
 

 

 

Abstract—Prismatic elements are frequently using to redirect 

daylight in buildings for comfort and energy saving. This paper 

analyzed the illumination efficiency of an open natural light 

illumination system which composed of a tilted prismatic 

canopy, a reflector and an indoor reflector. The theoretical 

efficiency of apex angle of the prism and tilted angle of the 

canopy on the performance of main emerged light of the 

right-angle prismatic canopy was calculated. The efficiency of 

utilizing solar energy for indoor natural light illumination is also 

examined in this research. The open natural light illumination 

system, which uses less material, can be realized by the detailed 

analysis of the characteristics of the light emerging from the 

hypotenuse for sunshine incident on the surface of the prismatic 

daylight collector.  

 

Keywords— Natural light illumination, Solar energy, Prismatic 

canopy.  

I. INTRODUCTION 

N buildings, the use of light illumination systems can 

provide part of the building energy demand. Natural light 

illumination systems are composed of a daylight collector, a 

light guide and an emission element, and the possibility of 

controlling direct daylight by optical systems for comfortable 

illumination or energy conservation has been reported by many 

authors [1-5]. Anidolic daylighting system, a module of natural 

light illumination system, which collect daylight with 

non-imaging daylight collector pipes and diffuse daylight into 

horizontal funnels for illumination deep within the building with 

excellent performance [6-8]. The hybrid systems of natural light 

illumination coupled with artificial light source or solar cells 

have been developed for advanced illumination conditions and 

energy consumption [9-11]. It has been shown that these 

methodologies, which are based on redirecting daylight, can 

save energy and produce natural light illumination when they 

are used as daylight guiding systems.   

An analysis of the distribution of the energy and ray-tracing 

can improve the performance of guiding daylight guiding 

systems and aid in the design of natural light illumination 
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systems. Mohelnikova calculated the light rays transported 

inside a straight, tubular light guide and their distribution at the 

output of the light guide at the level of the ceiling. Wittkopf et al. 

presented a method to derive the luminous intensity distribution 

curves of anidolic daylighting systems based on the ray tracing 

model [12, 13]. Prismatic elements can be part of a daylight 

illuminate system located on the roof or façade of buildings and 

can be used as collectors to collect and guide daylight to reduce 

glare and save energy [14, 15]. The characteristics of the light 

emerging from a passive prismatic canopy, which is composed 

of right-angled prisms with different apexes, have been 

presented for a parallel light beam incident on it at different 

incident angles and at different directions to represent the 

incident daylight over the course of a day based on a 

mathematical matrix model [14].  

The detailed analysis of main light emerging from a prismatic 

canopy will help to improve the performance of natural lighting 

systems and daylight hybrid systems. This paper analyzed the 

efficiencies of the daylight collection of a natural light 

illumination system that is composed of a prismatic canopy as 

well as daylight collector, a reflector for re-directing daylight 

into the room and an indoor reflector as illustrated in Fig. 1. The 

effect of the tilted angle and apex angle of a right-angle 

prismatic collector on the performance of the majority of the 

emerging light was investigated using a matrix ray tracing 

model and the edge ray principle. The system efficiently utilizes 

solar energy for indoor natural light illumination is also 

examined in this research. Furthermore, the prismatic canopy 

and the daylight not only decrease the discomfort of glare but 

also collect daylight for the natural lighting system. 

 
Fig. 1. (a)The illustration of an open natural lighting system, (b) an 

illustration of prismatic canopy combined with daylight collector. 
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II. RAY-TRACING MATRIX MODEL  

This paper analyzed the characteristics of the emerging light 

for sunshine incident on the surface of right angled prismatic 

canopies using a ray-tracing matrix model and the edge ray 

principle. The two-dimensional ray-tracing matrix model is 

used to calculate the propagated directions of rays for sunshine 

illuminate on the surface of a prism. The propagation direction 

of a ray can be described by the polar angle component, θ, of the 

unit vector of this ray in a two-dimensional coordinate system. 

Fig. 2 shows an illustration of the interfaces of the media; the 

plane of incidence; the unit vectors of incident ray ir̂ , reflective 

ray rr̂ , and refractive ray tr̂ ; the incident angle i ; the 

reflective angle r ; the refractive angle t ; the angle between 

ir̂  and rr̂  ( ir ); and the angle between ir̂  and tr̂  ( it ). The 

incident polar angles of daylight for sunshine incident on the 

prismatic canopy are in the range of 180°<θi<360°.  

  
Fig. 2 An illustration of the interface of mediums, plane of incidence, 

unit vectors of incident ray , reflective ray , refracted ray, and the 

angles δir and δit. 

 

The components of the unit vector of the propagated ray are 

defined in Eqns. 1a and 1b, which refer to the polar coordinate 

system and Cartesian coordinate system, respectively: 

The components of a unit vector of the propagated ray are 

defined in Eqns. 1a and 1b such that they correspond to the polar 

coordinates and the Cartesian coordinate system, respectively: 

   20  ,1   ,ˆ ˆr ˆ  reer r
…............(1a) 

yyxx eer ˆ  c  ˆ  c  ˆ  …............................… (1b) 

The unit vectors of the propagation directions of the incident 

ray ir̂ , reflective ray rr̂ , refractive ray tr̂  and the normal incident 

ray N̂  are defined in terms of Cartesian coordinates as follows:  

yyxxi eieir ˆˆˆ  ………..................…......… (2a) 

yyxxr ererr ˆˆˆ  ……..................…........… (2b) 

yyxxt etetr ˆˆˆ  …………..................…..... (2c) 

yyxx eNeNN ˆ  ˆ ˆ  ………..................…....(2d) 

The components of the unit vector of the propogated ray can 

be determined by the scalar poroducts of ir̂  and N̂ , rr̂  and N̂  

and tr̂  and N̂ , where i , r and t are correspond to the 

angles of incidence, reflection and refraction, respectively. The 

angle of refraction t  is defined as the angle between the rays 

of refraction and normal incidence, which can be determined by 

Snell’s law. 

The parameters ir and it  are defined as the angle between 

the rays of incidence and reflection and the angle between the 

rays of incidence and refraction. According to the law of 

reflection and Snell’s law, we can obtain
iir  2  and 

tiit   , respectively; as illustrated in Fig. 2.   

The 2D matrix of reflection and the matrix of refraction are 

obtained as follows: 
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The components of the unit vectors of the reflective ray and 

the refractive ray can be determined using (3a) and (3b). 

III. THE MAJORITY OF EMERGING LIGHT OF A HORIZONTAL PRISMATIC 

CANOPY   

We calculated the main light that emerges when sunshine is 

incident on the surface (S1) of prismatic canopies composed of 

polycarbonate with a refractive index of n=1.5836 according to 

the probable directions.  
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Fig. 3 Illustrations of the parallel light beam is divided into two parts 

to strike surfaces S2 and S3 of the prism for an incident polar angle of 

(a) 180°<θi<270° (b) 270°≦θi<360°. 

 

The transmitted daylight of S1 may intersect the surface 

of the prism multiple times due to internal reflection. We define 

the surface that is intersected by the external incident ray as 

Interface 1. Then, the surface that is intersected by the 

transmitted ray of Interface 1 is defined as Interface 2, the 

surface that is intersected by the internal reflective ray of 

Interface 2 is defined as Interface 3, and so on. Nevertheless 
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Interface 1 is set as S1 in this paper because sunshine is first 

incident on surface S1. 

We set the intensity of incidence Io  equal to 1 to 

describe the characteristics of the majority of the emerging light 

more easily. Assuming that the daylight is un-polarized, the 

polarizations of natural light and the light emerging from the 

prismatic element are not discussed in this paper. 

According to the cosine law, we define the normalized 

illuminated intensity )(1, iI  as follow:  

 )()(1  ii CosIoI  …………………..… (4) 

Furthermore, the intensities of transmission )(, mTI  and 

reflection )(, mRI can be determined by Eqns. 5a-d, where the 

transmittance )(mT  and reflectance )(mR  of the m-th 

interface are calculated based on the Fresnel equations: 

2    ),()( 1,,   mforII mTmi  ………….........… (5a) 

2    ),()( 1,,   mforII mRmi  ……………….…. (5b) 

2    ),()()( 1,,   mforIRI mRmmR  …….......…(5c) 

2    ),()()( 1,,   mforITI mRmmT  …………....(5d) 

where )(, miI  is defined as the intensity of incidence of 

the m-th intersection, and the intensities )(1, iI , )(1, RI  and 

)(1, TI are defined as the intensities of incidence, reflection and 

transmission of interface 1, respectively. The intensity of 

emerging light is defined as Iem .   

)()()(  TemAiIem  …………..………… (6) 

The normalized intensities of the light emerging from S2 for 

sunshine illuminated on S1 for prisms with different apex angles 

over the course of a day are plotted in Fig. 4a. This figure shows 

that the light emerging from S2 is greater later in the day for 

collectors with a larger apex angle because the light transmitted 

through S1 is totally internally reflected from S2 in the region 

where  7.238i  (after 10AM) for the prism with an apex 

angle of αA=20 °,  255.4i  (after 11AM)for the prism with 

an apex angle of αA=30 ° and  271.3i  (after 12AM)for the 

prism with an apex angle αA=40 °. The polar angles of the ray 

transmitted through S2 for daylight incident on the prismatic 

canopies with apex angles of αA=20 °, αA=30 ° and αA=40 ° 

over the course of a day are plotted in Fig. 4b. This figure shows 

that the light emerging from S2 illuminates the area of the 

reflector completely until   283i   (after 1PM)for the prism 

with an apex angle of αA=20 °,   290i (after 1:20PM)for 

the prism with an apex angle of αA=30 ° and   296i (after 

1:45PM)for the prism with an apex angle of αA=40 °.  

The majority of the emerging light that illuminates the area of 

the reflector emerges from the hypotenuse (S2) when sunshine 

illuminates the surface of the prismatic canopy. The range of 

incident polar angles for which the majority of the emerging 

light would illuminate the area of the reflector decreases with 

increasing apex angles; the relative intensity that illuminates the 

adjacent prism increases with increasing apex angles of the 

right-angled prism of the daylight collector. The main light 

emerging from S2 is greater than 30% for incident polar angles 

of θi<330° (before 4 PM) when sunshine is incident on the 

surface of the prismatic collector with an apex angle of 20°, 

θi<327° (before 3:45 PM) for the prismatic collector with an 

apex angle of 30° and θi<324°(before 3:30 PM) for the 

prismatic collector with an apex angle of 40°.  
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Polar angle of emerged light from S2
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Fig.4 (a) The relative intensity of the emerged light from the 

hypotenuse, (b) the polar angle of transmitted ray of emerged light 

from S2 for daylight illuminate prismatic canopies which with apex 

angles: αA=20 °, αA=30 ° and αA=40 °. 

The results show that the main emerging intensity of 

emerging light that illuminates the reflector when sunshine is 

incident on the surface of prismatic canopies decreases with 

increasing apex angle of the prismatic element when sunshine 

illuminates the surface of the daylight collector over the course 

of a day. 

IV.  THE OPEN NATURAL LIGHT ILLUMINATION SYSTEM 

COMBINED A TILTED PRISMATIC CANOPY  

In this paper, an open natural light illumination system 

composed of a tilted prismatic canopy, a reflector and a diffuser 

is described. The main light emerging from the hypotenuse of 

the prismatic canopy is redirected by a reflector into the indoor 

scattering diffuser for natural light illumination by the reflector. 

The percentage of emerging light that illuminates space and 

the adjacent prism is not only related to the apex angle of prism 

but also related to the incident polar angle of the incident light. 

In this paper, the shift of emerging light distribution curve for 

prismatic canopies with different tilted angles was analyzed to 

increase the efficiency of the natural light illumination system. 

The majority of the light that illuminates space is shifted to 

cover the region  > 270° (after 12AM), which corresponds to the 

a 
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direction of the sunshine illuminating the rooms that face the 

sun. The tilted prismatic canopy can cover the majority of the 

emerging light for sunshine illuminating the room and 

efficiently collect solar energy. Furthermore, the open natural 

lighting system can reduce the discomfort of glare by 

redirecting daylight for use in indoor illumination.  

To examine the performance of the natural light 

illumination system, we measured the illuminance and 

efficiencies in which under the tilted prismatic canopy for 

sunshine incident on the surface of the prismatic canopy in the 

afternoon during summer 2012 at New Taipei city. Fig. 5 is the 

measured result, it shows that the average illuminances on the 

collector are greater than 80000 lux before 4 PM, and then the 

average illuminance became weaker due to the inclined 

sunshine illumination. The measured average illuminances of 

the majority emerging light from the hypotenuse of the 

prismatic canopy are greater than 70000 lux before 3PM for 

tilted prismatic canopies with tilted angle  =20 ° and   =30 °. Fig. 

6 shows that the curves of the measured efficiencies are in 

agreement to the calculated efficiencies for the prismatic 

canopy with tilted angle  =20 ° and  =30 °.  
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Fig. 5. The average measured illuminance of majority emerging light 

from the prismatic canopy. 
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Fig. 6. The average collected efficiencies of the prismatic canopy. 

 

The performance of the natural light illumination system 

is related to the efficiency of the daylight collector and the 

reflectance of the reflectors. The indoor illuminance by the 

natural light illumination system can be obtained by the follow 

equation: 

R

dPem
L

A

RRAI
I

 1 
 ………………….……… (7) 

Where 
1R , 

dR , 
PA  and 

RA  are correspond to the reflectance of 

the reflectors of this system that be using to redirect the emerged 

light under the prismatic canopy and indoor illumination, the 

areas of the prismatic canopy and the room, respectively. 

Assuming the indoor illumination  =500 lux in which a room 

with the area  = 9m × 6m, the calculated requirement area  of the 

prismatic canopy for   and   for sufficient daylight that meets the 

spatial lighting requirements on a typical horizontal work plane 

is described in Fig. 7. The results show that the required areas of 

the prismatic canopy are both smaller than 10m
2
. Furthermore, 

the average area of the prismatic canopy that is required for 

sufficiently illuminate the room are 4.6m2  and 4.5 m
2
 for tilted 

angle 20° and 30°, respectively before 4PM.  
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Fig. 7. The area of the prismatic canopy that is required for sufficient 

indoor illumination. 

The open natural light illumination system, which uses less 

material, can be realized by the detailed analysis of the 

characteristics of the light emerging from S2 for sunshine 

incident on the surface of the prismatic canopy. 

V. CONCLUSION 

Prismatic elements are widely used in buildings to redirect 

and collect daylight; most of the improvements to prismatic 

elements have focused on the properties of the total internal 

reflection of prisms. However, the light emerging from 

prismatic elements not only depends on total internal reflection 

but is also related to the geometric structure of the prism 

element, such as the apex angle. We analyzed the effect of the 

apex angle of a right-angle prismatic canopy on the majority of 

the emerging light using the matrix ray tracing model and the 

edge ray principle for sunshine illuminating the surface of the 

collector.  

The results of measured illuminance are agreement to the 

results of calculation. An open natural lighting system that is 

composed of a tilted prismatic canopy, a reflector and an indoor 

reflector was proposed. The prismatic element is used in the 

system not only as a canopy to contribute to the reduction of 

indoor heating and glare but also as a daylight collector to 

re-direct light to improve the efficiency of the natural light 

illumination system. Moreover, the system efficiently utilizes 

solar energy for indoor natural light illumination by using less 

material. An efficient natural illumination system with a 

prismatic canopy can be realized with a suitable tilt angle of the 

prismatic canopy for different daylight conditions 
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