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ABSTRACT 

 

 

WIDE ACCEPTANCE ANGLE OPTICAL FIBER-BASED 

DAYLIGHTING SYSTEM USING TWO-STAGE REFLECTIVE 

NON-IMAGING SOLAR CONCENTRATOR  

 

  

Onubogu Nneka Obianuju 

 

 

 

 

 

 

Electric lighting systems in buildings account for 20% of the total global 

energy consumption, causing an enormous amount of CO2 emissions even 

during the daytime. Thus, daylighting systems have been designed and 

developed to save energy and reduce CO2 emissions. Daylighting systems use 

sunlight to illuminate a building via optical fibers, light pipes, etc. Daylight 

transmission via optical fibers has been proven to be more effective. 

However, most of the existing fiber-optics daylighting systems have a high 

manufacturing cost, low tolerance to sun pointing error and a complicated 

optical system having many stages of focusing in order to improve the 

uniformity of focused sunlight. As a contribution to the existing fiber-optics 

daylighting systems and to curb these problems, this study presents a novel 

fiber-optics active daylighting system using two-stage reflective non-imaging 

solar concentrator (NISC). The prototype of two-stage reflective NISC 

comprises a primary reflector with 80 primary facet mirrors of dimension        

5 cm × 5 cm each, a secondary reflector 70 cm above the primary reflector 

with 20 secondary facet mirrors of dimension 8 cm × 8 cm each and plastic 

optical fibers for light transmission. The prototype with a collective area of 
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0.2 m2 can capture solar power of 170 W which is equivalent to a power 

conversion efficiency of 21.4 % and is capable of uniformly illuminating a 

7.56 m2 office area with an average illuminance of 500 lx. Economic analysis 

was carried out on a proposed prototype collective area of 4 m2, giving a total 

estimated manufacturing cost of USD 1231.20, a total payback period of      

6.4 years based on the interest rate of 4 % and fuel inflation rate of 2 % and 

life-span of about 15 years. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1    Research Background 

 

Fossil fuels have been relied on for many years till date for power 

generation. However, the increasing rate of consumption of this non-

renewable energy source has led to their depletion and the release of harmful 

greenhouse gases made up of mostly carbon dioxide into the atmosphere. As a 

result, renewable sources of energy such as solar energy is being sought after 

to meet up with the world’s growing energy demands.  

 

It has been identified that lighting systems in a building consume a lot 

of energy even during the day time (Shulman et al., 2012). Presently, the 

lighting energy consumption of buildings is estimated as 30 % of the total 

energy generated in Malaysia (Al-Mofleh, 2009) and 20% in the world (IEA, 

2011). To save building energy consumption, there has been an increasing 

interest in incorporating daylighting with architectural and building designs to 

provide natural illumination. The U.S. Green Building Council (1995) 

estimated that a reduction of about 50-80% of the lighting energy consumption 

can be achieved with the use of efficient daylighting systems in buildings. 

Providing daylighting via direct sunlight is a more affordable and eco-friendly 

way to illuminate a building compared to providing electricity via non-

renewable resources. The increase in electric lighting usage will cause a 
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significant increase in greenhouse gas emissions due to the continuous rise in 

population and individual comfort demand. This justifies the need to urgently 

encourage energy conservation in the lighting sector.   

 

Daylighting can be provided in a building either conventionally by 

using windows, sliding glass doors, skylights, light reflectors and shelves and 

openings (passive daylighting) or by using daylight capturing and guiding 

systems (active daylighting). Passive daylighting systems are stationary 

without solar-tracking technology while active daylighting systems use solar-

tracking technology to actively follow the sun to increase the efficiency of light 

collection and guide light into the building for illumination (Sharp et al., 2014; 

Huang et al., 2013). Buildings usually have windows, but the light from the 

windows decreases very fast and interior areas may have little or no sun 

exposure making illumination inconsistent as some areas may remain dark. 

Alrubaih et al. (2013) stated that office buildings are required to have an 

average illuminance of 500 lx based on the UK CIBSE Code for interior 

lighting. However, with only windows and openings, it is difficult to achieve 

500 lx all day long; thus the need for active daylighting systems. The invention 

and development of active daylighting systems have propagated the interest 

from passive to active daylighting which are preferably installed on the roof-

top of buildings, where sunlight can be easily captured at all times of the day 

(Ullah and Shin, 2014).  

 

Studies in the past have revealed that various kinds of conventional 

concentrators such as Fresnel lens, heliostat, parabolic concentrator, 
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compound parabolic concentrator, etc. have been employed for daylighting 

and tested with optical fibers coupled to their receivers to guide sunlight into 

the building (Muhs, 2000; Schlegel et al., 2004; Lingfors and Volotinen, 2013; 

Sapia, 2013; Ullah and Shin, 2013a; Ullah and Shin, 2013b; Ullah and Shin, 

2014; Song et al., 2014). However, most of these concentrators have a high 

manufacturing cost, complicated optical system, fixed or high rim angle and/or 

produce non-uniform concentrated sunlight. Therefore; a novel two-stage 

reflective non-imaging solar concentrator (NISC) daylighting system 

consisted of two-stage reflectors and plastic optical fibers as a light 

transmission system is proposed to solve the existing problems. The two-stage 

reflective NISC idea was partly derived from the non-imaging focusing 

technology concentrator photovoltaic system application (Chong et al., 2009; 

Chong et al., 2010; Chong et al., 2013; Tan et al., 2014; Siaw et al., 2014; Yew 

et al., 2015; Tan and Chong, 2016). Since the design of non-imaging focusing 

technology was successful in the application of concentrator photovoltaic 

system, it can also be applied to an active daylighting system.  

 

The two-stage reflective non-imaging solar concentrator daylighting 

system prototype was constructed and placed on the rooftop of Universiti 

Tunku Abdul Rahman building in Sungai Long. Mathematical analysis was 

performed to determine the configuration or alignment of the primary and 

secondary facet mirrors. Numerical simulation using ray-tracing technique 

was performed to analyze the concentrated sunlight at the receiver of the 

concentrator. To validate the simulated results, on-site data collection was 

carried out using the prototype concentrator.  
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1.2    Research Objectives 

 

The three objectives of this research are: 

1. to develop a two-stage reflective non-imaging solar concentrator (NISC) 

and its associated optical fiber-based daylight transmission system, 

2.  to analyze the technical performance of the optical fiber-based daylight 

transmission system using the non-imaging solar concentrator, and 

3.  to evaluate the economic viability of the two-stage reflective non-imaging 

solar concentrator. 

 

1.3    Outline of Thesis 

 

The organization of this thesis is as follows: Chapter 1 gives an 

introduction to the research, the problem under study and the research 

objectives. Chapter 2 is a literature review on various existing active 

daylighting systems using optical fibers for light transmission into the 

building.  Chapter 3 presents an outline of the methods used in this study. 

Areas covered include: the concept from which the idea of the two-stage 

reflective NISC design emerged; the 2-D optical design of the two-stage 

reflective NISC; mathematical derivation of the tilting angles of the primary 

and secondary mirrors; the 3-D modelling of the prototype, numerical 

simulation using LightTools software, and prototype construction (inclusive 

of solar tracking and optical fiber design). In Chapter 4, experimental set-ups 

and procedures for all experiments are described in detail. The experimental 

roof-top data collection results are also presented, analyzed and compared with 
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the numerical simulation results. Chapter 5 elaborates on the design 

optimization and economic analysis of the two-stage reflective NISC and 

comparison of the prototype with some existing fiber-optics daylighting 

systems. Chapter 6 ends the thesis with a summary of the overall research 

outcome, conclusion and future works.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1       Introduction to Daylighting 

 

Visibility is provided by natural sunlight or artificial light (Kubba, 

2012).  Daylighting can be defined as introducing visible part of sunlight into 

a building to give a more pleasant indoor environment thus reducing the energy 

consumption of the building (Alrubaih et al., 2013). Among other renewable 

sources of energy on earth, the sun is the most essential which is free, available 

in abundant quantity and is not affected by the everyday increase in the price 

of energy (Omer, 2008). People seek natural lighting in their houses and 

workplaces because apart from providing illumination, light has a positive 

effect on our well-being, safety, confidence, and efficiency (Kubba, 2012).  

 

2.1.1    Percentage of energy consumed by lighting in buildings   

 

As estimated by the U.S. Energy Information Administration (EIA, 

2017), the residential and commercial areas in the United States consumed 

about 279 billion-kilowatt hours (kWh) of electricity for lighting in 2016. This 

was approximately 10 % of the total electricity used up by the two areas and 

approximately 7 % of the total electricity consumed in the United States. The 

Australian Energy Rating Department estimated that 10-12% of the electricity 
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consumption in residential buildings and 18-40% of the electricity 

consumption in commercial buildings are attributed to lighting (Energy 

Rating, 2016). In Malaysia, lighting in buildings consumes approximately 30% 

of the total energy produced (Al-Mofleh, 2009). Martirano (2011) estimated 

that average and large-sized buildings in Europe consume about 40 % of the 

total electrical energy for illumination in the interiors only. Lighting consumes 

about 132 TWh i.e.15% of the total electricity consumption in South East Asia 

(TERI, 2014). The International Energy Agency estimated that approximately 

20% of the global buildings electricity consumption is attributed to lighting; 

which is equivalent to the amount of energy generated by nuclear power (IEA, 

2011). 

 

2.1.2    Daylighting as a solution to energy conservation in buildings  

 

As lighting is one of the main energy consumers in buildings, ways of 

conserving lighting energy are being sought after. To achieve energy savings 

in lighting, the International Energy Agency (IEA, 2011) recommends that 

governments should encourage improved lighting systems design and 

management by ensuring that building codes promote daylighting and take 

account of minimum energy performance standards (MEPS) for lighting 

systems. As previously stated in the introduction section, efficient daylighting 

systems in a building can aid in reducing the energy consumption for lighting 

by 50-80% (U.S Green Building Council, 1995). A cheap and sustainable way 

to illuminate the interior parts of a building is the use of direct sunlight; instead 

of using a photovoltaic module to convert solar energy to electrical energy and 
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then to light energy as the conversion processes involve significant energy 

losses.  

 

Natural visible light from the sun can be extracted and sent into 

buildings for daylighting via passive and active daylighting systems. Figure 

2.1 illustrates a general idea of both systems.  In Fig. 2.1, passive daylighting 

is illustrated with the use of a window that directly receives sunlight to 

illuminate the interiors of the ground floor of a building. Active daylighting is 

illustrated with a tracking solar concentrator that tracks the sun and receives 

sunlight that is transmitted via a light tube to dark locations in the building that 

do not have windows such as the basement. The difference between the two is 

defined by how the energy is collected and distributed as explained in section 

1.1.  

 

 

Figure 2.1:  Illustration of passive versus active daylighting in a building  
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Some studies (Elmualim et al., 1999; Pohl and Anslem, 2001; Zain-

Ahmed et al., 2002; Galasiu et al, 2004; Ghisi and Tinker, 2006; Jenkins and 

Newborough, 2007; Chow et al., 2013; Berardi, 2015; Ullah and Whang, 2015; 

Yu et al., 2015 and Kim et al., 2016) have shown energy conservation via 

passive and active daylighting systems in buildings. Active daylighting 

systems have one key advantage over passive daylighting systems which is 

longer effective hours. With a good sunny weather, an active daylighting 

system with its sun-tracking devices can start effective daylighting early in the 

morning and last till later in the day as compared to passive daylighting 

systems. In this way, light can be successfully sent to parts of the building that 

do not receive sunlight from passive daylighting systems such as windows. 

This has dragged the focus to active daylighting systems as they are more 

efficient. Past studies on active daylighting systems have revealed that various 

kinds of conventional concentrators, such as parabolic concentrator, 

compound parabolic concentrator, Fresnel lens, heliostat, etc. exist. These 

concentrators have been used to concentrate sunlight and transmit it inside the 

building via optical fibers for illumination. In the following section, some 

existing fiber-optics active daylighting systems are reviewed.  

 

2.2       Existing fiber-optics active daylighting systems 

 

All active daylighting systems consist of a solar concentrator for 

focusing sunlight, a receiver for receiving the light and light guides for 

directing and transmitting the light into the building. A solar concentrator is a 
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device that receives sunlight from a wide area and concentrates it to a smaller 

receiver by bending the rays of sunlight (Muhamad-Sukki et al., 2010). The 

focused light can be used for daylighting by coupling optical fibers to the 

receiver for light transmission. Solar concentrators are generally classified into 

imaging and non-imaging concentrators. Imaging concentrators such as 

telescopes, microscopes, parabolic shaped mirrors, etc., do not aim to produce 

uniform flux distribution profile at the receiver; rather they generate an image. 

For non-imaging concentrators, all rays entering the entrance aperture must 

leave the exit aperture thus producing a high concentration ratio and uniform 

flux distribution on the receiver. This literature reviews active daylighting 

systems under single-axis sun tracking and double-axis sun tracking. Just as 

the name implies, a single-axis sun tracking daylighting system tracks the sun 

in only one direction i.e. they have only one degree of freedom that acts as an 

axis of rotation. Double-axis tracking daylighting systems have two degrees of 

freedom that act as an axis of rotation, i.e. they track the sun in two directions 

(azimuth and elevation) and can therefore make perfect alignment with the sun 

at all times of the day thus achieving optimum performance all year round 

(Zafrullah, 2013).  

 

2.2.1    Single-axis sun tracking - Parabolic trough daylighting system 

 

Ullah and Shin (2014) designed a parabolic trough optical fiber-based 

daylighting system as shown in Figure 2.2 to illuminate the interior of a large-

scale multi-floor building. It is a three-stage reflective type of linear focusing 

design consisting of a parabolic trough, parabolic reflector, and a trough CPC. 
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The parabolic trough was designed with a rectangular aperture height of 1000 

mm and a rectangular aperture width of 570 mm to illuminate a 60 m2 floor 

area. The parabolic trough receives sunlight and directs it to the small parabolic 

reflector, which collimates the light to the non-imaging trough Compound 

Parabolic Concentrator (CPC) and sends it to the optical fibers. The trough 

CPC was used to achieve a high concentration of light and is perfectly aligned 

to the linear array of optical fibers. Since plastic optical fibers (POFs) cannot 

withstand heat for long, silica optical fibers (SOFs) were coupled before POFs 

to reduce the heat problem using index matching gel. SOFs have good light 

transmissibility and heat resistance but are quite expensive; while POFs are 

flexible, strong, cheap, and acceptable for complex wiring in buildings. A 

diverging lens (combination of biconcave lens and a concavo convex lens) 

with a refractive index of 1.459 was employed in distributing the light from 

the optical fibers into the room.  Artificial Light Emitting Diodes (LEDs) were 

used as a complementary light source to maintain a constant level of 

illuminance when daylight fell from the required illuminance. The advantage 

of their proposed system is that it can be made on a large scale; while only 

requiring one tracking module; nevertheless, it is has a three stage line focused 

complicated optical design and a high manufacturing cost of more than USD 

800/m2. 

 



12 
 

 

Figure 2.2: Physical layout of the parabolic trough daylighting system (Ullah 

and Shin, 2014) 

 

2.2.2    Single-axis sun tracking - Linear Fresnel lens daylighting system  

 

Ullah and Shin (2014) proposed and designed a novel approach as 

shown in Figure 2.3 for the linear Fresnel lens to illuminate a large-scale 

building interior. It is a three-stage refractive type of linear focusing design 

consisting of a linear Fresnel lens, collimating plano-concave lens and a trough 

CPC. Linear Fresnel lens of 570 mm length and 1000 mm width receives direct 

sunlight and focuses it to the collimating lens. The collimating lens then 

collimates the light to the receiver which is a linear array of optical fibers. To 

achieve a high concentration of light, a trough CPC was introduced directly 

before the optical fibers and properly aligned with the optical fibers. Thus, the 

collimated light from the collimating lens is guided through the trough CPC 

and then into the optical fibers. Just like the parabolic trough daylighting 

system in section 2.2.1, the same daylight transmission and distribution 

methods were employed.  The advantage and disadvantages of this system are 



13 
 

similar to that of the parabolic trough daylighting system, except for its high 

manufacturing cost which is more than USD 600/m2. Also, Fresnel lens is 

generally known to have poor efficiency due to poor hardware design. 

 

   

Figure 2.3: Physical layout of the Fresnel lens daylighting system (Ullah and 

Shin, 2014) 

 

2.2.3    Double-axis sun tracking - Fresnel lens daylighting system  

 

Ullah and Shin (2012, 2013a) demonstrated the possibility of 

transmitting uniform sunlight to the basement, store rooms, rooms without any 

windows and different floor areas by capturing sunlight with a linear Fresnel 

lens of 0.5 mm constant pitch and focusing it on a small area. The Fresnel lens 

had a length of 300 mm, a width of 300 mm and a focal length of 330 mm. As 

illustrated in Figure 2.4, direct sunrays received by the Fresnel lens are focused 

to a collimating plano-concave lens of 16.1 mm diameter and a 21.5 mm focal 

length. The plano-concave lens uniformly collimates the focused light to a 

bundle of optical fibers. The optical fibers consisting of SOFs and POFs, then 
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transmit the light to the destined area. Simulation and experimental result 

showed that uniform illumination was accomplished in the bundle of optical 

fibers and the illuminance level of each optical fiber was almost the same. The 

average illuminance produced by the Fresnel lens daylighting system was 675 

lx. More so, when the sunlight level went lower than the required range, LED 

sources were used as a supplementary light to accomplish the needed 

illuminance of 500 lx in the room. Photocells were used to detect the available 

light in the room and their control algorithm retained an average illuminance 

of 500 lx. The disadvantage of this daylighting system is that a high 

concentration ratio cannot be achieved because a linear Fresnel reflector 

normally concentrates less than 100 suns.  

 

 

 

Figure 2.4: (a.) Structural design of the Fresnel lens solar concentrator 

daylighting system (b.) Prototype of the Fresnel lens solar concentrator 

daylighting system with optical fiber for light transmission (Ullah and Shin, 

2013a) 

(a) (b) 
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Muhs (2000) and Shen et al. (2009) presented a similar type of Fresnel 

lens daylighting system. Shen et al. (2009) demonstrated a distinctive and 

inexpensive way of directing sunlight to dim regions of multi-storey buildings. 

This hybrid (CPV and daylighting) system captures both the visible and 

infrared portions of sunlight with a dual-axis sun-tracking Fresnel lens 

concentrator. The captured sunlight is focused onto solar cells acting as 

openings of the optical fiber. The optical fibers directly distribute the visible 

portion of light into the building combined with LED lighting units in specially 

made luminaries to supplement lighting in the building, if needed. The solar 

cells transform the infra-red radiation to electricity. Figure 2.5 illustrates the 

Fresnel lens collector design approach (Muhs, 2000). 

 

 

Figure 2.5: Fresnel lens collector hybrid design daylighting approach (Muhs, 

2000) 

 

Gilmore (1988) developed two models of the Himawari solar lighting 

system for small-scale building interiors consisting of a different number of 

Fresnel lenses and quartz-glass optical fibers (QOFs) in bundles. This 

daylighting system consists of a sun-tracking device to capture direct sunlight 
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throughout the day and focus it through Fresnel lens which inserts only visible 

light into the optical fibers. Six optical fibers were combined in each bundle 

with an illumination angle of 58o from the fiber bundle. Luminous flux of 1920 

lm was obtained per fiber cable. Although quartz-glass optical fibers were used 

because they exhibit low losses during light transmission, this increased the 

cost of the system. The uniformity of sunlight at the light capturing and 

distribution stages were not well defined by Gilmore (1988). The advantage of 

this system is that Himawari sunlight consists of only a small amount of 

infrared radiation and thus would not affect the temperature of a room or air 

cooling systems. However, the new necessity of daylighting systems is to give 

high illuminance of which Himawari models cannot provide. 

 

 

Figure 2.6: Himawari solar lighting system 

(https://suntomoon.files.wordpress.com/2012/01/img_1626.jpg) 

 

Vu et al. (2016) designed and analyzed a “modified optical fiber 

daylighting system (M-OFDS)” with sunlight transportation in free space. The 

M-OFDS consists of three parts: a primary concentrator (linear Fresnel lens of 

340 mm diameter and a truncated cone shaped plastic optical fiber with 6 mm 

https://suntomoon.files.wordpress.com/2012/01/img_1626.jpg
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core diameter), a collimator (parabolic mirror with a focal length of 4 mm and 

50 mm diameter and a 15 mm diameter convex lens with a focal length of 11 

mm) and a light guide (directing flat mirrors and two linear Fresnel lenses 

placed perpendicularly to diffuse parallel light for indoor illumination). As 

shown in Figure 2.7, Fresnel lens of 340 mm diameter made from PMMA 

concentrates sunlight and focuses it on the piece of 6 mm diameter plastic 

optical fiber which transmits the light to the collimator attached at the end of 

the fiber. The collimated sunlight then travels in open space and is directed to 

the room by the flat mirrors. The result of their simulation showed 85 % 

uniformity of light and experimental results showed that each M-OFDS 

provided approximately 5000 lm with an optical efficiency of 50.7 %. This 

daylighting system is complicated in optical design as it consists of many 

stages of optical devices. Also, it cannot be applied where obstacles such as 

trees exist as they will block the sunrays since it functions only in free space. 

Furthermore, the total system costs about USD 4272 which is quite expensive 

for real life implementation.  
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Figure 2.7: Schematic diagram of the M-OFDS (left) and a working 

prototype of the M-OFDS (right) (Vu et al., 2016) 

 

2.2.4    Double–axis sun tracking - Parabolic Dish/mirror 

 

Ullah and Shin (2012, 2013a) proposed and designed a two-axis 

parabolic mirror fiber-based daylighting system as shown in Figure 2.8. In this 

approach, a primary concave parabolic mirror with a diameter of 320 mm and 

a focal length of 128 mm captures sunlight and guides it towards a secondary 

convex parabolic mirror with a diameter of 13.75 mm (equivalent to the 

receiver’s diameter) and a focal length of 5.5 mm which then collimates the 

light uniformly to the bundle of optical fibers for indoor illumination. 

Increasing the diameter of the parabolic mirror would result to a larger 

reflective surface area thus producing a higher efficiency. The bundle of 

optical fibers (SOF coupled with POF) is arranged circularly to receive 

maximum concentrated sunlight and transmit the light uniformly into the 

building (Ullah and Shin, 2013a). Experimental results indicated that uniform 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=0ahUKEwiun4-KrpTUAhVFjpQKHecQDWwQjRwIBw&url=https://www.osapublishing.org/viewmedia.cfm?uri%3Doe-24-26-A1528%26seq%3D0%26html%3Dtrue&psig=AFQjCNEhin2SGU8hAYyXlYd_KND4xo1qtQ&ust=1496121776793657
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illumination was obtained in the bundle of optical fibers and an average 

illuminance of 705 lx was attained in the building and compensated with LEDs 

when the level of sunlight dropped from the required range. The total cost of 

this system was not provided.  

 

  

Figure 2.8: Structural design of the parabolic mirror solar concentrator 

daylighting system (left); Prototype of the parabolic mirror solar concentrator 

daylighting system with optical fiber for light transmission (right) (Ullah and 

Shin, 2012) 

 

Muhs (2000) and Schelegel et al. (2004) respectively described and 

developed a similar hybrid lighting system design that uses a two-axis tracking 

parabolic dish concentrator. Direct normal solar radiation gathered by the 

concentrator is reflected onto a secondary element that divides the solar 

radiation into visible and infrared spectrums. The secondary element is 

comprised of eight faceted cold mirrors as seen in Figure 2.9 which allows 

visible light to be reflected and infra-red light to be transmitted. The visible 
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light is then reflected and focused into flexible large core 

polymethylmetacrylate optical fibers that transport the light into locations in 

the building where it is needed. The visible light is combined with artificial 

fluorescent lighting or electric lamps in specially designed luminaires to 

maintain a constant level of room lighting. The transmitted infra-red light is 

focused on a thermal photovoltaic array that generates electricity with the 

energy absorbed (Schelegel et al., 2004). The advantages of this hybrid 

daylighting design are that its components are commercially available and it is 

a high-efficiency daylight source as it has no infrared component; 

nevertheless, the manufacturing cost for its commercial production is about 

USD 3000 for just a 2 m2 collector that can illuminate only one-storey building.  

 

 
 

 

 

 

(a) (b) 
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Figure 2.9: (a.) Prototype of hybrid parabolic dish concentrator (Schelegel et 

al., 2004) (b.) Secondary collector with eight faceted cold mirrors (Schelegel 

et al., 2004) (c.) Major elements of hybrid lighting systems (Muhs, 2000) 

 

A daylighting system, composed of a highly reflective sun-tracking 

primary parabolic collector (PPC) was theoretically studied by Sapia (2013). 

A 2.6 m diameter PPC receives solar radiation and reflects it to a 1.03 m 

diameter secondary collector (SOE). The SOE has a surface that is transparent 

in the near infra-red range and has a high reflectivity in the visible range. The 

secondary collector reflects the visible part of the radiation to the heads of the 

bundles of optical fibers (3 mm diameter and 10 m long). The light travels 

through a total of 145 fibers until it reaches some tubular diffusing elements 

from which a 100 m2 room can be illuminated. The efficiency of the parabolic 

collector and the secondary collector were calculated as 95 % and 90 % 

respectively and the overall system efficiency was calculated as 21 %. The 

total expected cost of the system with a total collective area of 4.48 m2 is about 

6538 euros, which is very high for real life implementation.  

 

(c) 
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Figure 2.10: Parabolic dish daylighting system: primary parabolic concentrator 

(sky), bundles of optical fibers (yellow), frequency selective secondary 

collector (light blue) 

 

Furthermore, a new idea of capturing high-intensity sunlight was 

demonstrated by Feuermann and Gordon (2002) in which a 0.2 m diameter 

parabolic dish was used to concentrate sunlight into a single 1 mm diameter 

fused-silica optical fiber through a flat mirror. Sunlight received by the 

parabolic dish was reflected to the flat mirror which was supposed to reflect 

all the sun rays into the optical fiber; rather, a major portion of the light was 

reflected to the outer surface of the fiber as illustrated in Figure 2.11. In their 

design, sunlight was collected by many small parabolic dishes which occupied 

a large area, making roof-top installation of the system almost impossible. 

Also, the cost of the system became very high as each parabolic dish required 

a distinct sun-tracking unit and uniform illumination could not be achieved. 

As a result, the system was used for solar thermal applications to generate 

energy instead of daylighting as it was initially designed for.  
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Figure 2.11: Physical layout of the parabolic daylighting system (Feuermann 

and Gordon, 2002) 

 

Vu and Shin (2016) designed, analyzed and optimized an optical fiber 

daylighting system using plastic modified compound parabolic concentrators 

(M-CPC) made by combining two CPC’s into one component and a dual-axis 

sun-tracking system of less than 3˚ angular tolerance.  The M-CPC captures, 

concentrates and collimates direct sunlight to optical fibers for light 

transmission. To capture maximum level of direct sunlight, the first CPC      

(200 mm length, 3˚ input angle) called the primary CPC was designed with a 

high input area and to achieve a high concentration ratio. The secondary CPC 

(2.47 mm length, 31˚ output angle) was placed contrariwise so that it could be 

used as a collimator to collimate the light it receives from the primary CPC. 

The minor aperture sizes of the primary and secondary CPCs were the same to 

ensure the best coupling between the two CPCs. Plastic optical fiber (POF) of 

the same diameter as the major aperture of the secondary CPC was coupled to 

the major aperture of the secondary CPC for light transmission to the interior 
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of the building. The primary collector is comprised of 10 × 20 M-CPCs array 

and 200 M-CPCs with 200 pieces of POF to achieve a concentrator size of 540 

mm (L) × 270 mm (W) × 212.34 mm (H). Simulation result of the prototype 

gave an optical efficiency of 85% at the concentration ratio of 100 suns, while 

their experimental result gave an optical efficiency of 65 %. The prototype 

gave an illuminance of 4400 lm and can illuminate a surface area of 8 m2. The 

advantage of this system is its high tolerance to input angle of sunlight thus 

making the cost of the system low as there is no need for high-quality optics, 

alignment, and a very accurate tracking system. Nevertheless, even though Vu 

and Shin claimed it is a cost-effective design, the manufacturing cost of the M-

CPC is still high considering the fact that the output aperture of the secondary 

CPC has to be fabricated in a special way which involves laser cutting and 

injection molding methods. 

 

http://www.sciencedirect.com/science/article/pii/S0038092X16302456#gr9
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Figure 2.12: (a) M-CPC structure made in LightTools and its cross-sectional 

view (b) Fabricated M-CPC and its cross-sectional view (c) Prototype of M-

CPC daylighting system (Vu and Shin, 2016) 

 

2.2.5    Double-axis sun tracking – Heliostats 

 

Ullah and Shin (2013b) proposed an economical solar tower 

daylighting system for delivering sunlight to all floors of a building by 

collecting sunlight via heliostats (circular plane mirrors), directing the sunlight 

with a mirror light pipe (MLP), and disseminating the sunlight with light 

guides. The circular plane mirrors of 0.7 m diameter each were positioned on 

one side of the mirror light pipe in circular arcs of radii 1.5 m, 2.5 m, 3.5 m 

and 4.5 m. Each circular plane mirror consisted of a double-axis sun-tracking 

system to track the sun throughout the daytime and direct sunlight towards a  

1 m diameter focusing mirror installed 0.5 m above the mirror light pipe. The 

focusing mirror made an angle of 10.12º relative to the ground axis and was 

designed to directly send in light into the MLP which is then transmitted to the 
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interior of the building on each floor respectively. Thirteen heliostats as 

illustrated in Figure 2.13 were used to illuminate five floors of 50 m2 area each. 

To obtain high illumination in the building interior, the MLP was coated with 

prismatic optical lighting film and optical film with many layers. The MLP 

was also constructed in a cylinder-shaped manner to achieve uniform light. 

Ullah and Shin (2013b) succeeded in achieving the average minimum 

requirement of more than 500 lx for office illumination. They stated that their 

proposed daylighting system has been greatly acknowledged for its merits 

including ease of manageability, cost-effectiveness, the simplicity of its 

design, the applicability of rapid manufacturing and large scale system 

production. However, the cost effectiveness and energy-saving benefits of 

their proposed system are yet to be verified. Also, rooftop installation of this 

system would be a tedious process as it involves 13 heliostats.   

 

 

Figure 2.13: Conceptual design of solar tower with heliostat array to provide 

daylighting in multi-floor buildings via mirror light pipe (Ullah and Shin, 

2013b)  
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2.2.6    Double-axis sun tracking and concentrating system 

 

Song et al. (2014) proposed an active daylighting system with a high 

accuracy dual axis sun-tracking concentrator comprised of five lenses           

(100 mm in diameter each) to focus sunlight to five 10 m length optical fibers 

(2 mm in diameter each) for daylight transmission.  Parts of the sun-tracking 

sub-system are labeled and shown in Figure 2.14. The sun-tracking system has 

a precision of 0.1o to accommodate the concentrating level of the system at 

2500 suns. The system had two feedback circles (coarse and fine adjustments) 

via an angle encoder and a unique array of photodiodes. The coarse adjustment 

feedback circle is dependent on predictably confirmed data on the suns 

direction. Various characteristics of the output signals from the photodiode 

array are used by the control program for fine adjustment. Results of 

experiments carried out showed that the overall transmission efficiency of the 

system could be maintained between 37 % and 40 % for a long time. Also, the 

five optical fibers provided an illuminance of 26.7 lx for a 4.6 m (L) × 4.2 m 

(W) underpass, 10 m away. Irrespective of the good tracking accuracy of this 

daylighting system, it has a complicated design as it requires a very high 

tracking accuracy with a pointing error of less than 0.07˚ to maintain the loss 

at 14 % or less. More so, the uniformity of light was not explained. 
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Figure 2.14: (a) Active daylighting system comprised of double axis sun-

tracking and concentrating system (b) Working prototype on the roof top (Song 

et al., 2014) 

 

Most of the studies discussed have shown that many existing fiber-

optics daylighting systems are complicated in optical design, expensive, 

produce non-uniform focused sunlight on their receivers and are sometimes 

affected by pointing error of their sun-tracking system. Hence, a simple and 

cost-effective daylighting system called “optical fiber-based daylighting 

system using two-stage reflective non-imaging solar concentrator (NISC) is 

proposed to curb the existing problems. The proposed system carry the 

advantages of low and adjustable rim angle for effective collimation of 

daylight towards the receiver area, high tolerance to pointing error of the sun-
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tracking system and focusing sunlight uniformly on the receiver. As stated by 

Chong et al. (2017), non-imaging optics is proposed because:  

 The optical design of a non-imaging solar concentrator consists of 

many segmented facet mirrors that provide the possibility of adjusting 

the focal distance. When the focal distance is increased, the rim angle 

is reduced. 

 A non-imaging optical device can produce a custom-made focused 

image to fit the shape and size of various receiver designs for uniform 

illumination. 

 A non-imaging optical device can have a wider acceptance angle 

resulting in higher tolerances for less precise tracking. 

 A non-imaging optical device can give uniform illumination that is 

highly required in both CPV and daylighting systems.  

 

These advantages first inspired Chong et al. (2009) to design a non-

imaging planar concentrator (NIPC) comprised of several flat facet mirrors to 

overlap uniform solar irradiance at a single target area. Due to the gap spacing 

among the mirrors being limited with respect to the ratio of the focal distance 

to the concentrator size, sunlight blocking effect among adjacent facet mirrors 

exist. As the ratio of focal distance to concentrator width decreases, the 

sunlight blocking effect among adjacent facet mirrors will increase. To solve 

this problem and still provide uniform illumination on the target area, the non-

imaging dish concentrator (NIDC) was proposed and patented by Chong et al. 

(2014). Since NIDC concentrates sunlight by superposing all solar images of 

its facet mirrors into one image, the incident angles of solar rays are dependent 
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on the position of the facet mirrors. This can reduce the coupling loss between 

the solar concentrator and optical fibers even if a pointing error caused by 

imperfect sun-tracking exists. This previous success in the application of non-

imaging focusing technology to CPV systems has led to the conviction that the 

same can be successfully applied in active daylighting systems. Hence the 

emergence of the two-stage reflective NISC. This is a new and original idea 

because it is the first time the non-imaging technology is being developed for 

daylighting application. Table 2.1 is a summary of all the literatures reviewed.  

 

Table 2.1: Summary of the literature review on existing fiber-optics active 

daylighting systems 

Authors Paper title Active 

daylighting 

method/system  

Findings and discussion 

Single-axis sun-tracking system 

Ullah and 

Shin 

(2014) 

Highly 

concentrated 

optical fiber-

based 

daylighting 

systems for 

multi-floor 

office 

buildings  

Parabolic trough 

daylighting 

system  

 Three-stage reflective linear focusing 

design comprising a parabolic trough, 

parabolic reflector and trough CPC. 

 SOFs coupled with POFs are used for 

light transmission. 

 Advantage: This system can be made on 

a large scale with only one tracking 

module. 

 Disadvantage: It has a complicated 

optical design and a high manufacturing 

cost (only the parabolic trough costs 

USD 400/m2 and the automatic tracking 

module costs USD 400, making it a total 

of ˃ USD 800/m2). 

 

Linear Fresnel 

Lens daylighting 

system  

 Three-stage refractive linear focusing 

design comprising a linear Fresnel lens, 

collimating plano-concave lens and 

trough CPC  

 SOFs coupled with POFs are used for 

light transmission. 

 Advantage: This system can be made on 

a large scale with only one tracking 

module. 

 Disadvantage: It has a complicated 

optical design and a high manufacturing 

cost (only the linear Fresnel lens cost 

USD 200/m2 and the automatic tracking 

module costs USD 400, making it a total 

of ˃ USD 600/m2). 

Double axis sun-tracking system 
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Ullah and 

Shin 

(2012, 

2013a) 

Development 

of optical 

fiber-based 

daylighting 

system with 

uniform 

illumination 

(2012). 

 

Uniformly 

illuminated 

efficient 

daylighting 

system 

(2013a) 

Fresnel lens 

daylighting 

system 

 Two stages of focusing: Fresnel lens and 

plano-concave lens. 

 SOFs coupled with POFs are used for 

light transmission 

 Advantage: Simulation and 

experimental result showed uniform 

illumination in the optical fiber bundles. 

 The prototype produced an average 

illuminance of 675 lux. 

 Disadvantage: High concentration ratio 

cannot be achieved as the linear Fresnel 

reflector normally concentrates ˂ 100 

suns. 

Muhs 

(2000)  

Design and 

analysis of 

hybrid solar 

lighting full-

spectrum solar 

energy 

systems  

Fresnel lens 

daylighting 

system 

 Hybrid CPV and daylighting system  

 POF was used for light transmission  

 As a hybrid system, electricity produced 

can be used for indoor illumination when 

there is no sunlight.  

 

 
Shen et 

al.(2009) 

Analysis of a 

hybrid cost-

effective solar 

lighting 

system. 

Gilmore  

(1988) 

Sun flower 

over Tokyo  

Himawari solar 

lighting system 

using Fresnel 

lens  

 Quartz glass optical fiber is used for light 

transmission  

 Disadvantages: High system 

manufacturing cost; the uniformity of 

sunlight at both the capturing and 

distribution stages were not well defined. 

 Advantage: Himawari sunlight contains 

only a small amount of infrared radiation 

and thus would not affect the temperature 

of the room. 

Vu et al., 

(2016) 

Cost-effective 

optical fiber 

daylighting 

system using 

modified 

compound 

parabolic 

concentrators  

Modified optical 

fiber daylighting 

system (M-

OFDS) using 

Fresnel lens 

 M-OFDS consists of three parts:       -       

primary concentrator (linear Fresnel lens 

and truncated cone shaped plastic optical 

fiber) 

- collimator (parabolic mirror and 

convex lens) 

-  light guide 

 Sunlight is transported in open space to 

the room.  

 85 % uniformity of light was obtained 

from numerical analysis 

 Each M-OFDS provided about 5000 lm 

with an optical efficiency of 50.7 %. 

 Disadvantages: Complicated optical 

design with many stages of optical 

devices; too expensive for real life 

implementation; the system cannot 

perform where an obstacle such as trees 

exist. 

Ullah and 

Shin 

(2012, 

2013a) 

Development 

of optical 

fiber-based 

daylighting 

system with 

uniform 

illumination 

(2012). 

 

Parabolic 

dish/mirror 

daylighting 

system  

 Two stages of focusing: Primary concave 

parabolic mirror and secondary convex 

parabolic mirror. 

 SOFs coupled with POFs are used for 

light transmission 

 Experimental results indicated that 

uniform illumination was obtained in the 

bundle of optical fibers. 

 Average illuminance of 705 lux was 

attained in the building. 
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Uniformly 

illuminated 

efficient 

daylighting 

system 

(2013a) 

 Disadvantage: The total coat of the 

system was not provided.  

 

Muhs 

(2000) 

Design and 

analysis of 

hybrid solar 

lighting full-

spectrum solar 

energy 

systems 

Parabolic dish 

concentrator 

daylighting 

system  

 Consists of a parabolic dish concentrator, 

a secondary collector (eight faceted cold 

mirrors) and POFs for light transmission. 

 Advantages: It is a high-efficiency 

daylight source as it has no infrared 

component and its components are 

commercially available. 

 Disadvantages: High manufacturing 

cost of about USD 3000 for a 2 m2 

collector that can illuminate only one-

storey building.  

 

Schelegel 

et al. 

(2004) 

Analysis of a 

full spectrum 

hybrid lighting 

system 

Sapia 

(2013) 

Daylighting in 

buildings: 

Developments 

of sunlight 

addressing by 

optical fiber  

Parabolic 

concentrator 

daylighting 

system  

 Theoretical study only  

 Consists of a primary parabolic dish 

concentrator, a secondary collector 

(eight faceted cold mirrors) and POFs for 

light transmission. 

 Efficiency of the primary parabolic 

collector was calculated as 95 %. 

 Efficiency of the secondary collector 

was calculated as 90 %. 

 Overall system efficiency was 

calculated as 21 %.  

 Disadvantage: The total expected cost 

of the system with a total collective area 

of 4.48 m2 is about 6538 euros which is 

very high for real life implementation.  

Feuermann 

and 

Gordon 

(2002) 

Solar fiber- 

optic mini-

dish 

concentrator. 

First 

experimental 

results and 

field 

experience 

Parabolic dish 

concentrator 

daylighting 

system  

 Consists of a 0.2 m parabolic dish, flat 

mirror and a single fused-silica optical 

fiber 

 Disadvantages: Sunlight was collected 

by many small parabolic dishes which 

occupied a large area and made roof-top 

installation of the system difficult; high 

system manufacturing cost as each 

parabolic dish required a distinct sun-

tracking unit; uniform illumination 

could not be achieved.  

 Due to the above mentioned 

disadvantages, the system was used for 

solar thermal applications instead of 

daylighting application.  

Vu and 

Shin 

(2016) 

Cost-effective 

optical fiber 

daylighting 

system using 

modified 

compound 

parabolic 

concentrators 

Modified 

compound 

parabolic 

concentrator  (M-

CPC) daylighting 

system 

 The M-CPC consists of two CPCs (one 

as a concentrator, one as a collimator) 

combined into one component and POFs 

for light transmission.  

  The primary collector is comprised of 

200 M-CPCs with 200 pieces of POF to 

achieve a concentrator size of 540 mm × 

270 mm × 212.34 mm.  

 Optical efficiency of the system is 85 % 

based on the simulation result of the 

prototype and 65 % based on 

experimental result. 

 Illuminance of prototype is 4400 lm for 

8 m2 room. 

 Advantage: The system has a high 

tolerance to input angle of sunlight 

which makes the system cost effective 
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as there is no need for a very accurate 

tracking system. 

 Disadvantage: High manufacturing cost 

as the CPCs have to be fabricated in a 

special way. 

Ullah and 

Shin 

(2013b) 

Concept of 

solar tower for 

daylighting in 

multi-floor 

buildings 

Solar tower 

daylighting 

system using 

heliostats  

 Consists of thirteen heliostats (circular 

plane mirrors) to direct sunlight to a 

mirror light pipe.  

 Five floors of 50 m2 area each were 

illuminated with this system  

 Advantages: ease of manageability, 

cost-effectiveness, simple design, 

applicability of rapid manufacturing and 

large scale system production  

 Disadvantage: Root-top installation 

would be a tedious process as it involves 

many heliostats.  

 Cost-effectiveness and energy savings 

of the system are yet to be verified. 

Song et al,  

(2014)  

Daylighting 

system via 

fibers based 

on two-stage 

sun-tracking 

model  

Optical  lens 

(K9) 

concentrator 

daylighting 

system  

 Comprises five optical lenses to focus 

sunlight to five 10 m length optical 

fibers.  

 The system has a precision of 0.1˚ to 

accommodate the concentrating level of 

the system at 2500 suns.  

 Transmission efficiency could be 

maintained between 37 % and 40 % for 

a long time. 

 Five optical fibers gave an illuminance 

of 26.7 lux for a 4.6 m (W) × 4.2 m (H) 

underpass, 10 m away 

 Advantage:  Good tracking accuracy  

 Disadvantage: Complicated design as it 

requires a very high tracking accuracy 

with a pointing error of ˂ 0.07˚ to 

maintain the loss at 14 % or less.  
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CHAPTER 3 

 

METHODOLOGY 

 

The flow chart in Figure 3.1 presents an outline of the methods used in 

this study in three phases: phase 1 (Parts A and B), phase 2 and phase 3. Part 

A covers the design of the two-stage reflective NISC and part B covers the 

hardware construction of the two-stage reflective NISC. Phase 2 covers the 

design and construction of the optical fibers for guiding the concentrated 

sunlight into the building. Phase 3 covers the system performance study and 

feasibility studies of the two-stage reflective NISC.  

 

 

Figure 3.1: Flow chart of the research methodology for the two-stage reflective 

NISC daylighting system 
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3.1       Background theory of the two-stage reflective non-imaging solar 

concentrator (NISC) 

 

The proposed two-stage reflective non-imaging solar concentrator was 

designed based on the concept of the Cassegrain reflector that is widely 

deployed in reflecting telescopes. The Cassegrain reflector is a two-stage 

reflector with a combination of a primary concave mirror and a secondary 

convex mirror (Ma et al., 2014). The incident ray is reflected by the primary 

concave mirror to the secondary convex mirror. The secondary convex mirror 

then reflects and focuses the rays on the target. Concave and convex mirrors 

have been found to be quite expensive in the application of solar energy. 

Therefore, many flat facet mirrors are proposed as primary and secondary 

reflectors instead of curved mirrors while the target is a bundle of plastic 

optical fibers (POF). 

 

 

 

Figure 3.2: Optical arrangement of the Cassegrain reflector (ASGH Mirror 

Workshop, 2012) 
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To verify the optical design of the two-stage reflection of the non-

imaging solar concentrator, 2-D ray tracing was performed using a Java-based 

2-D ray tracing software called Optical Ray-tracer. 2-D ray-tracing analysis 

enables quick understanding of how the incident sunrays can be focused by the 

primary reflector to the secondary reflector and subsequently to the optical 

fibers. The dimension of each flat facet mirror in the primary reflector was set 

as 5 cm × 5 cm × 0.2 cm (thickness), while the dimension of each flat facet 

mirror in the secondary reflector was unknown. This 2-D ray-tracing analysis 

helped in determining the required dimension of each flat facet mirror in the 

secondary reflector (Obianuju and Chong, 2017).  

 

Each mirror assembly set in the primary reflector consists of four flat 

facet mirrors arranged in a group with a gap spacing of 0.5 cm between two 

adjacent facet mirrors. The facet mirrors in each mirror assembly set are tilted 

to reflect the sunrays to their respective secondary facet mirror where the 

perpendicular distance between primary and secondary reflectors is 70 cm. The 

secondary facet mirror is tilted to reflect the sunrays towards the optical fibers 

at the target. Since Optical Ray Tracer software performs ray-tracing in 2-D 

only, two facet mirrors in each assembly set for both left and right sides are 

simulated as shown in Figure 3.3. From the simulation result, the estimated 

size of each secondary facet mirror to embrace all the reflected rays from the 

primary mirror assembly set was found as 8 cm × 8 cm × 0.2 cm (thickness). 
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Figure 3.3: 2-D ray-tracing analysis to determine the size of each secondary 

facet mirror based on the Cassegrain reflector design 

 

3.2      3D design of the two-stage reflective NISC using SolidWorks. 

 

Based on the background theory, the design of the two-stage reflective 

NISC was modeled in 3-D as shown in Figure 3.4 with a 3-D CAD software 

called SolidWorks. The design of the two-stage reflective NISC comprises a 

primary and secondary reflector. The primary reflector consists of twenty 

mirror assembly sets with four flat facet mirrors per mirror assembly set. The 

primary flat facet mirrors within each mirror assembly set were drawn 0.5 cm 

apart while two mirror assembly sets were drawn 2 cm apart from each other. 

The secondary reflector consists of twenty secondary flat facet mirrors drawn 

0.8 cm adjacent to each other. Each facet mirror assembly is made up of six 

components as illustrated in Figure 3.4 (a): (1) flat mirror, (2) three bolts (M4 

× 60 mm), (3) PVC plate acting as the mirror frame, (4) washers, (5) 

compression spring and (6) nuts. The dimension of the target area located at 
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the center of the primary reflector was set as 5 cm × 5 cm which is equivalent 

to the size of one primary mirror. 

 

 

 

Figure 3.4: (a) 3-D drawing of the two-stage reflective NISC in isometric view 

and side view (b) Labelled 3-D drawing of the two parts of the two-stage 

reflective NISC 
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A schematic diagram to illustrate the operating principle of the 

proposed daylighting system from the sunlight receiving stage to the indoor 

illumination stage is shown in Figure 3.5 below. The control system tracks the 

sun so that the first stage primary reflector receives incident sunlight and 

reflects it to the second stage secondary reflector which then reflects the light 

to the target/receiver area. At the target area, a hot-mirror filter filters out ultra-

violet and infra-red rays and permits visible light to pass through to the plastic 

optical fibers which transmit the light to distributing lens fixed inside the room 

for indoor illumination.  

 

 

Figure 3.5: A schematic diagram to show the operating principle of the 

proposed daylighting system  

 

The design specification of the two-stage reflective NISC is listed in 

Table 3.1. 
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Table 3.1: Design specification of the two-stage reflective non-imaging solar 

concentrator (NISC) 

Parameter Specifications 

Number of mirror assembly set in the 

primary reflector 

20 

Number of primary facet mirrors in each 

mirror assembly set 

4 

Number of secondary facet mirrors in the 

secondary reflector 

20 

Primary facet mirror dimension 5 cm (L) × 5 cm (W) × 0.2 cm (T) 

Secondary facet mirror dimension 8 cm (L) × 8 cm (W) × 0.2 cm (T)  

Mirror assembly set dimension 10.5 cm (L) × 10.5 cm (W) 

Gap between primary facet mirrors in the 

mirror assembly set 

0.5 cm 

Gap between two adjacent mirror assembly 

sets  

2 cm 

Gap between two adjacent secondary facet 

mirrors  

0.8 cm 

 

Target area at the center of the primary 

reflector  

5 cm (L) × 5 cm (W) 

Primary reflector frame dimension 73 cm (L) × 73 cm (W) 

Secondary reflector frame dimension 52 cm (L) × 52 cm (W) 

Reflective area of the primary reflector  0.2 m2 

Reflective area of the secondary reflector  0.13 m2 

Perpendicular distance between the primary 

and secondary reflectors (L) 

70 cm 

Half rim angle of the two-stage reflective 

NISC 

24º 

Total height of the two-stage reflective NISC 153 cm 
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In the two-stage reflective NISC design, one set of primary mirrors will 

reflect its incident sunlight to its respective secondary mirror. As illustrated in 

Figure 3.6, all the primary mirror assembly sets and their counterpart 

secondary facet mirrors are labeled with same numbers to show that each 

specific mirror assembly set will superpose all their solar rays to the target 

located at the center of the primary reflector via its corresponding secondary 

facet mirror. 

 

 

 

Figure 3.6: Top view of primary and secondary facet mirror arrangements 

showing all mirror assembly sets and their counterpart secondary facet mirrors 

numerically labeled respectively 
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3.3   Mathematical formulas for calculating the tilting angles of the 

primary and secondary mirrors 

  

After the 3D-design was completed, mathematical analysis using 

trigonometry was carried out to find the reflective points of the primary and 

secondary facet mirrors and their respective tilting angles to superpose the 

incident solar rays to the target area. Since all the facet mirrors are flat mirrors, 

each facet mirror is tilted in two orientation angles (along the x and y-axis) for 

optimum reflection of the received sunlight onto the target area. The respective 

tilting angles are:  & σ for each primary facet mirror and ρ &  for each 

secondary facet mirror. σ is the tilted angle of the primary facet mirror along 

the x-axis and  is the tilted angle of the primary facet mirror along the y-axis. 

 is the tilted angle of the secondary facet mirror along the x-axis and ρ is the 

tilted angle of the secondary facet mirror along the y-axis. For a geometric 

representation, the Cartesian coordinate system is used to identify the position 

of all the facet mirrors within the two-stage reflective NISC with the origin O 

(0, 0, 0) located at the center of the primary reflector as illustrated in Figure 

3.7. In the Cartesian coordinate system, the X-axis lies along the column of the 

mirrors, the Y-axis lies along the row of the mirrors, and the Z-axis points 

towards the center of the secondary reflector.  

 

Point A (x1, y1, z1) is defined as the central point of the primary mirror 

assembly set. Point B (x2, y2, z2) is defined as the central point of the secondary 

facet mirror corresponding to the aforementioned mirror assembly set. From 

both points A and B, point C(x3, y3, z3) is defined in the coordinate system 



43 
 

based on two criteria: (1) the points A, B, and C are collinear; (2) the distance 

of ABC must be equal to the distance of ABO.  

 

 

Figure 3.7:  Cartesian coordinate system defined in the plane of the primary 

reflector with its origin O defined at the center of the primary reflector 

 

Coordinate A (x1, y1, z1) and coordinate B (x2, y2, z2) are known; thus, 

coordinate C (x3, y3, z3) was determined as the following based on Figure 3.7: 

 

To compute z3,  
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To compute y3,  
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To compute x3, 
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(3.3) 

Where ABFACD  and AFGADE   

  

After determining the coordinate C, the tilted angles for the primary 

and the secondary facet mirrors were calculated. From Figure 3.8, vectors and 

parameters for the primary facet mirror with its central point at coordinate M 

(x, y, z) are defined as follows: Î (0, 0, 1) is the unit vector of the incident 

sunray; N̂  is the unit vector normal to the primary facet mirror; R̂ is the unit 

vector of the reflected sunray from point M to the point C; 1 is the incident 

angle of the sunray relative to the primary facet mirror. 
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Figure 3.8: Cartesian coordinate system showing the coordinate M, incident 

angle θ1, the two tilted angles  and σ for the primary facet mirror, where O is 

the origin of the coordinate system, the target point and also the center of the 

primary reflector 

 

The formulas for calculating the two tilted angles of each primary facet 

mirror is as follows: 








 
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z

y

N

N
1tan

                                                                                                                 

(3.4) 

 xN 1sin                                                                                                                    
(3.5) 

 

From Snell-Descartes law, the unit vector normal to the primary facet 

mirror, N̂  (Hetcht, 2002; Chong et al., 2009) is obtained as: 
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(3.6) 
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Provided that kI ˆˆ                                                                                                              (3.7) 

and
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From Figure 3.9, vectors and parameters for the secondary facet mirror 

with its central point at coordinate B (x2, y2, z2) are defined as follows: I ˆ is the 

unit vector of the incident ray on the secondary facet mirror from point A; N ˆ  

is the unit vector normal to the secondary facet mirror; Rˆ  is the unit vector of 

the reflected ray from the secondary facet mirror at point B to the target at 

point O; 2 is the incident angle of the incident sunray relative to the secondary 

facet mirror and O is the origin of the coordinate system and the target point, 

which is also the center of the primary reflector. 

 

The two tilted angles of each secondary facet mirror can be calculated 

using the formulas: 
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(3.9) 

 xN 1sin                                                                                                        
(3.10) 

 

Similar to Equation (3.6), the following formulas can be derived from 

Snell-Descartes law (Hetcht, 2002; Chong et al., 2009): 
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Given that 
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and 
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(3.13) 

 

 

Figure 3.9: Cartesian coordinate system representing the incident angle θ2, the 

two tilted angles  and  for the secondary facet mirror  

 

Using the derived formulas, the tilting angles were calculated for one 

quadrant of the reflector consisting of five primary mirror assembly sets and 

five secondary mirrors. The tilting angles are the same for the other quadrants 

with different tilting orientations (either positive or negative) based on the 

mirror location. Figure 3.10 illustrates the quadrant labeled from set one to five 

corresponding to the set numbers in Table 3.2 and Table 3.3.  
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Figure 3.10: Primary and secondary mirror arrangement showing set one to 

five with respect to Table 3.2 

 

To verify that the calculated tilting angles are correct, the primary and 

secondary reflectors alone were drawn in SolidWorks software; where the new 

target coordinates (Point C – referring to Figure 3.8) were derived. Figure 3.11 

illustrates this. The new target coordinates in Table 3.2 were derived from 

SolidWorks; which corresponded to the target coordinates derived by 

calculation. 
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Figure 3.11: SolidWorks drawing of the primary and secondary reflectors 

showing the new target coordinates for one quadrant 

 

Table 3.2: Table showing the coordinates of one quadrant of the primary and 

secondary mirrors and their new target coordinates 

 

 

‘Primary coordinates’ in Table 3.2 above refers to the coordinates of 

each primary mirror in the first quadrant shown in Figure 3.10. ‘Center point 

of each set’ refers to the coordinates of the center point of one assembly set; 

‘secondary co-ordinates’ refers to the coordinates of each secondary mirror in 
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the first quadrant and ‘new target coordinates’ refers to the coordinates of the 

new target point for the five sets of mirrors. 

 

Table 3.3: Table showing tilting angle calculation values for the primary and 

secondary mirrors 

SET Primary mirror tilting angles Secondary mirror tilting angles 

X-axis (σ˚) Y-axis (ɤ˚) X-axis  (ϕ˚) Y-axis (ρ˚) 

SET 1 -3.21 -4.27 4.72 -4.70 

-3.21 -3.21 

-4.26 -4.25 

-4.27 -3.20 

SET 2 -3.21 -2.79 4.85 -2.91 

-3.22 -1.71 

-4.28 -2.78 

-4.29 -1.71 

SET 3 -3.21 -1.30 4.93 -0.98 

-3.22 -0.20 

-4.29 -1.29 

-4.30 -0.20 

SET 4 -1.73 -3.24 2.92 -4.85 

-2.82 -3.23 

-1.72 -4.32 

-2.81 -4.31 

SET 5 -0.21 -3.22 0.99 -4.93 

-1.30 -3.21 

-0.20 -4.30 

-1.30 -4.29 

 

 

In Table 3.3, the second and third columns show the tilting angles (σ 

and ɤ) of the primary mirrors in the first quadrant; and ϕ and ρ in the last two 

columns are the tilting angles of the secondary mirrors in the first quadrant. 

 

3.4      Theoretical analysis on the reflectors, using LightTools software  

 

After calculating the tilting angles, the primary flat facet mirrors and 

secondary flat facet mirrors were tilted according to the angles in Table 3.3 

and then imported into an optical simulation tool called LightTools software 

for 3-D ray-tracing and analysis. 3-D ray tracing, solar flux distribution and 
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spillage loss analysis on the receiver were performed from which the 

concentration ratio, optimum receiver size and the illumination capability of 

the two-stage reflective NISC were found. 

 

Figure 3.12 shows the tilted mirrors, where L is the distance between 

the primary reflector and the secondary reflector which is 70 cm. The ray-

tracing process covered the entire primary reflector of the two-stage reflective 

NISC in the simulation. Figure 3.13 illustrates the schematic diagram of the 

two-stage NISC to show how the sunrays are focused onto the input aperture 

of optical fibers in 3-D view. Results showed that all the incident rays were 

focused on the target area, implying that the tilting angles were calculated 

correctly. About 20 million rays were traced in other to achieve a reasonably 

good resolution in the solar flux distribution plot. The solar flux distribution 

analysis was done for the entire target area of 50 cm × 50 cm. 

 

Figure 3.12: 3-D view of the tilted primary and secondary mirrors of the two-

stage reflective NISC 
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Figure 3.13:  3-D view of the two-stage reflective NISC showing how the 

sunrays are focused on the target area 

 

It was assumed that all the facet mirrors have 100% reflectance and the 

solar irradiance of incident sunlight on the primary facet mirror is 1000 W/m2 

(equivalent to 1 sun). Also, to imitate sunrays with the solar disc half angle of 

4.65 mrad, a light source with a dimension somewhat bigger than the dimension 

of the two-stage reflective NISC prototype is generated. The central region of 

the secondary reflector is an open empty area; hence there are direct incident 

sunrays on the receiver plus reflected sun rays from the reflectors. The result 

obtained from this simulation will be compared with the experimental results in 

another section. 

 

From the outcome of the simulated solar flux distribution, the uniformly 

illuminated region of the receiver covers an area of 38 mm × 38 mm with an 

average solar concentration ratio (Cavg) of 76 suns. The uniformly illuminated 

region refers to the area in the central region of the solar flux distribution at the 

receiver, where solar concentration ratio is nearly constant as the entire solar 
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images of the flat facet mirrors are perfectly overlapped. The average solar 

concentration ratio contributed by the reflector is 75 suns, and the average solar 

concentration ratio contributed by direct sunlight without going through any 

reflection is 1 sun.  It is observed that the average solar concentration ratio of 

the target area is less than 80 suns which is the number of the primary facet 

mirrors. This is because the solar flux distribution contributed by the reflector is 

unavoidably spread to a larger area primarily due to both the cosine loss and 

solar disc effect (Chong et al., 2009). Cosine effect is a phenomenon where the 

effective receiving area of the two-stage reflective NISC reduces based on the 

cosine of the incidence angle. This happens when a mirror or set of mirrors are 

reflecting off-axis which directly reduces the concentration ratio (number of 

suns) at the receiver area of the concentrator. The generated loss is called cosine 

loss. Cosine loss varies as a function of the position of the sun and it occurs 

because mirrors cannot be constantly aligned normal to the incident solar rays. 

Solar disc effect occurs when there is solar radiation within a few degrees of the 

solar disc caused by atmospheric scattering. Therefore, the rays of sun that strike 

the mirror surface are considered as cone rays.  

 

 Viewing from the top, the uniformly illuminated region is an even area 

with steeply decreasing edges to form a total focused image size of 65 mm ×     

65 mm. Figure 3.14 (a) illustrates the simulated result of the focused image 

formed at the receiver area without pointing error. The percentage of energy 

within the uniformly illuminated receiver area is 57.3%. The percentage of 

energy increased to 74.6% when Cavg is more than 60 suns, and the percentage 

of energy is as high as 88.7% when Cavg is more than 38 suns. To analyze the 
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optimal dimension for the target area, the spillage loss versus receiver dimension 

was plotted as seen in Figure 3.14(b), from which the target area dimension of 

50 mm × 50 mm (exact size of one primary facet mirror) was carefully chosen 

due to low spillage loss of 11.6 %. The average solar concentration ratio at the 

target area of 50 mm × 50 mm is 68 suns. Simulation results have shown that 

the two-stage reflective NISC produces good uniformity of solar flux 

distribution at the receiver area (the red colored area in Figure 3.14(a)) and is 

therefore highly recommended for use in active daylighting. The result of the 

theoretical analysis is presented in Table 3.4 for easy reference. 
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(a) 

 

(b) 

Figure 3.14: (a) 2-D plot of the simulation result showing solar flux 

distribution at the receiver area of the two-stage reflective non-imaging solar 

concentrator (NISC) prototype (b) Graph of spillage loss and solar 

concentration ratio vs. receiver dimension 
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Table 3.4: Result of the theoretical analysis on the receiver area of the two-

stage reflective NISC 

Parameter Value 

Central region of the receiver (uniformly 

illuminated area) 

(38 × 38) mm 

Average solar concentration ratio in the central 

region of the receiver  

76 suns 

Total focused image size  (65 × 65) mm 

Selected focused image size based on spillage 

loss 

(50 × 50) mm 

Average solar concentration ratio at the target 

area of (50 × 50) mm 

68  suns 

Percentage of energy within the uniform 

illumination area  

57.3 % 

Percentage of energy for C
avg

 of more than 60 

suns 

74.6 % 

Percentage of energy for C
avg

 of more than 38 

suns. 

88.7 % 

Spillage loss at (50 × 50) mm receiver area 11.6 % 

 

3.5      Hardware construction of the two-stage reflective non-imaging 

solar concentrator (NISC) prototype. 

 

Different parts of the two-stage reflective NISC prototype were built at 

different laboratories (mechanical, electrical, etc.) of Universiti Tunku Abdul 

Rahman, Malaysia. All parts were assembled and the two-stage reflective NISC 

was placed at the leveled roof-top of the University located at a longitude of 
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101.79º and latitude of 3.04º.  This section explains the manufacturing process 

of the concentrator.  

 

The two-stage reflective NISC was manufactured in two parts: a 

mechanical frame with the primary and secondary reflectors and the base 

structure with the sun-tracking mechanism as displayed in Figure 3.4(b). 

Aluminum was selected as the material for the mechanical frame because of its 

properties such as low density, corrosion resistance, easy machining, and 

recyclability. 20 mm (L) × 20 mm (W) × 2 mm (T) aluminum hollow square 

bars were used to build the mechanical frame. The primary reflector has an outer 

dimension of (730 × 730) mm. It was built by placing four sets of two aluminum 

hollow bars with an interval distance of 85 mm as a platform for the primary 

mirrors to be fixed and were screwed at four corners to form a square frame. 

PVC plate was cut into rectangular shapes with a dimension of 125 mm (L) × 

10 mm (W) × 5 mm (T) and was fixed to the two aluminum hollow bars on 

which the primary facet mirrors were fixed using bolts and nuts. Likewise, the 

mechanical frame of the secondary reflector was built using four sets of two 

aluminum hollow bars placed 6 cm apart and screwed at four corners to form a 

square frame as a platform for the secondary facet mirrors to be fixed. Four 

aluminum hollow bars were used to hold the primary reflector frame and the 

secondary reflector frame 700 mm away from each other. 

 

Eighty flat facet mirrors of the dimension of 50 mm (L) × 50 mm (W) ×         

3 mm (T) were each fixed on the primary reflector frame to form a total of twenty 

mirror assembly sets as illustrated in Figure 3.4(a). The gap or spacing between 
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two primary facet mirrors within each mirror assembly set is 5 mm while the 

spacing between two adjacent mirror assembly set is 20 mm. Likewise, twenty 

secondary mirrors with a dimension of 80 mm (L) × 80 mm (W) × 3 mm (T) 

were each fixed on the secondary reflector frame with a spacing of 8 mm. Each 

facet mirror consists of six parts as shown in Figure 3.4 (a): (1) flat mirror, (2) 

three bolts (M4 ×60 mm), (3) PVC plate (mirror frame), (4) washers (5) 

compression spring (6) nuts. The preparation of the facet mirrors in the 

laboratory is shown in Figure 3.15.  

 

 

 

 

 

(a.) Preparation of the facet mirror frame 

 

(b.) Three bolts fixed on each mirror frame 
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 Dbddbbcb 

 

 

 

 

 

Figure 3.15:  Preparation of the flat facet mirrors 

 

To make the mirror frame, PVC plates were cut into eighty 50 mm ×     

50 mm square shapes and twenty 80 mm × 80 mm square shapes to match the 

size of the primary and secondary mirrors.  Three blind holes with the same 

diameter as the bolt head were drilled half way through the thickness of the cut 

PVC plates at its four edges. A thorough hole was drilled through the other 

(c.) Flat facet mirrors glued to each mirror frame 
 

(d.) Complete facet mirror with compression springs fixed on the 

reflector frame 
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remaining half, with the same diameter as the body of the bolt. Three bolts were 

then fixed on each mirror frame as illustrated in Figure 3.15. Epoxy paste was 

used to stick each facet mirror to the top of the PVC plate to make the mirror 

position stable after alignment. After which compression springs were slid 

through the body of the bolts. The bolt-spring assembly formed three contact 

points for each facet mirror; where one of them acted as the pivot point and the 

remaining two were adjustable. This made provision for each facet mirror to be 

tilted freely by manually turning the nuts of the two adjustable bolt-spring sets 

to focus the solar image to the target area. 

 

To support the entire weight of the mechanical frame, the base structure 

was made of mild steel bars and plates. The open area of the base structure 

consisted of a door built with 2 mm thick PVC plates to house all electronic parts 

of the two-stage NISC prototype such as the Arduino, breadboard, wires, motor 

etc. The mechanical frame was securely attached to the base structure via 

custom-made connectors screwed on the upper part of the base structure. For 

easy mobility of the two-stage NISC, four wheels were fixed underneath the 

base structure alongside four adjustable leveling mounts for stability on the 

rooftop during operation.  

 

The two-stage reflective NISC was designed to have dual-axis motion. 

The sun-tracking system consisting of the elevation (0˚- 50˚) and azimuth (0˚- 

360˚) driving mechanisms was installed on the base structure. A linear actuator 

fixed to the mechanical frame via a shaft to perform elevation motion from 0° 

to 50° served as the elevation driving mechanism. Finite Element Analysis 
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(FEA) was carried out to find the minimum force needed for moving the 

mechanical frame with the reflectors in an upward and downward motion; after 

which the ideal linear actuator was selected together with its best location in the 

base structure. The azimuth driving mechanism of the two-stage reflective NISC 

consists of a stepper motor, primary sprocket gear, and a custom-made 

secondary gear. The primary sprocket gear has eleven teeth. The custom-made 

secondary gear is made up of fifty screws on two rotating circular center hollow 

plates. Thus, the primary to secondary gear ratio is 11:50. The stepper motor 

was connected to the primary sprocket gear, and the primary sprocket gear was 

engaged with the custom-made secondary gear for the transmission of azimuth 

movement to the mechanical frame in 360°. Hence, the rotation of the secondary 

gear rotates the concentrator. The stepper motor used is PK264A2-SG50 model 

from Oriental motor with a resolution of 0.036˚ per step. Figure 3.16 illustrates 

the position of the primary and secondary gears in the prototype concentrator. 
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Figure 3.16: Illustration of the primary and secondary gears with the sensor 

and sensor plate, in both the SolidWorks drawing and the prototype 

 

A backlash error was observed when the direction changed from 

clockwise to anti-clockwise and vice versa due to the gap between the primary 

and secondary gear teeth. To compensate this error, pulsing control of the 

stepper motor was used together with a U-shaped micro photoelectric sensor to 

increase the resolution of the rotation and to detect whether the system is rotating 

or not when the direction changes. U-shaped micro photoelectric sensor is a type 

of sensor that detects objects that pass through it. When an object passes through 

the U-shaped gap, the transmitter will be blocked from the receiver causing the 

output signal to change. Below the secondary gear, a plate was attached for 

blocking the sensor transmitter and receiver when it enters the sensor gap. The 

plate also served as an initial reference position for the solar concentrator, 
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implying that the sensor should always point towards the North. When there is 

no object between the gaps, the sensor output is high and vice versa.  

 

The latest version of the Arduino MEGA 2560 served as a mini-

computer to host the sun-tracking program for operating the system by 

calculating the solar angles, pulse generation, interrupts, etc. The solar-tracking 

system was designed as a structural closed-loop control system. Two 9-bit 

encoders with a resolution of 512 counts per revolution (equivalent to 0.70 per 

count) are used to send responses of the rotational angles about azimuth and 

elevation axes. With respect to the local clock time, time zone, date, latitude, 

and longitude of the site location; the sun-tracking algorithm computes the 

azimuth and elevation angles and then sends control pulse and interrupt signals 

to the driving mechanism in recurrent loops. The current locations of the two-

stage reflective NISC are then compared with the calculated elevation and 

azimuth angles to get a differential value in position. The program will command 

the appropriate stepper motor to move the two-stage reflective NISC to the most 

recent calculated position if the positional difference in degrees is greater than 

the 0.70 resolution of the optical encoder. Figure 3.17 (a) shows the overall 

circuit design and Figure 3.17 (b) shows a flow chart of the tracking logic of the 

two-stage reflective NISC. 
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(A) 
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(B) 

Figure 3.17 (a) Schematic diagram of the overall circuit design showing the two 

stepper motors, motor driver, Arduino Mega 2560, closed loop sensors, button 

interrupt and manual controller (b) Flow chart of the tracking logic of the two-

stage reflective NISC. 

 

The weight of the mechanical frame including reflectors is about 16 kg 

and the weight of the entire two-stage reflective NISC prototype including the 

driving mechanisms is about 42.2 kg. The specification of the two-stage 

reflective NISC prototype is shown in Table 3.1. Figure 3.18 illustrates the 

completely manufactured prototype in the laboratory and the working prototype 

on the roof–top.  
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Figure 3.18: Completely manufactured prototype of the two-stage reflective 

NISC in the laboratory (left) and on the roof-top (right) 

 

3.6      Optical alignment of all mirrors of the two-stage reflective NISC 

 

After the prototype of the two-stage reflective NISC was completely 

built and placed on the rooftop of the University building, all the mirrors were 

tilted to face the sun perpendicularly so that maximum incident sunlight can be 

received. To align the mirrors, some steps were taken: 

 

a.) All the mirrors were properly cleaned with cotton wool that was soaked 

in ethanol to remove dust particles and fingerprint stains. 
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b.) The primary mirrors were first aligned, followed by the secondary 

mirrors. To align the primary mirrors, the secondary reflector was 

removed and replaced with four height adjustable aluminum hollow bars 

with a receiver on top which is a thick sheet of plastic paper with the 

same dimension as the original secondary reflector. On the thick sheet of 

plastic paper, the new locations for the secondary mirrors were drawn 

out as a reference for the reflected sunlight from the primary mirror sets. 

After the set up was done and the sun was out with clear skies, the sun-

tracking mechanism of the concentrator tracked the sun while each 

primary mirror set was manually adjusted such that their incident sunrays 

were reflected to their respective secondary mirror’s new location on the 

plastic paper according to the new target coordinates in Table 3.3.   

Figure 3.19 and Figure 3.20 depicts the set-up for the primary mirror 

alignment. This was done one mirror after another for all primary mirror 

assembly sets; while adjusting the height of the secondary reflector 

accordingly and covering the other primary mirrors to prevent them from 

receiving incident rays. 



68 
 

 

Figure 3.19: Primary reflector alignment set-up showing the adjustable 

aluminum hollow bars 
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c.)   

d.)   
e.)  

f.)   

g.)   

h.)   

i.)   
j.)   

k.)   

l.)   

m.)   

n.)   
o.)   

p.)   

q.)   

r.)   

s .)  
t.)   

u.)   

v.)   

w.)  

x.)   
y.)   

z.)  

aa.)  

bb.)   
cc.)  

dd.)   

ee.)  

ff.)   

gg.)   
hh.)   

ii.)   

 

jj.)   

kk.)   
ll.)   

mm.)   

nn.)   

Figure 3.20: Primary mirror alignment under the sun illustrating the reflection 

on the plastic paper sheet 

 

To confirm that the automatic sun-tracking position is correct, a 5 mm 

diameter thorough hole was drilled on top a rectangular aluminum 

hollow metal bar of about 100 mm length. A dent was then made directly 

perpendicular to the drilled hole inside the hollow bar. The rectangular 

aluminum hollow metal bar was tightly secured at the side of the 

concentrator using a G-clamp as illustrated in Figure 3.21. When the 

concentrator is directly facing the sun, the reflection of the sun is seen 

directly on top the dent through the 5 mm hole. This implies that the sun-

tracking position is correct. In a situation whereby the reflection of the 

sun is not directly on the dent, the sun-tracking position is wrong and 

needs to be checked. 
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Figure 3.21: Hollow rectangular metal bar placed on the side of the 

concentrator to confirm correct sun-tracking position  

 

c.) After all the primary mirrors were properly aligned, the four height 

adjustable aluminum hollow bars with its receiver were removed and 

replaced with the original secondary reflector. The incident rays from the 

primary mirrors were seen perfectly reflecting on their respective 

secondary mirror. The secondary mirrors were then individually tilted to 

reflect their rays to the target area of 50 mm × 50 mm one after the other 

while covering other secondary mirrors. The final outcome of all the 

reflected rays on the receiver is shown in Figure 3.22.  
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Figure 3.22: Illustration of the receiver area of the two-stage reflective NISC 

before and after mirror alignment  

 

d.) I installed an application called “clinometer + bubble level” on my 

handphone and used it to confirm that the tilted angles of the primary 

and secondary mirrors correspond to the calculated tilting angles in          

Table 3.3. The process involved opening the application on my hand 

phone and calibrating it first by placing it on a very flat surface where 

the angle of tilt is zero. After that, the hand phone is then placed gently 

on each mirror for the application to measure the angle of tilt.   
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3.7    Optical fibers for light transmission – Selection, preparation and 

fiber analysis 

 

For transmission of visible light from the receiver area to the building, 

model CK-120 high-performance plastic optical fibers (POFs) made by 

Mitsubishi Rayon Co. LTD were carefully selected. They are cost effective, 

flexible, have a high acceptance angle and a large core diameter that can transmit 

more light by means of total internal reflection. Each plastic fiber is made up of 

a polymethylmethacrylate (PMMA) core with a diameter of 2.945 mm and a 

fluorinated Polymer cladding with a diameter of 3 mm. Refer to Appendix A for 

technical specifications of the selected POF as provided by the manufacturer. 

The entrance aperture of the optical fibers was fixed at the target area which is 

located at the center of the primary reflector to perpendicularly face the sun. The 

half acceptance angle of the PMMA is 30º, making the total acceptance angle 

equal to 60º. The half acceptance angle as illustrated in Figure 3.23, is the 

maximum angle relative to the central axis of the optical fiber at which light rays 

can enter and be transmitted through the optical fibers. The maximum emitting 

angle of the light rays at the exit of the optical fiber should be equal to the half 

acceptance angle.  

 

 

Figure 3.23: Illustration of the acceptance angle of the plastic optical fiber 
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After the POF has been exposed under concentrated sunlight with high 

temperature and UV for a long period, it would tend to melt and degrade due to 

its polymer properties. To prevent melting and degrading of the POF, a dielectric 

hot mirror filter is placed before the entrance aperture of the optical fibers to 

reflect or filter away an average of 70 % of ultraviolet rays (below 380 nm and 

above 710 nm) and an average of 98 % of infrared rays (750 nm to 1150 nm). 

The hot mirror has a maximum operating temperature of 400 ˚C and high 

transmissibility of 98 % for visible light (400 nm to 690 nm). 

 

The optical fibers were protected from scratches, dust and dirt by neatly 

inserting them into black long foam embraced by an insulated pipe. 

 

 

Figure 3.24: High-performance hot-mirror fixed at the receiver area of the 

prototype for testing 
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Table 3.5: Design specification and calculations for the two-stage reflective 

non-imaging solar concentrator (NISC) daylighting system 

 

 

 

Parameters Value Parameters Value 

Area of each primary facet 

mirror (cm2) 

25 Average value of direct beam 

luminous efficacy (lm/W) as 

provided by Lim and Ahmad 

(2013) based on Malaysian 

climate. It is the ratio of 

daylight illuminance to solar 

irradiance) 

104 

Number of primary facet 

mirrors 

80 Total transmission loss via 

fiber, Lfiber (%) 

45.7 

Total area of all primary 

facet mirrors, AReflector (m
2) 

0.2 Direct normal irradiance (DNI), 

I (W/m2) 

1000 

Target area (m2) (0.05 m × 

0.05 m) 

0.0025 Percentage of visible light in 

solar spectrum, %VL (%) 

47 

Transmissibility of visible 

light for hot mirror  

0.98 Percentage of infrared light in 

solar spectrum (%) 

46 

Core reflective index of 

POF 

1.49 Percentage of ultraviolet light in 

solar spectrum (%) 

7 

Numerical aperture of 

POF 

0.50 Uniform illumination area of 

concentrated flux, Auniform (mm2) 

= (38 mm × 38 mm) 

1444 

Maximum operating 

temperature of POF ( °C) 

70 Average solar concentration 

ratio within target area of 50 

mm × 50 mm (suns) 

68 

Minimum operating 

temperature of POF ( °C) 

 

55 Input solar power within target 

area of 50 mm × 50 mm  (W) = 

(68 × 1000 × 0.0025) 

170 

Length of POF (m) 10 Visible light power as 47% of 

full solar spectrum (W) = 170 

W × 0.47 

79.9 

Half acceptance angle of 

POF (°)  

30 Input light power after the hot 

mirror filter (W) = 79.9 W × 

0.98  

78.30 

Transmission loss of POF 

(dB/km) 

≤ 200 Illuminance at the entrance 

aperture of the POF (lm) = 

luminous efficacy × input light 

power =104 lm/W × 78.30 W  

8143.2 
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The target area in which the POFs are located in the prototype of the 

solar concentrator is (50 × 50) mm2. Figure 3.25 illustrates that this area can 

accommodate three hundred and fourteen optical fibers arranged such that seven 

fibers are in one bundle in other to optimize the target area for indoor 

illumination. From Table 3.5, the prototype two-stage reflective NISC is 

estimated to deliver 8143.2 lm of daylight to the optical fibers at the target area. 

 

 

Figure 3.25: Optical fibers arrangement in the 50 mm  50 mm target area 

 

Since the input light power of the two-stage reflective NISC is known as 

8143.2 lm, the average lumen that can be transmitted by one optical fiber can be 

calculated. The radius of the core of the selected POF is 1.4725 mm. Therefore, 

the cross-sectional area of each optical fiber is π × (1.4725 mm)2 = 6.81 mm2 

and one fiber can transmit an average of (6.81 mm2 × 8143.2 lm)/2500 mm2 = 

22.18 lm. The proposed length of POF for experimental purposes is 10 m. Thus, 

an experiment for finding the attenuation/transmission and coupling loss called 

the cut-back method was performed on the 10 m long fiber. The cut-back method 

as illustrated in Figure 3.26 involved clamping the entrance aperture of the 

optical fiber using a retort stand to perpendicularly face an uninterrupted white 

light source. At the exit aperture of the fiber, a CPV cell was used to measure 
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both the short-circuit current and open-circuit voltage in order to obtain the 

power. The exit aperture of the fiber was firmly fixed to the flat CPV cell such 

that there was no gap in-between them to prevent any loss of output light. After 

measuring the power, 2 cm length of the optical fiber was cut off from the exit 

aperture using a fiber optic cutter. The surface of the new exit aperture was then 

polished using different grades of sandpaper, from coarse to fine (400, 800, 

1200, 1500 and 2000) placed on a grinder-polisher. This was done to smoothen 

the surface of the fiber and make it even for the next measurement. It was also 

used to find out the outcome of using different grades of sandpaper to polish the 

surface of the optical fiber. While polishing with the grinder, its speed was 

adjusted between 250 rpm to 400 rpm and the water was turned on to ease the 

process. This cut-back method was carried out ten times and readings were taken 

ten times from which the attenuation was calculated as 0.36 dB/m which is 

slightly higher than the attenuation in the data sheet (0.2 dB/m). From this 

attenuation experiment, the transmission loss of 45.7 % was obtained. Thus, at 

the exit aperture of the 10 m length POF, the average lumen after the 

transmission loss should be (22.18 lm × 54.3 %) = 12.04 lm. 

 



77 
 

 

Figure 3.26: Cut-back method to find the attenuation loss of the POF 

  

The CIBSE code (1994) for interior lighting stated the standard 

illuminance for visibility of a room as 500 lx; and for this study, a 6.3 m2 room 

is termed a standard office area. In a standard office area of 6.3 m2, daylighting 

via optical fiber requires (500 lx × 6.3 m2) = 3150 lm to achieve 500 lx. 

Therefore the total number of optical fibers required is 3150/12.04 ≈ 262 fibers. 

The target area shown in Figure 3.25 can supply an average luminous flux of 

12.04 lm × 314 = 3780.6 lm (or 600 lx for an office area of 6.3 m2). 

Theoretically, an illuminance value higher than the required illuminance for a 

standard office area can be accomplished with the prototype two-stage reflective 

NISC. Thus, the average illuminance of the prototype with 600 lx for a room 

area of 6.3 m2 can be used to illuminate a larger office area of (600 lx × 6.3 m2) 

/ 500 lx = 7.56 m2. 
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For real world implementation of the prototype design, when the indoor 

illuminance from the two-stage reflective NISC is less than the required level, 

light-emitting diodes (LEDs) with model no. LUW W5AM-KYLX-4E8G will 

be used as complementary artificial light as it has a low power consumption and 

a long lifespan. The selected LED model is a high power LED with a white light 

source at a color temperature of 5700 K, which is in the similar range of daylight 

(5000 K - 6000 K).  Each LED can produce 104 lm/W with the forward voltage 

(Vf) of 3.2 V, current of 350 mA and electrical input power of 1.12 W. For the 

LEDs to fully illuminate an office area of 7.56 m2, 3780 lm is needed to achieve 

500 lx and hence a total of 32.5 LEDs ≈ 33 LEDs with rated electrical power of 

36.35 W is required. It implies that the illuminance produced by the two-stage 

reflective NISC is equivalent to 33 LEDs with electrical power of 1.12 W each. 

Referring to Table 3.5, the solar input power received at the target area of the 

two-stage reflective NISC is 170 W. Hence, the equivalent power conversion 

efficiency is (36.35 W/170W) × 100 % = 21.4 %. 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

4.1     Experimental set-up for measuring the solar concentration ratio of 

the two-stage reflective NISC prototype 

 

On-site data collection to measure the solar concentration ratio (suns) 

was carried out for the prototype two-stage reflective NISC. Instruments 

involved in the experimental set-up and employed for the data collection 

included: a digital light meter that was firmly secured to the mechanical frame 

with its light sensor facing the sun – for measuring the illuminance of the sun; 

multimeter 1 – for measuring the short-circuit current of CPV cell 1 that is 

positioned under concentrated sunlight at the central region (Isc-1) of the receiver 

area; multimeter 2 -  for measuring the short-circuit current of CPV cell 2 that is 

positioned on the mechanical frame of the concentrator under one sun (Isc-2); 

pyranometer – for measuring the global solar irradiance (GSI); and  

pyrheliometer – for measuring the direct normal irradiance (DNI). All 

instruments were calibrated before use and aligned to face the sun 

perpendicularly to ensure accurate readings were taken. Direct normal irradiance 

(DNI) is the direct component of solar power reaching the earth surface per 

square meter. Global solar irradiance (GSI) is a measure of the amount of total 

incoming direct and diffuse solar energy on a horizontal plane on the earth’s 

surface.  
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The experimental setup for measuring the solar concentration ratio of 

the two-stage reflective NISC prototype is revealed in Figure 4.1. 

 

The following equation was used to calculate the short-circuit current of 

CPV cell 2, contributed by only DNI (Isc-2
DNI) under one sun: 

GSI

DNI
2sc

DNI

2sc   II
                                                                                                                (4.1)

 

where Isc-2 is the measured short-circuit current of CPV cell 2  in mA when 

exposed to GSI under one sun, DNI is the direct normal irradiance in W/m2 

measured by the pyrheliometer and GSI is the global solar irradiance in W/m2 

measured by the pyranometer. 

 

 After finding Isc-2
DNI and Isc-1, the measured solar concentration ratio of the 

two-stage reflective NISC prototype (Cmeasured) can be calculated using equations 

(4.2) and (4.3). 

DNI

2sc

1sc
measured




I

I
C

                                                                                                                  (4.2)

 

                                                                                                                                                                                                                                 

 

                                                                                 (4.3) 

where Isc-1 is the measured short-circuit current (A) of CPV cell 1 when exposed 

to the concentrated sunlight at the central region of the receiver. 

 
 

DNI

GSI

2sc

1sc
measured 





I

I
C
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Figure 4.1 (a) Picture of the experimental setup to measure the solar 

concentration ratio of the two-stage reflective non-imaging solar concentrator 

(NISC) (b) A schematic diagram illustrating all the measurements taken during 

the experiment  
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4.2      Experimental set-up for measuring the indoor illuminance 

produced by the two-stage reflective NISC prototype. 

 

The experimental setup to measure the indoor illuminance produced by 

the two-stage reflective NISC prototype inside the test room was similar to that 

of experiment 1. The only difference is that CPV cell 1 was replaced with the 

entrance aperture of the optical fibers aligned perpendicularly relative to the 

concentrated sunlight. Fourteen pieces of 3 mm diameter and 10 m long POF’s 

were used to guide the concentrated sunlight from the prototype to the test room. 

The optical fibers were initially prepared in the laboratory by cutting each to a 

length of 10 m. To achieve an even and smooth surface for coupling the 

concentrated light from air to fiber, surface polishing was done using different 

grades of sandpaper from the most coarse to the finest grade ranging from 600 

to 1500. The fibers were then grouped into two bundles; each bundle consisted 

of seven POFs arranged in a hexagonal manner. The two bundles of optical 

fibers were fixed firmly at the region of uniform illumination (38 mm × 38 mm) 

on the receiver, with the entrance aperture oriented perpendicularly relative to 

the incident sunlight as illustrated in Figure 4.2. The exit aperture of the fiber 

was connected to the test room, and a blackboard was positioned 2 m away from 

the exit aperture of the POFs. A MASTECH MS6612 digital light meter (with a 

spectral range of 320 nm to 730 nm) was used inside the test room and moved 

around the blackboard to measure the indoor illuminance based on the light 

emitted by the POFs at different times when the weather was sunny with clear 

skies.  
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Figure 4.2 (a) Picture of the experimental setup to measure the indoor 

illuminance produced by the two-stage non-imaging solar concentrator (b) A 

schematic diagram illustrating the measurements taken during the experiment. 
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4.3       Experiments, results and discussion   

 

4.3.1 Experiment 1 - to measure the solar concentration ratio of the two-

stage reflective NISC prototype. 

 

Readings were taken between August 2016 and March 2017 when the 

weather was sunny with clear skies and when the weather was sunny with some 

cloudy skies. The data collection process involved exposing the CPV cell 1 to 

concentrated sunlight and measuring its short-circuit current. At the same time, 

CPV cell 2 was used to measure the short-circuit current of 1 sun. DNI and 

GSI were measured concurrently. 

 

Tables 4.1, 4.2 and 4.3 show data collection for three different days. 

The data in Table 4.1 were recorded on a very sunny day with no clouds (clear 

skies), while the data in Tables 4.2 and 4.3 were taken on a sunny day with 

some clouds in the sky at particular local clock times (h) and with clear skies 

at other local clock times (h). The measured solar concentration ratio for all 

the data reflects these conditions. For graphical representation, the best set of 

data (Table 4.1) which was taken on a very good sunny day with clear skies 

(14th December 2016) from local clock time 11:15 h to 14:33 h is used. Figure 

4.4 presents a graph to show the relationship between the measured values of 

average solar concentration ratio (suns) and the short-circuit currents of CPV 

cell 1 under concentrated sunlight with respect to the local clock time on 14th 

December 2016. The simulated average solar concentration ratio is constant 

(76 suns). Figure 4.3 illustrates the relationship between measured DNI and 
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GSI for the 14th December, 2016 which are more or less directly proportional 

to each other most of the time. This was similar for all the collected data. 

 

Table 4.1: Data collection on 14th December 2016 for GSI, DNI, short-circuit 

currents of CPV cell 1 and 2 and solar concentration ratio of the two-stage 

reflective non-imaging solar concentrator (NISC) prototype 

Local 

Time 

(h) 

GSI 

(W/m2) 

DNI 

(W/m2) 

DNI/GSI 

ratio 

Isc-2 

(mA) 

Isc-1(A) Measured 

solar 

concentration 

ratio, Cmeasured 

(suns) 

Uncertainty of 

measured solar 

concentration 

ratio, ΔCmeasured 

(suns) 

11:15 1022 912 0.89 13.99 0.86 68.8 ±1.4 

11:16 1022 912 0.89 13.98 0.86 68.9 ±1.4 

11:18 1034 900 0.87 14.10 0.84 68.4 ±1.4 

11:37 1107 888 0.80 15.19 0.78 64.0 ±1.3 

11:38 1144 900 0.79 15.67 0.87 70.5 ±1.4 

11:46 1192 888 0.74 16.30 0.84 69.2 ±1.4 

11:47 1192 900 0.76 16.25 0.86 70.1 ±1.4 

12:10 1204 888 0.74 16.35 0.76 63.1 ±1.3 

12:12 1180 888 0.75 15.73 0.80 67.6 ±1.4 

12:14 1229 925 0.75 16.33 0.88 71.6 ±1.5 

12:22 1156 925 0.80 16.00 0.83 64.8 ±1.3 

12:26 1204 925 0.77 16.33 0.79 63.0 ±1.3 

12:27 1192 912 0.77 16.04 0.79 64.4 ±1.3 

13:24 1119 863 0.77 14.88 0.73 63.4 ±1.3 

13:26 1119 851 0.76 14.51 0.81 73.6 ±1.5 

13:29 1119 863 0.77 15.20 0.77 65.6 ±1.3 

13:33 1095 838 0.77 15.13 0.77 66.5 ±1.4 

13:36 1046 826 0.79 14.56 0.74 64.3 ±1.3 

13:37 1034 826 0.80 14.50 0.77 66.4 ±1.4 

13:40 998 789 0.79 13.88 0.75 68.4 ±1.4 

13:42 985 764 0.78 13.62 0.67 62.9 ±1.3 

13:51 1058 838 0.79 14.88 0.78 66.3 ±1.4 

13:52 1046 814 0.78 14.66 0.74 64.5 ±1.3 

14:32 985 715 0.73 14.06 0.68 66.7 ±1.4 

14:33 985 727 0.74 14.12 0.65 62.1 ±1.3 

 

 



86 
 

Table 4.2: Data collection on 19th December 2016 for GSI, DNI, short-circuit 

currents of CPV cell 1 and 2 and solar concentration ratio of the two-stage 

reflective non-imaging solar concentrator (NISC) prototype 

Local 

Time 

(h) 

GSI 

(W/m2) 

DNI 

(W/m2) 

DNI/GSI 

ratio 

Isc-2 

(mA) 

Isc-1(A) Measured 

solar 

concentration 

ratio, Cmeasured 

(suns) 

Uncertainty of 

measured solar 

concentration 

ratio, ΔCmeasured 

(suns) 

10:06 963 629 0.65 13.37 0.52 59.5 ±1.2 

10:12 976 629 0.64 13.65 0.51 57.5 ±1.2 

12:34 1146 752 0.66 15.50 0.74 72.9 ±1.5 

12:38 1134 740 0.65 15.30 0.75 75.5 ±1.5 

12:44 1073 703 0.65 14.80 0.67 68.6 ±1.4 

13:04 1134 752 0.66 15.60 0.68 65.6 ±1.3 

13:11 1049 678 0.65 14.45 0.62 66.4 ±1.4 

13:14 1049 691 0.66 14.40 0.64 67.9 ±1.4 

13:20 1037 629 0.61 14.22 0.57 66.5 ±1.4 

13:25 963 493 0.51 13.28 0.44 64.1 ±1.3 

13:37 634 222 0.35 8.72 0.17 54.1 ±1.1 
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Table 4.3: Data collection on 22th December 2016 for GSI, DNI, short-circuit 

currents of CPV cell 1 and 2 and solar concentration ratio of the two-stage 

reflective non-imaging solar concentrator (NISC) prototype 

Local 

Time 

(h) 

GSI 

(W/m2) 

DNI 

(W/m2) 

DNI/GSI 

ratio 

Isc-2 

(mA) 

Isc-1(A) Measured 

solar 

concentration 

ratio, Cmeasured 

(suns) 

Uncertainty of 

measured solar 

concentration 

ratio, ΔCmeasured 

(suns) 

10:20 951 777 0.82 13.50 0.64 58.1 ±1.2 

10:27 951 777 0.82 13.50 0.67 60.8 ±1.2 

10:31 963 764 0.79 13.50 0.69 64.4 ±1.3 

10:34 963 777 0.81 13.60 0.71 64.7 ±1.3 

10:38 963 789 0.82 13.60 0.70 62.8 ±1.3 

10:48 988 777 0.79 13.90 0.71 65.0 ±1.3 

10:55 1049 801 0.76 14.70 0.66 58.8 ±1.2 

11:05 963 752 0.78 13.85 0.64 59.2 ±1.2 

11:09 1000 814 0.81 14.15 0.73 63.4 ±1.3 

11:13 1049 851 0.81 14.55 0.81 68.6 ±1.4 

11:17 1037 838 0.81 14.45 0.82 70.2 ±1.4 

11.23 1049 838 0.80 14.80 0.84 71.0 ±1.4 

11:30 1049 801 0.76 14.85 0.71 62.6 ±1.3 

 

 

 

Figure 4.3: Graph to show the relationship between DNI and GSI for the 14th 

December, 2016. 
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Figure 4.4: Graph to show the relationship between short-circuit current of 

CPV cell 1 and solar concentration ratio (measured and simulated results) 

versus local clock time on 14th December 2016 

(Note: The arrows in the graph indicate the vertical axes of the line graphs plotted.) 

 

4.3.2    Result and discussion of experiment 1  

 

In Figure 4.4, the measured solar concentration ratio of the two-stage 

reflective NISC prototype varied between 62 suns and 74 suns throughout the 

period of measurement. This is selected as the best result obtained as the data 

was taken when the sun was at its peak. In Table 4.2, the measured solar 

concentration ratio varied between 54 suns and 76 suns throughout the period of 

measurement; and in Table 4.3, the measured solar concentration ratio varied 

between 58 suns and 71 suns throughout the period of measurement. The reason 

for this variation is the random error which occurred during measurement of 

short-circuit currents from CPV cell 1 and 2. Several factors such as the sun-

tracking accuracy, temperature variation of the CPV cell, and measurement error 

of the multimeter (±1.2 % for current and ±0.8 % for voltage as obtained from 
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the user manual for GW INSTEK GDM-394/396 multimeter seen in Appendix 

B) can cause the random error to occur. The short-circuit current of CPV cell 1 

was measured and used to calculate the concentration ratio at the uniformly 

illuminated receiver area of the concentrator. During the experiment, the 

temperature of the CPV cell increased after being exposed to the concentrated 

sunlight for a few seconds. A cooling fan was attached closely to CPV cell 1 to 

fasten the cooling process before focusing the concentrated sunlight on the CPV 

cell to take new readings. It was observed that the measured short-circuit current 

increased when the temperature of the CPV cell increased; it dropped as the CPV 

cell 1 was cooled down. This is due to the fact that for multiple junction CPV 

cells, the temperature co-efficient is approximately 0.001 mA/˚C for 1 sun at 

temperature ranging from 25 ˚C to 80 ˚C. Hence, for the two-stage reflective 

NISC that has a maximum solar concentration ratio of 76 suns as obtained from 

the numerical simulation, the temperature co-efficient is 0.076 mA/ ˚C. It can be 

concluded that the short-circuit current of the CPV cell varied with respect to 

the change in temperature. 

 

From Table 4.1, the average measured solar concentration ratio is        

66.6 suns with a calculated standard deviation of 3.0 suns and the simulated 

average solar concentration ratio is 76 suns. Thus, the reflectivity of the facet 

mirror can be calculated as 935.0
176

16.66





= 93.5 %. One sun is subtracted in 

the formula because the reflectivity of the facet mirrors is not affected by the 

direct sunlight coming in from the central region of the secondary reflector. The 

calculated reflectivity falls in the range of the reflectivity of the mirror as 

specified by the manufacturer (90 % - 94 %). Also, from the data in Tables 4.2 



90 
 

and 4.3, the calculated reflectivity fell in the range of the manufacturer’s 

specification which are 93 % and 92 % respectively.  

 

The uncertainty of the measured solar concentration ratio (ΔCmeasured) is 

dependent on the measurement error of the short-circuit current of CPV cell 1 

(ΔIsc-1), measurement error of the short-circuit current of CPV cell 2 (ΔIsc-2), the 

measurement error of DNI voltage (ΔVDNI) and the measurement error of GSI 

voltage (ΔVGSI) as shown in the following expression: 
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where ΔIsc-1 and ΔIsc-2 are ± 1.2%; ΔVDNI and ΔVGSI are ± 0.8%. Given that       

DNI = VDNI /8.11 and GSI = VGSI /8.22, both values of 8.11 and 8.22 are constants 

as provided in the specifications of the pyrometer and the pyrheliometer 

respectively. Equation 4.5 was used in calculating the uncertainty values for the 

data presented in Tables 4.1, 4.2 and 4.3. 

 

4.3.3    Experiment 2 - to measure the indoor illuminance produced by the 

two-stage reflective NISC 

 

At different times of the day when the DNI was steady, the indoor 

illuminance was measured at a distance of 2 m away from the exit aperture of 

the optical fibers inside the test room. The background illuminance value of 
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the test room was first measured and then subtracted from the measured indoor 

illuminance values from the optical fibers. Simultaneously, the DNI, GSI and 

short-circuit currents for CPV cell 2 were recorded. This experiment was 

conducted a number of times for a duration of three months; but in this thesis, 

data collection for four days: 22nd December, 2016 from 11:38 h to 13:14 h, 

29th December, 2016 from 14:38 h to 15:11 h, 30th December, 2016 from   

13:56 h to 15:11 h and 16th February, 2017 from 14:05 h to 14:31 h are 

presented in Tables 4.4, 4.5, 4.6 and 4.7. The data presented in Tables 4.4 and 

4.5 were collected on a sunny day but with a low DNI and some clouds in the 

sky. This is why the illuminance values measured in the test room throughout 

the experiments performed on 22nd December, 2016 and on 29th December, 

2016 were lower than expected with an average deviation of 29% and 16% 

respectively between experimental and theoretical illuminance results. The 

data presented in Tables 4.6 and 4.7 were collected on a sunny day with clear 

skies. The illuminance values measured in the test room throughout the 

experiments performed on 30th December, 2016 and on 16th February, 2017 

were higher with an average deviation of 11% and 8% respectively between 

experimental and theoretical illuminance results. 

 

For graphical representation, the set of data with higher illuminances 

(Tables 4.6 and 4.7) are plotted. Figure 4.5 is a graph to show the relationship 

between the values of DNI and GSI for the 30th December, 2016 and 16th 

February, 2017 which are mostly directly proportional to each other. Figure 

4.6 is a graph of comparison between theoretical and experimental results for 
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the indoor illuminance of the prototype versus local clock time (h) on 30th 

December, 2016 and 16th February, 2017. 

 

Table 4.4: Experimental results for indoor illuminance measured on 22nd 

December, 2016 in comparison with the theoretical results. 

Local 

Time (h) 

GSI 

(W/m2) 

DNI 

(W/m2) 

Indoor Illuminance (lx) Deviation 

between 

experimental 

and theoretical 

results (%) 

Uncertainty of 

experimental 

result for 

indoor 

illuminance (lx) 

 

Experimental 

result 

Theoretic

al result 

11:38 985.40 715 38.7 74.5 48.0 ±2.3 

11:40 1034.06 740 38.7 77.0 49.8 ±2.3 

11:42 1009.73 740 43.4 77.0 43.7 ±2.6 

11:43 1021.90 740 45.5 77.0 41.0 ±2.7 

11:45 1058.39 789 57.8 82.2 29.7 ±3.5 

11:47 1082.73 777 56.8 80.9 29.7 ±3.4 

11:48 1058.39 789 54.4 82.2 33.8 ±3.3 

11:49 1046.23 777 56.7 80.9 29.8 ±3.4 

11:53 1058.39 789 58.3 82.2 29.0 ±3.5 

11:59 997.57 703 51.2 73.2 30.1 ±3.1 

12:00 985.40 678 56.5 70.6 19.9 ±3.4 

12:03 1034.06 727 57.7 75.7 23.8 ±3.5 

12:06 1058.39 764 53.7 79.6 32.5 ±3.2 

12:09 985.40 691 55.9 71.9 22.3 ±3.4 

12:14 973.24 678 56.9 70.6 19.4 ±3.4 

12:16 900.24 604 47.9 62.9 23.8 ±2.9 

12:17 912.41 617 45.0 64.2 29.9 ±2.7 

12:21 936.74 703 46.3 73.2 36.7 ±2.8 

12:27 912.41 604 48.6 62.9 22.7 ±2.9 

12:31 888.08 580 45.4 60.3 24.7 ±2.7 

12:35 936.74 617 46.9 64.2 26.9 ±2.8 

12:40 924.57 604 45.4 62.9 27.9 ±2.7 

12:44 912.41 567 39.4 59.1 33.3 ±2.4 

12:48 1021.90 666 55.9 69.3 19.4 ±3.4 

12:53 1034.06 641 50.6 66.8 24.2 ±3.0 

13:08 936.74 518 42.0 53.9 22.0 ±2.5 

13:12 924.57 481 37.1 50.1 26.0 ±2.2 

13:14 863.75 419 34.3 43.6 21.3 ±2.1 
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Table 4.5: Experimental results for indoor illuminance measured on 29th 

December, 2016 in comparison with the theoretical results  

 

 

 

Table 4.6: Experimental results for indoor illuminance measured on 30th 

December, 2016 in comparison with the theoretical results. 

 

 

Local 

Time 

(h) 

GSI 

(W/m2) 

DNI 

(W/m2) 

Indoor Illuminance (lx) Deviation 

between 

experimental 

and theoretical 

results (%) 

Uncertainty 

of 

experiment

al result for 

indoor 

illuminance 

(lx) 

 

Experimental 

result 

Theoretical 

result 

14:38 1204.38 912 77.7 95.0 18.2 ±4.7 

14:59 1180.05 912 78.4 95.0 17.5 ±4.7 

14:53 1240.88 912 79.6 95.0 16.2 ±4.8 

14:55 1277.37 900 77.4 93.7 17.4 ±4.6 

15:00 1265.21 912 79.2 95.0 16.6 ±4.8 

15:02 1228.71 912 81.3 95.0 14.4 ±4.9 

15:04 1204.38 888 84.0 92.4 9.1 ±5.0 

15:06 1204.38 900 82.5 93.7 12.0 ±4.9 

15:11 1313.87 900 71.4 93.7 23.8 ±4.3 

Local 

Time 

(h) 

GSI 

(W/m2) 

DNI 

(W/m2) 

Indoor Illuminance (lx) Deviation 

between 

experimental 

and theoretical 

results (%) 

Uncertainty of 

experimental 

result for 

indoor 

illuminance (lx) 

 

Experimental 

result 

Theoretical 

result 

13:56 850.80 851 92.0 88.6 - 4.0 ±5.5 

14:00 863.13 863 92.7 89.9 -3.0 ±5.6 

14:06 801.48 802 80.8 83.4 3.2 ±4.8 

14:50 912.45 913 78.4 95.0 17.5 ±4.7 

14:53 912.45 913 79.6 95.0 16.2 ±4.8 

14:55 912.45 913 77.4 95.0 18.5 ±4.6 

15:00 900.12 900 79.2 93.7 15.5 ±4.8 

15:02 912.45 913 81.3 95.0 14.4 ±4.9 

15:04 912.45 913 84.0 95.0 11.6 ±5.0 

15:06 887.79 888 82.5 92.4 10.7 ±4.9 

15:11 900.12 900 71.4 93.7 23.8 ±4.3 
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Table 4.7: Experimental results for indoor illuminance measured on 16th 

February, 2017 in comparison with the theoretical results  

 

 

 

 

Figure 4.5: Graph to show the relationship between DNI and GSI for the 30th 

December, 2016 and 16th of February, 2017. 

 

Local 

Time 

(h) 

GSI 

(W/m2) 

DNI 

(W/m2) 

Indoor Illuminance (lx) Deviation 

between 

experimental 

and theoretical 

results (%) 

Uncertainty 

of 

experimental 

result for 

indoor 

illuminance 

(lx) 

 

Experimental 

result 

Theoretical 

result 

14:05 1094.89 900 84.0 93.7 10.4 ±5.0 

14:06 1094.89 900 72.1 93.7 23.0 ±4.3 

14:07 1082.73 888 76.9 92.4 16.8 ±4.6 

14:09 1082.73 888 85.8 92.4 7.2 ±5.1 

14:11 1070.56 888 91.3 92.4 1.2 ±5.5 

14:12 1082.73 888 88.9 92.4 3.8 ±5.3 

14:15 1107.06 888 85.0 92.4 8.1 ±5.1 

14:16 1131.38 888 81.8 92.4 11.5 ±4.9 

14:27 1058.39 888 82.2 92.4 11.0 ±4.9 

14:29 1058.39 888 94.0 92.4 -1.7 ±5.6 

14:31 1070.56 888 92.7 92.4 -0.3 ±5.6 
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Figure 4.6: Graph to show a comparison between theoretical and experimental 

results for the indoor illuminance of the active daylighting system versus local 

clock time on 30th December 2016 and 16th February 2017. 

 

4.3.4    Results and discussion of experiment 2 

 

In Table 4.4, the deviation between experimental and theoretical results 

decreased abruptly from 41% at 11:43 h to 29.7% at 11:45 h and then increased 

to 33.8% at 11:48 h on 22nd December, 2016. In Table 4.5, the deviation 

between experimental and theoretical results decreased sharply from 14.4% at 

15:02 h to 9.1% at 15:04 h and then increased suddenly to 12% at 15:06 h and 

further increased again to 23.8% at 15:11 h on 29th December 2016. In Table 

4.6, the deviation between experimental and theoretical results increased 

sharply from 3.2% at 14:06 h to 17.5 % at 14:50 h and then reduced to 10.7% 

at 15:06 h and increased sharply again to 23.8% at 15:11 h on 30th December 

2016. In Table 4.7, the deviation also increased suddenly from 10.4% at     

14:05 h to 23.0% at 14:06 h; but dropped significantly from 16.8% at 14:07 h 

to 7.2% at 14:09 h on 16th February 2017. Due to these drops in the illuminance 
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with respect to the weather change, LEDs would be used for compensation as 

explained in section 3.7. These occurrences indicated that the deviation could 

be caused by both random and systematic errors. Random error is mainly 

caused by the measurement error of the light meter with the uncertainty value 

of ± 6% as obtained from the instruction manual for MASTECH Digital Light 

Meter MS6612. Therefore, the uncertainty of the measured indoor illuminance 

can be determined as measured indoor illuminance × 6 %. On the other hand, 

the pointing error of the sun-tracking system is the major cause of the 

systematic error. The accuracy of the sun-tracking system depends on the 

resolution of a 9-bit absolute encoder. When the absolute encoder senses that 

the sun position has deviated by 0.70° away from the perfect sun-tracking 

condition, it sends signals to the control system to activate the driving system 

to track the sun. When there is an increase in pointing error, focused sunlight 

would still be received by the optical fibers at the target area, but the 

illuminance output would be affected significantly due to light transmission 

loss, because the incident angle would have increased relative to the optical 

fiber (Song et al., 2014). Regardless of a higher tolerance of the two-stage 

reflective NISC prototype towards pointing error in comparison to a 

conventional solar concentrator, the increase in the incident angle can still 

cause some focused sunlight to not get into the optical fibers. To save the cost 

of the prototype design, a lower resolution of absolute encoder is deliberately 

used to provide a feedback signal of the sun position with the pointing error of 

up to 0.70°.  Result of the spillage loss analysis for sun-tracking errors ranging 

from 0˚-1˚ presented in Table 4.8 has shown that the transmission loss is still 

within the acceptable range. This is because at tracking error of 0.8˚, the 
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average solar concentration ratio at both the uniformly illuminated area (38 

mm × 38 mm) and the receiver area (50 mm × 50 mm) are more than half of 

the average solar concentration ratio at perfect sun-tracking condition with 0˚ 

error. This is also similar for the percentage of energy within the uniformly 

illuminated area and within the receiver area as shown in Table 4.8. Therefore, 

for pointing error of 0.70 ˚, a better result is achievable and a reasonable level 

of daylighting can still be produced. This proves why the two-stage reflective 

non-imaging solar concentrator daylighting system is less-sensitive to pointing 

error of its sun-tracking system. 

 

Table 4.8: Spillage loss analysis for sun-tracking errors of 0˚, 0.2˚, 0.4˚, 0.6˚, 

0.8˚ and 1˚ for the two-stage NISC with L = 70 cm. 

 

 

Tracking error   0˚ 0.2˚ 0.4˚ 0.6˚ 0.8˚ 1˚ 

Average solar 

concentration ratio in 

the uniformly 

illuminated area (38 mm 

× 38 mm) 

76 suns 73 suns 66 suns 55 suns 43 suns 33 suns 

Average solar 

concentration ratio at 

the receiver area of (50 × 

50) mm 

68 suns 64 suns 57 suns 48 suns 40 suns 32 suns 

Percentage of energy 

within the uniformly 

illuminated area (38 mm 

× 38 mm) 

57.4 % 56.3 % 52.5 % 46.4 % 40.2 % 34.4% 

Percentage of energy 

within the receiver area 

of (50 × 50) mm 

87.2 % 83.9 % 76.7 % 69.6 % 63.2 % 56.9 % 

Spillage loss at (50 mm × 

50 mm) receiver area 

11.8 % 14.4% 19.4 % 23.1 % 26.3 % 29.8 % 
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To analyze the performance of the two-stage reflective NISC active 

daylighting system, experimental and theoretical results of indoor illuminance 

are compared as shown in Figure 4.6. The formula used to calculate the 

theoretical result of the indoor illuminance (Illumtheo) produced by the prototype 

is: 

fiber

illum

fiber
Lmirrorhot fiber

2

facettheo
A

)1(%)1)1((Illum N
A

ETLVLRCavg  I

               

(4.6) 

 

The full meaning of the abbreviated parameters in equation 4.6 are shown in 

Table 4.9. 

 

Table 4.9: Full meaning of the abbreviated parameters used in equation 4.6. 

Cavg Average solar concentration ratio (76 suns in the uniform 

illumination area) 

I Direct normal irradiance (W/m2) 

Afiber The cross-sectional area of the core of the plastic optical fiber ( 

× 1.47252) mm2 

%VL The percentage of visible light in the solar spectrum (47%) 

Thot mirror The transmissivity of hot mirror to visible light (98%) 

Lfiber The total transmission loss for a 10 m long plastic optical fiber 

(45.7%) 

Nfiber The number of plastic optical fibers (14 fibers) 

EL The average value of direct beam luminous efficacy (104 lm/W) 

Aillum The indoor illumination area (1.586 m2) 

Rfacet The reflectivity of primary/secondary facet mirrors (93.5 %). 

 

 

The detailed theoretical calculation of the indoor illuminance from the POF, 

using data from Table 4.7 measured at 14:05 h and maximum mirror reflectivity 

of 94 % as stated by the manufacturer is illustrated below: 
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lux7.94lm/m7.94Illum 2

theo                                                                       (4.8) 

 

At 14:05 h on 16th February 2017, the maximum indoor illuminance that can be 

obtained inside the 1.586 m2 test room from the fourteen 10 m long optical fibers 

connected to the two-stage NISC when the mirror reflectivity is maximum is 

94.7 lux. With a mirror reflectivity of 93.5 %, the theoretical indoor illuminance 

was calculated as 93.7 lux ≈ 94 lux.  

 

Since the indoor illuminance was measured 2 m away from the exit 

aperture of the POFs, the indoor illumination area (Aillum) in equation (4.6) was 

determined by perceiving that the light meter is placed at a distance of 2 m away 

from the exit aperture of the fibers in the test room. From Figure 4.7, the indoor 

illumination area was computed since the half rim angle (ω) of the solar 

concentrator is known. The half-rim angle () of the prototype two-stage 

reflective NISC active daylighting system was calculated as  24
70

1.31
tan 1

, 

which is also equivalent to the maximum incident angle of sunrays relative to 

the entrance aperture of the POF. Thus, the maximum exit angle of sunrays is 

also 24º and the indoor illumination area at a distance of 2 m from the exit 

aperture of POF can be attained as  (c × c) m2, where c = 2593.1
45cos

24tan2
  m. 

Hence, the indoor illumination area = (1.2593 ×1.2593) = 1.586 m2. 
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Figure 4.7: Schematic diagram illustrating how the half rim angle and indoor 

illumination area were calculated 
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CHAPTER 5 

 

COST ANALYSIS AND COST COMPARISON 

 

5.1 Cost analysis of two-stage reflective non-imaging solar 

concentrator (NISC). 

 

The prototype two-stage reflective NISC with a total collective area of 

0.20 m2 is not a final commercial product. This means that the hardware design 

and cost of manufacturing are not fully optimized. For this reason, the optimized 

collective area of the two-stage reflective NISC is proposed as 4 m2 for 

economic analysis to be carried out in order to levelize the cost of the sun-

tracking system and the mechanical structure. This implies that the total 

reflective area of the primary reflector is 4 m2 and total reflective area of the 

secondary reflector is 2.56 m2. Based on previous experience, 4 m2 collective 

area is the most practicable size for a roof-top solar concentrator after 

considering several factors of practical implementation wherein the height of the 

solar concentrator is about 2 m and the total weight of the flat mirrors with             

3 mm thickness and mechanical support structure is about 51 kg (Chong et al., 

2017).  The total cost of the flat facet mirrors with a total reflective area of        

6.56 m2, is only USD 131.20 based on the standard quoted price for a 3 mm thick 

solar grade flat mirror at the price of USD 20/m2. Whereas, in two daylighting 

systems designed by Ullah and Shin (2014), the costs of parabolic trough and 

linear Fresnel lens are USD 400/m2 and USD 200/m2 respectively. The cost of 

the commercially available automatic sun-tracking module is USD 700 (Vu et 



102 
 

al., 2016). The estimated breakdown cost of the two-stage reflective NISC with 

a total collective area of 4 m2 is listed in Table 5.1, with a total cost of               

USD 1231.20.  

 

Table 5.1: Estimated breakdown cost for constructing an optical fiber based 

two-stage reflective non-imaging solar concentrator (NISC) with a collective 

area of 4 m2. 

 USD 

Mechanical support structure 200.00 

Flat facet mirrors 131.20 

Adjustable frames with screws 100.00 

Automatic sun-tracking module  700.00 

Base structure and miscellaneous 100.00 

Total cost  1231.20 

 

 

From the prototype design, the total collective area of 0.2 m2 can produce 

an equivalent electrical power of 36.35 W. Proportionally, the total collective 

area of 4 m2 can provide indoor illuminance equivalent to the electrical power 

of (4 × 36.35) / 0.2 = 727 W, which is equivalent to USD 1.69/W (= USD 

1231.20 / 727 W). 

 

To evaluate the economic viability of the two-stage reflective NISC, the 

payback period of the active daylighting system can be determined using the 

following formulas (Goswami et al., 1999): 
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where i is the interest rate or discounted rate, j is the fuel inflation rate, Stotal is 

the total capital cost of the active daylighting system, Pann is the annual energy 

cost saving (USD/year). Considering a discounted form of calculation with the 

interest rate of 4 % if a loan is taken to build the active daylighting system with 

a capacity equivalent to generating 727 W of electricity for illuminating a 

building and the fuel inflation rate is 2 %. Assuming the annual average of daily 

direct normal irradiation is 6 kWh/m2, the annual electrical energy saving by the 

active daylighting system to illuminate the building can be calculated as         

0.727 kW × 6 h/day × 365 days = 1592.13 kWh. At the electricity rate of                        

USD 0.13 per kWh, 1592.13 kWh is equivalent to the annual consumption of 

USD 207 in the electricity bill. The estimated total cost of constructing the 4 m2 

prototype is USD 1231.20. Using annual saving from the electricity bill to pay 

for the loan in installments, the total payback period can be calculated from 

Equation (5.1) as 6.4 years, which is quite realistic as the daylighting system can 

last for at least 15 years. On the other hand, for undiscounted form inclusive of 

the fuel inflation rate at 2 %, the total payback period is calculated as 5.6 years 

This confirms that the active daylighting system using two-stage reflective NISC 

has a cost-effective potential if it can be produced commercially with an 

upgraded mechanical design and light transmission system as compared to other 

existing fiber optics daylighting systems. The price of the plastic optical fiber 

varies with its length and 10 m length was only used for the experiment to 
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measure indoor illuminance. Studies have revealed that the shorter the length of 

the optical fiber, the more the transmittance and the lesser the losses. So, for 

real-world implementation of the optical fiber based two-stage reflective NISC 

daylighting system, a range of 2 m to 6 m optical fiber length would be 

recommended to transmit daylight from the solar concentrator on the rooftop to 

the interior parts of a building (Ullah and Shin, 2014). 

 

To assess the reliability of the new daylighting system design, the 

prototype has been operated and tested on the rooftop for one year. The system 

performance has shown its robustness and stability. The solar grade flat facet 

mirrors particularly designed for outdoor operations are long-lasting and the 

mirror reflectivity can be retained well after one year of operation. The 

adjustable frame, screws and compression springs used to hold the mirrors in 

their aligned positions are firm and maintain their fixed positions after one year. 

The mechanical driving devices such as the stepper motor, sprocket gear, 

custom-made gear for azimuth motion and the linear actuator for elevation 

motion are very durable and reliable. The control system for sun-tracking has 

been performing as programmed and there has been no cases of failure.  

 

5.2   Cost comparison of the new active daylighting system with other 

optical fiber based existing daylighting systems  

 

Table 5.2 presents a cost comparison of the novel fiber optics two-stage 

reflective NISC active daylighting system with some selected existing fiber 
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optics daylighting systems in terms of the cost of the collector, the cost of sun-

tracking module and the prorated total system cost for 4 m2 collector. 

 

Table 5.2: Comparison between the proposed active daylighting system using 

two-stage reflective non-imaging solar concentrator (NISC) and other existing 

daylighting systems 

  

 

Active fiber 

optics  

daylighting 

systems 

 

 

Collector specification 

Cost 

 

Collector  

Sun-

tracking 

module 

Total system 

cost based on 

collector 

specification 

Prorated 

total 

system 

cost at 

4m2 

collective 

area 

 

1  Novel two-

stage 

reflective 

NISC 

Total reflective area of the 

primary reflector = 4 m2  

Total reflective area of the 

secondary reflector = 2.56 

m2. 

Half rim angle of 

concentrator  = 24º 

For 4 m2 collector, 

flat facet mirrors 

cost USD 131.20 

USD 700 USD 1231.20 USD 

1231.20 

2 Parabolic 

trough + 

parabolic 

reflector + 

trough CPC 

 (Ullah and 

Shin, 2014) 

Input aperture area of 

parabolic trough = 1000 mm 

(H)  × 570 mm (W) 

Focal length of parabolic 

trough  = 450 mm 

Input aperture area of 

secondary parabolic 

reflector = 15 mm × 570 mm 

Focal length of parabolic 

reflector  = 456.7 mm 

 

Input aperture area of 

Trough CPC = 15 mm ×570 

mm 

 

Parabolic trough 

costs USD 400/m2 

USD 400 ˃ USD 800/m2 ˃ USD 

3200 

3  Linear 

Fresnel lens + 

Collimating 

lens (plano-

concave lens) 

+ Trough 

CPC  (Ullah 

and Shin, 

2014) 

 

Input aperture area of 

Fresnel lens  = 1000 mm 

(W) × 570 mm (L) 

Focal length of Fresnel lens  

= 775 mm 

Input aperture area of plano-

concave lens = 15 mm × 570 

mm 

Linear Fresnel 

lens cost USD 

200/m2. 

USD 400 ˃ USD 600/m2 ˃ USD 

2400 
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Focal length of plano-

concave lens  = 23.27 mm 

Input aperture area of 

Trough CPC = 15 mm × 570 

mm 

4 Hybrid 

parabolic two-

stage 

daylighting 

system 

(Sapia, 2013) 

Diameter of parabolic 

collector  = 2.6 m 

Total collective area = 4.48 

m2 

Parabolic collector 

efficiency = 95 % 

Diameter of secondary 

collector  = 1.03 m 

2.6 m diameter 

parabolic primary 

concentrator costs 

250 euros (or USD 

267.5 at the rate of 

1 euro = 1.07 

USD).  

 

Secondary optical 

element costs 380 

euros (or USD 

406.6 at the rate of 

1 euro = 1.07 

USD). 

USD 749 

euros (or 

USD 

801.43 at 

the rate of 

1 euro = 

1.07 

USD).  

6538 euros (or 

USD 6995.66 

at the rate of 1 

euro = 1.07 

USD). 

USD 

6246.13 

5 Modified 

optical fiber 

daylighting 

system with 

sunlight 

transportation 

in free space 

(Vu et al., 

2016) 

Diameter of Fresnel lens = 

340 mm 

Focal length of Fresnel lens 

= 350 mm 

Collimator specification:  

Diameter of parabolic  

mirror = 50 mm  with  focal  

length of 4 mm; diameter of 

convex lens = 15 mm with 

focal length of 11 mm, 

thickness of concentrating 

module  = 350 mm 

Distance between Fresnel 

lens and receiver =  3 mm 

5 × 5 arrays of 

Fresnel lens cost 

(USD 40/lens) = 

USD 720 

 

18 collimators 

cost = USD 540 

 

Total cost of 36 

mirrors  = USD 

72 

 

18 extended hot 

mirrors cost = 

USD 990 

 

Mechanical 

brackets cost  = 

USD 1000 

 

18 POFs with 1 m 

length cost = USD 

70.20 

 

18 distributers 

cost = USD 180  

 

USD 700 USD 4272 USD 7527 

6 Optical fiber 

based 

daylighting 

system using 

modified 

compound 

parabolic 

concentrator 

(M-CPC) (Vu 

and Shin, 

2016) 

Concentrator size = 540 mm 

(L) × 270 mm (W) × 212.34 

mm (H).  

For  a concentrator ratio of 

100 suns: 

Length of primary CPC = 

200 mm 

Length of secondary 

(collimated) CPC = 2.47 

mm 

Total M-CPC length  = 

202.47 mm 

200 M-CPCs cost 

USD 1000 

USD 400 Total cost with 

a collective 

area of 0.063 

m2 = USD 

2050 

USD 

130,158.7 
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Input angle  of M-CPC = 3˚ 

Output angle  = 31˚ 

Focal diameter  = 1.05 mm 

 

Note:  Refer to the Literature review of this thesis (section 2) and Chong et al., (2017) for more details on 

the active fiber optics daylighting systems listed in Table 5.2. 

 

From the last column showing the “prorated total system cost at 4 m2 

collective area” in Table 5.2, the two-stage reflective NISC daylighting system 

can be identified as the most cost-effective system among all the active 

daylighting systems with the lowest total system cost of USD 1231.20 at a 

collective area of 4 m2. For practical implementation, the active daylighting 

system using two-stage reflective NISC would be installed on the rooftop. For 

daylight transmission of the concentrated sunlight to different rooms in the 

building, plastic optical fibers would be used.  The total space area of the 

building needed to be illuminated determines the total collective area of the two-

stage reflective NISC. Hybrid lighting system is recommended such that the exit 

apertures of the plastic optical fibers and the LEDs are situated in an alternating 

arrangement to form a 2-D array and then enclosed with diffusers to provide 

uniform indoor illumination. The illumination level of the LEDs would be 

adjusted to compensate the fall of daylight from the required illuminance 

standard while maintaining constant illuminance at all times. An electrical 

lighting control system with a photosensor would be used to maintain the 

standard illuminance level of the interior through a closed loop feedback system. 

An attenuator would also be connected to the control system so that the light 

level from the optical fibers can be adjusted.  The recommended length of plastic 
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optical fiber for good transmittance is about 6 m in which a 3 m long fiber gives 

a transmittance of 87 % and an 8 m long fiber gives a transmittance of 72 % 

(Ullah and Shin, 2014). To optimize the transmission loss in the fibers, the two-

stage reflective NISC should be placed on the rooftop of a building with a 

maximum height of not more than two storeys so that the plastic optical fibers 

with a maximum length of 6 m can reach every corner of the interior space of 

the building. Nevertheless, a much longer fiber length is probable if low loss 

fused silica optical fiber can be manufactured at an affordable price. 
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CHAPTER 6 

 

CONCLUSION AND FUTURE WORK 

 

6.1       Conclusion 

 

An active optical fiber-based daylighting system using two-stage 

reflective NISC has been successfully designed, constructed and evaluated. 

The advantages of this system include:  

 simple optical design,  

 low rim angle of 24 ˚ which is important for effective 

collimation of daylight towards the desired area having optical 

fibers with a half acceptance angle of 30 ˚,  

 cost effective design compared to some existing designs  

 less sensitive to pointing error of its sun-tracking system as 

proven in section 4.3.4 compared to a parabolic dish or Fresnel 

lens.  

 capable of concentrating sunlight uniformly to the receiver 

area, which is highly required for solar daylighting systems. 

 

The prototype two-stage reflective NISC daylighting system with a 

total collective area of 0.2 m2 can provide an average illuminance of 500 lx 

(3780 lm) to a 7.56 m2 room area via 314 plastic optical fibers when direct 

normal irradiance is 1000 W/m2. This indoor illuminance is equivalent to 33 
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LEDs with rated electrical power of 36.35 W. The power conversion efficiency 

of the prototype is 21.4 % based on the input solar power of 170 W at the target 

area. On-site experimental data was used to validate the results obtained from 

the numerical analysis and both results displayed a satisfactory agreement. 

From the numerical simulation, the average solar concentration ratio at the 

uniformly illuminated area of the prototype was obtained as 76 suns. Also, 

from the experiment performed on the 14th December 2017, the average 

measured solar concentration ratio was obtained as 66.6 suns with a standard 

deviation of 3.0 suns. From this result, the reflectivity of the facet mirror was 

calculated as 93.5 %, which is reasonable as it falls in the reflectivity range 

specified by the mirror manufacturer. A deviation was observed between the 

experimental and theoretical results of indoor illuminance caused by both 

systematic error (due to pointing error of the sun-tracking system) and random 

error (due to measurement error of the light meter). However, the spillage loss 

analysis result (Table 4.8) presented in section 4.3.4 has revealed that the 

transmission loss produced by low tracking accuracy is still within the 

acceptable range.  

 

Cost analysis and cost comparison on the two-stage reflective NISC has 

been done for an optimized collective area of 4 m2. The total estimated cost of 

the system is USD 1231.20 which was justified as the most cost-effective 

amongst other selected existing fiber optics daylighting system compared with.  

Assuming a loan was taken at the interest rate of 4 % and fuel inflation rate of 

2 % to build 4 m2 two-stage reflective NISC, the annual savings of USD 207 

from the electricity bill can be used to pay back the loan in 6.4 years.  This is 
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realistic because the active daylighting system is projected to have a lifespan of 

about 15 years. In conclusion, this novel two-stage reflective non-imaging solar 

concentrator has a great potential for commercial application towards energy 

saving, while curbing the identified problems in some existing fiber optics 

daylighting systems. 

 

6.2       Future works  

 

The current study focused on designing, constructing and analyzing a 

two-stage reflective NISC. Experimental analysis on the uniformity of sunlight 

on the receiver was considered but the analysis on the uniformity of the indoor 

illuminance was not considered due to the limitations of measurement 

facilities. To improve the illuminance of the daylighting system, this analysis 

should be conducted in the future. 

 

During data collection for the solar concentration ratio of the two-stage 

reflective NISC, a CPV cell was placed at the central region of the receiver 

area to measure the short-circuit current. Sometimes, the CPV cell became 

very hot due to high solar concentration and at that point in time, no readings 

could be taken as they may not be accurate. A cooling fan was then fixed close 

to the CPV cell as illustrated in Figure 4.1. This helped to reduce the 

temperature of the CPV cell but only for a short period of time. Therefore, a 

better cooling solution for the CPV cell should be considered when carrying 

out such experiments in the future to get more accurate data. Also, multimeters 

and light meters with better accuracy should be used for future experiments. 
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Numerical analysis and experiments using other shapes and sizes of 

plastic optical fibers and other daylight transmission techniques should be 

performed on the two-stage reflective NISC to further optimize its design.  
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