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Analysis of Energy Savings and Visual Comfort Produced
by the Proper Use of Windows
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Abstract—The aim of this research is to quantify the daylight
autonomy and the useful daylight illuminance produced inside a
room for different models of windows, and to conduct an
analysis of the results obtained. 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 DaySim 3.2. After trials it was
concluded that the daylight autonomy is directly proportional
to the glass surface in the back of the room, while its influence in
the zone near the facade is negligible. However, the energy
saving does not depend on the window shape. 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.

Index Terms—Daylight autonomy, energy saving, useful
daylight illuminance, window.

. INTRODUCTION

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]-[4].

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. Moreover, this definition is recognized by
the CIE as one of the key metrics in lighting [5]. 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.

Nevertheless, it is important to mention other methods for
daylight evaluation, such as daylight autonomy [6],
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.

At present, lighting simulation programs allow the
calculation of daylight autonomy with greater accuracy than
empirical methods [7], [8], 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
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metrics, whose accuracy has been supported by computer
simulations. An example of this is the study by Ghisi et al. [9],
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. [10], 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.

Lighting simulation programs have been used to establish
the design conditions of windows and rooms [11]. A
noteworthy example is that of the research by Munoz et al.
[12], 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.

I11. OBJECTIVES

The aim of this research is to quantify the daylight
autonomy and the useful daylight illuminance inside a room
for different models of windows, conducting an analysis of
the results obtained.

Accordingly, this research is based on three main
objectives:

1) To represent the quantification of daylight autonomy
and useful daylight illuminance 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
autonomy and obtain criteria for shape, size and
position of windows.

3) To determine the energy saving produced by different
models of windows.

I1l. METHODOLOGY

A. Model

The calculation model for the analysis of daylight
autonomy 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 facade. The double-leaf
window has 0.05 m thick joinery and double glazing which
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produces a solar factor of 0.75. 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 Fig. 1.

CEILING
REFLECTANCE:
0.6: MEDIUM GRAY
0.8: LIGHT GRAY
REFLECTION:

1.0: IDEAL DIFFUSE

TRANSMITTANCE:
0.0: OPAQUE

3.0

VARIABLE

REFLECTANCE:
0.4: DARK GRAY
0.8: LIGHT GRAY
REFLECTION:

1.0: IDEAL DIFFUSE
TRANSMITTANCE:
0.0: OPAQUE

REFLECTANCE:

0.2: VERY DARK GRAY
0.6: MEDIUM GRAY
REFLECTION:

1.0: IDEAL DIFFUSE
TRANSMITTANCE:
0.0: OPAQUE

WINDOW
JOINERY REFLECTANCE:
0.9: WHITE

JOINERY REFLECTION:
1.0: IDEAL DIFFUSE
GLASS TRANSMITTANCE:
0.7: TRASLUCENT

Fig. 1. Calculation model.

The measurement of daylight autonomy 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 0.30 m and a height
above ground of 0.60 m.

The calculation model is defined according to the
following variables:

Window shape:

S:  Square shape, length/height ratio of 1 4.

H: Horizontal shape, length/height ratio of 2 4.

V: Vertical shape, length/height ratio 1 2.

Window size:

10: Window to Facade ratio 10%, equivalent to 0.90 m?.

20: Window to Fagade ratio 20%, equivalent to 1.80 m.

30: Window to Facade ratio 30%, equivalent to 2.70 m?,

40: Window to Facade ratio 40%, equivalent to 3.60 m?.

60: Window to Fagade ratio 60%, equivalent to 5.40 m2.

80: Window to Fagade ratio 80%, equivalent to 7.20 m.

Window position:

C: Window in centered position on the facade.

U:  Window in upper position on the fagde, with the sill

at 1.50 m above room floor level.

Room reflectance:

B: Bright room: Bright room: Room surfaces with an

average reflectance of 75%.
D: Dark room: Bright room: Room surfaces with an
average reflectance of 40%.

These variables have been established according to the
most common parameters of shape, size and position of the
window of a conventional room.
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B. Program

The analysis of the daylight autonomy was carried out
using simulation program DaySim 3.2, which calculates
luminous distribution using the ray-tracing process. Several
studies have confirmed the correct behavior of this
calculation program [13], determining their accuracy by
applying the CIE test cases [7]. The calculation parameters
used in this program are shown in Table I:

TABLE I: CALCULATION PARAMETERS OF DAYSIM 3.2.

Radiance Simulation Parameters | Ambient Bounces 7
Ambient Divisions 1500
Ambient Super-samples | 100
Ambient Resolution 300
Ambient Accuracy 0.05
Limit Reflection 10
Specular Threshold 0.000
Specular Jitter 1.000
Limit Weight 0.004
Direct Jitter 0.000
Direct Sampling 0.200
Direct Relays 2
Direct Pretest Density 512

C. Sky Conditions

The weather conditions correspond to the city of London,
located at Latitude 51.00and Longitude 0.002 The weather
data is obtained from Energy Plus [14], considering the Perez
et al. sky model [15], according to the following formulae:

La/Lz = (f(x) »(2))/(f(Zs) »(0)) @

where the variables y, Zs and 0 depends on the sky conditions
and the position of the Sun and Z is:

Z=xl2—vy 2)

where y is the angle of elevation of the sky element.

D. Calculation Conditions

The calculation of daylight autonomy and useful daylight
illuminance have been developed considering an occupancy
hours from 8:00 am to 5:00 pm, with one break to lunch. The
illuminance threshold for the daylight autonomy calculation
is 250 lux. The blind control is active, so the users avoid
direct sunlight on work plane.

IV. CALCULATION

According to the methodology described, the daylight
autonomy is measured in the study points represented in Fig.
1. The values obtained show the independence of artificial
lighting in the room and therefore the relative energy saving
in power consumption. A proper value of daylight autonomy
is located between 50 and 100%.

The measurement of the useful daylight illuminance (UDI),
shown as columns in Fig. 2, represents the visual comfort
inside the room. The higher the UDI value between 100 and
2,000 lux, the better the visual comfort. In addition, the UDI
values lower than 100 lux and higher than 2,000 lux are also
measured. A proper value of useful daylight illuminance is
located between 70 and 100%.
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Fig. 2. Daylight autonomy and useful daylight illuminance for rooms with square windows with surface between 10 and 20% of the facade.

Fig. 2 shows the daylight autonomy and the useful daylight
illuminance measured at the study points in rooms with
square windows, considering a surface between 10 and 20%
of the fagade, under the conditions established in the
methodology.

As can be seen in Fig. 2, the rooms with a square window
equal to 10% of the fagade do not reach a proper value of
daylight autonomy. The back of the room has a completely
dependence on artificial lighting. Furthermore, the useful
daylight illuminance values only reach a proper value in the
zone near the window.

Moreover, in the case of the rooms with a window size
equal to 20% of the facade area, the daylight autonomy
reaches a value close to 70% in the area near the window. The
useful daylight illuminance values also get a proper value in
the zone between 0 to 2 meters from the facade. However, the
values of daylight autonomy and useful daylight illuminance
are not enough for the back of the room.

Regarding to the reflectance of surfaces, it is observed that
the daylight autonomy reaches a value near 20% in the back
of the room, considering a high reflectance of the inner
surfaces. In fact, the average daylight autonomy increases a
35% in the case of rooms with high reflectance. Therefore,
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the use of high reflectance surfaces affects noticeable to the
energy saving in artificial lighting.

The useful daylight illuminance is also affected by the
reflectance of the inner surfaces. As can be seen in models
S.20.C.B and S.20.U.B, the UDI values between 100 and
2,000 lux are higher than in those models with low
reflectance.

As can be deduced from the comparison of models
S.20.C.B and S.20.U.B, the upper position of the window
allows higher values of daylight autonomy and useful
daylight illuminance in the back of the room.

Fig. 3 shows the daylight autonomy and the useful daylight
illuminance measured at the study points in rooms with
square windows, considering a surface between 30 and 80%
of the fagde, 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 fagade.

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.
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As can be deduced from Fig. 3, the measurement of the
daylight autonomy in the study points shows very variable
results. As expected, higher daylight autonomy are observed
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UDI>2000

UDI100-2000

~=-SIDE DAYLIGHT AUTONOMY

in all cases at the study points closest to the window,
gradually descending towards the back of the room.
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Fig. 3. Daylight autonomy and useful daylight illuminance for rooms with square windows with surface between 30 and 80% of the facade.

The daylight autonomy observed in the side axis is slightly
lower than those measured on the central axis. In any case,
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 autonomy. However, as can be deduced from
the results obtained, there is no direct proportionality

Fig. 4 shows the daylight autonomy and useful daylight
illuminance 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 fagade are ignored in the calculation models
because according to the height/width ratio of the opening
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between the glazed area and the daylight autonomy produced,
except at the study points near the back of the room.

As can be observed, the bright room with a window
surface equal to 30% of the facade (S.30.C.B) allows a value
of daylight autonomy of 70% in the zone near the window
and close to 40% in the back of the room. In the case of a
window equal to 40% of the fagde (S.40.C.B), it can be
concluded that the daylight autonomy and the useful daylight
illuminance are appropriate for all the study points.
they would be disproportionate to the facade.

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.

As can be seen in Fig. 4, the daylight autonomy and the
useful daylight illuminance measured at the study points of
the calculation models with horizontal windows show a



International Journal of Engineering and Technology, Vol. 8, No. 5, October 2016

similar tendency to those of analogous models with square
windows: higher daylight autonomy is observed near the
window, while lower ones is found at the back of the room.
Furthermore, the daylight autonomy obtained in the central
axis with horizontal windows is slightly lower than those
produced by square windows of equal area. However, in this
study, the difference between the daylight autonomy
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

30 9
20 7 R S S N
10 ®

0 =

UDI>2000

UDI100-2000 UDI<100

~=-SIDE DAYLIGHT AUTONOMY

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
autonomy. However, in the case of horizontal windows there
is no direct proportionality between the glazed area and the
daylight autonomy produced, except at the study points near
the back of the room.

I

==:CENTER DAYLIGHT AUTONOMY = DAmax

Fig. 4. Daylight autonomy and useful daylight illuminance for rooms with horizontal windows with surface between 10 and 20% of the facade.

Fig. 5 shows the daylight autonomy and useful daylight
illuminance 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
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ignored in this study, as the opening would be outside the
facade.

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.

As can be deduced from Fig. 5, the daylight autonomy
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
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daylight autonomy is higher near the window and lower at
the back of the room.

According to calculation models with vertical windows,
daylight autonomy measured at the side axis are considerably

UDI>2000 UDI100-2000 UDI<100

~=SIDE DAYLIGHT AUTONOMY

lower than those measured at the central axis, which implies
that this window shape does not produce homogeneous light
distribution.

==:CENTER DAYLIGHT AUTONOMY

= DAmax

Fig. 5. Daylight autonomy and useful daylight illuminance for rooms with vertical windows with surface between 10 and 20% of the facade.

As follows from the ratio of the daylight autonomy
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 autonomy. However, the
proportionality between the glazed area and the daylight
autonomy is observed exclusively at the study points at the
back of the room. It is also concluded that the variation of
daylight autonomy 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.

V. ANALYSIS OF RESULTS

After performing the trials and determining the
quantification of daylight autonomy, an analysis of results of
the model calculation is carried out under the conditions
established in the methodology, according to the different
variables.

A. Analysis of Window Shape

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 and
upper 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 autonomy is calculated
according to the window shape. This relative difference is
calculated using the ratio of the daylight autonomy produced

363

by horizontal or vertical windows and those obtained by
square windows. The daylight autonomy evaluated
corresponds to those measured at the central axis.

RELATIVE DIFFERENCE OF DAYLIGHT
AUTONOMY ACCORDING TO THE WINDOW

SHAPE
DIFFERENT WINDOW SHAPE COMPARED TO SQUARE WINDOWS
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Fig. 6. Relative difference of daylight autonomy according to the window
shape.

As can be concluded from Fig. 6, all the window shapes
produce similar values of daylight autonomy. This means that
the illuminance value in the central axis does not depend on
the window shape. However, as can be observed in Fig. 5, the
vertical windows produce less daylight autonomy in the side
axis, therefore this shape is less effective in energy saving.

Moreover, as can be also concluded, the horizontal
window produces similar values of daylight autonomy in the
central axis. However, the values measured in the side axis is
higher than those observed in other window shapes, so it can
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be concluded that the horizontal shape is more effective in
energy saving than other shapes.

B. 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 autonomy is calculated according
to window size. This relative difference is calculated using
the ratio of the daylight autonomy produced by variable sized
windows and those obtained by windows with areas equal to
20% of the fagde. The daylight autonomy evaluated
corresponds to those measured at the central axis.

RELATIVE DIFFERENCE OF DAYLIGHT
AUTONOMY ACCORDING TO THE WINDOW

SIZE
DIFFERENT SQUARE CENTERED WINDOWS COMPARED TO
WINDOWS OF 20% OF FACADE
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Fig. 7. Relative difference of daylight autonomy according to the window
size.

As shown in Fig. 7, the daylight autonomy produced by
variable sized openings is directly proportional to the glazed
surface in the back of the room, from 5 to 6 meters. However,
the daylight autonomy values tend to converge in the zone
near the window. This behavior diverges from the measuring
of daylight factors [9].

Therefore, it can be concluded that the window size is not
relevant for energy saving in the zone near the facade. This
conclusion is supported by the assumption that all window
sizes studied in this research produce enough illuminance in
the area close to the window. However, the window size is
decisive in the back of the room, where the dependence on
artificial lighting is higher than in the front.

C. Analysis of Room Reflectance

The last analysis studies the variation of daylight
autonomy 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
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square windows with an area between 10 and 80% of the
fagde. The reflectance of the inner surfaces of the room is
variable.

As in previous analyses, the relative difference of the
daylight autonomy 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
low reflectance surfaces and those obtained by high
reflectance surfaces. The daylight autonomy evaluated
corresponds to those measured at the central axis.

As can be observed in Fig. 8, the relative difference of all
values tends to converge to 1 in the zone between 0 and 1.50
meters, so it can be concluded that the reflectance of the inner
surfaces of the room does not affect to the measurement of
daylight autonomy in the zone near the window. However,
the reflectance value is decisive in the back of the room, from
3.00 to 6.00 meters.

RELATIVE DIFFERENCE OF DAYLIGHT
AUTONOMY ACCORDING TO THE
REFLECTANCE OF SURFACES
DARK ROOMS COMPARED TO BRIGHT ROOMS
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Fig. 8. Relative difference of daylight autonomy according to the
reflectance of the inner surfaces of the room.

VI. CONCLUSIONS

The analysis of results has assessed the variation of the
daylight autonomy, which determines the energy saving in
artificial lighting, 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 determining the daylight autonomy based on this
variable.

The quantification of the daylight autonomy 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.

As can be concluded, all the window shapes produce
similar values of daylight autonomy in the central axis.
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However, the vertical windows produce less daylight
autonomy in the side axis, therefore this shape is less
effective in energy saving. On the other hand, the values
measured in the side axis for horizontal windows is higher
than those observed in other window shapes, so it can be
concluded that the horizontal shape is more effective in
energy saving than other shapes.

Moreover, the daylight autonomy produced by variable
sized openings is directly proportional to the glazed surface
in the back of the room. However, the daylight autonomy
values tend to converge in the zone 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, it is also concluded that the reflectance value of
the inner surfaces is decisive in measurement of daylight
autonomy in the back of the room.
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