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Abstract: In buildings, efficient lighting systems and excellent design of interior natural light illumination would contribute
to energy saving by direct use solar energy for illumination. This paper propose a model of hybrid natural lighting system
with LEDs illumination that would be improve the efficiency of solar energy use. The system is compounded by a
prismatic daylight collector, a reflector for re-directing daylight into the room and a diffuse reflector for indoor illumination.
The main emerged intensity distribution of the right-angle prismatic collector was investigated using matrix ray tracing
model and edge ray principle. The directionality of main emerged light from hypotenuse of the prism is applied to effort
the performance of natural light illumination systems by simply guiding design. In this paper, we propose that an efficient
hybrid natural lighting system with LED which combined with the prismatic daylight collector can be realizable by a
suitable tilted angle of the prismatic daylight collector for different daylight conditions. The reduced electrical energy
consumption for using hybrid natural lighting system with LED illumination system can contribute to 70%, 61% and 40%
compared to using T8 fluorescent, T5 fluorescent and LEDs, respectively.
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1. INTRODUCTION

One of the most important factors that to lead to
climate change and the environmental degradation is
the abusive of fossil fuel. The evolution of renewable
energy such as the use of solar energy not only
reduces consumption of fossil fuel but also slow down
the pace of global warming. Solar energy is one of the
renewable energies that now providing the lowest cost
options for economic and community development in
rural regions around the globe. Utilization of solar
energy, in addition to the use of solar cell and solar
thermal application, indoor daylight illumination is also
an important access to solar energy. The artificial
lighting systems could account for 30% of the total
power consumption in commercial buildings, efficient
lighting systems and excellent design of interior natural
light illumination would contribute to energy saving;
furthermore, the natural light illumination system lead to
a comfortable working environment and it has the
potential to improve human health, mood, performance
and productivity [1-4]. High energy performance
building concepts have proposed, combines energy
saving and energy recovery from local renewable
resources [3, 6], the natural light illumination system
can provide part building energy demand.

The natural light illumination system which is
compounded by daylight collector, light guide and
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emission element, the possibility of controlling direct
daylight by optical designed systems for comfort
illumination or energy conservation has been reported
by many authors in the past [7-10]. The prismatic
elements can be part of daylight illuminate system that
be located at the roof or fagade of buildings used as
the collectors to collect and guide illuminate daylight for
reducing glare and saving energy [11-14]. One of the
challenges of natural light illumination is the difficulty in
getting a uniform illuminated condition during a day.
The hybrid systems of natural light illumination coupled
with artificial light source or solar cells are also
developed for advanced illuminated condition and
energy consumption over the past decade [15-18].

The detailed analysis of emerged light distribution
would contribute to the performance of guiding daylight
and is efficient to design natural light illumination
systems [19]. In this paper, the main emerged intensity
distribution of the right-angle prismatic collector was
investigated using matrix ray tracing model and edge
ray principle, we also proposed an efficient hybrid
natural lighting system with LED which combined with
the prismatic daylight collector can be realizable by a
suitable tilted angle of the prismatic daylight collector
for different daylight conditions..

2. RAY-TRACING MATRIX MODEL

In this paper a two-dimensional ray-tracing matrix
model is used to calculate the propagated directions of
rays for sunshine illuminate on the surface of a prism
[12, 13]. The propagated direction of a ray is described
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Table 1: The Nomenclature in Ray Tracing Matrix Model

Nomenclature
(€] the component of vertical angle of a vector in spherical coordinate
U] the component of horizontal angle of a vector in spherical coordinate
f,- the unit vector of the incident ray
I the unit vector of the reflective ray
f, the unit vector of the refractive ray
N the unit vector of the normal incident ray
o; the incident angle
o, the reflective angle
o, the refractive angle
S, the angle between the rays of incidence and reflection
S, the angle between the rays of incidence and refraction
IQ’,, the unit vector of the normal plane of incidence
5] the component of polar angle of a vector in polar coordinate
6; the polar angle of the incident ray
S1 the top surface of the prism in 2-D
S2 the hypotenuse of the prism in 2-D
S3 the opposite surface of the apex of the prism in 2-D
(o7 the apex angle of the prism
B2min the minimum incident polar angle that transmitted light of S1 would also transmitted the hypotenuse
®p The tilted angle of the prismatic daylight collector

by the polar angle 6 of a unit vector of this ray in 2D
ray-tracing matrix model; Table 1 is the nomenclature
in ray tracing matrix model, Figure 1a shows an
illustration of the unit vectors of incident ray, reflective
ray, refractive ray, and the angles &; and &y; Figure 1b
shows an illustration of the polar coordinate. The
geometric structure of the prism and positions where
rays intersect with the surfaces is determined by a
constant coordinate; and temporary coordinates are
defined to determine the propagated direction of rays
for all of the positions where rays intersect the element
in this model.

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:

F=re +0¢, r=1, 0<0<2r (1a)

(1b)
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The unit vectors of the propagated directions of the
incident ray 7., reflective ray 7., refractive ray 7, and the
normal incident rayN are defined in terms of Cartesian
coordinates in Egns. 2a-2d:

n=ie, +ie (2a)
ho=re +rne, (2b)
n=te +te, (2¢)
N=Ng +N, ¢ (2d)

The components of the unit vectors of the
propogate rays can be determined by the scalar
poroduct equations in Eqns. 3a-3c, wherec¢;, o, and
a, are correspond to the angles of incidence, reflection
and refraction, respectively.

N, -i,+ N, i =cose,,where o, =6, -0, (3a)

N, -r.+ N, r,=cosa,,where o, =6, -6, (3b)
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Figure 1: (a) An illustration of the interface of mediums, plane of incidence and unit vectors, the angles & and &i. (b) The

definition of polar angle of a ray. (Whang et. al., 2013).
N, -t.+ N, t =cose, ,where o, =6, -6, (3¢)

The angle ¢, can be determined by Snell’s law; and
it can be shown thato, =7 —c;,, based on the law of
reflection. The angle §, is defined as the angle between

the rays of incidence and reflection. It can also be
shown thatd, =7 —2¢;; and §, is defined as the angle

between the rays of incidence and refraction o, — |,
as illustrated in Figure 1a. The scalar product of 7 and
7, is shown in Eq. 4:

7T, = cos(8,) (4)

The 2D matrix of reflection and the matrix of refraction
are described as follows:

N, Ny ro| | cosa, 5
i i, J[n ] [cos@,) ©2

M, M, =M, (5b)
N, N, ||z, cosq,
. = (6a)
Lo 1 7 cos(6;,)

M, M; =M, (6b)

Based on the matrix analysis, the reflective vector M, ,
the refractive vector M, and propagated direction of
reflective and refractive rays of external incidence of
the element can be determined.

2.1. Transmitted Intensity Distribution

When parallel light is incident onto the surface of a
prism as well as sunshine falling on a prism, the
transmitted light of S1 may be divided into two parts to

strike different areas of the prism. Figures 2a and 2b
illustrate sunshine illuminate on S1 of the prismatic
daylight collector during afternoon in a day, in the
region 270°= 6, <360°. All of the transmitted light beam
from S1 reaching S2 for the externally incident onto S1
in the region of incident polar angles 270°s 6, <360°as
illustrate in Figure 2a; and the distribution of
transmitted light from S1 can be determined by the
edge ray principle. The position E in Figure 2a is the
limited position of transmitted light S1, the transmitted
light beam illuminating S2 in the area where x > x, .

2.2. Transmitted Intensity Distribution

When parallel light is incident onto the surface of a
prism as well as sunshine falling on a prism, the
transmitted light of S1 may be divided into two parts to
strike different areas of the prism. Figures 2a and 2b
illustrate sunshine illuminate on S1 of the prismatic
daylight collector during afternoon in a day, in the
region 270°= 6, <360°. All of the transmitted light beam
from S1 reaching S2 for the externally incident onto S1
in the region of incident polar angles 270°s 6, <360°as
illustrate in Figure 2a; and the distribution of
transmitted light from S1 can be determined by the
edge ray principle. The position E in Figure 2a is the
limited position of transmitted light S1, the transmitted
light beam illuminating S2 in the area where x > x, .

The value x, and edge ray of the transmitted light
can be determined by Eq. 7, and the relative area
where the emerged light from S2 also can be
determined by the edge ray principle for parallel light
beam illuminate on S1 in the region 270° =6,<360°
AE _sin(a,,)

W sin(a:) %
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Figure 2: (a) The illustrations of sunshine illuminate on S1 of the prismatic daylight collector at 270°<6;<360°, (b) The
illustration of emerged light from S2 would illuminate space and re-illuminate S3 of the adjacent prism of prismatic daylight

collectors at 270° =6;<360°. (Whang et al., 2013).
T
Where, o, = By +oa, -0,

Assuming daylight light is unpolarized; the values
T,0) and R, (0) are the transmittance and reflectance
of the m-th interface for light initially incident onto S1 at
the polar angle-0, respectively; these value were
calculated based on Fresnel equations. The intensities
of transmission 1I,,(6) and reflection/,, (6)can be

determined by Eqgns. 8a-c:

1,0)=1,, ,(0), for m>2

o (8a)
1,©@)=1,,.,0), for m=2
IRA,m (9) = Rm (9) : IR,m—] (9) (8b)
I;,©0)=T,(0) Ix,,(0) (8¢c)

We set the intensity of incidence o equal to 1 to more

easily describe the characteristics of the main emerged
light; the normalized illuminated intensity and the
intensity of emerged light are defined as/,(6) and

lem , respectively.

1.,(6) = Io x Coso;(0) (9)

1,(0)=A(0)XT, (6) (10)

Furthermore, the prismatic daylight collector can be
compounded by n numbers of prismatic elements, and
the percentage of emerged light illuminate the adjacent
prism of emerged light from the prism is vary with the
polar angle of the incident daylight. Figure 2b shows an
illustration of emerged light from S2 would illuminate
space and re-illuminate S3 of the adjacent prism for
incident polar angle in the region 270°=6;<360°. The
emerged light would illuminate space and illuminate the
adjacent prism for the emerged light that was

a Relative area of Transmitted light from S1 strike to S2

== =Al2dA(20°

Relative arca
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Figure 3: The Percentage of area that transmitted light would strike to S2.
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Figure 4: The percentage of emerged light from S2 that would strike to surface-S3 of the adjacent prism.

corresponding to emerge from the region of EF and
AE, respectively.

3. INTENSITY DISTRIBUTION OF THEORETICAL
MAIN EMERGED LIGHT

We calculated the main emerged light for sunshine
iluminate on the surface of the prismatic daylight
collectors which is made of polycarbonate with the
refractive index n=1.5836 according to the probability
directions; the characteristics of the main emerged light
of the prismatic elements with different apex for
sunshine illuminate the prism during the day using this
matrix model and the edge ray principle.

Figure 3 shows the relative area where the trans-
mitted light would be strike to S2 is increasing as the
incident polar angle is becoming larger until 68, =270°,
and the percentage is varied with the apex angles of
prisms. Although, most of the transmitted light of S1
would first intersect S2, light rays can have internal
reflections inside the prism before the greatest intensity
emerges out from the prism; the probability of emerged
light from S2 is also varied with the apex angles of
prisms. Since, the transmitted light would be total
internal reflected for larger incident polar angle; the
percentage of emerged light from S2 is larger for the
prism with sharper apex.

The transmitted light from S2 may be reaching
surface-S3 of the adjacent prism for 6, >270°;
meanwhile, it decreasing the relative flux of emerged
light that illuminate space. The percentages of the
emerged light from S2 that would be reaching S3 of the
adjacent prism for daylight illuminate the prismatic

daylight collectors which with different apex angles are
plotted in Figure 4; they show that the percentage of
emerged light would be reaching the adjacent prism
increases with increasing the polar angle of incidence
and apex. In addition to the emerged light from S2,
parts of the transmitted light will be totally internal
reflected at S2, and strike to S1 or S3. The figures
show that the majority of reflective light from S2 will
strike to S3 for the prism with larger apex angle.
Figures 5a-5¢ show the intensity distribution curve of
emerged light that illuminate space for sunshine
iluminate on the surface of the prismatic daylight
collectors with apex angles 20°, 30° and 40°.

4. ESTIMATION OF ENERGY CONSUMPTION

Yeh proposed a model of open natural light
illumination system which compounded by a tilted
prismatic daylight collector, a reflector and a diffuser for
interior daylight illumination [14]. The main emerged
light from S2 is redirected by a reflector into the indoor
scattering diffuser for natural light illumination by
reflector. The open natural light illumination system can
be realizable by detailed analysis the characteristics of
emerged light from S2 for sunshine illuminate on the
surface of the prismatic daylight collector.

The percentage of emerged light about illuminate
space and the adjacent prism not only related to apex
angle of prism, but also related to the incident polar
angle of incident light. The majority of emerged light
that illuminate space would be shifted to cover the
region 6,> 270° which can be correspond to the
direction of sunshine illuminate to the room that face
sunshine.
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Figure 5: The intensities distribution of emerged light from S2 Sunshine illuminate on the surface of prismatic collectors which

with apex angles: (a) aa=20°, (b) aa=30° and (c) aa=40°.

The tilted prismatic daylight collector would
contribute to cover the majority of emerged light for
sunshine illuminate the classroom as well as efficient
collect solar energy. However, one of the challenges of
natural light illumination is the difficulty in getting a
uniform illuminated condition during a day due to the
variation of solar radiation following the altitude and
azimuth of sun and cloudiness. The hybrid natural
lighting system with LED illumination system for
advancing the illumination intensity requirement during
a day, and reduce the electrical energy consumption
for using artificial lighting, Figure 6 is the illustration.
Table 2 is the electrical energy consumption for using
different lighting systems in classrooms of Taiwan
elementary school, which the electrical energy
consumption of daylighting and LED hybrid system is

estimated by the average insolation duration is 4 hours
in a day during 1/1/1981~12/31/2010 at Taipei city,
Taiwan. The reduced electrical energy consumption for
using hybrid natural lighting system with LED
illumination system can contribute to 70%, 61% and
40% compared to using T8 fluorescent, T5 fluorescent
and LEDs, respectively.

5. CONCLUSION

Prismatic elements are widely applied to daylight
ilumination systems for redirecting and collecting
daylight; most of the evolutions of prismatic elements
have been concerned with the properties of the total
internal reflection of prisms. We investigated the
efficiency of apex angle of the right-angle prismatic
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collector on the performance of main emerged light by
using matrix ray tracing model and edge ray principle
for sunshine illuminate on the surface of the prismatic
daylight collector.

——+»  Sunshine

Figure 6: The illustration of illumination by the hybrid natural
lighting system with LEDs in a classroom.

Table 2: Energy Consumption of Different Lighting

Systems
T8 T5 LED |Daylighting
fluorescent|fluorescent| tube | and LED

Nominal length (ft) 4 4 4 4

Nominal power (W) 40 28 18 18
artificial lighting (set) 22 22 22 22
operating time (h/day) 10 10 10 6
Consumg't"ig;%?(’wh jday)| &8 6.16 | 396 | 238

In this paper the intensity distribution of emerged
light when sunshine illuminate on the surfaces of right-
angle prisms with different apex were detailed
calculated, and clearly show that the characters of
emerged light are vary with the apex of prism. The total
internal reflection occur at S2 is related to the apex
angle of prismatic elements, the time interval that the
transmitted light of S1 would be total reflected at S2 is
longer for larger apex angle. The intensity distribution
of the main emerged intensities for sunshine illuminate
on the surface of the prismatic collector show that the
distribution can be shifted by changing the apex of the
right prismatic collector.

A model of hybrid natural lighting system with LED
illumination system which is compounded by a tilted
prismatic daylight collector, reflector, diffuser was
proposed and LEDs. The prismatic element used in the
system not only as a canopy to contribute to reduction
of indoor heating and glare, but also as a daylight

collector to re-directed light for using to promote the
efficiency of natural light illumination system, LEDs can
contribute to advance the illumination condition during
a day.

REFERENCES

[1] Chirarattananon S, Chaiwiwatworakul P, Pattanasethanon S.
Daylight availability and models for global and diffuse
horizontal illuminance and irradiance for Bangkok. Renew
Energy 2002; 26(1): 69-89.
http://dx.doi.org/10.1016/S0960-1481(01)00099-4

[2] Krarti M, Erickson PM, Hillman TC. A simplified method to
estimate energy savings of artificial lighting use from
daylighting. Build Environ 2005; 40(6): 747-54.
http://dx.doi.org/10.1016/j.buildenv.2004.08.007

[3] Chel A, Tiwari GN, Chandra A. A model for estimation of
daylight factor for skylight: an experimental validation using
pyramid shape skylight over vault roof mud-house in New
Delhi (India). Appl Energy 2009; 86(11): 2507-19.
http://dx.doi.org/10.1016/j.apenergy.2009.03.004

[4] Ruck NC. International Energy Agency’s solar heating and
cooling task 31 — daylighting buildings in the 21st Century.
Energy Build 2006; 38(7): 718-20.
http://dx.doi.org/10.1016/j.enbuild.2006.03.015

[5] Thiers S. and Peuportier B. Energy and environmental
assessment of two high energy performance residential
buildings. Build Environ 2012; 51: 276-284.
http://dx.doi.org/10.1016/j.buildenv.2011.11.018

[6] Marszal AJ, Heiselberg P, Bourrelle JS, Musall E, Voss K,
Sartori |, et al. Zero Energy Building — A review of definitions
and calculation methodologies. Energ Buildings 2011; 43:
971-979.
http://dx.doi.org/10.1016/j.enbuild.2010.12.022

[7] Cheung HD, Chung TM. A study on subjective preference to
daylight residential indoor environment using conjoint
analysis. Build Environ 2008; 43(12): 2101-11.
http://dx.doi.org/10.1016/j.buildenv.2007.12.011

[8] Wittkopf S., Oliver Grobe L., Geisler-Moroder D, Compagnon
R, Kampf J, Linhart F, et al. Ray tracing study for non-
imaging daylight collectors. Solar Energy 2010; 84(6): 986-
96

httb://dx.doi.orq/1 0.1016/j.solener.2010.03.008

[9] Rosemann A, Kaase H. Light applications for daylighting
systems. Sol. Energy 2005; 78: 772-780.
http://dx.doi.org/10.1016/j.solener.2004.09.002

[10] Rosemann A, Mossman M, Whitehead L. Development of a
cost-effective solar illumination syatem to bring natural light
into the building core. Sol. Energy 2008; 82: 302-310.
http://dx.doi.org/10.1016/j.solener.2007.09.003

[11] Yang SH, Chen YY, Whang AJW. Using prismatic structure
and brightness enhancement film to design cascadable unit
of static solar concentrator in natural light guiding system.
SPIE 2009; 7423: 74230J.

[12] Yeh SC, Whang AJ, Hsiao HC, Hu XD, Chen YY. Distribution
of Emerged Energy for Daylight llluminate on Prismatic
Elements. J Sol Energy Eng 2011; 133: 021007 (9 pages).
http://dx.doi.org/10.1115/1.4003587

[13] Whang AJ, Lin CM, Yeh SC. Investigation of Prismatic
Daylight Collectors With Different Apexes. J Sol Energy Eng
2012; 135(1): 011015-011015-10.
http://dx.doi.org/10.1115/1.4007301

[14] Yeh SC. A natural lighting system using a prismatic daylight
collector. Lighting Research and Technology 2014; 46(5):
534-547.
http://dx.doi.org/10.1177/1477153514523637




38 Journal of Solar Energy Research Updates, 2014, Vol. 1, No. 1

Yeh and Lu

(18]

[16]

(7]

(18]

Tsangrassoulis A, Doulos L, Santamouris M, Fontoynont M,
Maamari F, Wilson M, et al. On the energy efficiency of a
prototype hybrid daylighting system. Sol Energy 2005; 79:
56-64

http://dx.doi.org/10.1016/j.solener.2004.09.014

Page J, Scartezzini JL, Kaempf J, Morel N, On-site
performance of electrochromic glazing cupled to anidolic
daylighting system. Sol Energy 2007; 81: 1166-1179.
http://dx.doi.org/10.1016/j.solener.2007.01.011

Chow TT, Qiu Z, Li C. Potential application of see through
solar cells in ventilated glazing in Hong Kong. Sol Enrgy
Matrer Sol Cells 2009; 93: 230-238.
http://dx.doi.org/10.1016/j.solmat.2008.10.002

Greenup PJ, Edmonds IA. Test room measurements and
computer simulations of the micro-light guiding shade
daylight light redirecting device. Sol Energy 2004; 76:99-109.
http://dx.doi.org/10.1016/j.solener.2003.08.018

[19]

[20]

[21]

[22]

Mohelnikova J. Tubular light guide evaluation. Building &
Environment 2009; 44: 965-72.
http://dx.doi.org/10.1016/j.buildenv.2009.03.015

Mott MS, Robinson DH, Walden A, Burnette J, Rutherford
AS. llluminating the effects of dynamic lighting on student
learning. Sage Open 2012; 2(2): 2158244012445585.
http://dx.doi.org/10.1177/2158244012445585

Heschong L, Knecht C. Daylighting makes a difference.
Educational Facility Planner 2002; 37: 5-14.

Heschong L, Wright RL, Okura S, Klein PD, Simner, M,
Berman S, et al. Daylighting impacts on human performance
in school. Journal of llluminating Engineering Society 2002;
31:101-114.
http://dx.doi.org/10.1080/00994480.2002.10748396

Received on 30-08-2014

DOl http://dx.doi.org/10.15377/2410-2199.2014.01.01.4

© 2014 Yeh and Lu; Avanti Publishers.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in

any medium, provided the work is properly cited.

Accepted on 23-09-2014

Published on 19-11-2014



