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Abstract

The aim of this research is to quantify the daylight factors produced inside a room for different models of windows, and to
conduct an analysis of the results obtained. All trials were performed under overcast sky conditions, as these represent the
worst case scenario for calculation. The shape, size and position of the window are variable, as is the reflectance of the inner
surfaces of the room. A total of 28 simulations are provided by the lighting simulation program Daylight Visualizer 2.6,
validated by the CIE test cases. After trials it was concluded that square windows produce daylight factors slightly higher than
those obtained with horizontal windows and noticeably higher than those measured with vertical windows, considering the
same surface of openings. It is confirmed that the daylight factors are directly proportional to the glass surface, except in the
area near the window. It is also concluded that the windows in the upper position allow higher luminance at the back of the

room than those in centered locations. Finally, the energy savings produced by the different models of windows is calculated.
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1. Introduction and objectives

1.1. State of the art

Windows are a key element in architecture, as they represent the most basic resource for allowing natural light inside buildings
[1]. The proper design of windows also improves thermal comfort and brings about a notable energy saving in artificial

lighting [2].



Daylight factor is the simplest and most common measure to quantify the daylight allowed by a window, as they express the
potential illuminance inside a room in the worst possible scenario, under overcast sky conditions when there is less exterior
daylight. At present, the daylight factors represent the most widely used metric in the evaluation of daylighting. Moreover, this
definition is recognized by the CIE as one of the key metrics in lighting [3]. Since daylight factors are assessed under overcast
conditions, the sun's position is not relevant, so the calculation is independent of the location of the room. Therefore, the
measurement of daylight factors does not depend on time, window orientation or location of the room, they are only affected

by the geometry of the model.

According to the definition of daylight factor, the calculation of the illuminance at an interior point is immediate as long as the

external illuminance is known.

Nevertheless, it is important to mention other methods for daylight evaluation, such as daylight autonomy [4], developed by
Reinhart et al., which is one of many currently existing metrics that consider the dynamic aspects of daylight and is usually

applied for annual calculations.

Daylight factors produced by windows have been studied since the early modern treatises on daylight [5]. In order to simplify
its calculation this metric is seen as the sum of three components [3]: the sky component, the internally reflected component
and the externally reflected component. The methods of calculation provided more than half a century ago are still valid
nowadays. Currently, most treatises [6,7] solve the sky component using analytical formulas and the reflected components

using empirical methods.

Empirical methods do not give reliable results, as can be observed from the daylight factor method [8], based on very limited
calculation conditions and defined as a low accuracy method [9]. Other empirical calculation methods obtain results with

similar accuracy [10,11].

However, at present, lighting simulation programs allow the calculation of daylight factors with greater accuracy than

empirical methods [12,13], making them extremely useful tools in the field of natural lighting.

Furthermore, lighting simulation programs have allowed the development of new methods for calculating daylight factors,
whose accuracy has been supported by computer simulations. An example of this is the study by Ghisi et al. [14], who
developed a calculation method, contrasted with VisualDOE, which determines the ideal window area for maximum efficiency
considering the use of natural and artificial lighting. The authors conclude that smaller or wide rooms result in greater energy
savings in lighting and the ideal window area tends to be higher in low thermal load orientations. Another notable example can
be found in the research of Li et al. [15], who developed a calculation procedure relying on the daylight coefficient concept and
confirming the results using the Radiance program. In this study, the authors create a method based on multiple tables and

charts for establishing illuminance.

In addition, lighting simulation programs have been used to establish the design conditions of windows and rooms. A
noteworthy example is that of the research by Munoz et al. [16], where the authors analyze different metrics in an office
illuminated through windows. This study allows the authors to quantify the loss of performance of windows depending on

external obstructions.

Currently, most research supported by computer simulations studies daylight factors produced by windows with blinds or
shading devices. One of the most interesting articles in this field is that by Alzoubi et al. [17], who analyze the performance of
windows with vertical and horizontal shading devices. The authors conclude that there is an optimal orientation for shading
devices that keeps the internal illuminance level within the acceptable range with minimum amount of solar heat gain. In this

research, the authors also determine the energy saving produced by different shading devices.



The research by Sanati et al. [18] is also worth noting; it concludes that window blinds are not properly used by the occupants
and that the use of slat systems allows higher energy savings in artificial lighting. Some interesting research can be observed in

the study by Villalba et al. [19] on the permeability of urban trees in daylighting of windows using models based on blinds.

The study on window design is not only based on daylighting conditions. Another approach focuses on thermal comfort, as

shown in some research [20,21]. In any case, it is a fact that the study of windows is an endless source of research results.

1.2. Aim and objectives

The aim of this research is to quantify the daylight factors inside a room for different models of windows, conducting an
analysis of the results obtained. All trials were performed under overcast sky conditions, as these represent the worst case
scenario for calculation. The shape, size and position of the window are variable, as is the reflectance of the inner surfaces of

the room.
Accordingly, this research is based on three main objectives:

1. To represent the quantification of daylight factors in more conventional calculation models, so that it serves as a

reference for window design in architecture.
2. To conduct an analysis of the resulting daylight factors and obtain criteria for shape, size and position of windows.

3. To determine the energy saving produced by different models of windows.
2. Description of Methodology for Calculation

2.1. Choosing the calculation model

The calculation model for the analysis of daylight factors is defined as a room 3.00 m wide by 6.00 m deep by 3.00 m high.
The ceiling, walls and floor of the room have a thickness of 0.25 m. A window of variable shape, size and position is located in
the 3.00 m wide fagade. The double-leaf window has 0.05 m thick joinery and double glazing which produces a solar factor of
0.7. The reflectance of the inner surfaces of the calculation model is variable, accordingly two basic room models —with light
or dark surfaces— are defined. The inner surfaces of the room are diffuse reflectors and the Lambertian reflection of daylight is
therefore directly proportional to the cosine of the angle between the observer's line of sight and the surface normal. All

variables of the calculation model are shown in Figure 1:
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Figure 1: Calculation model.

The measurement of daylight factors is performed on the axis of symmetry of the calculation model and on two equidistant
axes at 1.00 m. Therefore, the study points are located on these axes with a spacing of 0.50 m and a height above ground of

0.60 m. The study points are represented in Figure 1. A total of 36 study points are used in each model.
The calculation model is defined according to the following variables:
Window shape:

S:  Square shape, length/height ratio of 1-1.
H: Horizontal shape, length/height ratio of 2-1.
V: Vertical shape, length/height ratio 1-2.

Window size:

10: Window surface/Fagade surface ratio equal to 10%, equivalent to 0.90 m?.
20: Window surface/Facade surface ratio equal to 20%, equivalent to 1.80 m?.
30: Window surface/Facade surface ratio equal to 30%, equivalent to 2.70 m?.
40: Window surface/Facade surface ratio equal to 40%, equivalent to 3.60 m>.
60: Window surface/Facade surface ratio equal to 60%, equivalent to 5.40 m?.
80: Window surface/Fagade surface ratio equal to 80%, equivalent to 7.20 m>.

Window position:

C:  Window in centered position on the fagade.

U: Window in upper position on the fagade, with the sill at 1.50 m above room floor level.
Room reflectance:

B: Bright room: Room surfaces with high reflectance.

D: Dark room: Room surfaces with low reflectance.



A total of 28 simulations are established, as shown in Table 1:

Model Length/ | Window | Window | Window/ | Window | Glass C:(izli;rs Walls Floor Ceiling Average
Height surface | dimensions | Facade | position | surface factor reflectance | reflectance | reflectance | reflectance

S.10.C.B 1-1 0.90 m? 0.95r;10.95 10.00% | Centered | 0.64 m? 0.7 0.8 0.6 0.8 0.75

S.10.C.D 1-1 0.90 m? 0'951;10'95 10.00% | Centered | 0.64 m? 0.7 0.4 0.2 0.6 0.40

S.10.U.B 1-1 0.90 m? 0'951;10'95 10.00% Upper 0.64 m? 0.7 0.8 0.6 0.8 0.75

$10UD | 1-1 [ 090m | “%0% 1 1000% | Upper | 0.64m | 07 04 0.2 0.6 0.40
1.34-1.34

S.20.C.B 1-1 1.80 m? m 20.00% | Centered | 1.41 m? 0.7 0.8 0.6 0.8 0.74
1.34-1.34

S.20.C.D 1-1 1.80 m? m 20.00% | Centered | 1.41 m? 0.7 0.4 0.2 0.6 0.39

S.20.U.B 1-1 1.80 m? 1'34r4nl'34 20.00% Upper 1.41 m? 0.7 0.8 0.6 0.8 0.74
1.34-1.34

S.20.U.D 1-1 1.80 m? n 20.00% | Upper 141 m? 0.7 0.4 0.2 0.6 0.39
1.64-1.64

S.30.C.B 1-1 2.70 m? m 30.00% | Centered | 2.22 m? 0.7 0.8 0.6 0.8 0.74
1.64-1.64

S.30.C.D 1-1 2.70 m? m 30.00% | Centered | 2.22 m? 0.7 0.4 0.2 0.6 0.39
1.90-1.90

S.40.C.B 1-1 3.60 m? m 40.00% | Centered | 3.06 m? 0.7 0.8 0.6 0.8 0.73
1.90-1.90

S.40.C.D 1-1 3.60 m? m 40.00% | Centered | 3.06 m? 0.7 0.4 0.2 0.6 0.38

S.60.C.B 1-1 5.40 m? 2'321;12'32 60.00% | Centered | 4.71 m? 0.7 0.8 0.6 0.8 0.71

S.60.C.D 1-1 5.40 m? 2'321;12'32 60.00% | Centered | 4.71 m? 0.7 0.4 0.2 0.6 0.38

S.80.C.B 1-1 7.20 m? 2'68;“2'68 80.00% | Centered | 6.40 m? 0.7 0.8 0.6 0.8 0.70

$80CD | 1-1 | 720me | 08208 000 | Centered | 640me | 0.7 0.4 02 0.6 037
1.34:0.67

H.10.C.B 2-1 0.90 m? m 10.00% | Centered | 0.65 m? 0.7 0.8 0.6 0.8 0.75
1.34:0.67

H.10.C.D 2-1 0.90 m? m 10.00% | Centered | 0.65 m? 0.7 0.4 0.2 0.6 0.40

H.10.U.B 2-1 0.90 m? 1'34r4no'67 10.00% Upper 0.65 m? 0.7 0.8 0.6 0.8 0.75

H.10.U.D 2-1 0.90 m? 1'34&10'67 10.00% Upper 0.65 m? 0.7 0.4 0.2 0.6 0.40
1.90-0.95

H.20.C.B 2-1 1.80 m? m 20.00% | Centered | 1.45 m? 0.7 0.8 0.6 0.8 0.74
1.90-0.95

H.20.C.D 2-1 1.80 m? m 20.00% | Centered | 1.45 m? 0.7 0.4 0.2 0.6 0.39

H20UB | 21 | 1some | 009 T o000% | Upper | Laswe | 07 0.8 0.6 0.8 0.74

H.20.U.D 2-1 1.80 m? 1'90&10'95 20.00% Upper 1.45 m? 0.7 0.4 0.2 0.6 0.39
0.67-1.34

V.10.C.B 1-2 0.90 m? m 10.00% | Centered | 0.58 m? 0.7 0.8 0.6 0.8 0.75
0.67-1.34

V.10.C.D 1-2 0.90 m? m 10.00% | Centered | 0.58 m? 0.7 0.4 0.2 0.6 0.40

5 | 0.95-1.90 o )
V.20.C.B 1-2 1.80 m m 20.00% | Centered | 1.35 m 0.7 0.8 0.6 0.8 0.74
V.20.C.D 1-2 1.80 m? O.95r;11.90 20.00% | Centered | 1.35 m? 0.7 0.4 0.2 0.6 0.39

Table 1: Calculation models according to defined variables.

The variables of the calculation models have been established according to the most common parameters of shape, size and
position of the window of a conventional room. Obviously, this study sample does not cover all possible hypotheses, but aims

to show the most frequent cases study.



2.2. Choosing the calculation program

The analysis of the daylight factors was carried out using simulation program Daylight Visualizer 2.6, which calculates
luminous distribution using the ray-tracing process. Several studies have confirmed the correct behavior of this calculation
program [22,23], determining their accuracy by applying the CIE test cases [12]. Currently, several research related to
daylighting are based in this simulation program [24,25]. The calculation parameters used by this program in this research are

shown in table 2.

Calculation Ray-tracing Calculation system

Sky Conditions Standard Overcast Sky Perez et al. sky model

Ambient On Activation of indirect illumination

Trace level 8 Number of bounces of all types of lighting
Ambient trace level 8 Number of bounces of indirect lighting
Ambient precision 1 Relates to the image based sampling used
Ambient complexity | 10 Lighting complexity

Ambient feature size | 1 Relates to the image interpolation quality

Table 2: Parameters of the calculation program.

The trial methodology does not include a comparison of daylight factors for a physical model under an artificial sky, as this
can lead to a high margin of error with a real model, and a relative divergence of around 30%, as established by

Thanachareonkit et al. [26].

2.3. Choosing the calculation conditions

By definition, the calculation of daylight factor components is carried out considering an unobstructed sky of assumed or
known illuminance distribution, excluding direct sunlight. The definition of Standard Overcast Sky is used to calculate the sky

component.

The Standard Overcast Sky model, used by Daylight Visualizer 2.6, is that developed by Perez et al. [27], where the ratio of

the luminance, L,, of an arbitrary sky element to the zenith luminance, L., is:

Lo _ fQ) -0

L, f(Zs)-¢(0)

where:

f=1

fZ)=1

0(2) =1 +4-exp(%)

@(0) =1+4-exp(—0.7)
7T

where y is the angle of elevation of the sky element. The formulation established by Perez et al. corresponds to the definition of

overcast sky accepted by the CIE [28], also known as Sky type 1.

All trials were performed under overcast sky conditions, as these represent the worst case scenario for calculation.



3. Calculation

3.1. Quantification of daylight factors with square window

Table 3 shows the daylight factors measured at the study points in rooms with square windows, under the conditions

established in the methodology.

The square windows in upper position with a surface equal or higher than 30% of the fagade are ignored in the calculation

models, as the opening would be outside the surface of the facade.

A total of 16 calculation models with square windows are considered, depending on the window surface, the opening position

and the reflectance of the inner surfaces of the room.

Distance from study point to window
Model Study Point
6.0 m 55m 5.0m 4.5m 4.0 m 35m 3.0m 25m 2.0m 1.5m 1.0 m 0.5m
S10.CB Central axis | 0.17% | 0.19% | 0.21% | 0.24% | 0.28% | 0.34% | 0.42% | 0.58% | 0.85% | 1.40% | 2.45% | 3.90%
Side axis 0.12% | 0.14% | 0.15% | 0.17% | 0.20% | 0.24% | 0.32% | 0.42% | 0.55% | 0.75% 1.10% | 0.80%
S10.CD Central axis | 0.08% | 0.10% | 0.12% | 0.13% | 0.15% | 0.20% | 0.30% | 0.40% | 0.60% | 1.20% | 2.45% | 3.70%
Side axis 0.02% | 0.04% | 0.06% | 0.07% | 0.08% | 0.12% | 0.20% | 0.28% | 0.47% | 0.70% | 0.95% | 0.60%
S10.UB Central axis | 0.20% | 0.22% | 0.25% | 0.28% | 0.33% | 0.40% | 0.50% | 0.67% | 0.94% 1.50% 1.82% | 1.40%
Side axis 0.16% | 0.18% | 0.20% | 0.23% | 0.28% | 0.35% | 0.42% | 0.53% | 0.72% | 0.95% 1.00% | 0.60%
S.10.UD Central axis | 0.09% | 0.11% | 0.14% | 0.16% | 0.20% | 0.30% | 0.38% | 0.52% | 0.70% | 1.30% 1.65% | 1.10%
Side axis 0.08% | 0.09% | 0.09% | 0.10% | 0.14% | 0.22% | 0.28% | 0.40% | 0.56% | 0.72% | 0.88% | 0.50%
S20.CB Central axis | 0.35% | 0.38% | 0.42% | 0.48% | 0.56% | 0.68% | 0.87% | 1.18% 1.75% | 3.00% | 5.60% | 9.60%
Side axis 0.28% | 0.30% | 0.34% | 0.40% | 0.46% | 0.52% | 0.60% | 0.85% 1.25% | 1.90% | 2.90% | 3.00%
S20.CD Central axis | 0.16% | 0.18% | 0.21% | 0.28% | 0.34% | 0.42% | 0.55% | 0.75% 1.30% | 2.40% | 5.60% | 9.50%
Side axis 0.14% | 0.16% | 0.18% | 0.24% | 0.30% | 0.38% | 0.48% | 0.67% 1.05% 1.65% | 2.30% | 2.20%
S20.UB Central axis | 0.42% | 0.46% | 0.48% | 0.53% | 0.68% | 0.85% 1.20% 1.60% | 2.20% | 3.05% | 3.90% | 2.90%
Side axis 0.40% | 0.43% | 0.44% | 0.48% | 0.60% | 0.72% 1.05% | 1.40% 1.80% | 2.30% | 2.60% | 1.75%
$20.UD Central axis | 0.24% | 0.27% | 031% | 0.40% | 0.48% | 0.62% | 0.88% | 1.20% 1.85% | 2.70% | 3.40% | 2.55%
Side axis 0.22% | 0.24% | 0.28% | 0.36% | 0.43% | 0.55% | 0.80% | 1.10% 1.50% | 1.95% | 2.10% | 1.40%
S30.CB Central axis | 0.55% | 0.60% | 0.65% | 0.74% | 0.85% 1.05% 1.30% | 1.80% | 2.70% | 4.25% | 6.95% | 12.20%
Side axis 0.52% | 0.57% | 0.61% | 0.70% | 0.78% | 0.95% 1.18% | 1.67% | 2.20% | 3.42% | 4.70% | 5.70%
S30.CD Central axis | 0.27% | 0.31% | 0.36% | 0.40% | 0.48% | 0.67% | 0.93% | 1.36% | 2.10% | 3.70% | 6.18% | 11.60%
Side axis 0.25% | 0.28% | 0.33% | 0.36% | 0.44% | 0.62% | 0.82% 1.15% 1.68% | 2.65% | 3.80% | 5.08%
S40.C.B Central axis | 0.82% | 0.84% | 0.88% | 0.98% 1.15% 1.42% 1.78% | 2.45% | 3.45% | 5.30% | 8.50% | 14.50%
Side axis 0.77% | 0.79% | 0.82% | 0.90% | 1.05% 1.30% 1.60% | 2.26% | 3.10% | 4.50% | 6.10% | 8.05%
S40.CD Central axis | 0.38% | 0.40% | 0.44% | 0.52% | 0.65% | 0.94% 1.25% | 1.80% | 2.75% | 4.60% | 7.60% | 13.50%
Side axis 0.36% | 0.38% | 0.41% | 0.48% | 0.60% | 0.82% 1.05% | 1.55% | 2.30% | 3.45% | 5.10% | 7.50%
S.60.CB Central axis | 1.20% 1.28% 1.38% 1.58% | 1.85% | 2.25% | 2.82% | 3.85% | 520% | 7.50% | 11.25% | 17.45%
Side axis 1.15% 1.20% 1.28% 1.42% 1.68% | 2.08% | 2.60% | 3.60% | 4.80% | 6.90% | 9.10% | 12.70%
S.60.CD Central axis | 0.55% | 0.65% | 0.75% | 0.86% 1.02% 1.40% 1.90% | 2.65% | 4.35% | 6.55% | 10.05% | 15.95%
Side axis 0.50% | 0.58% | 0.66% | 0.76% | 0.90% 1.23% 1.70% | 2.42% | 3.50% | 5.05% | 7.50% | 11.25%
S80.C.B Central axis 1.60% 1.75% 1.90% | 2.15% | 2.50% | 3.05% | 3.75% | 5.10% | 6.95% | 9.55% | 13.70% | 19.60%
Side axis 1.52% 1.65% 1.80% | 2.00% | 2.35% | 2.85% | 3.40% | 4.80% | 6.45% | 8.80% | 11.80% | 16.80%
S.80.CD Central axis | 0.75% | 0.85% | 0.95% 1.15% | 1.45% 1.90% | 2.55% | 3.55% | 5.30% | 7.65% | 11.90% | 17.90%
Side axis 0.68% | 0.78% | 0.88% 1.05% | 1.35% 1.75% | 2.35% | 3.25% | 4.80% | 6.80% | 9.90% | 13.90%

Table 3: Daylight factors measured in the calculation models with square window.

As can be deduced from Table 3, the measurement of the factors in the study daylight points shows very variable results. As
expected, higher daylight factors are observed in all cases at the study points closest to the window, gradually descending

towards the back of the room.

The daylight factors observed in the side axis are much lower than those measured on the central axis. However, this difference
diminishes as the end of the room is approached. From this observation it is concluded that the illumination is lower in the

back of the room, although it is distributed more evenly.



Obviously, the windows with a greater surface allow higher daylight factors. However, as can be deduced from the results
obtained, there is no direct proportionality between the glazed area and the daylight factors produced, except at the study points

near the back of the room.

It is worth noting that upper windows produce lower daylight factors than centered windows at the study points next to the

window. However, it also can be seen that upper windows allow higher daylight factors at the back of the room.

As can be deduced from Table 3, the reflectance of the inner surfaces of the room affects daylight factors. However, this
condition is higher at the back of the room and less noticeable in the points near the window. Analysis results will be used to

determine the ratio of daylight factors and reflectance of inner surfaces.

3.2. Quantification of daylight factors with horizontal window

Table 4 shows the daylight factors measured at the study points in rooms with horizontal windows, under the conditions

established in the methodology.

The horizontal windows with a surface equal or higher than 30% of the facade are ignored in the calculation models because

according to the height/width ratio of the opening they would be disproportionate to the fagade.

A total of 8 calculation models with horizontal windows is considered, depending on the window surface, the opening position

and the reflectance of the inner surfaces of the room.

Distance from study point to window
Model Study Point

6.0 m 5.5m 5.0m 4.5m 4.0m 35m 3.0m 2.5m 2.0m 1.5m 1.0m 0.5m

H10.CB Central axis | 0.15% | 0.18% | 0.20% | 0.23% | 0.27% | 0.32% | 0.38% | 0.50% | 0.79% | 1.28% | 2.10% | 2.75%
Side axis 0.13% | 0.16% | 0.17% | 0.20% | 0.23% | 0.29% | 0.36% | 0.45% | 0.58% | 0.92% | 1.20% | 1.00%

H10.CD Central axis | 0.04% | 0.06% | 0.08% | 0.10% | 0.12% | 0.21% | 0.30% | 0.40% | 0.60% | 1.15% | 2.00% | 2.60%
Side axis 0.04% | 0.05% | 0.06% | 0.07% | 0.08% | 0.18% | 0.26% | 0.35% | 0.48% | 0.80% | 1.05% | 0.90%

HI0UB Central axis | 0.16% | 0.19% | 0.22% | 0.26% | 0.29% | 0.37% | 0.44% | 0.58% | 091% | 1.38% | 1.75% | 1.00%
Side axis 0.14% | 0.17% | 0.21% | 0.23% | 0.27% | 0.34% | 0.41% | 0.52% | 0.75% | 0.97% | 1.18% | 0.55%

H10.UD Central axis | 0.04% | 0.06% | 0.08% | 0.10% | 0.17% | 0.28% | 0.37% | 0.50% | 0.82% | 1.28% | 1.50% | 0.70%
Side axis 0.04% | 0.05% | 0.07% | 0.09% | 0.14% | 0.23% | 0.33% | 042% | 0.57% | 0.86% | 0.95% | 0.45%

H20.CB Central axis | 0.32% | 0.36% | 0.38% | 0.44% | 0.50% | 0.61% | 0.75% | 1.10% | 1.70% | 2.80% | 4.90% | 6.90%
Side axis 0.30% | 0.34% | 0.36% | 0.42% | 0.48% | 0.57% | 0.64% | 0.95% | 1.40% | 2.20% | 3.35% | 4.30%

H.20.CD Central axis | 0.21% | 0.23% | 0.26% | 0.28% | 0.34% | 0.43% | 0.56% | 0.87% | 1.40% | 2.40% | 4.40% | 6.70%
Side axis 0.17% | 0.20% | 0.23% | 0.26% | 0.32% | 0.39% | 0.50% | 0.73% | 1.20% | 1.80% | 2.90% | 4.10%

H20UB Central axis | 0.40% | 0.44% | 0.48% | 0.52% | 0.62% | 0.75% | 1.10% | 1.55% | 2.15% | 3.05% | 3.85% | 2.80%
Side axis 0.34% | 0.38% | 0.44% | 0.48% | 0.57% | 0.65% | 0.95% | 1.35% | 1.90% | 2.45% | 2.85% | 2.00%

H20.UD Central axis | 0.22% | 0.26% | 0.32% | 0.37% | 0.44% | 0.57% | 0.85% | 1.15% | 1.80% | 2.70% | 3.40% | 2.40%
Side axis 0.18% | 0.24% | 0.28% | 0.34% | 0.41% | 0.53% | 0.72% | 1.00% | 1.50% | 2.20% | 2.50% | 1.70%

Table 4: Daylight factors measured in the calculation models with horizontal window.

As can be seen in Table 4, the daylight factors measured at the study points of the calculation models with horizontal windows
show a similar tendency to those of analogous models with square windows: higher daylight factors are observed near the

window, while lower ones are found at the back of the room.

Furthermore, the daylight factors obtained in the central axis with horizontal windows are slightly lower than those produced
by square windows of equal area. However, in this study, the difference between the daylight factors measured in the central
and side axes is smaller than that in the calculation models with a square window, converging at the back of the room.
Therefore, it is concluded that horizontal windows produce less illuminance than square windows in the central axis, although
they allow more illuminance in the side axis. As in the previous study, it is concluded that the illuminance in the back of the

room tends to be homogenized.



As expected, and as is also the case with the previous study, the windows with greater surface allow higher daylight factors.
However, in the case of horizontal windows there is no direct proportionality between the glazed area and the daylight factors

produced, except at the study points near the back of the room.

As in the previous study, the upper windows produce lower daylight factors than the centered windows at the study points next

to the window, although they result in higher daylight factors at the back of the room.

Finally it is observed that the variation of the daylight factors produced by the reflectance of the inner surfaces of the room is
similar to that observed for models with square windows: variation is higher at the back of the room and lower at the study

points next to the window.

3.3. Quantification of daylight factors with vertical window

Table 5 shows the daylight factors measured at the study points in rooms with vertical windows, under the conditions

established in the methodology.

The vertical windows with a surface equal or higher than 30% of the facade are ignored in the calculation models because,

according to the height/width ratio of the opening, they would be disproportionate to the fagade.
The vertical windows in the upper position have also been ignored in this study, as the opening would be outside the fagade.

A total of 4 calculation models with horizontal windows are considered, depending on the window surface and the reflectance

of the inner surfaces of the room.

Distance from study point to window

Model Study Point
6.0 m 5.5m 5.0m 4.5m 4.0 m 35m 3.0m 2.5m 2.0m 1.5m 1.0 m 0.5m
V10.CB Central axis | 0.10% | 0.12% | 0.15% | 0.18% | 0.21% | 0.26% | 0.32% | 0.44% | 0.65% 1.10% | 2.35% | 4.10%
T Side axis 0.04% | 0.05% | 0.07% | 0.10% | 0.15% | 0.23% | 0.30% | 0.36% | 0.46% | 0.58% | 0.70% | 0.38%
V.10.CD Central axis | 0.04% | 0.05% | 0.06% | 0.07% | 0.09% | 0.15% | 0.25% | 0.37% | 0.52% 1.00% | 2.05% | 4.05%
T Side axis 0.03% | 0.04% | 0.05% | 0.06% | 0.08% | 0.10% | 0.20% | 0.30% | 0.38% | 0.50% | 0.55% | 0.30%
V20.CB Central axis | 0.22% | 0.25% | 0.32% | 0.40% | 0.46% | 0.56% | 0.72% | 0.98% 1.40% | 2.45% | 4.90% | 9.80%
T Side axis 0.20% | 0.24% | 0.28% | 0.34% | 0.43% | 0.53% | 0.70% | 0.92% 1.25% 1.65% | 2.05% | 1.50%
V20.CD Central axis | 0.14% | 0.18% | 0.24% | 0.27% | 0.33% | 0.40% | 0.52% | 0.82% 1.20% | 2.15% | 3.85% | 7.60%
R Side axis 0.12% | 0.16% | 0.22% | 0.25% | 0.30% | 0.37% | 0.47% | 0.65% | 0.92% 1.35% 1.70% | 1.30%

Table 5: Daylight factors measured in the calculation models with vertical window.

As can be deduced from Table 5, the daylight factors measured at the study points of the calculation models with vertical
windows show a similar tendency to the analogous models with different window shapes. As expected, the daylight factors are

higher near the window and lower at the back of the room.

It is also noted that daylight factors produced by vertical windows in the central axis are lower than those obtained by other
shapes of windows with similar opening surfaces. This is due to the smaller glass surface of vertical windows compared with
other opening forms, as can be seen in Table 1. In addition, according to calculation models with vertical windows, daylight
factors measured at the side axis are considerably lower than those measured at the central axis, which implies that this

window shape does not produce homogeneous light distribution.

As follows from the ratio of the daylight factors measured at the central and side axes, it is confirmed that the light tends to be

more homogeneous at the back of the room, regardless of window shape.

As noted in previous studies, the windows with greater surfaces allow higher daylight factors. However, the proportionality

between the glazed area and the daylight factors is observed exclusively at the study points at the back of the room.



As in previous studies, it is concluded that the variation of daylight factors produced by the reflectance of the inner surfaces of

the room is higher at the back of the room and lower at the points next to the window.
4. Analysis of results

4.1. Analysis of window shape

After performing the trials and determining the quantification of daylight factors, an analysis of results of the model calculation

is carried out under the conditions established in the methodology, according to the different variables.

The first trial corresponds to the variation of the window shape, considering the reflectance of the inner surfaces of the room

and the fact that the position of the openings is invariable.

The study sample for this analysis considers centered windows with an area between 10 and 20% of the fagade. A room with

highly reflective surfaces is considered and the shape of the aperture is variable.

In order to establish conclusions based on this analysis, the relative difference of the daylight factors is calculated according to
the window shape. This relative difference is calculated using the ratio of the daylight factors produced by square windows and
those obtained by horizontal or vertical windows. The daylight factors evaluated correspond to those measured at the central

axis.
The relative difference of the daylight factors according to the window shape is shown in Figure 2:

RELATIVE DIFFERENCE OF DAYLIGHT FACTORS
ACCORDING TO THE WINDOW SHAPE
SQUARE WINDOWS COMPARED TO HORIZONTAL AND VERTICAL

WINDOWS
4.00

3.60
3.20
2.80
2.40
2.00

-
o oSsmaos
0.80
0.40
0.00

60|55|50|45|40|35|3.0|25(20|15|10(05

S/H.10.C.B|1.13|1.06|1.05|1.04|1.04|1.06|1.11|1.16|1.08 | 1.09 |1.17 [ 1.42

S/H.20.C.B|1.09{1.06|1.11|1.09|1.12|1.11|1.16|1.07|1.03 | 1.07 | 1.14 | 1.39

S/V.10.C.B |1.70{1.58|1.40|1.33|1.33|1.31|1.31|1.32|1.31|1.27|1.04|0.95

S/V.20.C.B|1.59(1.52|1.31|1.20|1.22(1.21{1.21|1.20|1.25|1.22|1.14|0.98
DISTANCE TO THE WINDOW

------ S/H.10.C.B ===x==S/H.20.C.B
=== 5/V.10.C.B ===5/V.20.C.B

Figure 2: Relative difference of daylight factors according to the window shape.

As can be deduced from Figure 2, the square window produces daylight factors slightly higher than those obtained with the
horizontal window at the central axis. This difference is approximately between 5 and 15%. The higher difference is observed

at the nearest point to the window.

Furthermore, as can be deduced from Table 4, the horizontal window allows higher illuminance at the side axes, although its

performance in the central axis is lower.
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It is observed that the vertical shape has the worst performance: the square window produces noticeably higher daylight factors
than the vertical one, quantifying a relative difference of between 20 and 40% approximately. Unlike the previous case, the

higher difference is observed at the farthest point to the window.

4.2. Analysis of window size

The second analysis studies the variation of the window size, considering that the shape and position of the openings and the

reflectance of the inner surfaces of the room are invariable.

The study sample for this analysis considers centered square windows. A room with highly reflective surfaces is considered

with the surface of the opening between 10 and 80% of the facade.

Just as with the analysis detailed above, the relative difference of the daylight factors is calculated according to window size.
This relative difference is calculated using the ratio of the daylight factors produced by variable sized windows and those
obtained by windows with areas equal to 10% of the facade. The daylight factors evaluated correspond to those measured at

the central axis.
The relative difference of the daylight factors according to window size is shown in Figure 3:

RELATIVE DIFFERENCE OF DAYLIGHT FACTORS

ACCORDING TO THE WINDOW SIZE
DIFFERENT SQUARE CENTERED WINDOWS COMPARED TO WINDOWS

OF 10% OF FACADE
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6.0(55|50|45|40|35|30|25|20|15|10/05

$.10/10.C.B | 1.001.00|1.00|1.00|1.00|1.00|1.00{1.00| 1.00|1.00 | 1.00 | 1.00
$.20/10.C.B|2.06|2.002.002.00(2.00|2.00|2.07|2.03 | 2.06|2.14|2.29|2.46

$.30/10.C.B|3.243.16|3.10 | 3.08 | 3.04|3.09|3.10(3.10 | 3.18|3.04 | 2.84|3.13
S.40/10.C.B | 4.824.42|4.19|4.08 | 4.11|4.18|4.24|4.22 | 4.06|3.79 | 3.47 | 3.72

$.60/10.C.B|7.06|6.74|6.57 | 6.58|6.61|6.62|6.71|6.64 | 6.12|5.36 | 4.59 | 4.47
S$.80/10.C.B|9.419.21|9.05|8.96|8.93|8.97|8.93|8.79 | 8.18|6.82|5.59 | 5.03

DISTANCE TO THE WINDOW
S.10/10.C.B =s==== S.20/10.C.B ====s= S.30/10.C.B

S.40/10.C.B = ==1S5.60/10.C.B =====5.80/10.C.B

Figure 3: Relative difference of daylight factors according to the window size.

As shown in Figure 3, the daylight factors produced by variable sized openings are directly proportional to the glazed surface,
except in the area next to the window area. This is because larger windows allow proportionately higher daylight factors, but
also produce a larger light scattering through the glazed surface of the window. This light scattering occurs mainly in the area

near the opening.

In accordance to the conducted analysis, the daylight factors allowed by the different window sizes tend to converge towards
the facade from a distance of 3 meters, measure equivalent to the height of the room. From that distance to the back of the
room, the daylight factors are directly proportional to the glass surface. This observation diverges from the use of many

predictive methods for calculating daylight factors produced by windows [8,10,11].
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4.3. Analysis of window position

The third analysis studies the relative difference of the daylight factors, depending on the window position. In this case, the

window shape is considered invariable.

The study sample for this analysis considers square windows with an area between 10 and 20% of the fagade. The position of

the opening and the reflectance of the inner surfaces of the room are variable.

As in previous studies, the relative difference of the daylight factors is calculated according to the window position. This
relative difference is calculated using the ratio of the daylight factors produced by centered windows and those obtained by

upper windows. The daylight factors evaluated correspond to those measured at the central axis.
The relative difference of the daylight factors according to window position is shown in Figure 4:

RELATIVE DIFFERENCE OF DAYLIGHT FACTORS

ACCORDING TO THE WINDOW POSITION
CENTERED WINDOWS COMPARED TO UPPER WINDOWS

4.00
3.60 I
3.20 Iy
2.80 #
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6.0|55(50|45|40|35|30|25|20|15|10/|05
$.10.C/U.B |0.85(0.86 | 0.84|0.86 | 0.85|0.85|0.84 | 0.87|0.90|0.93|1.35|2.79
$.10.C/U.D|0.89(0.91|0.86|0.81|0.75|0.67|0.790.77|0.86 | 0.92 | 1.48 | 3.36
S$.20.C/U.B|0.83/0.83|0.88|0.91/0.82|0.80(0.73|0.74|0.80 | 0.98 | 1.44 3.31
$.20.C/U.D|0.67(0.67 | 0.68|0.70|0.71|0.68|0.63 | 0.63|0.70|0.89|1.65|3.73
DISTANCE TO THE WINDOW

------ S.10.C/U.B ===2==5.10.C/U.D
=== 5.20.C/U.B === 5.20.C/U.D

Figure 4: Relative difference of daylight factors according to the window position.

As is apparent from Figure 8, the centered openings produce higher daylight factors than those in upper position in the area

next to the window. However, the upper openings allow more illuminance in the rest of the room.

Specifically, the windows in upper position produce an increase of daylight factors of close to 20% over the centered windows,

except in the area near the window, where the openings in centered position produce far more light.

According to the results, the centered openings allow higher daylight factors from the facade to a distance of 1,5 meters,

measure equivalent to the half the height of the room.

4.4. Analysis of room reflectance

The fourth analysis studies the variation of daylight factors depending on the reflectance of the room, considering that the

shape and position of the window are invariable.

The study sample for this analysis considers centered square windows with an area between 10 and 80% of the facade. The

reflectance of the inner surfaces of the room is variable.
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As in previous analyses, the relative difference of the daylight factors is calculated according to the reflectance of the inner
surfaces of the room. This relative difference is calculated using the ratio of the daylight factors produced by high reflectance
surfaces and those obtained by low reflectance surfaces. The daylight factors evaluated correspond to those measured at the

central axis.

As seen in Table 1, the average reflectance value of the bright rooms is between 0.70 and 0.75, while in the dark rooms this
value falls between 0.37 and 0.40, depending on the area occupied by the window. Consequently, the ratio of the average

reflectance of the bright and dark rooms is approximately 1.90.
The relative difference of the daylight factors according to the reflectance of the surfaces of the room is shown in Figure 5:

RELATIVE DIFFERENCE OF DAYLIGHT FACTORS
ACCORDING TO THE ROOM REFLECTANCE
BRIGHT ROOMS COMPARED TO DARK ROOMS
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2.80
2.40
200 R
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0.80
0.40
0.00

6.0|55(50|45|40|35(3.0|25|20|15|10|05

$.10.C.B/D|2.13|1.90|1.75|1.85|1.871.70|1.40|1.45|1.42|1.17 | 1.00 | 1.05

$.20.C.B/D|2.19|2.11(2.00|1.71|1.65|1.62|1.58 | 1.57| 1.35|1.25 | 1.00| 1.01
S.30.C.B/D|2.04|1.94|1.81|1.85/1.77|1.57|1.40(1.32|1.29|1.15|1.12 | 1.05

S$.40.C.B/D|2.16|2.10(2.00|1.88(1.77|1.51|1.42|1.36|1.25|1.15| 1.12| 1.07
S.60.C.B/D|2.18|1.971.84|1.84(1.81|1.61|1.48|1.45|1.20(1.15|1.12|1.09

5.80.C.B/D|2.13|2.06(2.00 | 1.87|1.72 | 1.61| 1.47|1.44|1.31|1.25|1.15 | 1.09
DISTANCE TO THE WINDOW
S.10.C.B/D ====== S.20.C.B/D ======S5.30.C.B/D

S.40.C.B/D === S.60.C.B/D === S.80.C.B/D

Figure 5: Relative difference of daylight factors according to the room reflectance.

As can be deduced in Figure 5, the relative difference between the daylight factors of bright and dark rooms have a linear
tendency, reaching maximum values at the back of the room and minimum values in the area close to the window. It follows
that surfaces with higher reflectance allow more illuminance at the back of the room, while its effect in the area near the

opening is virtually nil.

Quantifying this analysis, it can be argued that the increase of daylight factors at the back of the room is almost directly
proportional to the increase of the reflectance of the surfaces of the room, as is apparent from Figure 5 and the ratio of the
average reflectances. Consequently, it can be stated that the daylight factors measured in the interior of a room are not directly
proportional to the reflectance of the inner surfaces of the room, except in the back of the venue. This statement differs from

some methods of calculating the reflected component [5].

4.5. Analysis of energy saving

The final analysis examines the energy consumption in artificial lighting of the room, considering different window models
and a minimum threshold of illuminance. According to the recommendations of the IESNA [9], two minimum thresholds of

illuminance are considered: 250 and 500 Ix.
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Moreover, it is considered an efficiency of artificial lighting close to the limit established by several technical building codes

[29]. Consequently it is defined a value of energy efficiency of the installation of 5 w/m?-100Ix.

The interior illuminance measured at each study point is calculated according to the exterior illuminance and the daylight

factors shown in Tables 3 to 5:
Ei = Ee - DF
where Ei is the interior illuminance, Ee the exterior illuminance and DF the daylight factor measured at each study point.

According to Gillete et al. [30], the exterior illuminance can be calculated for an overcast sky, considering the elevation of the

Sun:
Ee =300 + 21,000 - sing

where ¢ is the elevation of the Sun. The room location and the schedule determine the solar elevation angle, which allows the

calculation of the exterior illuminance.

The difference between the minimum threshold of illuminance and that measured at each study point determines the
contribution of artificial lighting. Considering a value of energy efficiency of the installation of 5 w/m?-100lx, it is concluded

that the energy consumption in artificial lighting according to a threshold of illuminance of 250 1x is shown in Table 6:

Latitude 0.00° 10.00 ° 20.00° 30.00° 40.00 ° 50.00 °
Schedule 8:00 10:00 8:00 10:00 8:00 10:00 8:00 10:00 8:00 10:00 8:00 10:00
16:00 14:00 16:00 14:00 16:00 14:00 16:00 14:00 16:00 14:00 16:00 14:00
Sun elevation | 30.00 ° 60.00 ° 29.70° 58.80° 28.30° 54.80° 26.00 ° 48.90° 22.80° 41.90° 19.10° 34.20°
Exterior
illuminance 10800 1x | 18487 1x | 107051x | 18263 1x | 10256 1x | 17460 1x | 95061x | 161251x | 84381x | 143241x | 71721x | 12104 1x
S.10.C.B 10.49 8.80 10.51 8.85 10.61 9.02 10.80 9.31 11.08 9.71 11.40 10.20
S.10.C.D 11.17 9.95 11.18 9.98 11.25 10.11 11.40 10.32 11.61 10.61 11.85 10.96
S.10.U.B 10.40 8.29 10.43 8.34 10.57 8.53 10.79 8.88 11.11 9.37 11.49 10.01
S.10.U.D 11.22 9.58 11.24 9.63 11.34 9.79 11.51 10.05 11.75 10.43 12.03 10.93
S.20.C.B 7.64 5.67 7.66 5.72 7.80 5.90 8.04 6.20 8.38 6.61 9.05 7.23
S.20.C.D 8.62 7.04 8.66 7.08 8.82 7.21 9.12 7.44 9.54 7.80 10.04 8.29
S.20.U.B 6.64 4.35 6.69 4.40 6.90 4.57 7.26 4.89 7.86 5.34 8.66 6.14
S.20.U.D 7.90 5.63 7.94 5.67 8.13 5.84 8.46 6.17 8.99 6.66 9.64 7.36
S.30.C.B 5.61 3.37 5.65 343 5.82 3.63 6.12 3.96 6.57 4.44 7.13 5.15
S.30.C.D 7.16 5.37 7.19 5.42 7.32 5.58 7.53 5.85 7.91 6.24 8.37 6.80
S.40.C.B 4.32 1.98 4.36 2.03 4.54 2.23 4.87 2.58 5.35 3.12 5.99 3.86
S.40.C.D 6.20 437 6.23 442 6.39 4.57 6.64 4.83 7.03 5.27 7.52 5.85
S.60.C.B 2.37 0.30 241 0.34 2.60 0.47 2.92 0.76 3.46 1.20 4.13 1.88
S.60.C.D 4.72 2.77 4.74 2.82 4.88 2.98 5.16 3.28 5.60 3.69 6.13 4.33
S.80.C.B 1.05 0.00 1.08 0.00 1.26 0.00 1.57 0.01 2.06 0.17 2.78 0.65
S.80.C.D 3.54 1.61 3.57 1.66 3.73 1.82 4.03 2.11 4.47 2.51 5.04 3.14
H.10.C.B 10.35 8.49 10.37 8.54 10.49 8.73 10.70 9.05 11.01 9.48 11.41 10.00
H.10.C.D 11.02 9.60 11.04 9.64 11.13 9.78 11.29 10.02 11.55 10.34 11.87 10.75
H.10.UB 10.52 8.43 10.55 8.48 10.68 8.69 10.90 9.04 11.20 9.51 11.57 10.15
H.10.U.D 11.30 9.67 11.32 9.72 11.41 9.87 11.58 10.14 11.81 10.53 12.08 11.01
H.20.C.B 7.47 5.57 7.50 5.61 7.65 5.78 7.89 6.09 8.26 6.52 8.75 7.09
H.20.C.D 8.34 6.72 8.36 6.75 8.48 6.90 8.69 7.15 9.00 7.50 9.47 8.02
H.20.U.B 6.71 4.61 6.75 4.66 6.92 4.84 7.27 5.14 7.83 5.58 8.63 6.21
H.20.U.D 7.79 5.85 7.82 5.89 7.99 6.03 8.33 6.29 8.88 6.70 9.54 7.36
V.10.C.B 11.18 9.97 11.20 10.01 11.28 10.14 11.43 10.35 11.63 10.63 11.88 10.98
V.10.C.D 11.65 10.70 11.66 10.73 11.73 10.82 11.84 10.98 12.00 11.19 12.19 11.45
V.20.C.B 8.33 6.01 8.37 6.06 8.54 6.24 8.85 6.57 9.31 7.10 9.84 7.83
V.20.C.D 9.30 7.17 9.33 7.23 9.48 7.43 9.73 7.76 10.08 8.22 10.50 8.88

Table 6: Energy consumption, measured in w/m?, in artificial lighting according to a minimum illuminance of 250 Ix.
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As deduced from Table 6, the horizontal windows allow a minimum increase of energy saving close to 2% compared with

square windows. This value increases to about 8% when horizontal windows are compared with those of vertical shape.

Despite the openings in upper position allow higher illuminance at the back of the room, the energy saving produced by this

window model is very similar to that obtained with centered openings.

As apparent from the results, the bright rooms require lower energy consumption than those with dark surfaces. Specifically,
bright rooms allow a minimum energy saving of 7% in the case of windows with surface equal to 10% of the fagade. This

energy saving is increased in the case of windows of larger surface.

Moreover, the energy consumption in artificial lighting according to a threshold of illuminance of 500 Ix is shown in Table 7:

Latitude 0.00° 10.00° 20.00° 30.00° 40.00 ° 50.00°

8:00 10:00 8:00 10:00 8:00 10:00 8:00 10:00 8:00 10:00 8:00 10:00

Schedule 16:00 14:00 16:00 14:00 16:00 14:00 16:00 14:00 16:00 14:00 16:00 14:00

Sun elevation | 30.00 ° 60.00 ° 29.70° 58.80° 28.30° 54.80° 26.00° 48.90° 22.80° 41.90° 19.10° 3420°

Exterior 1 0000 1x | 18487 1x | 10705 1x | 18263 1x | 10256 1x | 17460 1x | 95061x | 161251x | 84381x | 143241x | 71721x | 12104 Ix
illuminance
S.10.C.B 23.84 21.74 23.87 21.80 24.02 22.00 24.26 2235 24.59 22.81 25.00 23.43

S.10.C.D 24.55 22.90 24.58 22.94 24.69 23.10 24.88 23.36 25.15 23.71 25.47 24.23

S.10.U.B 24.04 21.74 24.07 21.81 24.20 22.05 24.43 22.45 24.75 22.99 25.13 23.65

S.10.U.D 24.86 23.14 24.88 23.19 24.98 23.37 25.15 23.66 25.38 24.07 25.67 24.56

S.20.C.B 19.99 16.24 20.04 16.31 20.28 16.55 20.68 17.14 21.29 18.10 22.07 19.29
S.20.C.D 21.49 18.45 21.53 18.54 21.70 18.86 22.00 19.38 22.46 20.10 23.07 20.97
S.20.U.B 19.71 14.82 19.78 14.94 20.09 15.38 20.62 16.18 21.36 17.33 22.25 18.80
S.20.U.D 21.26 17.17 21.31 17.28 21.56 17.69 21.98 18.36 22.57 19.29 23.28 20.53
S.30.C.B 16.23 12.44 16.29 12.54 16.61 12.89 17.17 13.47 18.02 14.28 19.19 15.47
S.30.C.D 18.46 15.24 18.51 15.32 18.75 15.61 19.20 16.10 19.94 16.75 20.90 17.76
S.40.C.B 14.12 9.97 14.19 10.07 14.52 10.43 15.06 11.02 15.92 12.00 17.13 13.31
S.40.C.D 16.75 13.46 16.80 13.53 17.05 13.83 17.51 14.34 18.27 15.04 19.16 16.11
S.60.C.B 10.62 6.09 10.68 6.20 11.02 6.60 11.66 7.31 12.65 8.27 13.84 9.70
S.60.C.D 14.13 10.54 14.19 10.63 14.45 10.97 14.95 11.52 15.74 12.26 16.72 13.41
S.80.C.B 8.08 3.37 8.15 3.47 8.50 3.82 9.17 4.53 10.19 5.58 11.50 7.14
S.80.C.D 12.07 8.27 12.13 8.36 12.40 8.69 12.94 9.24 13.78 10.09 14.82 11.34

H.10.C.B 23.91 21.53 23.94 21.60 24.08 21.84 24.32 22.26 24.65 22.82 25.04 23.51

H.10.C.D 24.61 22.71 24.63 22.76 24.74 22.96 24.93 23.29 25.19 23.74 25.50 24.28

H.10.U.B 24.16 21.94 24.19 22.01 24.32 22.24 24.53 22.62 24.84 23.14 25.20 23.78

H.10.U.D 24.93 23.27 24.95 23.32 25.05 23.49 25.21 23.78 25.44 24.17 25.72 24.65

H.20.C.B 19.28 15.95 19.34 16.03 19.61 16.30 20.11 16.80 20.83 17.52 21.69 18.56

H.20.C.D 20.46 17.52 20.52 17.59 20.77 17.81 21.19 18.29 21.79 18.95 22.53 19.78

H.20.U.B 19.68 14.79 19.74 14.90 20.06 15.30 20.59 16.11 21.34 17.27 22.23 18.76

H.20.U.D 21.11 16.91 21.16 17.03 21.42 17.45 21.85 18.14 22.46 19.09 23.18 20.36

V.10.C.B 24.52 22.95 24.54 23.00 24.66 23.15 24.85 2341 25.12 23.75 25.45 24.19

V.10.C.D 25.00 23.76 25.02 23.80 25.12 23.91 25.27 24.11 25.50 24.38 25.76 24.73

V.20.C.B 21.19 17.93 21.23 18.03 21.42 18.37 21.79 18.93 22.32 19.69 22.95 20.63

V.20.C.D 2231 19.63 22.34 19.71 22.52 19.97 22.81 20.41 23.23 21.01 23.72 21.80

Table 7: Energy consumption, measured in w/m?, in artificial lighting according to a minimum illuminance of 500 Ix.

In the case of a minimum threshold of illuminance of 500 Ix, as is apparent from Table 7, the energy saving produced by
horizontal windows is very similar to that obtained by square openings. However, the energy saving increases as the window

size is larger.

Similarly to the previous study, the window position barely affects the energy saving, although upper windows allow higher

illuminance at the back of the room than those in centered position.
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As noted above, the bright rooms allow an increase in energy saving compared with those of dark surfaces. However, in the
case of a higher threshold of illuminance, the minimum energy saving is reduced to 3%. As in the previous study, the energy

saving is increased when the surface of the window is larger.

5. Conclusions

The analysis of results has assessed the variation of the daylight factors depending on the shape, size and position of the
opening, reaching several conclusions that can be applied to window design. Additionally, the study of the variation of the

reflectance of the inner surfaces of the room allows to determine the daylight factors based on this variable.

The quantification of the daylight factors serves as a basis for the analysis of results. However, it also offers a database of the
natural illumination produced by a window within a room. Accordingly, the most representative calculation models of current
architecture have been chosen for simulation, using the most common window designs. Obviously, this research does not cover

all possible hypotheses, but aims to show the most frequent cases study under the most adverse sky conditions.

The study of quantification provides results in one of the first conclusions: for models with square windows, the daylight
produced by a window is unevenly distributed in the room, as shown in Table 3. In this particular case, the daylight factors at

the back of the room are about ten times lower than those measured in the area next to the opening.

Another conclusion of this study can be seen in Table 4, which shows that the horizontal window allows higher illuminance in
the side axes than the square window, although its performance in the central axis is poorer. In contrast, as Table 5 clearly
shows, the vertical window produces a greater contrast of illumination. These findings are derived from the relative difference

between the daylight factors measured at the central and side axes.

Initial analysis shows the third conclusion concerning the variation of the window shape. As can be observed from Figure 2,
the daylight factors obtained by square windows are slightly higher than those produced by horizontal windows. This increase
is between 5 and 15% approximately. Furthermore, the vertical window shows the worst performance, with a reduction of

daylight factors of between 20 and 40% approximately.

Regarding the variation of the window size, it is concluded that the daylight factors produced by variable size openings are
directly proportional to the glazed surface except in the area next to the window. This statement is deduced from Figure 3,
which shows that larger openings allow proportionately higher daylight factors, but also produce a greater scattering of the
inner light through the glazed surface. Therefore, the daylight factors allowed by the different window sizes tend to converge

towards the fagade from a distance of 3 meters, measure equivalent to the height of the room.

The third trial is based on the variation of the window position. As is deduced from Figure 4, the centered openings produce
higher daylight factors in the area next to the window than those obtained with upper windows. As can be observed, the
centered openings allow higher daylight factors from the fagade to a distance of 1,5 meters, measure equivalent to the half the
height of the room. However, the openings in upper position allow more illumination in the rest of the room, producing an

increase of the daylight factors of close to 20% at the back of the room.

The fourth analysis studies the variation of the daylight factors according to the reflectance of the inner surfaces of the room.
This is studied in Figure 5, where it is concluded that the relative difference between the daylight factors of bright and dark
rooms have a linear tendency, reaching maximum values at the back of the room and minimum values in the area close to the
window. In fact, it can be argued that the increase in daylight factors at the back of the room is almost directly proportional to

the increase in the reflectance of the surfaces.



Finally, the last analysis determines the energy consumption in artificial lighting of the room, considering different window
models and a minimum threshold of illuminance. As can be seen from Tables 6 and 7, the horizontal windows provide higher
energy saving than those of square or vertical shape. Moreover, the bright rooms allow an increase in energy saving compared
with those of dark surfaces. Specifically, bright rooms allow a minimum energy saving of 3% in the case of windows with
surface equal to 10% of the fagade, considering a minimum threshold of illuminance of 500 Ix. This saving increases to 7%

considering a threshold illuminance of 250 Ix.

All these findings, as well as the quantification of daylight factors, provide a better understanding of window design, a key

element of architecture both in terms of lighting comfort and energy savings.

6. References

[1] S. Treado, G. Gillette, T. Kusuda, Daylighting with Windows, Skylights, and Clerestories, Energy and Buildings, 6 (1984)
319-330.

[2] D.H.W. Li, A review of daylight illuminance determinations and energy implications, Applied Energy 87 (2010) 2109-
2118.

[3] CIE, International lighting vocabulary, Commission Internationale de I’Eclairage (2011), CIE S 017:2011.

[4] C.F. Reinhart, J. Mardaljevic, Z. Rogers, Dynamic Daylight Performance Metrics for Sustainable Building Design, Leukos
3(1) (2006) 7-31.

[5] R.G. Hopkinson, P. Petherbridge, J. Longmore, Daylighting, London: Heinemann, 1966.

[6] CIBSE, Daylighting and Window Design, CIBSE LG10. London: Chartered Institution of Building Services Engineers,
1999,2.2.3.

[7] R. Kittler, M. Kocifaj, S. Darula, Daylight Science and Daylighting Technology, New York: Springer, 2012, 233-255.

[8] J.A. Love, Determination of the daylight factor under real and overcast skies. Journal of the Illuminating Engineering

Society 22(2) (1993) 176-182.
[9] IESNA, Lighting Handbook 10th Edition. Illuminating Engineering Society of North America, New York, 2012, 357-367.

[10] BRE, BRE Digest 309, Estimating daylight in buildings: Part 1, Building Research Establishment Digest. Watford,
England, 1986.

[11] BRE, BRE Digest 310, Estimating daylight in buildings: Part 2, Building Research Establishment Digest. Watford,
England, 1986.

[12] CIE, Test cases to assess the accuracy of lighting computer programs, Commission Internationale de 1’Eclairage (2006).

CIE 171:2006.

[13] F. Maamari, M. Fontoynont, N. Adra, Application of the CIE test cases to assess the accuracy of lighting computer
programs, Energy and Buildings 38 (2006) 869-877.

[14] E. Ghisi, J.A. Tinker, An Ideal Window Area concept for energy efficient integration of daylight and artificial light in
buildings, Building and Environment 40 (2005) 51-61.

[15] D.H.W. Li, G.H.W. Cheung, C.S.C. Lau, A simplified procedure for determining indoor daylight illuminance using

daylight coefficient concept, Building and Environment 41 (2006) 578-589.
17



[16] C.M Munoz, P.M. Esquivias, D. Rangel, I. Acosta, J. Navarro, Climate-based daylighting analysis in an open-plan office
due to boundary conditions, Lighting Research and Technology, doi: 10.1177/1477153513487005.

[17] H.H. Alzoubi, A.-H. Al-Zoubi, Assessment of building fagade performance in terms of daylighting and the associated
energy consumption in architectural spaces: Vertical and horizontal shading devices for southern exposure facades, Energy

Conversion and Management 51 (2010) 1592-1599.

[18] L. Sanati, M. Utzinger, The effect of window shading design on occupant use of blinds and electric lighting, Building and
Environment 64 (2013) 67-76.

[19] A. Villalba, A. Pattini, E. Correa, An approach to urban tree daylight permeability simulation using models based on
louvers, Building and Environment 73 (2014) 75-87.

[20] K.A. Al-Sallal, Sizing windows to achieve passive cooling, passive heating and daylighting in hot arid regions,

Renewable Energy 14 (1998) 365-371.

[21] G.M. Stavrakakis, P.L. Zervas, H. Sarimveis, N.C. Markatos, Optimization of window-openings design for thermal
comfort in naturally ventilated buildings, Applied Mathematical Modelling 36 (2012) 193-211.

[22] R. Labayrade, M. Fontoynont, C. Mouret, P. Avouac, Assessment of Velux Daylight Visualizer 2 against CIE 171:2006
test cases. Département Génie Civil et Batiment (2009).

[23] R. Labayrade, H.W. Jensen, C. Jensen, Validation of Velux Daylight Visualizer 2 against CIE 171:2006 test cases,
Scotland, Glasgow: Eleventh International IBPSA Conference (2009) 1506-1513.

[24] P.K. Soori, M. Vishwas, Lighting control strategy for energy efficient office lighting system design, Energy and Buildings
66 (2013) 329-337.

[25] M. Vishwas, P.K. Soori, Simple Tool for Energy Analysis of Day Lighting and Artificial Lighting for a Typical Office
Building Lighting System Design, International Journal of Energy Engineering 2(6) (2012) 332-338.

[26] A. Thanachareonkit, J.L. Scartezzini, M. Andersen, Comparing daylighting performance assessment of buildings in scale

models and test modules, Solar Energy 79(2) (2005) 168-182.

[27] R. Perez, R. Seals, J. Michalsky, All-Weather Model for Sky Luminance Distribution - Preliminary Configuration and
Validation, Solar Energy 50 (3) (1993) 235-245.

[28] CIE, Spatial Distribution of Daylight - CIE Standard General Sky, Commission Internationale de 1’Eclairage (2003). CIE
S 011/E :2003.

[29] Ministerio de Fomento del Gobierno de Espaiia, Technical Building Code (2006), DB-HE3, 2.1.

[30] G. Gillete, W. Pierpoint, S.J. Treado, A general illuminance model for daylight availability, J. Illum. Eng. Soc. 13(4)
(1984) 330-340.



