the maximum physical length of the concentrator is also
limited. Figure 1 illustrates the differences between two mechanisms: “lossy and lossless”. The lossless
systems are limited by length (Figure 1a) and lossy systems are limited by efficiency (Figure 1b).
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Figure 1. (a) Lossless mechanism has no decoupled loss but requires an increase in the waveguide
thickness; (b) Lossy mechanism does not require an increase in the waveguide thickness, but decoupling
loss occurs at the redirecting surface.
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Our goal was to design a large scale sunlight concentrator whose shape is simple and fabrication
cost per unit area is very low. Constraining the design to be compatible with an injection molding
process, we proposed a novel optical fiber based daylighting system using linear Fresnel lenses and a
stepped thickness waveguide (lossless mechanism). The physical layout of the system is shown in
Figure 2a. Light focused by each element of the linear Fresnel lens array is reflected and coupled into
a stepped thickness waveguide by the light directing surfaces. The light directing surfaces are tilted
surface with mirror coating as shown in Figure 2b. Sunlight is propagated within the slab by total
internal reflection (TIR) and is guided into a ribbon optical cable placed at the waveguide thicker edge,
as shown in Figure 2a.
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Fresnel lenses

S~ Stepped
7 thickness
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Figure 2. (a) Physical layout of optical fiber daylighting system, using linear Fresnel lens array and
stepped thickness waveguide; (b) Detail of stepped thickness waveguide from bottom view.

The remainder of the paper is organized in the following manner: Section 2 describes the proposed
daylighting system using a linear Fresnel lens array and a stepped thickness waveguide. A detailed
description of optical fiber coupling is also discussed in this part. In Section 3, the optical fiber
daylighting system based on a stepped thickness waveguide is modeled in LightTools™ software
(Synopsys Inc., Mountain View, CA, USA) to evaluate the performance of such a system. Finally, brief
concluding remarks and possibilities for future work are included in Section 4.

2. Proposed Sunlight Concentrator for Optical Fiber Daylighting System

The design for an optical fiber daylighting system powered by renewable solar energy for indoor
illumination is presented in this section. The sunlight concentrator researched in this study is composed
of a linear Fresnel lens array and a stepped thickness waveguide. First, we proposed a design for a
sunlight concentrator to collect direct sunlight. The concentrator is supposed to be equipped with a
tracking system to collect sunlight from the optimum direction [7]. An optical fiber bundle is attached
at the exit port of the optical concentrator to transfer the sunlight to the interior. The components of
the optical system, the design parameters, and their effects on the optical performance are discussed
below in detail.

2.1. Fresnel Lens Array

In conventional optical daylighting systems, the primary concentrators are constructed from
several different types of concentrators, such as a glass lens, an array of Fresnel lenses, compound
parabolic concentrators (CPC), diffractive concentrators, high reflectivity mirrors, or combinations of
lenses and mirrors. Because of the expense and the rapid degradation of quality, conventional glass
lenses and high reflectivity mirrors are not recommended for the primary concentrator of a daylighting
system. In this study, the primary concentrator is constructed from a one dimensional linear array
of Fresnel lenses. For simulation purpose, we used some parameter of a commercial linear Fresnel
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lenses from Microsharp (Microsharp Corporation Ltd., Oxfordshire, UK) with the performance data as
given in Table 1 [22]. A linear Fresnel lens has a micro-structured surface, which consists of a series of
grooves with changing angles of slope as the distance from the optical axis increases. A linear Fresnel
lens is a non-imaging optical device which can focus light in one direction only, resulting in a narrow
line image [23].

Table 1. Fresnel lens technical specifications from Microsharp.

Fresnel Lens Specifications

Focal Length 300 mm
Size 200 mm x 1000 mm

Thickness 3.5 mm

Material PMMA *

* PMMA: Polymethyl methacrylate.

In our optical design and simulations, five Microsharp linear Fresnel lenses, each one width
w =200 mm and length [ = 1000 mm, are arranged in linear array as shown in Figure 3a. The focused
regions are five parallel lines, which are also arranged in a linear array on the focal plane. However,
the Fresnel lenses have several inherent disadvantages [23]. One of them is the dispersion of the solar
spectrum. For daylighting systems, the dispersion of the visible range is very important, as this leads
to an essential decrease in optical efficiency and the concentration ratio of the system, especially for
the Fresnel lens with high concentration. The concentration ratio of primary lenses is calculated by the
ratio of the focused area and lenses area. LightTools™ software was used to analyze the dispersion of
the visible range. The sunlight source used in the analysis was in the range of 400-750 um. Figure 3b
shows the sunlight distribution on the focal plane. Figure 3c illustrates schematically how the sunlight
beam passes through a Fresnel lens. It is noted that the dimensions of some specific parts of the system
are exaggerated for convenient interpretation. The sunlight is dispersed at the focal plane of the Fresnel
lens due to the wavelength dependence on the refractive index of the lens material. We realized that
the light was focused from a large area to a thin line with line width of d = 3 mm. The focused area
defines the amount of Sun image on the focused region, and this is a design parameter for the directing
surfaces and also for the light guide thickness.
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Figure 3. (a) Linear Fresnel lenses array; (b) Light distribution on the focal plane; (c) Ray tracing of
sunlight beam passing through a Fresnel lens.

The focal length of each linear Fresnel lens in the primary concentrator array defines the main
thickness of the total structure. In this case, the focal length was f = 300 mm (Table 1). This meant
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that the thickness of the concentrating module was around 300 mm. Together with the focal length,
the aperture of each Fresnel lens element is an important parameter. The f-number of a linear Fresnel
lens is the ratio of the lens’s focal length to the width of the lens. For the Microsharp linear Fresnel
lenses, the f-number is f/w = 1.5. If the f-number gets smaller, then some light rays coming into the
focus become more angled. This angle is an important parameter for the directing surface and should
be properly designed to achieve total internal reflection (TIR) at the directing surface and from the
walls of the light guide structure [16]. The focused area and the f-number are the most important input
parameters for the stepped thickness waveguide which will be discussed below.

2.2. Stepped Thickness Waveguide

The waveguide is responsible for redirecting and transferring the light to the exit port of the
concentrator. As shown in Figure 2, this part lies below the primary collecting lens array. The sunlight
passes though the linear Fresnel lenses and is coupled into a stepped thickness waveguide using
specular reflections from an associated area of mirror facets fabricated at each lens focus. The facets
redirect light onto a guide layer. Rays that exceed the critical angle, as defined by Snell’s law,
propagate via total internal reflection (TIR) within the waveguide to the exit aperture. TIR is a
complete reflection with negligible spectral or polarization-dependent losses enabling long propagation
lifetimes [24]. The stepped thickness waveguide also provides excellent beam homogenization when
diverging illumination is coupled into a large number of supported modes. Light directing surfaces,
light transmitting media, and the exit port of the concentrator are the three main features of the
stepped-thickness waveguide structure (Figure 4).

Exit \\)\
portZf=1°
/ fl
. / ih: 10mm Light transmitting media

Light directing surface
widthm =4 mm
(Mirror coating surface)

Figure 4. Graphical representation of the stepped thickness waveguide geometry associated with
the parameters.

The stepped thickness waveguide has five steps so that total length becomes L = 900 mm as shown
in Figure 4. Light directing surfaces are tilted mirror facets that reflect the light into the waveguide at
an angle which satisfies the conditions for TIR. For f-number = 1.5, the surface of the directing mirrors
should be at a 30° incline, as shown in Figure 4. Because the thickness of the light focused area of each
lens is d = 3 mm, the width of the directing mirror must be larger than 3mm to cover all the sunlight
spot, but, increasing the width of the directing mirror increases the thickness of the waveguide, and
this results in a reduced concentration ratio for the system. However, reducing the width of light
directing mirror will reduce the tracking tolerance of system. In this situation, the appropriate width
of the directing mirror is m = 4 mm, and the increasing thickness of one step of the waveguide is
s = 2 mm. With m = 4 mm, tolerance of system can adapt with typical commercial Sun tracking system.
Detail of system tolerance will be discussed in the part 3.3 of this paper. So the thickness of the end
of a stepped-thickness waveguide with five steps becomes /1 = 5s = 10 mm. In accordance with the
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arrangement of the proposed solar concentrator, as shown in Figure 2, an important property of the
stepped thickness solar concentrator, the geometric concentration ratio, Cge,, is given by:

Sunlight vertical incident area 5 x Linear Fresnel lens width 5 x 1

Waveguide exit port area ~ Waveguide exit port thickness

Cgeo = (1)

The material absorption is also important and it can significantly affect the final efficiency of the
system because the L = 900 mm length of the proposed stepped thickness waveguide is quite long. As
the light travels a considerably longer distance inside the light guide, absorption by the light guide
material becomes important. Therefore, a low absorbing material should be used to fabricate the light
guide for the system.

2.3. Plastic Optical Fiber Coupling

The optical fiber consists of a core, cladding, and an external protective coating. The light travels
inside the core, while the cladding, which has a lower refractive index, provides internal reflection at
the boundary of the core. The optical fibers used in daylighting and solar thermal applications for the
transmission of sunlight need to transmit a broad spectrum. One of the most significant features of sunlight
transportation is the wiring, and the wiring must be as simple as electrical wiring. Therefore, only optical
fibers can fulfill this requirement. Optical fibers were utilized to deliver sunlight to the interior with
small losses. Silica optical fibers (SOFs) are known to be good light-transmission media and have the best
resistance to heating; however, SOFs are expensive. Plastic optical fibers (POFs) have substantially higher
attenuation coefficients than SOFs, but POFs are preferred in daylighting systems due to their lower cost,
tighter minimum bend radius, ease of installation and durability for complex wiring in buildings [1,5].
The light can be transferred over long distances without visible changing of the input color because the
POFs are made with PMMA, which has attenuation minima of 64, 73 and 130 dB/km, occurring at 520, 570
and 650 nm, respectively. These wavelengths indicate that the PMMA fibers will transmit green, yellow
and red light particularly well. In this study, two approaches were proposed for optical coupling, using
normal diameter core POFs and very large core POFs. We employ two types of POFs from Anchor Optics
for comparison [25]. The POF parameters are listed in Table 2.

Table 2. POF parameters for design and simulation.

Parameters Normal Core POF  Very Large Core POF
Attenuation 0.45dB/m 0.8 dB/m
Core/Cladding Diameter 1.960/2.0 mm 9.960/10 mm
Refractive Index: Core/Cladding 1.492/1.402 1.492/1.402
Minimum Bend Radius 50 mm 80 mm
Spectral Trans. Range 380-750 nm 380-750 nm

The exit port from the concentrator has a rectangular shape with a size of 10 mm x 1000 mm,
so a ribbon configuration of optical fiber is proposed for the optical fiber coupling. For normal POFs
with a 2 mm core diameter, 2500 pieces of optical fibers were arranged in a 500 x 5 rectangular array
and were grouped together in a ribbon configuration. If the extremely large core POF, with a 10 mm
diameter was used, the total number of POFs was reduced to 100 pieces and they were arranged in
a 100 x 1 rectangular array. Figure 5a illustrates the optical fiber coupling configuration using the
2 mm core diameter POFs, and Figure 5b shows the 10 mm core diameter POFs. Commonly, multiple
optical fibers are simply coupled to the waveguide as tightly as possible after the endfaces of the fibers
have been polished. The intensity of the reduction occurs primarily as a result of imperfections in
the endface geometry and numerical aperture mismatches as well as Fresnel reflection losses. Fresnel
reflection losses occur when light exits the waveguide material and enters an optical fiber medium
with a different refractive index, such as air. Fresnel losses are relatively constant, no matter what
distance is involved, even when the air gap is microscopically small. To reduce Fresnel losses due
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to the air gap between the waveguide and the POFs, index matching gel was applied to fill the air
gap. In the simulation, the index matching gel is filled between the waveguide and the POFs bundle.
Following this, Fresnel losses across the coupling region were reduced significantly. Loss mechanisms
are taken into account and discussed in Section 3 in greater detail.

e\
o + &
0et® R
'\(\%\(\ \,L‘\“\%
N\a‘d‘ > NG N
Exit port Exit port
2mm core diameter POFs 10mm core diameter POFs

fa (b)
Figure 5. Illustration for a piece of stepped-thickness waveguide coupled with the ribbon arrangement
of (a) 2 mm core diameter POFs; and (b) 10 mm core diameter POFs.

3. Concentrator Simulations and Performance

3.1. Optical Efficiency

Optical modeling plays a crucial role in the efficiency evaluation of an optical system. Commercial
optical modeling software, LightTools™, was used to design and simulate the geometrical structure of
the stepped-thickness waveguide optical fiber daylighting system. In the system designed, one of the
most common optical plastics, poly-methyl methacrylate (PMMA) with refractive index npyva = 1.49
was selected for the Fresnel lenses, stepped thickness waveguide and optical fibers. The Fresnel lenses
are commercial products from Microsharp, with parameters, as shown in Table 1, and the POFs were
from Anchor Optics Ltd. (Barrington, NJ, USA), as shown in Table 2. The coupling region between
the exit port of the waveguide and the optical fibers was filled with epoxy as a matching gel with a
refractive index of n = 1.51. The simulation for optical efficiency of a sunlight concentrator based on a
stepped thickness waveguide was implemented in real scale. An illutration of the structure for the
simulation is shown in Figure 6. The optical efficiency, which is simply defined as the ratio of the
output luminous flux to the input luminous flux, is a function of the reflection and absorption losses.

Waveguide exit port luminous flux
~ Sunlight vertical incident luminous flux @

&8

il

Fresnel Lens
<" array

Figure 6. Illutration of the structure for the simulation.



Energies 2016, 9, 71 8 of 15

To evaluate the losses in the system, in simulation model, we inserted five optical surface receivers
as shown in Figure 7. The Fresnel reflection losses occur at the boundaries where the light passes from
one region to another with different refractive indices. In this proposed system, the Fresnel losses
occur at the surface of the Fresnel lenses, waveguide and POFs. The major Fresnel losses occur at the
Fresnel lens surface and the waveguide surface, and they are denoted by L; and L,, respectively. Using
LighTools™ software, L1 and L, can be calculated by the Equations (3) and (4), respectively. We found
L1 =4.1% and L, = 5.3%. The reflection losses from the surface can be reduced by properly designing
the AR coating with a multilayer structure, but this is not recommended because the system becomes
too costly. The Fresnel loss at the conjunction between POFs and waveguide can be reduced to below
0.1% by filling the matching index and then it can be ignored in comparison with other losses:

Flux on Receiver 1 — Flux on Receiver 2

L= Flux on Receiver 1

®)

Flux on Receiver2 — Flux on Receiver 3

I, =
2 Flux on Receiver 2

(4)

The attenuation of the stepped thickness waveguide is also important, and it can significantly
affect the final efficiency of the system. Consider a light ray which enters a waveguide of length L and

thickness h at position P from the exit aperture: Equation (5) introduces light directing mirror reflection
loss r and attenuation by the exponential decay of the path length multiplied by the attenuation
coefficient o [15]:
Nattenuation = ; (1—r)x e(—ocP)[ with P = %; 3730; 572/0} 772/0} 977/0 ®)
Here, P is distance from each light directing mirror to the exit port, and w is the linear Fresnel
lens width. A stepped thickness waveguide with a commonly used optical pure plastic material has
attenuation coefficient oc = 1.8 x 1072 dB/m. For a large scale daylighting system, the light travels
considerably longer distances inside the waveguide, and the attenuation by the light guide material
becomes more important. In case of scaling up the system, the system size is limited by this kind of
loss. By simulation, the loss inside the waveguide is calculated by Equation (6). In our design, the light
guide has a total attenuation of L3 = 1.78% on the average:

La— Flux on Receiver 3 — Flux on Receiver 4 ©)
3= Flux on Receiver 3

The numerical aperture mismatch between the optical fiber and the stepped index waveguide
also causes significant losses. The optical fiber and the stepped thickness waveguide in this case have
a maximum acceptance angle 0, given in the following relationship:

nosin® = 4 /nZ, — n?, )

where, 1., and n.; are the refractive indices of the core and cladding, respectively as shown in Table 2;
ng is the refractive index of matching gel. By taking the values in Table 2, we can find that the
acceptance angle of plastic optical fiber is 6 = + 19°. The input angle of light to optical fibers from the
exit port of the waveguide can be calculated based on the numerical aperture of the waveguide. From
Equation (7), with a low index of 1.00 (the index of air) and a high index of 1.49 (index of PMMA), the
angle of the sunlight rays that escape from the waveguide exit port are in the range of + 49°. Only the
rays of the output beam that have an angle of less than + 30 degrees (the numerical aperture of optical
fiber), can be coupled to the optical fibers. The geometrical POF coupling efficiency is calculated by
the ratio of the cross section area of the optical fiber ribbon and the exit port area, which is given by
Ngeo—coupling = 0.75. Equation (8) shows the optical fiber coupling loss calculation in the simulation. We
found the POFs coupling loss to be Ly = 36.76%:

L. — Flux on Receiver 4 — Flux on Receiver 5 ®)
4= Flux on Receiver 5
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With the system parameters given above, the system efficiency is found to be 56.4%, including
attenuation, reflection, geometrical mismatch and optical fiber coupling losses.

| Receiverl
[m'mjm‘m -J\‘A/W"ﬁl_"‘“’\-'\.r\]
Receiver 2
Receiver 3
N .
Receiver 5 Receiver 4

Figure 7. Illustration of the simulation structure for loss analysis and single ray-tracing analysis for
design verification.

3.2. Daylighting

The illuminance from the sunlight was measured at different times of the day. The site of
application was located at 127° longitude and 37.5° latitude. Here we will look at the illuminance
on a summer day as an example: The highest solar elevation (zenith) angle at the site is 76°, and the
time is set for 12:30 PM. To achieve direct sunlight, we assume that the daylighting system has a Sun
tracking device which rotates the concentrator module toward the Sun all day. The area of the sunlight
collector is 1 m? because the concentrator module is the array of five linear Fresnel lenses with size of
0.2m x 1 m. The conversion into luminous flux in lumens can be calculated by:

F=ExS )

where E is measured illuminance, S is the area of sunlight concentrator, and F is the input luminous
flux on the surface of sunlight collector. With Equation (10), we calculated the input luminous flux
on surface of sunlight concentrator from the measured illuminance outdoor. We then use the input
luminous flux to calculate total luminous flux at the output of concentrator. The measured illuminances
of the input flux at the surface of the concentrator F and of the luminous flux at the output concentrator
are listed in Table 3.

Every optical daylighting system is utilized to guide light deep into a building, therefore, the
transmission loss of POF should be included in the calculation. If we assume that the daylight capturing
system is placed on the top of a building to illuminate a room at 6 m depth inside the building, roughly
10 m of POF length will be needed from the capturing point to the distribution area. The total length
of the optical fiber will be around 25,000 m if we utilize 2 mm core diameter POFs. In case of using the
extremely large core POF, the total length will be 1000 m. The cost of the POFs are about $0.5/meter
for the 2 mm core POFs, and $6/meter for the 10 mm core POFs [25]. The total cost for 25,000 m of
the 2 mm core diameter POFs is two times larger than the total cost for 1000 m of the 10 mm core
diameter POFs. However, the 10 mm core diameter POF has a transmission loss of 0.8 dB/m while
the transmission loss of the 2 mm core diameter is only 0.46 dB/m. This means that the light flux will
decrease by 2.8 and 6.3 times, respectively, when it propagates along 10 m of either the 2 mm or 10 mm
core diameter POFs. The luminous flux for the illumination in the interior when using the 2 mm core
diameter POFs and the 10 mm core diameter POFs are shown in two last columns of Table 3. Finally,
the diameter core of the POF should be chosen depending on both cost-effectiveness and efficiency.
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Table 3. Average illuminance at different times of the day and calculated luminous flux at the interior for the proposed system.

Luminous Flux on Luminous Flux at

. . o Sunlight Illumination in the Interior (Im) Illumination in the Interior (Im)
Time Solar Altitude (°) Illuminance (lux) Cortllcl:nst:l:tf(?:tzlm) C(zﬂiegrrt:::: ?lfm) (Using10 m of 2 mm Diameter POFs)  (Using 10 m of 10 mm Diameter POFs)
6 AM 8 20,000 20,000 11,280 4028 1790
7 AM 19 40,000 40,000 22,560 8057 3580
8 AM 31 60,000 60,000 33,840 12085 5371
9 AM 43 80,000 80,000 45,120 16114 7161

10 AM 54 100,000 100,000 56,400 20142 8952
11 AM 65 105,000 105,000 59,220 21150 9400

12 PM 74 110,000 110,000 62,040 22157 9847
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3.3. Tolerance of the System

For proper operation of the proposed optical fiber daylighting system, direct sunlight should
always be focused into the center of the directing mirror facets in the stepped thickness waveguide.
This is a difficult task since the position of the Sun is always changing, and this led us to use a
Sun tracking system. The required accuracy of the Sun tracking system is determined by the solar
concentrating collector’s angle of tolerance. The tolerance of the system is the acceptable angular
deviation of the sunlight direction from the two main axes of the system, within the allowable efficiency
loss. It is defined as the angle where the efficiency drops by 10%. The acceptance angle determines
the required accuracy of the tracking system mounted upon the concentrator [14]. The dependence of
the optical efficiency of the system on angular deviation along the North-South (NS) and East-West
(ES) direction are very different because the system is not symetric. We examined the efficiency with
different angular deviations of the sunlight direction along the NS and EW directions. The alignment
of system along NS and EW direction was shown in Figure 6. Figure 8a shows the optical efficiency
output relative to angular deviation along the NS direction, and Figure 8b shows a graph of effciency
versus angular deviation along the EW-direction. The simulation results show that the tolerance is more
than +15 degrees along the NS-direction, which is far larger than that for the EW-direction (+0.5°).
This indicates that by using a line focusing linear Fresnel lens array as the primary concentrator, the
acceptance angle along the NS-direction can be greatly increased without sacrificing too much optical
efficiency. Therefore, the proposed system uses a linear Fresnel lens array instead of a conventional
lens array, as the primary concentrator can lower the accuracy requirements along the NS-direction,
and this reduces the cost of the tracking system [14]. As the size of each stepped waveguide becomes
larger, the focused light from the primary lens can be transferred more effectively to the waveguide
without being decoupled. A volumetric increase of the light waveguide while keeping the primary
concentrator the same, gives better tracking tolerance along the NS-direction. But increasing the
acceptance angle reduces the concentration ratio dramatically [16]. Therefore, in the system design,
the tolerance and the concentration should be kept in balance.
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- 60 E ~ 604 E
=X =X
5‘ 504 /\ ] 5‘ 504 4
5 5
2 40 . o 404 1
= =
W 304 W 304 ]
8 8
= 20 = 204
) o
104 104
04— v T T v T v 0 T T T T T
15 -10 5 0 5 10 15 06 04 -02 00 02 04 06
Angular deviation along NS-direction (Deg.) Angular deviation along EW-direction (Deg.)

(a) (b)

Figure 8. Variation of optical efficiency of concentrator at different angular deviations along the
(a) NS-direction and (b) EW-direction.

4. Discussion

Optical fiber daylighting systems are concerned more about delivering daylight into remote
and windowless spaces in buildings. Many types of optical fiber daylighting systems have been
developed with various technologies and solutions over a few decades, but few of them has been
successfully commercialized. Providing a cost effective system is the major challenge for optical fiber
daylighting system. The concentrator parts of typical optical fiber daylighting systems consist of a
large primary optical component to focus sunlight and a secondary optical element for flux collimation.
The requirement for the alignment between the primary optics, secondary optics and optical fiber
bundles is very tight. Scaling up the system will increase the number of secondary optics and optical
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fiber bundles. The primary purpose of the present work is to find a low cost and highly efficient way
to utilize the solar energy for daylighting. In this research, we proposed a cost-effective and large scale
approach for an optical fiber daylighting system using non-imaging optic devices such as an array
of linear Fresnel lenses and a stepped-thickness waveguide as a concentrator. The primary collector
is consisted of a large linear Fresnel lens array. The secondary optical devices were replaced by one
stepped thickness waveguide. All optical fiber bundles were also grouped into one. Figure 9 shows the
differences between conventional system using individual secondary optics and our proposed system
using a common stepped thickness waveguide. Much less number of optical components reduces
complexity and cost concerns. The optical alignment became simpler since optical fiber bundle was
cemented to the waveguide edge.

e i )
il i

Optical 1 i e
fiber > (l i il ==
bundle H \ | | 0 \1! = UV protection
; . N thin film
Secondary optics Cold mirror Optical fiber Stepped thickness
bundle waveguide
(a) (b)

Figure 9. (a) Conventional optical daylighting system requires multiple secondary optics and optical
fiber bundles; (b) Our proposed system transports sunlight from all apertures to a single optical
fiber bundles.

The system cost also depends on the price of the optical materials. In our proposed system, glass
components such as mirrors, lenses and optical fibers were replaced by plastic materials so that the
cost of the system is reduced a lot. The price of Fresnel lenses is more than ten times cheaper than
that of the glass mirrors/lenses. The POF costs are as low as one-fifth of the glass fiber costs. It is
clear that losses in POFs are much higher than those in silica optical fibers. However, at short fiber
distance (less than 100 m), POFs provide acceptable loss and this amount of loss does not affect much
on the quality of light for daylighting purpose. The degradation due to ultraviolet (UV) radiation
and temperature is also a problem in plastic material. We suggested using UV protection thin film
underneath Fresnel lens array to eliminate the UV wavelength [26,27] as shown in Figure 9b. The cold
mirrors and spectrally selective optical materials like UV protection films are being widely used in
the daylighting technologies. The heat produced due to IR will be spread all over the area of stepped
thickness waveguide, therefore it does not affect to POFs. The tolerance of the system was examined
in the Section 3.3. The angular acceptance along EW direction was +0.5° so that we can use typical
Sun tracking system whose tolerance is lower than +0.2° [28]. Very high acceptance angle along
NS-direction allows replacement of a Sun tracking system with a seasonal tilting solar system as
a cost-effective solution [29]. Seasonal tilting solar system is a step adjustment system that can be
adjusted in increments from 0, 10, 20, 30, 40, & 55 degrees.

For an estimate of the cost of whole proposed optical fiber daylighting system, we make the
following considerations: the costs of array of Fresnel lenses of 1 m x 1 m size, the stepped thickness
waveguide, and mechanical bracket are roughly $200, $100, and $200, respectively. The UV film is
about $300. The costs of 5 m long POF bundles whose core diameters are 2 mm and 10 mm are $6250
and $3000, respectively. Automatic single axis Sun tracking system has cost of $300 and seasonal tilt
solar system is $100, roughly. Total expected cost of the proposed system is $7450 for 2 mm diameter
POFs or $4200 for 10 mm diameter POFs. We can evaluate our proposed system in terms of daylight
collection capability and cost effectiveness by comparing our system with two other commercialized
systems: Himawari and Parans systems. Due to variety of operating conditions, system comparison is
not easy, however we used the data from developers’ publication so that we can estimate our proposed
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system. The Himawari system collects and concentrates sunlight using multiple Sun tracking Fresnel
lenses. Light is transported by quarts optical fibers. The total luminous flux of a Himawari system
is 4000 Im which was measured under direct Sun illuminance of about 100,000 lux. The net price
of a Himawari system package (including 12 lens collector, two 5 m optical bundles) is $6240 [30].
The Swedish Parans system consists of an array of Fresnel lenses which simultaneously tracks and
concentrates daylight. Paran system’s total output flux is about 3540 Im, which was measured under
direct Sun illuminance of 100,000 lux, 10 m away from the collector. Parans systems package (six 5
m-optical fiber bundles) net price is about $5425 [31]. The comparisons associated with the daylight
collection capability and cost have been summarized in Table 4. As shown in the table, our proposed
system can provide 2 to 5 times more output flux than the other previous systems.

Table 4. Comparison in cost and daylight collection capability with some commercialized optical fiber

daylighting systems.
Comparison Proposed System . .
Categories 2 mm Diameter POFs 10 mm Diameter POFs Himawari System  Parans System
Output flux (Im) 20,142 8951 4000 3540
Cost ($) 7450 4200 6240 5425

Table 5 shows an economic comparison between the proposed system for daylighting of
commercial buildings and the traditional lighting system made of a series of fluorescent lamps.
Let’s assume we want to provide light to a room with floor area of 50 m? with a required luminance
of 500 lux, thus requiring a total luminous flux of 25,000 Im. The luminous efficiency of fluorescent
lamps is about 60 Im /W [32]. By taking account of an average luminous efficiency of solar radiation of
120 Im/W, 1 W of solar radiation is equivalent to 2 W of electricity power in term of lamination. In
Seoul—South Korea climate context, the available yearly averaged solar radiation is 3.6 KWh/m? /day
(13.0 MJ/m?/day) [33]. The overall light transmission efficiency (sunlight concentrator & 10 m of
POFs bundles), defined as the ratio of the delivered luminous flux to the flux incident on the collection
surface, equal to 0.201. Table 5 shows that using proposed daylighting system can save 28.68% of
electric power consumption for illumination.

Table 5. Economic comparison with using of fluorescent lamps and saving considerations

by daylighting.
Fluorescent Lamps
Selected room area 50 m?
Selected lumen of illuminance 500 lux
Luminous flux 25,000 Im
Lamps power 60 W
Lamps efficiency 60 Im/W
Luminous flux for each lamp 3600 Im
Number of lamps to light 7
Working hours 10 hours/day
Working days 320 days/year
kWh per year 1613 KWh/year
Korean average cost per kWh 04 $/KWh
Total cost for lighting by fluorescent lamps 645 $/year
Solar Lighting by Proposed System
Average solar irradiation in Seoul 3.6 KWh/m?2/ day
Electrical power equivalent (lighting purpose) 7.2 KWh/m?2/ day
Sun light collection area 1 m?
Overall light transmission efficiency 20.1 %
Collected electrical power per year 463 KWh

Daylighting money savings 185 $
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5. Conclusions

A large scale optical fiber daylighting system using a stepped thickness waveguide has been
designed and discussed with the purpose of saving the energy consumed by electric lighting. To explore
the practical performance of the proposed system, a sample optical system was modeled and simulated
with LightTools™. The simulation results indicate that 56.4% of optical efficiency was achieved at
Cgeo = 100 for the proposed concentrator system. In addition, the tolerance (acceptance angles) in the
NS- and the EW-directions also were analyzed. By using a line focusing linear Fresnel lens array as
the primary concentrator, an acceptance angle of +15° was achieved in the NS-direction. This allows
us to use a lower accuracy Sun tracking system, such as a passive Sun tracking system along the
NS-direction as a cost effective solution. This study is the first to use a stepped thickness waveguide
and linear Fresnel lens array for an optical fiber daylighting system. The proposed system is very
suitable for large scale building interiors. It shows great potential for the commercial and industrial
scale daylighting field. In the future, we will try to implement experimentation under real conditions
to verifying the accuracy of the simulation and the commercial viability of the system.
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