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Estimation of internal daylight availability is the key step in evaluating various daylighting
schemes. Interior daylight is often expressed as daylight factor under the traditional
International Commission on lllumination (CIE) overcast sky. Nonetheless, such approach
may be inflexible to estimate the kinetic situations as the solar locations vary under
cloudless skies. Recently, the CIE adopted 15 standard skies covering the usual skies
found in the world. The interior daylight illuminance is influenced by the sky conditions in
terms of luminance levels and distributions with respect to the window-facing orientation
at any given period. The daylight coefficient concept considering the variations of the sky
luminance patterns can be employed to accurately compute the indoor daylight level.
A full-scale computer simulation can be costly in modeling the building geometry with
a long simulation time. Moreover, additional times and advanced skills are required for
preparation and post-processing. Simple design programs would be convenient and
helpful in preliminary design phase when various designs and schemes are being studied
and analyzed. This paper adopts a simple computer program for computing the interior
daylight under the 15 CIE standard skies. The capability of the suggested software was
assessed against the simulated results using a computer program, namely, RADIANCE,
and the field measurement readings. The running time based on the simple program
was far less than that using RADIANCE. The findings showed that the internal daylight
simulated by the proposed simple software were in good agreement with the simulated
results by RADIANCE and measured readings. The peak daylight factor discrepancy
was <2%, and the RMSE was 14.5% of the corresponding measured average values.

Keywords: daylighting, CIE standard skies, daylight coefficient, sky luminance, software

INTRODUCTION

Daylighting has long been an essential architecture issue in visual comfort (Escuyer and
Fontoynont, 2001) and passive energy-efficient building designs (Li and Lam, 2003; Lou et al,
2017). The determination of the interior daylight level is an important step in assessing daylighting
schemes. Quite often, the usual approach for calculating the internal daylight from outdoor
illuminance is expressed using daylight factor (DF), which is defined as the interior daylight divided
by the corresponding horizontal sky illuminance available from an unobstructed International
Commission on Ilumination (CIE, 1994) overcast sky (i.e., no direct component). The approach
is used in many European countries, especially in the UK where the approach and the related
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simple calculation tools have been established to predict DFs
at different phases of the design procedures (British Standards
Institution, 2019). In general, the method is simple to apply,
but it is inflexible to simulate the kinetic situations in daylight
illuminance since the solar location varies under partly cloudy
and clear skies. For sites where partly cloudy or cloudless
skies appear more often, the conventional DF method seems
not suitable for determining internal daylight. Indoor daylight
illuminances largely rely on the precise distribution of sky
luminance at the same period. In 1983, the daylight coefficient
(DC) theory, which considers the variations of sky luminance,
was established (Tregenza and Waters, 1983). The CIE has
employed a set of 15 sky standards including all possible range
of skies in nature (CIE, 2003). As reported by many investigators,
all the CIE sky standards give a fine total skeleton for denoting
the real sky situations, and the prevailing climate for some
places can be effectively identified by a subgroup of three to
four CIE standard skies (Tregenza, 1999a; Li et al.,, 2003). Using
the DC method for computing daylight illuminance can be
quite complicated. In a previous study, we worked out simple
steps to estimate the interior daylight illuminance based on the
DC theory under the 15 CIE sky standards (Li and Cheung,
2006; Li et al., 2006¢). The evaluation of the simple prediction
method was conducted via a scale model (Li et al., 2006b)
and full-scale (Li et al., 2006a) field measurements under real
sky conditions. Results through daylighting simulation can give
complement particulars for architects and building designers to
evaluate design cases (Tsou et al., 2003). The lighting simulation
programs available in the market are often quite complex and
comprehensive to be adopted for the design of tall buildings
containing many rooms. It can be cost demanding to have a full-
scale computer simulation for building professionals in modeling
the building geometry with long simulation times (Reinhart and
Herkel, 2000). Architects and engineers would make simulations
using sophisticated computer programs to get more accurate
results only when the design proposals have been confirmed and
ready for submission. A simple software tool would be useful
for the non-lighting experts at the preliminary design phase
when different design schemes and ideas are being compared and
assessed (Moeck and Selkowitz, 1996).

Nowadays, professionals have a strong intention to emphasize
the implications of daylighting scheme on building energy
consumption.  Incorporating  sophisticated  daylighting
simulation into building energy simulation is demanding
for computational power and model preparation time. Hence,
a simple computational method based on split-flux method
(Hopkinson et al., 1966) has been widely used within building
energy simulation program such as DOE2 (Winkelmann and
Selkowitz, 1985). Loutzenhiser et al. (2007) conducted field
measurements and compared the measured illuminance and
lighting energy consumption with those predicted by DOE2.1E
and EnergyPlus programs. They found that the differences in
daylight level between the split-flux method and measurement
could be over 100%, and the discrepancy in lighting energy
consumption was only 20%. Another study by Queiroz et al.
(2020) compared the illuminance predicted by EnergyPlus using
the split-flux method with the illuminance level estimated by

RADIANCE. They found that the illuminance simulated by
EnergyPlus was 20% deviated from RADIANCE for a low-
complexity model. In our latest study (Tsang et al., 2021), the
illuminance predicted by EnergyPlus and RADIANCE under a
heavily obstructed urban area was evaluated. We found that the
split-flux method (EnergyPlus) underestimated the illuminance
level compared with that predicted by RADIANCE when there
was no direct sunlight and vice versa under unobstructed
non-overcast conditions. For atrium space, the illuminance
level estimated by EnergyPlus and RADIANCE could be closely
matched with each other.

Previously, a simple computer program was developed to
simulate the daylight illuminance based on the split-flux method
and daylight coefficient concept under three typical CIE skies
(Li et al., 2007; Wu and Li, 2007). This paper evaluates the
performance of this software for estimating the interior daylight
illuminance under different types of sky conditions. The results
generated from the simple software are compared against those
simulated by a well-established lighting simulation program and
field measurement data. Implications for daylighting designs
are discussed.

THE CIE STANDARD SKIES

CIE standard skies contain five overcast skies, five intermediate
skies, and five clear skies covering the whole spectrum of usual
skies in nature. The distributions are characterized by continuous
mathematical expressions that change smoothly in luminance
from the horizon to the zenith and with angular distance from
the sun. The relative luminance distribution (I,) on any standard
sky can be defined as combining gradation function ¢(Z) and
indicatrix function f(x) as follows:

L 0092
lV = — = —
L~ £Zy)- ¢(0°) ()

where L = sky luminance in an arbitrary sky element (cd/m?)

Ly = sky luminance at the zenith (cd/m?)

Z = sky element zenith angle (rad)

Zg = solar zenith angle (rad)

X = scattering angle, the shortest angular distance
between the sun and a sky element (rad) =
arccos(cosZgcosZ+sinZgsinZcos |¢p—os | )

¢ = sky element azimuth angle (rad)

¢s = solar azimuth angle (rad)

The standard gradation equation relates sky luminance to the
zenith angle described by appropriate a and b variables as follows:

o(Z) _1+4a: exp(b/cosZ)

»(0°) o 1+ a-expb @

The relative scattering indicatrix function models sky luminance
with angular distance from the sun characterized by an
exponential function with adjustable coefficients ¢, d, and e
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Mie scattering

the same scattering properties.

FIGURE 1 | Rayleigh scattering and Mie scattering by an aerosol particle.

More particulates near the horizons, Mie Scattering
is dominated. Such as overcast sky, lot of water
particles existed in the air. All types of lights have

Rayleigh scattering

From the upper part of sky, the Rayleigh scattering
is dominated. Since short-wave radiation is more
favoured. Under clear sky, only small number of
large particles existed in the air. Hence, sky exhibits
a blue colour.

as follows:

f() e [eXP (dx) —exp (%‘)] +e-cos?y
{20 1t [exp (@20 —exp (4 ) | +e-cos?z,

©)

The exponential term exp(dy) represents the effect of Mie
scattering, which decreases rapidly with distance from the
sun. The cos®y term is caused by Rayleigh scattering and is
zero at 90° to the sun. Figurel demonstrates the Rayleigh
scattering and Mie scattering by an aerosol particular. Both
gradation and indicatrix functions are of six types covering
the usual range of homogeneous cases from heavy overcast to
cloudless skies. The combinations can form a large number
of skies but only 15 relevant types were selected for the
standard set. Table1 shows the details of the 15 standard
skies (CIE, 2003).

As indicated in Eq. (1), the luminance level of a sky element is
represented in terms of the Lz. Once the Ly is obtained, absolute
illuminance value at a particular point can be easily calculated.
However, Ly is seldom systematically recorded. In addition, a

small fluctuation in the zenith luminance can lead to substantial
variations of the overall sky luminance pattern (Tregenza, 2004).
Moreover, it is not possible to have the measured value when the
sun is near the zenith. An alternative would be to normalize Ly to
the horizontal diffuse illuminance of the whole sky (Es), which isa
much stable measure than the luminance of a single patch of sky.
Accordingly, the Ly/E; ratios for the 15 CIE standard skies based
on the numerical approach under various sun positions were
computed for use.

METHODOLOGY

Indoor daylight illuminances are generally not only depending
on the outdoor illuminance but also relying on the precise
distribution of the sky luminance during the same period. It is
because an interior point will obtain the daylight from certain
parts of the whole sky and the illuminance inside an internal
space is not of the same sensitivity to variations in the luminance
of various portions of the sky. The principle of DC correlates
the sky luminance distribution with the point illuminance in an
indoor space. Mathematically, the DC, Dy, is given as follows
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TABLE 1 | A set of 15 standard sky types and their parametrization (CIE, 2003).

Sky Description of luminance distribution Gradation Indicatrix a b c d e
No. group group
1 CIE standard overcast sky, | 1 4 -0.7 0 -1 0
steep luminance gradation toward zenith, azimuthal
uniformity
2 Overcast, with steep luminance gradation and slight 2 4 -0.7 2 —-1.5 0.15
brightening toward the sun
Overcast, moderately gradated with azimuthal uniformity Il 1 1.1 -0.8 0 -1 0
Overcast, moderately gradated and slight brightening I 2 11 -0.8 -1.5 0.15
toward the sun
Sky of uniform luminance Il 1 0 —1 —1 0
Partly cloudy sky, no gradation toward zenith, slight Il 2 0 -1 —-1.5 0.15
brightening toward the sun
7 Partly cloudy sky, no gradation toward zenith, brighter 1l 3 0 —1 5 —-2.5 0.3
circumsolar region
8 Partly cloudy sky, no gradation toward zenith, distinct 1l 4 0 —1 10 -3 0.45
solar corona
9 Partly cloudy, with the obscured sun \% 2 -1 —0.55 2 —-1.5 0.15
10 Partly cloudy, with brighter circumsolar region % 3 -1 —0.55 5 —-2.5 0.3
11 White-blue sky with distinct solar corona v 4 -1 —0.55 10 -3 0.45
12 CIE standard clear sky \Y 4 —1 —-0.32 10 -3 0.45
low luminance turbidity
13 CIE standard clear sky, \ 5 -1 —-0.32 16 -3 0.3
polluted atmosphere
14 Cloudless turbid sky with broad solar corona VI -1 —-0.15 16 -3 0.3
15 White—blue turbid sky with broad solar corona VI -1 —-0.15 24 —-2.8 0.15
(Tregenza and Waters, 1983): as follows:
n
_ AEy @) E= ) DiLAS; (6)
LogSogp i=0

where AEgg = the illuminance eventually provided at a point
in an internal space by a tiny sky element at elevation 6 and
azimuth ¢ (lux)

Loy = the luminance of the sky element (cd/m?)
ASyy = the angular size of the sky element (sr)

The Dy relies on the room geometry and its external condition,
the reflectance of various surfaces, and the visual transmittance
of the fenestrations. It is, however, not related to the sky
luminance distribution as AEyy varies in scale to Lgg. Hence,
room characteristics and the outdoor climatic situations are
separated. The overall daylight illuminance, E, at the point is thus
expressed by the following:

21 %
E= / / DogLog ASog (5)
0 0

For the simple cases, for instance, sky component from the
unobstructed uniform or CIE overcast sky through windows
containing a constant visual transmittance, it is easy to calculate
analytically. If the whole sky is separated into n angular regions,
then Eq. (5) can be written in numerical computational form

This shows that for a specific point, the illuminance is the
summation of n products of D, L, and AS for individual sky
element, i. Therefore, Eq. (6) can be employed to compute the
daylight illuminance for rooms facing various directions.

For calculation purposes, daylight illuminance for a point
inside a room usually consists of three components, namely,
the sky component (SC), externally reflected component (ERC),
and internally reflected component (IRC). Take an assumption
that rooms in the topmost floors of a tall building or a house
located in low-density residential zones face an unobstructed
sky, ERC can be ignored. Under an unobstructed horizontal
plane, the DC via an aperture without any glazing facing a sky
element (i.e.,, SC) is the sine function of the altitude of the
sky patch (i.e., sinf). Adopting a numerical approach indicates
that the whole sky needs to be subdivided into finite elements.
Tregenza (1999b) proposed an appropriate subdivision method
that divides the celestial hemisphere into 145 angular elements
of constant elevation bands in symmetry about the zenith.
Such a pattern is also adopted for sky scanner measurements
(CIE, 1994). The elevation of band, solid angle, and azimuth
increment for this subdivision of sky hemisphere proposed
by Tregenza and Sharples (1995) were adopted. It would lead
to more accurate of illuminance computation with more sky
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vault division. However, a longer calculation time is required
(Cesarano et al., 1996). Furthermore, each sky patch was evenly
divided into 16 (i.e., 4 x 4) smaller regions for computation.
The sky regions “reviewed” via the aperture can be determined
by simple geometry. Accordingly, the SC at the reference room
location is the summation of the outdoor illuminance for each
sky patch seen by the openings. Aimed rays representing 6 x
107° sr are modeled for each sample point, and in total, 105,050
rays were evenly distributed to the sky vault. There are over 700
sample rays for each sky patch.

The split-flux principle is applied to determine the IRC. The
basic equation is expressed as follows (Hopkinson et al., 1966):

CiR CR
IRC=tW(M) )
AQ-R)

where A = all the interior surface areas (m?)

C; and C, = configuration factors (CFs) of the daylight flux
incident on the mid-height of the windowpane, respectively,
from above and below the horizon (dimensionless)

R = mean reflectance of all the interior
surfaces (dimensionless)
R,y = mean reflectance of the ceiling and upper walls

above the mid-height of the window. (excluding the window
wall) (dimensionless)

t = the overall
window (dimensionless)
W = window area (m?)

visual transmittance of the

The flux penetrating the room through the window is divided
into two portions, namely, (i) light straightly coming from above
the horizon on a vertical plane (E,) and (ii) reflected light coming
from below the horizon on a vertical plane (Ep). The CF Cj is
E, over the horizontal diffuse illuminance of the whole sky (E;).
Considering the vertical glazing wall of a side-lit room faces half
of the whole sky, E, is written as follows:

n
E, = Y Licos’ficos (¢ — pn) 56:80¢;
i=1
(For0 <0 <¢—9n/2, —p —pn/2 < g —opn (8)
< @ — ¢n/2) = 0 (otherwise)

where ¢, = the azimuth angle of window normal (radians).

The CF C; is half of the total daylight illuminance (i.e., E; = Eq
+ E) times the ground reflectance (Rg) over Es. With no direct
sunlight, C; would be 0.5 times Ry under overcast skies. Then, C,
can be expressed as follows:

Cz = 0.5-Rg (For overcast skies) (9)

E Eq+Eg)- Ry, E(R
b _ (Ea+Ey) g_"t78 (For non — overcast skies)(10)
Eg 2E¢ 2E¢

(6)

Under partly cloudy and clear sky conditions, the interior
daylight is strongly dependent on sun location particularly under

TABLE 2 | External conditions and room parameters for the model and domestic
unit.

External conditions Model Domestic unit

Sky condition Clear, intermediate, and Clear, intermediate, and
overcast overcast

Window azimuth 225° 170°

Ground reflectance 20% 20%

Obstruction None None

Room parameters Model domestic unit

Room length 0.28m 2.73m

Room depth 0.53m 5.44m

Room height 0.27m 2.89m

Sill height 0.08m 0.80 m

Ceiling reflectance 8% 68%

Wall reflectance 8% 68%

Floor reflectance 8% 42.5%

Glazing type None Clear, 85%

transmittance

cloudless skies. The sun may shine directly into the internal
space or may cast a clear shadow in front of the window wall.
In this connection, subsequent corrections and modifications are
required. The direct sunlight is so bright that the luminance
can be a few 100 times more than the other sky patches, and
occupants use internal shading device to eliminate the visual
glare, thermal discomfort, and excessive brightness. When the
sun shines directly into the room, direct sunlight is excluded
and only the sky-diffuse and ground-reflected components are
considered for indoor daylight prediction. In case a well-defined
shadow is cast in front of the window wall, Equations (9) and
(10) are used to compute C; for shaded and un-shaded ground-
reflected areas, respectively (Li, 2007). The outdoor illuminance
components (i.e., Eq and E) were given by Kittler et al. (1998).
By summing up the SC and IRC and applying the corresponding
Lyz/E ratio, the DF can be got. Afterwards, the DF times the
corresponding horizontal sky-diffuse illuminance (E;) and the
internal daylight illuminances can be obtained.

DATA ANALYSIS

The software for the present study can calculate the indoor
daylight illuminances via the glazing walls facing the eight
principal directions (i.e., N, E, S, W, NE, NW, SE, and SW)
at various daytime hours in 12 months under the 15 CIE sky
standards. The examples chosen were similar to those illustrated
by Bryan (1980) who calculated the daylight factors at a given
sun location under the CIE sky 12 (clear sky) using a serial
of tables and charts. The study was a room of 6m x 6m
x 3m containing a big rectangular-shaped vertical window of
1.8m x 4.8 m with the windowsill at 0.75m off the floor. The
working surface was the room center point, which is also at a
height of 0.75m above the floor. Table 2 summarizes the room
variables and the exterior environment for the analysis. The
determinations included the internal daylight illuminances at the
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FIGURE 2 | The daylight factors (DFs) simulated by RADIANCE and the simple
software for skies 2, 4, and 6.

working plane with the glazing walls facing the four cardinal
directions (i.e., N, E, S, and W) in the morning (09.00), at
noon (12.00), and in the afternoon (15.00) in spring (March),
summer (June), autumn (September), and winter (December)
under the 15 CIE standard skies. In total, 720 cases were
simulated. The findings were simulated by RADIANCE, which
adopts backward ray-tracing techniques to examine high-ranking
lighting regimes. It is a well-developed simulation package and
has been applied by a number of researchers (Ng et al., 2001;
Jones et al, 2004). Many studies reported that RADIANCE
can simulate quite accurate outcomes, which are close to
actual building measurements comparing with other daylighting
programs (Gugliermetti et al., 2001). The luminance distribution
for the whole sky employed by RADIANCE modeled the CIE
standard sky (Greenup, 2003). The version of RADIANCE used
for the study was developed at Lawrence Berkeley Laboratory
running under UNIX workstation mode.

For skies 1, 3, and 5, their luminance distributions are
not depending on solar azimuth, and the vertical daylight
illuminance is invariant to room direction; thus, the determined
DFs varied slightly for these three skies. The simulated DFs using
the simple software for skies 1, 3, and 5 were 4.8, 5.9, and 6.8%,
respectively. Slightly smaller DFs were obtained by RADIANCE
ranging from 4.2 to 4.3% for sky no. 1, from 5.2 to 5.3% for sky no.
3, and from 6 to 6.1% for sky no. 5. The difference was just larger
than 0.7%. Likewise, the DFs for the other CIE standard skies
were computed. Figure 2 displays the results for the anisotropic
overcast skies (i.e., skies 2, 4, and 6). With anisotropic sky
patterns, the calculated DFs changed at various times of the day
for different sky numbers. Using the simple software, the DFs
were determined ranging between 3% at 1200h in March for
north-facing window facade under sky no. 2 and 9.3% at 1500h
in March for west-facing window facade under sky no. 6. Again,
the DFs modeled by RADIANCE were slightly less than those
obtained by the simple software. The peak DF difference was just

16
e Sky Type No.7
144 o SkyTypeNo.8 s
X Sky Type No.9 A
124 & Sky Type No.10

DF computed by RADIANCE (%)
o]
1

o

0 2 4 6 8 10 12 14 16
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FIGURE 3 | The DFs simulated by RADIANCE and the simple software for
skies 7-10.
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FIGURE 4 | The DFs simulated by RADIANCE and the simple software for
skies 11-15.

<1% appearing in sky no. 6. Under non-overcast sky conditions,
the sun effects become significant, resulting in larger DFs. The
predicted DFs using the two programs for skies 7-10 (i.e., partly
cloudy skies) are plotted in Figure 3. With the presence of direct
sunlight, the ground-reflected component (C,) contributes to a
greater amount of DF. The peak DFs for individual skies were
found to be more than 10%. The DFs predicted by RADIANCE
were still less than those obtained by our software but with
smaller differences. As the amount of cloud further decreases, the
ground-reflected component becomes more significant. Figure 4
presents the DFs estimated by the two simulation programs for
the cloudless skies (skies 11-15). It can be observed that the DFs
simulated by the two tools are in good agreement as dispersions
in the plots are of a general order. Particularly for the DFs of low
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FIGURE 5 | Plan view and section of the scale model showing the position of the measuring point.

values, when the window facades face well-defined shadows, the
outcomes simulated by the two programs are almost identical.
More than half of the results simulated by RADIANCE were
slightly more than those calculated by the simple software. The
peak DF discrepancy obtained between the two programs was
<2%. Given that most of the DFs were of more than 10%, the
difference was not substantial. In general, the two simulation
programs can produce similar DF results for the 15 CIE standard
skies. Another criterion for consideration is the duration of the
simulation. The simulation times for the 720 cases were 60 h
and 4.5min using the RADIANCE and the simple software,
respectively. It indicates that the proposed software is useful at
the early design stage where approximate daylight performance
under various standard sky conditions is required. The accuracy
of the simple software tool was further evaluated against data
measured in a scale model (Li et al., 2006b) and inside a domestic
unit (Li et al., 2006a). The model was 530 mm (depth) x 280 mm
(along the opening) x 270 (height) representing a rectangular

cellular office of 1:10 scale containing an opening area of 200 mm
x 180 mm (without glazing) situated in Hong Kong (latitude
22.3° N and longitude 114.3° E). The plan view, the section,
and the measurement points of the scale model are illustrated in
Figure 5. The measurements were conducted on the rooftop. The
model was put with the opening facing southwest (225°) where it
is relatively free from external obstruction. Black paper of 0.08
reflectance was used to cover the model such that the SC was
the main daylight source. In total, 50 readings were used for the
evaluation. Figure 6 presents the simulated and measured results.
It can be observed that the indoor daylight illuminance can be
computed reasonably well under different skies by the proposed
software. For some readings, the measured and simulated data
are the same. Generally, the software tends to underestimate the
daylight illuminance. The mean bias error (MBE) and root mean
square error (RMSE) were respectively computed to be —8.4 and
14.9%. For the field measurement, it is a bed—study room situated
at the 10th floor of a 13-story hostel block. The room is 5.44 m
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FIGURE 6 | Performance of the proposed simple software using a scale
model.

(depth) x 2.73m (along with window) x 2.89 m (height) with
the window fagade facing close to south of 170°. The domestic
block was built on the mid-level of a hillside, and the window
walls mainly face an unobstructed outdoor environment. The
working plane was at desk level of 800 mm from the finishing
floor level. The room layout plan and the two measurement
points are presented in Figure 7. In total, about 50 readings
were made for each point. Figure 8 displays the measured and
predicted results for point 1. The recorded interior daylight levels
vary from 80 to 1,370 lux. Figure 8 displays the measured and
predicted results for point 1. Likewise, the indoor daylight levels
for point 2 were computed and are displayed in Figure 9. Since
point 2 may receive less amount of daylight, the measured values
were less than those in point 1, with the variations between 60 and
1,060 lux. The software tool slightly underestimated the daylight
illuminance with the MBE of —2.6% and RMSE 14.5% of the
corresponding recorded mean values.

DISCUSSION

The set of 15 CIE standard skies represents the sky conditions in
many places and covers the entire possible sky spectrum found in
the world. Once the sky types are classified, the primary daylight
illuminance on the surface facing various orientations can be got
via mathematical expressions. It means that DF can take building
orientations, sun location, and the effect of direct and reflected
skylight and sunlight into consideration. Most importantly, DF
is strongly correlated with orientations and room parameters
especially the window area and the visual transmittance. Such
variables could be easily changed in order to meet the criteria and
building regulations during the initial design stage when different
building facade schemes are investigated and evaluated. Once
the initial design has been confirmed, a few full-scale building
simulations using a sophisticated computer program can be

conducted to get more accurate data. Afterwards, even more
complicated cases can be undertaken. The split-flux method is
a simple and fast for indoor daylight illuminance estimation.
This is very common for use in energy estimation and building
performance evaluation. We would like to develop a simple
software tool for this application by considering various CIE
standard skies. This approach can also be applied for measured
sky luminance distributions.

CONCLUSIONS

A simple software tool considering the DC concept and split-flux
theory for estimating the interior daylight levels was developed.
The performance of the proposed software was demonstrated
based on a typical room containing a big vertically glazed
window. The internal daylight illuminances in terms of DFs at
the room center under the 15 CIE sky standards at different
daytime hours in March, June, September, and December with
the window facade facing the four cardinal directions (i.e., N,
E, S, and W) were simulated and compared with the finding
simulated by the RADIANCE program. Generally, the DFs
estimated using the two programs were in a reasonably well
agreement. With isotopic sky patterns, the simulated DFs for
skies 1, 3, and 5 were quite constant at different times and
orientations. Slightly smaller DFs were obtained by RADIANCE
with the peak difference of just larger than 0.7%. For anisotropic
overcast skies (skies 2, 4, and 6), the simulated DFs had
relatively large variations. Smaller DFs were predicted using the
RADIANCE with the maximum discrepancy of <1%. With the
presence of direct sunlight, the maximum DFs for individual
partly cloudy skies (i.e., skies 7 to 10) were simulated of more
than 10%. The DFs predicted by RADIANCE were still less
than those obtained by the proposed software but with smaller
discrepancies. When the amount of cloud further decreases,
the ground-reflected component becomes more significant, and
the simulated DFs were up to more than 25% under cloudless
skies (i.e., skies 11 to 15). More than half of the results
simulated by RADIANCE were larger than those calculated by
the simple software. In general, both the simulation programs
can produce similar DF results for the 15 CIE standard skies.
The simulation times for the 720 cases were 60h and 4.5 min
using RADIANCE and the simple software, respectively. A
scale model and full-scale field measurements were considered
for validating the proposed program. A measuring point in
a 10:1 scale model covered with black paper was analyzed.
For full-scale field measurement, two measuring points at a
hostel study-bedroom were studied. The findings show that the
internal daylight simulated by the proposed software were in
reasonable agreement with the recorded data. In view of the user-
friendly features, short time periods for running simulations,
and the reasonably good predictability of the proposed computer
program, it would be very useful employing the simple software
at various building design, construction, and operation stages
when approximate daylight performance under various standard
sky conditions is required.
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