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ABSTRACT

The daylight coefficient method has been introduced
in computer simulation as an efficient approach to
compute indoor daylight illuminances through
building static fenestration systems. A set of
coefficients are calculated only once prior to
simulation start for a given number of elemental
patches making up to sky vault and ground.
However, for dynamic complex fenestration systems
whose optical behavior (transmission, reflection and
scattering) may change during simulation (such as
windows with shadings), the efficiency of the
daylight coefficient method may be compromised as
the whole set of coefficients must be re-calculated
during simulation. This paper presents the
development of a new methodology to combine the
daylight coefficient method with dynamic complex
fenesration systems. The daylight coefficient is split
into two components: one component corresponds to
the unscattered transmitted light and the second to
the scattered transmitted light. Both components are
calculated based on the daylight coefficients of a
reference fenestration, and the optical transmission
characteristic and scattering effect of the actual
fenestration. The resulting daylight coefficients for a
given complex fenestration system may be calculated
only once prior to simulation. This methodoly is
implemented in Daylight 1-2-3, a new integrated
energy and daylighting analysis tool for offices and
classrooms. Initial validation studies, in which the
results from the present method are compared with
Radiance’s calculations, are carried out for a typical
office space equiped with a clear window and
interior Venetian blinds. The comparison shows that
the new method is in good agreement with Radiance
calculations, resulting in substantial simulation time
savings.
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INTRODUCTION

The daylight coefficient method is a rigorous and
efficient approach to perform annual daylighting
calculations through building static fenestration.
The method, which was originally developed by
Tregenza and Waters (1983), has been implemented

in many computer programs (Bourgeois et al., 2007,
Mardaljevic, 2000; Janak, 1997; Tsangrassoulis et
al., 1996). It consists of dividing the sky vault and
ground into a number of elemental patches, and the
corresponding daylight coefficients are calculated
only once prior to the simulation start. Indoor
illuminances are obtained at any time by summing up
the illuminance contribution of each element over all
patches upon knowing the sky luminance
distribution. However, for dynamic complex
fenestration whose optical behavior (transmission,
reflection and scattering) may change during
simulation (such as windows with shadings), the
daylight coefficient method may not be efficient as
the whole set of coefficients must be re-calculated
during simulation. The aim of this paper is to
develop a new methodology that combines the
daylight coefficient method with dynamic complex
fenestration with a minimum loss in computation
efficiency. The intent of this work is to implement
the developed method in Daylight 1-2-3, a new
computer tool for integrated daylighting and energy
simulation of offices and classrooms (Reinhart et al.,
2007).

OBJECTIVES
The specific objectives are:
e To develop a new method to compute daylight

coefficients  through  dynamic  complex
fenestration for annual daylight illuminance
calculations.

e To validate the daylighting predictions using the
present method with regards to the explicit
calculations using the Radiance program.

e Implement the new method in Daylight 1-2-3.

METHODOLOGY

In the following, we present the development of a
rigorous method, which combines the concept of the
daylight coefficient and complex fenestration whose
optical behavior may change over time.

The concept of the daylight coefficient

The concept of the daylight coefficient stems from
the fact that the illuminance at a given point (E;)
originating from a given point light source (denoted
by i) is proportional to the luminance (L;) of the
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source and its solid angle (dw;) (Tregenza and
Waters, 1983):

E; =DC; -L; -da;, (1)

Application of equation (1) to daylighting of a room
space stipulates that the daylight coefficient at a
given point (DC;) depends on the relative position of
the light source with respect to the room orientation,
the room geometry, the optical characteristics of the
room indoor surfaces, and the optical behavior
(transmission, reflection and light scattering) of the
fenestration system through which light is admitted
into the room space. The advantage of this approach
is that the daylight coefficient set may be calculated
only once prior to simulation if the room variables
and the optical behavior of its fenestration system do
not change over time. Alternatively, if the optical
behavior of fenestration changes only in magnitude,
the daylight coefficient set may be initially calculated
for an optically similar reference fenestration with a
scaling factor to account for this change. However,
the efficiency of the daylight coefficient approach
may be compromised for dynamic complex
fenestration (optical behavior changes with time) as
the daylight coefficients must be timely re-calculated.
To remedy to this problem, the optical behavior of
fenestration must be explicitly known or calculated
when needed using suitable optical models.

Optical Models of Complex Fenestration

Although there is no formal definition of a complex
fenestration, for the purpose of this study, we define
a complex fenestration as any glazing assembly that
incorporates one or more scattering (not fully clear)
glazing panes. Typical examples include clear
windows combined with opaque or translucent
shadings or blinds, frosted glass windows, etc. We
characterise the optical behavior of complex
fenestration by the total transmittance, reflectance
and the forward and backward scattering (or haze).
Computation of such optical characteristics of a
fenestration system needs a specialized computer
tool.  This paper uses the optical models of
SkyVision (NRC, 2006). SkyVision handles the
performance of complex windows, shadings and
skylights. A public version is available online fee of
charge. The current research version (not released
yet) features significant upgrades, namely new
optical algorithms of complex glazing such as
scattering glazing, fritted glass, perforated shading
screens, draperies and Venetian blinds. Included in
the upgrades, are algorithms for thermal performance
of complex windows, shadings and domed skylights.
More details on the optical models may be found in
Laouadi and Parekh, (2007a). The models are based
on the optical characteristics (transmittance,
reflectance) and the forward and backward haze

properties of each glazing layer making up the
glazing assembly. These models allow for
computing not only the optical characteristics of the
glazing assembly, but also the forward and backward
haze property of the glazing assembly. Other optical
indices for view-out and window luminance may also
be computed, particularly for fenestration product
rating purposes (Laouadi and Parekh, 2007b). Of
particular interest to this paper are the optical models
of Venetian blinds. The models of the Venetian
blinds are based on the ISO 15099 standard (ISO,
2003), and can handle flat or curved slats with
diffuse and/or specular optical properties.

Daylight Coefficients for Complex Fenestration

Following the optical models of SkyVision, the
indoor daylight illuminances through complex
fenestration are made up of two components: (1) un-
scattered component which depends on the un-
scattered component of the transmitted light; and (2)
a scattered component which depends on the hazy or
scattered transmitted light. SkyVision treats the
scattered reflection or transmission as fully diffuse.
For a beam light emanating from a given point light
source, the corresponding DC is made up of two
components: a beam-beam (unscattered) component
(DCips) and beam-diffuse (scattered) component
(DCi pq) as follows (see Figure 1):

DCj =DC; pp + DCj pd (2
with:
Ei bb
DC; pp = — 3
0D = g ®3)
Ei bd
DC;i pq = — 4
bd = 4)

To calculate the beam-beam component DC;y, , a
reference clear fenestration is used and a variable,
angle-dependent, scaling factor is employed to
account for the actual fenestration system. In this
regards, the reference fenestration should only have
the same indoor-side reflectance as the actual
fenestration. The beam-beam component of DC;py
is thus expressed as follows:

Ti,bb
DCibb = DCi,ref T : (5)
i,re

where Tip, is the beam-beam (un-scattered)
transmittance of a beam light emanating from the
light source to the point under consideration, and
Tirer IS the transmittance of the reference fenestration
at the same incidence angle. It should be noted that
the transmittance ratio in equation (5) denotes the
variable scaling factor.
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Surrounding
hemisphere

Figure 1 Components of the daylight coefficient for a
complex fenestration

To calculate the beam-diffuse DCip4, the beam-
diffuse transmitted light is treated as if it came from a
hemispheric source with a uniform luminance (L),
and transmitting through a clear fenestration having
an equivalent transmittance equal to the beam-diffuse
transmittance T pg. The luminance of the
hypothetical hemispheric source is calculated so that
the incident illuminance on the fenestration plane
from the hemispheric source is equivalent to the one
from the point source under consideration. This
translates to the following:

Lunif = Li . COSQ, . dwi /72' (6)

where 0; is the incidence angle on the fenestration
plane of rays emanating from the point source (i).
Dividing the hemispheric source into an N number of
patches, the beam-diffuse illuminance (Eipq) is
expressed as follows:

j=N
Eiba = ZDCj,unif “Lynit 'dwj ()
j=1

with DC;j s are the daylight coefficients for the

hemispheric source surrounding the fenestration

plane. By mapping the DC; s to the DC; ¢ for the

entire sky vault, and substituting equation (6) in
equation (7), one obtains:

j=N

DCipd =[cos6j|-Tipg - Z

j=1

DCj,ref dZUJ'

Tj,ref a

®)

Assuming that dwj =2n/N, equation (8) may reduce
to the following:

=N
Tipd 2 *
DCj bg =|COSt9i|-I—~—~ ZDCj’ref (9)
i

with Trergis IS the hemispheric transmittance of the
reference fenestration.

Equation (9) holds for a horizontal fenestration
where the entire sky vault can be mapped to the
hemisphere surrounding the fenestration. For a
vertical fenestration, the sky vault covers only half of
the fenestration surrounding hemisphere, and the
remaining part is attributed to the ground (Figure 1).
If the ground is treated as one single light source
with an equivalent daylight coefficient DCyr er,
equation (9) may be modified as follows:

j=N
Tibd ]2
DCi pd =|cos¢§*||1_r;’f " {ﬁ DCj ref + chr,ref}(lo)
| ]

J

Equations (5) and (10) are applied to any single
source daylight coefficient.

Using SkyVision, or any suitable fenestration
software, the daylight coefficient sets given by
equations (5) and (10) alongside with those for the
reference fenestration may be evaluated for all
possible light sources only once during the course of
the simulation. For an annual daylight simulation
through dynamic fenestration, a significant time
saving may thus be achieved using this method,
which would otherwise be prohibitive if a direct
calculation method is used to compute the daylight
coefficients at every time step.

Implementation in Daylight 1-2-3

The forgoing methodology was implemented in
Daylight 1-2-3 (Reinhart et al., 2007). Daylight 1-2-
3 integrates the Radiance and SkyVision programs to
calculate the daylight coefficient set of a selected
fenestration system. Radiance is used to calculate
the reference daylight coefficient sets for the sky
vault and ground using the new format (Bourgeois et
al.,, 2007). The SkyVision tool is then used to
modify the reference daylight coefficients based on
the optical behavior of the selected fenestration
system, according to equations (5) and (10).
Daylight 1-2-3 offers a variety of fenestration
products with clear and/or diffuse glazing. In-
between pane or internal Venetian blinds may also be
used with the selected fenestration to control glare
and solar heat. Daylight 1-2-3 offers two options for
the blind control: (1) OFF-when blinds are at the
closed position, and (2) ON - when blinds are at the
open or retracted position. Two sets of daylight
coefficients are therefore calculated for the open and
closed blind positions. This calculation procedure is
performed only once prior to simulation.

Limitations

It should be noted that the foregoing methodology is
limited to buildings without external obstructions and
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to dynamic complex fenestration systems whose
dynamic states are known a priori (such as two stage
switchable glazing, or blinds with open and closed
positions). For dynamic fenestration systems whose
dynamic states are continuously changing with time
(such as windows with Venetian blinds whose slat
angles are modulated to block sunbeam light), the
methodology may also be used during simulation but
with reduced efficiency as the fenestration optics has
to be calculated each time for all the elements of the
daylight coefficients.

VALIDATION

To validate the new method, a typical office space is
used for the simulation. The office is equipped with
a single glazed clear window and interior Venetian
blinds. Figure 2 shows the office dimensions. The
window glass transmittance and reflectance at a
normal incidence angle are fixed at 80% and 7%,
respectively. The dimensions of the Venetian blinds
are: a slat width of 25mm, a curvature height of
2mm and a distance between the slats of 20mm. At
the closed and open positions, the slat angle is fixed
at 45° down and 0° respectively. The slats are
opaque and diffuse with a reflectance of 70%.

i
2740 m &

3.048m

4572 m

Figure 2: Visualization of the office with the
Venetian blinds closed.

The Radiance program (Ward and Shakespeare,
1998) is used to explicitly model the window and
blinds system, and compute the indoor illuminances.
Radiance has extensively been validated for full scale
geometries featuring light shelves (Mardaljevic
2000), Venetian blinds (Reinhart and Walkenhorst
2001), and translucent panels (Reinhart and
Andersen 2006). For the purpose of this validation
study, 14 series of illuminance sensors are uniformly
deployed in the middle of the office running from the
front to the back of the office. The front sensor #1 is
positioned at 0.3 m off the window, and the back
sensor #14 is positioned 0.3 m off the back wall. All
sensors are positioned at a height of 0.88 m from the
floor surface. Tables 1 and 2 show the Radiance
office inputs and simulation parameters, respectively.

The resulting spatial resolution of the simulation is
the maximum scene dimension x ambient accuracy /
ambient resolution = 4900mm x 0.1 / 200 ~ 3mm.
This spatial resolution is significantly smaller than
the structure of the Venetian blinds. The simple
model of Venetian blinds of the Lightswitch wizard
(Reinhart et al., 2003), which was originally
developed by Vartianen (2000), is also used for the
comparison. When the blinds are closed, the simple
model assumes the blinds transmit only 25% of the
diffuse sky light. The transmitted sunbeam light is
also assumed diffuse, but with no beam-beam
component.

RESULTS AND DISCUSSION

In the following, we present the simulation results
from Daylight 1-2-3, Radiance and Lightswitch.

The simulations were conducted at an interval of five
minute time using the weather file of Vancouver,
British Columbia, Canada (Latitude = 49.18°
Longitude = 123.17° west).  Also shown is a
comparison between the blind models of SkyVision
and the WIS program (WinDat, 2007).

Comparison of SkyVision with the WIS program

Figures 3 and 4 show a comparison between the WIS
and SkyVision programs for the aforementioned
Venetian blinds at the closed and open positions,
respectively. The simulated blinds are, however,
assumed with flat slats to exclude any possible error
due to the slat curvature. The predictions of both
programs compare very well with each other.

Slat angle = 45 up

—e-Trans. - SkyVision ~ —@-Trans. - WIS
——Ref. -SkyVision —&Ref. -WIS

1 o o
IS o o
L L L

Optical Property

o
o

-90 -60 -30 0 30 60 90
Incidence Angle (deg.)

Figure 3 Comparison with WIS for the transmittance
and reflectance of blinds at the closed
position
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Figure 4 Comparison with WIS for the transmittance
and reflectance of blinds at the open
position

Comparison of Daylight 1-2-3 with Radiance and
Lightswitch

Figures 5 to 8 show a comparison among the three
programs: Daylight 1-2-3 (named *“SkyVision”),
Radiance and Lightswitch  (named “Simple”).
Simulation results were obtained for typical winter
overcast and summer sunny days when the blinds are
closed (slat angle = 45° down). Under overcast days,
the new method compares very well with the results
of Radiance. Lightswitch , however, produces
indoor illuminances 175% higher than Radiance.
This difference is due to the fact that the fixed
diffuse blinds transmittance of 25% is significantly
higher than the actual one, which is 5% (for sky
light). Under clear sunny days, again the new
method produces indoor illuminances very close to
Radiance with a maximum uncertainty lower than
25%. The simple model of Lightswitch also
provides acceptable results for the front sensor #1,
but under-estimates the results by 30% at the back
sensor #14.

800 -
January 02 - overcast
700 - .

- - -sensor #1-Simple I
6004 ——sensor #1 - Radiance
—sensor # 1 - SkyVision
500 -

400 -

Illuminance (lux)

300 4

200 4

100 -

Time (hr.)

Figure 5 Indoor illuminance under a winter overcast
day: closed blinds— front sensor #1.
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Figure 6 Indoor illuminance under a winter overcast
day: closed blinds— back sensor #14.
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Figure 7 Indoor illuminance under a summer sunny
day: closed blinds— front sensor #1.
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Figure 8 Indoor illuminance under a summer sunny
day: closed blinds— back sensor #14.

Figures 9 and 10 show another comparison under a
typical summer sunny day when the blinds are open
(slat angle = 0°). The new method compares overall
well with Radiance, with a maximum difference of
lower than 25% occurring at relatively high
illuminance values near the window (sensor #1). Far
off the window (sensor # 14) where illuminances are
usually low (< 1000 lux), the predictions of the new
method are even better. Lightswitch, however,
under-estimates the indoor illuminance by about
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70%, particularly at points far from the window
(sensor #14).
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Figure 9 Indoor illuminance under a summer sunny
day: open blinds— front sensor #1.
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Figure 10 Indoor illuminance under a summer sunny
day: open blinds— front sensor #14.

CONCLUSION

This paper developped a general method to compute
the daylight coefficients (DC) for dynamic complex
fenestration only once during a simulation course.
The daylight coeffcients are split into two
components: one beam-beam component for the
beam-unscattered transmitted light and the second
beam-diffuse component for the beam-scattered
transmitted light. The beam-beam component of DC
depends on the daylight coefficient of a reference
clear fenestration and the beam-beam transmittance
ratio of the actual and reference fenestration.
However, the beam-diffuse component of DC
depends not only on the beam-diffuse transmittance
ratio, but also on the average daylight coefficient of a
hypothetical hemispheric  uniform light source
sourounding the fenestration’s plane. This method
was implemented in Daylight 1-2-3 through the
integration of Radiance and SkyVision in its
calculation engine. Radiance calculates the daylight
coefficients for a reference clear fenestration, and
SkyVision modifies the reference DC based on the
calculated optical characteristics of the actual

fenestration. This method results in substantial time
saving for annual daylighting simulation as the whole
set of DC are calculated only once prior to the
simulation start. Predictions from the new method
for daylight illuminance under overcast and sunny
days in a typical office space equiped with a clear
window with interior Venetian blinds showed overall
good agreement with Radiance explicit calculations.
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Table 1: Radiance office inputs

Material optical properties Radiance material description

Ceiling 80% diffuse reflectance void plastic Ceiling0050.80.80.800

Floor 20% diffuse reflectance void plastic Floor0050.20.20.200

Side walls 50% diffuse reflectance void plastic Sidewall0050.50.50.500

Glazing 80% normal visible transmittance void glass DoubleGlazing 0 0 3 0.8715 0.8715 0.8715
(transmissivity = 87.15%)

Diffuse blinds ~ 70% diffuse reflectance void plastic BlindSlats 003 0.7.70.700

Table 2: Radiance simulation parameters

Ambient Ambient Ambient Ambient Ambient Direct Direct
bounces division sampling accuracy resolution threshold sampling
7 1500 100 0.1 200 0 0
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