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Abstract: Windows are the primary aperture to introduce solar radiation to the interior
space of a building. This experiment explores the use of EnergyPlus software for analyzing
the illuminance level on the floor of a room with reference to its distance from the window.
For this experiment, a double clear glass window has been used. The preliminary modelling
in EnergyPlus showed a consistent result with the experimentally monitored data in real
time. EnergyPlus has two mainly used daylighting algorithms: DElight method employing
radiosity technique and Detailed method employing split-flux technique. Further analysis
for illuminance using DElight and Detailed methods showed significant difference in the
results. Finally, we compared the algorithms of the two analysis methods in EnergyPlus.
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1. Introduction
1.1. Research Background and Purpose

Energy consumption by buildings accounts for 25% of the energy use in entire Korea, and the ratio
is increasing [1]. Accordingly, methods to save energy consumption by buildings are important issues.
Since 2002, the Ministry of Construction and Transportation and the Ministry of Environment in Korea



Energies 2014, 7 2363

have implemented Green Building Certification System and Building Energy Efficiency Rating system
as a means to reduce energy consumption by buildings.

Due to the recent increase of the window area ratio in buildings, a great amount of solar radiation is
introduced into the interior space of a building. As the time working indoors has also increased, studies
are continuously conducted on interior space visual environment and reduction of artificial lighting
energy [2]. For a comfortable interior environment, uniform illuminance in the interior space should
be ensured, and energy consumption should be reduced through appropriate lighting control. Koshel
emphasized the significance of the illumination evaluating technology in the visual comfort of
occupants and lighting energy in buildings [3]. Since windows have significant effects on heating,
cooling and lighting energy in buildings, the proper prediction of the illuminance levels through
window materials can be an essential factor for the building energy saving through windows.
Nakamura investigated the estimation method for the discomfort glare assessment through the window
over the wide range of different source sizes [4]. Koshel [5] investigated the subjective illumination
recognition by the human eye, having significant effects on the item sale and productivity of indoor
occupants. It highlighted the significance of the subjective criterion on the development of an
illumination system. Dong et al. [6] applied the simulation technique to design the LED lighting with
the uniform irradiance for the proper optical design. Audenaert et al. [7] performed the parametric
study to assess the impact of important input parameters on the accuracy of the ray tracing simulation
results such as the bidirectional reflectance distribution function (BRDF). Luminous intensity
distribution (LID) was simulated, which was validated against the measured data with a near-field
goniophotometer. Although a good agreement between the measured and simulated LID was found,
the luminance distributions only corresponded when the most accurate BRDF model was applied,
indicating that more complex models are needed for evaluation of luminance distributions [7].

More importantly, taking advantage of the daylighting for the improved visual comfort and the
lighting energy efficiency has received increasing attentions during the past decades. Currently, many
interior illuminance analysis software programs are available for the analysis of solar radiation through
windows, but they employ different algorithms. The solar radiation analysis algorithms that are most
frequently used are the radiosity technique, split-flux technique and ray-tracing method. Since interior
illuminance analysis has a great effect on the control of artificial lightings, it may be viewed to be
related with the energy consumption of an entire building. Tsangrassoulis et al. [8] performed the
comparative study between radiosity and ray-tracing methods in terms of the daylight levels in atria
under a variety of conditions. Hviid [9] suggested the combined approach between radiosity and
ray-tracing techniques to develop a simple but accurate tool for the proper prediction of indoor
daylight level. The coupled approach was compared against the ray-tracing program and
showed that the accuracy of the approach was adequate for predicting the energy implications of
photo-responsive lighting control. Chan et al. [10] also presented the couple radiosity and ray-tracing
methods for the proper daylight analysis in spaces with venetian blind compared to the full radiosity
technique. According to the study, it was found that analysis of the number of inter-reflections as
a function of profile and slat angles with simultaneous consideration of different reflectances and
shining factors is particularly important for providing guidelines and recommendations for venetian
blinds optimized design and control. Versage et al. [11] also compared the split-flux and ray-tracing
algorithms and found that split-flux method provided illuminance higher than actual as the distance
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from windows was increased. Other studies also performed the daylight level evaluation based on
different algorithms such as radiosity [12], stand-alone model [13] and ray-tracing method [14]. The
study [12] performed the interior illuminance evaluation using radiosity method, while the study [13]
developed the stand-alone model to predict the daylight performance and validated the model against
the experimental data and the simulation results obtained from radiosity and ray-tracing methods.
Andersen et al. [14] attempted to validate the ray-tracing algorithm against the experiment in spaces on
prismatic glazing. According to the study, ray-tracing and experimental results matched well with each
other, indicating that it can promote confidence in both the photogoniometer and in the calculation method.

As shown in the literature review above, there have been a variety of studies related to the different
daylight prediction algorithm in buildings. In summary, although ray tracing method has advantages
over the other two algorithms in that it can simulate the physical performance of light rays and the
material spectral properties for any complicated blind and window systems [11], it requires relatively
great amounts of computational time and thus it might be significantly unfeasible to feed the hourly
daylight levels into the existing integrated thermal simulation programs capable of calculating energy
demand and the indoor environment. On the other hand, split-flux and radiosity methods are mainly
adopted in most of the dynamic building energy simulation softwares due to their capabilities to be
directly coupled with the dynamic simulation softwares and shorter computational time. Nevertheless,
the split-flux and radiosity methods have not been sufficiently compared to each other by the existing
studies. In this circumstance, those two illuminance analysis algorithms should be analyzed and
compared to each other in detail.

The objective of this study is to investigate the differences in the analytical data between those
two algorithms and their causes using EnergyPlus software program, which is under development by
the U.S. Department of Energy and considered to be the next-generation building energy analysis
simulation software. A sensitivity analysis was also carried out to evaluate the effects of different time
periods and blind angles. The description of the full key equations of those two algorithms provided
a detailed understanding of the mechanism that takes place around the windows and blinds. The

simulation results were also compared against the experimental data.
1.2. Methods and Scope

In this study, modeling was performed with a laboratory in “K” institute, located in Gyeonggi-do,
Korea, where experiments are actually carried out, the validity of the modeling was verified through
a calibration with the actual building, and two illuminance analysis algorithms within the EnergyPlus
software were analyzed to investigate the differences between them and their analytical limitations.

2. Overview of Laboratory Measurement

The laboratory building in this study is located in the K institute, Gyeonggi-do, Korea, and has
windows on the southern side. The size of the laboratory is 2.22 m (W) x 4.1 m (D) x 3.18 m (H).
Figure 1 shows the measurement overview. The window made of double clear glass in PVC frame is
of size 1.87 m x 2.31 m. The clear glass panes in the window are 6 mm each with 12 mm air between
the glass panes. Table 1 shows the physical properties of the 6 mm clear glass panel used in the
experiment. The U-value of the window is 2.692 W/m*-°C, and the SHGC is 0.801. Both temperature
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and illuminance levels were used for the validation of the simulation results. For the temperature
measurement, a T-type thermocouple (T/C) was used to measure the surface temperature on the inside
and outside of the window, the air temperature at the center of the experimented room, and the floor
temperature in the center. The error range of the used thermocouple was +1 K. For the illuminance
measurement, six Li-210A sensors from LI-COR company were placed 35 cm progressively away
from the window without any blind at window level and illumination was measured at these points.
The sensors are marked 1-6, 1 being closest to the window and 6 being furthest. The error factor for
the sensor is +5% [15]. Data logger from the same company LI-1400 was used to record the
illuminance data.

Figure 1. Measurement overview. (a) Sensor placement inside experiment room;
(b) exterior view of the window in the laboratory building.

(b)

Table 1. The specifications of the windows applied to the experiment.

Input data 6 mm clear
Solar transmittance 0.765
Front side solar reflectance 0.073
Back side solar reflectance 0.073
Visible transmittance 0.878
Front side visible reflectance 0.083
Back side visible reflectance 0.083
Front side infrared hemispherical emissivity 0.42
Back side infrared hemispherical emissivity 0.42
Conductivity (W/m K) 0.9
Dirt correction factor for Solar and visible transmittance 1

Solar diffusion No
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3. Overview and Theoretical Background of the Simulation
3.1. Selected Simulation Software

The simulation software chosen for this study is EnergyPlus ver. 6.0 which allows for energy
analysis in unsteady state [16]. EnergyPlus was developed by the U.S. Department of Energy by
integrating the advantages of two conventional software programs (DOE-2 and BLAST). EnergyPlus
adopted the heat balance method recommended by American Society of Heating Refrigerating and Air
Conditioning Engineers (ASHRAE) for building load analysis [17]. The illuminance analysis options
contained in EnergyPlus are DElight based on the Radiosity technique, and Detailed based on the
Split-flux technique [18].

3.2. Simulation Modeling

The EnergyPlus simulation model was constructed to be the same with the laboratory, as noted in
Section 2.1, in which experiments were actually carried out. All the physical property inputs were
the same with those of the actual laboratory. The overall wall reflectance used is 0.5. No extra air
conditioning control is used and there are no obstructions, neither inside nor outside. Since Seoul is
located near Gyeonggi-do, the weather data of Seoul generated from Meteonorm software was used for
both validation process and further analysis in the later sub-sections [19]. Meteonorm extrapolates
hourly data from statistical data for a location. Where statistical data aren’t available, Meteonorm
interpolates from other nearby sites [19]. Since the solar radiation is critical in this study, global
horizontal, direct normal and diffuse horizontal radiations are respectively measured and plugged-in
into the weather data. On 9 August 2013 (Figure 2), the global horizontal radiation, direct normal
radiation and diffuse radiation were 480 W, 11 W and 469 W, respectively.

Figure 2. Comparison of the illuminance data between simulation and measurement.
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3.3. Analysis of the Split-Flux Algorithm

The EnergyPlus “Detailed” method is the illuminance analysis based on the splix-flux algorithm
and used by DOE-2.1 software [20,21]. As the software was converted to EnergyPlus, two major
modifications were made into the equation. First, the sky conditions were classified into two types,
Clear and Overcast, in DOE-2, but they are classified in EnergyPlus into four types which are Clear,
Clear turbid, Intermediate, and Overcast. Second, twenty solar positions were preset in DOE-2, but in
EnergyPlus the daylight factor is calculated on the basis of the solar position and direction information
at each hour provided from the input time-dependent meteorological data [18]. The split-flux algorithm
uses the mean of the entire wall brightness with respect to the reflection by the interior walls and other
objects [18]. Hence, the walls on both sides of the window should be darkened as the distance from the
window increases. However, since the luminance is higher at the point closer to the window, the mean
illuminance is increased, and thus the difference from the actual measurements is increased as the
point goes farther from the window. The equation to calculate direct solar radiation through a window
at the measurement point is as follows. The entire window is divided into fine elements, and the
radiation at a point is calculated as the sum of the radiation coming through each of the elements. The

equation for the calculation of the direct solar radiation is very elaborate [18,21].

dE;, = Ly dQcosy (1)
dxdy

dQ= D2 cosB (2)

D= |Ryin — Rrefl 3)

cosB = }?my x W, 4

ﬁray = (ﬁwin - ﬁref)/D (5)

—~ o~ —~ WI_WZ W3_W
Wo =Wy X Wy = —=——= —
Wy = W,| W3 =W,

(6)

where:

dE};, = Horizontal illuminance at reference point from window element;

Ly, = Luminance of a window element as seen from reference point;

dQ = Solid angle subtended by window element;

ﬁwin = Vector from zone origin to window element;

dx,dy = Size of window element;

ﬁre £ = Vector from zone origin to reference point;

D = Distance from reference point to window element;

B = Angle between window element’s outward normal and ray from reference point to window
element;

ﬁmy = Unit vector from reference point to window element;

y = Angle between point in the sky and the sun; or angle between vertical and ray from reference
point to window element;

W,, = Unit vector normal to window element, pointing away from zone;

W, = Unit vector along window y-axis;
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W,5 = Unit vector along window x-axis.
In the equation, L,, denotes luminance without installed rolled blinds. Luminance with installed
rolled blinds, denoted as L,,.g, is expressed in the same equation [21]:

window (7)

elements
L,, = Lt,;s(cos B) (8)
Ly = Ly.sh )

where:

L = Luminance of sky or obstruction;

Tyis = Glass visible transmittance;

L,,.sn = Luminance of window element with shade in place.

Except direct solar radiation, diffused solar radiation coming to the points by being reflected to the
interior walls are divided into two types according to the ways the light passes through the window: the
radiation passing through the area over the window center and being reflected by the ceiling area and
the upper parts of the walls, and the radiation passing through the area under the window center and
being reflected by the ground and the lower parts of the walls. The equation for the diffuse radiation
reflected by the interior walls is as follows [18,22,23]. ®cy/, Pew > e and ppy, in the following
equation may be varied depending on the installation of rolled blinds and other parameters, and thus
they are mentioned in the overall equation and will be discussed deeply in future studies [18,21]:

Ey, = Opyprw + CowpPew (10)
F, =AE.(1—p) (11)

_ Prwprw + PewPew
E, = (12)
A(l—p)

where:
F, = First-reflected flux;
@y, = Downgoing luminous flux from a window;
prw = Area-weighted reflectance of floor and upper part of walls;
@y = Upgoing luminous flux from a window;
pcw = Area-weighted reflectance of ceiling and upper part of walls;
A = Total inside surface area of a zone;
E, = Average internally-reflected illuminance;
p = Area-weighted average reflectance of zone interior surfaces.

3.4. Analysis of the Radiosity Algorithm

In contrast to the Detailed method, the DElight method provides the illuminance results similar to
actual measurements. The equation for the direct solar radiation at the measurement/reference point is
very similar to that of the Detailed method [18]. The difference with the Detailed method is in
the radiosity algorithm used by the DElight method for calculation of diffuse radiation reflected by
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interior walls. The DElight method calculates diffuse radiation in three steps. The first step is a
pre-calculation of luminance distribution on external surfaces, the second step is the calculation of
luminance distribution on internal surfaces and the third step is related with the direct and diffuse solar
radiation that reaches the measurement/reference points. The DElight equation for the calculation of
direct solar radiation is not discussed in this article because it is very similar to the DElight equation.
In the DElight method, fine grids are created in all the areas, and the data from each grid is summed by
the following radiosity equation [18,24]:

b(x) = e(x) +f K(x,x")b(x")dx' (13)
K(x,x") = p(x)%:zosqu(x,x D (14)
b=e+Kbor(1—-K)b=e (15)

Kij = piFij (16)

where:

e(x) = emitted radiosity at x;

b(x) = total radiosity at x;

p(x) = diffuse reflectance function;

r = distance between x and x’;

v = visibility function;

F;; = purely geometric coefficients form factor.

Three methods are used to derive Fj; in the radiosity method: area-to-area, point-to-point, and
area-to-point. The most general method is the area-to-area method. The point-to-point is occasionally
used to simplify complicated equations to calculate areas. If two areas are too close to each other in the
area-to-area method, the area-to-point method is used [18,24]:

1 cos0;cos0;
Fyj = . fAi fA]_ #vi jdA;dA;(area-to-area) (17)
AjcosB;cosb; . .
Fij = %(pomt-to-pomt) (18)
Fij = X Ry WijkXTijern) O k+1(area-to-point) (19)

27T R X} T iR+ 1)
where:
v;j = measures the visibility between the two patches;
fi; = surface normal at that point;
1;ji = vector from the point of interest on the receiving patch to vertex k of the source patch;
Ok k+1 = angle subtended by vertices k and & + 1 from that point in radians.

4. Validation of the Simulation Model

For the validation of the simulation model, the model was analyzed and compared with the actual
measurements. Figure 3 shows the actual measurements and the simulated values of the air
temperature at the center of the room over the day for which highest temperature was recorded during
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the entire experiment period. The mean bias error (MBE) of the actual measurement is 0.21% which is
within the 10% error range [25]. The CV (RMSE) was 11.3, which was also within the error rate of 30,
indicating that the model was well simulated [25]. Figure 2 shows the actual measurements and the
simulated values of the illuminance levels at different points of the interior space over one day. We can
see that the illumination level is decreasing as the sensor points move away from the window. It is
shown that the result from DElight simulation (radiosity method) is very similar to the experimental
data, i.e., there is visible deviation at point 6 only. However, the Detailed analysis (split-flux method)
result is much greater than the experimental data. The study shows that at first sensor, sensor #1 at
35 cm away from window, the error between simulation result and real data is only 1% for DElight
method and 4% error for Detailed method; whereas at sensor #6 at 210 cm away from the window,
the error is much greater. Detailed result shows a much higher error than DElight result as the sensor
points move away from the window. We analyzed that this difference is due to the algorithms used for
the two methods, which will be discussed in the subsequent sub-sections later in this paper.

Figure 3. Comparison of the temperature data between simulation and measurement.
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5. Simulation Analysis

Figures 4 and 5 compare the variation of the interior illuminance depending on the distance from
the window on the summer solstice (22 June 2013) and winter solstice (22 December 2013),
respectively, analyzed by using DElight and Detailed. Three different time sets were included: 9 am,
I pm and 5 pm. Detailed 9, DElight 13 and DElight 17 indicate the results of Detailed method
at 9 am, DElight method at 1 pm and DElight method at 5 pm, respectively. 42 reference points are
identified in the simulation model which are 5 cm apart, for illuminance calculation. In the case of
the summer solstice, all the results by the Detailed method were higher than those by the DElight
method. The illuminance value by the Detailed method in the area close to the window was higher than
the value by the DElight method by 50~60 lux. The difference was increased as the distance from
the window was increased, and the maximum difference was 124 lux.



Energies 2014, 7

Figure 4. Comparison of the DElight and Detailed algorithms on the representative

summer day (Summer solstice, 22 June 2013).
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Figure 5. Comparison of the DElight and Detailed algorithms on the representative winter

day (Winter solstice, 22 December 2013).
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The illuminance values on the winter solstice were considerably higher than the summer solstice

because the angle of solar incidence was greater in winter than in summer and thus the illuminance

introduced to the interior space of the building facing south was greater. In addition, in contrast to the

summer solstice, the illuminance difference between the two algorithms on the winter solstice was

about 4000 lux in the area close to the window, and it was decreased as the distance from the window

was increased. The smallest difference between the two algorithms was 1300 lux on the point farthest

from the window.

Regarding the comparison between split-flux and radiosity algorithms in terms of computation of

the diffuse solar radiation, fine grids are created on the interior wall and the brightness at each point
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was computed in case of the DElight algorithm. Therefore, the resulting illuminance pattern is very
similar to the actual measurement as can be seen in Figure 2. On the other hand, the Detailed algorithm
(split-flux method) calculates the diffuse solar radiation based on the mean value averaged over the
entire wall and thus there is no horizontal variations in the diffuse illuminance regardless of the
distance from the window. The difference between the values by the Detailed and the DElight
algorithms was not great on the summer solstice when the solar altitude angle was large and thus
the solar radiation did not enter deep inside the interior space. In the case of winter solstice, the solar
altitude angle was small, and thus the solar radiation entered deep inside the interior space, and the
entire room became bright. Interestingly, the values by the Detailed algorithm calculating the mean
wall brightness were even higher than the values by the DElight algorithm calculating illuminance at
each point. Due to this drawback in the split-flux algorithm used in the Detailed method as well as in
DElight V1.0, the algorithm was modified to the radiosity algorithm for DElight V2.0 [26].

Figures 6 and 7 compares the two algorithms on the representative days in summer and winter
depending on angle of installation of roller blinds. The input blind specifications are shown in Table 2.
In the case of the Detailed method, on summer solstice, the illuminance difference between the
six cases varied between 675 and 2900 lux depending on angle of installation of roller blinds. The
variation was between 15,000 and 19,000 lux on winter solstice. The illuminance value without roller
blinds was about two times greater than that with installed roller blinds in winter, and was about
seven times in summer. In the case of DElight, the variation of the interior illuminance as well as the
light energy depending on the installation of roller blinds could not be analyzed because it lacked the
function to analyze the dynamic effect of the blinds installation. Although the radiosity algorithm
provides the illuminance distribution results very similar to the actual experimental results, it is not
useful for comparing the illuminance distribution depending on installation of roller blinds since it
does not support dynamic control of roller blinds during subsequent time-step calculations [17,18,20].

Figure 6. Analysis of the interior space illuminance depending on the installed roller blinds
on the representative summer day (Summer solstice, 22 June 2013).

4000 ~'-DElight --Detailed

-*Detailed_Blind 0° -@Detailed_Blind 30°
3500 -¥-Detailed_Blind 60° -@-Detailed_Blind 90"

3000

2500

2000

lluminance(lux)

1500

1000

500

T NN N-E-N

o I3 ol B i o800 o000 0 8- 0H0 - 1

12 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

Point




Energies 2014, 7

2373

Figure 7. Analysis of the interior space illuminance depending on the installed roller.
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6. Conclusions

Table 2. Specifications of the roller blinds applied to the experiment.

Input data Blind
Slat width 80 mm
Slat separation 80 mm
Slat thickness 2 mm
Slat conductivity 0.9
Slat beam solar transmittance 0
Front side slat beam solar reflectance 0.8
Back side slat beam solar reflectance 0.8
Slat diffuse solar transmittance 0
Front side slat diffuse reflectance 0.1
Back side slat diffuse reflectance 0.1
Slat beam visible transmittance 0
Front side slat beam visible reflectance 0.8
Back side slat beam visible reflectance 0.8
Slat diffuse visible transmittance 0
Front side slat diffuse visible reflectance 0.1
Back side slat diffuse visible reflectance 0.1
Slat infrared hemispherical transmittance 0
Front side slat hemispherical emissivity 0.9
Back side slat hemispherical emissivity 0.9
Blind to glass distance 25 cm

In this article, a laboratory in which experiments were actually carried out was simulated with the

EnergyPlus simulation model, and the two illuminance analysis algorithms contained in EnergyPlus

were analyzed and compared. The following conclusions were drawn:
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e When the illuminance analysis was performed with DElight (Radiosity) and Detailed (Split-flux),
the illuminance at the points near to the windows was similar on the summer solstice, but the
illuminance value obtained by the Split-flux algorithm was significantly increased as the distance
from the window was increased. In contrast to the summer solstice, the difference was great at
the points close to the window on the winter solstice, and the difference was decreased as the
distance from the window was increased. This might have been because of the difference in the
solar altitude angle depending on seasons. Due to the difference in the illuminance analysis
techniques, their application to light control may have a significant effect on the light energy
consumption. The result indicated that installation of rolled blinds caused difference in the
interior illuminance from two to the maximum seven times. No result was obtained from the
DElight algorithm which did not allow analysis of installation of rolled blinds, which means that
the analysis by the DElight algorithm should be limited to simple windows. In the DElight,
neither the rolled blinds installation nor glare can be analyzed, but glare analysis was not
included in this study.

e The Detailed illuminance analysis method employs the split-flux method. As the software was
converted to EnergyPlus software, more detailed analysis could be possible, but the diffuse solar
radiation, calculated in the algorithm as the mean value of the entire wall, was different from the
actual illuminance value. The Detailed algorithm provides the advantage that it can analyze not
only simple windows but also other types of windows, because it includes algorithms for rolled
blinds application and glare analysis.

e The DElight illuminance analysis algorithm is not different from the Detailed with respect to
direct solar radiation, but it applies the radiosity method for the analysis of diffuse solar radiation.
In contrast to the Detailed algorithm (Split-flux) that calculates diffuse illuminance through the
mean brightness of walls, the DElight (Radiosity) algorithm provides a diffuse illuminance
pattern which is very similar to the actual measurement because it creates numerous grids and
calculates brightness at each cross point with complex equations. However, due to the
complexity of the equations even for simple windows, the DElight algorithm has the limitation
that it is unable to perform dynamic analysis of rolled blinds and other shading devices.

e In conclusion, the DElight algorithm (Radiosity) should be used for the simple windows without
shading devices due to the better accuracy, while Detailed algorithm (Split-flux) is desirable for
the windows with blind installations due to its capability to consider complex shading devices.
More importantly, an additional analytical algorithm is required combining the best features of
those two existing algorithms, which needs be performed in future studies.
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