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Abstract

The quality of visual comfort has always been an essential element considering human comfort. Providing visual comfort in a living
environment reduces the need for artificial lighting, which subsequently has a direct relationship with energy consumptions and its
expenses. Besides, the maximum possible usage of daylight instead of artificial lighting significantly contributes to providing a
favourable condition in terms of visual comfort for the residents. This essential factor is manifested in public spaces, such as libraries
that are associated with students and the quality of their study time. The main aim of this paper is to provide applied solutions to use
more natural lighting strategies as an alternative for artificial lighting, which helps to reduce electric energy consumption while providing
visual comfort for users. The role of architectural elements, such as the position and dimensions of the windows, reflectivity of materials,
layout of surfaces, and appropriateness of space in line with the objectives as mentioned earlier are examined thoroughly. For this
purpose, literature studies, as well as computer simulations via Relux software, are utilized to investigate the set research objectives.
Finally, the simulation results suggest that the best orientation to achieve the optimal model using daylight in study spaces is northern-
southern orientation. In addition, using windows with maximum height in the middle of the transverse front of buildings with window
to wall ratio of 35 to 45 percent along the vertical and horizontal divisions (grid) is suitable for such places. Design criteria include the
higher access to daylight, visual comfort, and reduction of electrical energy consumption. The reflectivity coefficients for roof materials,
floor, and walls are 0.6, 0.4, 0.4, and 0.6, respectively, and transparency for windows is 80%. The obtained results also suggest the
length-to-width ratio and height-to-width ratio are 6-to-5 while horizontal and vertical surfaces in near windows and in middle space
along the longitudinal direction are optimal for research purposes.

© 2020 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The interest in investigating the issue as well as using of daylight
began to rise after the oil crisis in 1970. However, implementing
this strategy started to decline again between 1980 and 1990 [1].
Considering the importance of such an architectural technique,
there are increased efforts by designers and architects to construct
and design daylight spaces [2]. The daylight is a sustainable
development strategy to increase visual comfort, energy
optimization, and development of green buildings. The openings
that are the main elements for receiving daylight, not only allow
the light for the internal environment to create a pleasant
atmosphere, but also, they provide a way for the residents to
maintain their visual interaction with the outside [3-5]. The
daylight has been recognized as an essential factor in architecture
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and a significant strategy for the energy optimization of buildings
[6]. Besides, daylight can also significantly reduce overall energy
consumption [7]. Considering the benefits of such a strategy, a
moderate level of sunlight can contribute to human health on many
different levels [8].

Besides, it is also a method for increasing the amount of light in
a room and enlarging the dimensions of the openings in a design
that turns the light apertures optimal, while creating a balance
between visual comfort and proper lighting altogether. However,
if the apertures are designed inappropriately, the daylight will not
only be a visual obstacle but also it will be a reason for lack of
comfort for the residents [9]. A proper design must allow an
appropriate amount of sunlight into space, and guiding the
entering light for creating a balance in lightings. The main goal of
such designs is to control the amount of inbound light [10]. The
presence of light in interior spaces increases the human spirit while
reduces eye and body fatigue. One of the important psychological
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aspects of the daylight is allowing the ongoing interaction with the
outdoor environment [ 11]. The daylight also plays an essential role
in minimizing the consumption of electrical energy [12]. In this
regard, libraries as centers of development, learning, study, and
research in different societies become the center of attention.
Therefore, study halls considering their space, operation time and
performance can make maximum use of natural sources of energy
including sunlight to meet the visual needs of the users. Factors
are affecting the efficiency of the process of learning and studying
[13].

To understand these factors and their effects, several selected
articles regarding this topic are examined thoroughly. In a study
by Alrubaih et al., 2013 [14], the distribution of lighting in an
architectural space is assessed using the Relux, which acts as a
starting point for more development of energy optimization and
daylight design. Yu et al. [15] examined the efficiency of daylight
and electrical energy consumption in a space with geometric and
physical factors via field measurement and computer simulations.
Koo et al. [16] also found a new control method for automatic
roller curtains to create the highest level of comfort for the
residents in buildings. Their proposed method not only protects
residents from direct sunlight glaring but also allows in the highest
daylight according to the needs of the residents. Per the subject of
this study, Zomorodian et al. in 2016 [17] explored the visual
comfort within classrooms in the city of Kashan using
questionnaires and computer simulations.

Another article in the same year by Zomorodian and Tahsildust
[18] investigated the role of the windows in the classrooms on
visual comfort and satisfaction of space users in Tehran. Fonseca
et al. [19], stated that when the light is used as a supplement for
artificial lighting, it will have an appropriate ability to store
electrical energy. In fact, by using more natural lighting, it is
possible to reduce energy consumption in buildings. In 2012,
Tagliabue et al. [20] investigated the daylight positive impact on
employee satisfaction and energy consumption reduction in
residential areas via computer simulations and questionnaires.
There are also conducted researches on daylights having
insufficient space to mention this issue, which referred to briefly
[21-23].

Chen and et al [24] also in 2014 in a study addressed that the
proper use of daylight not only improves the visual comfort of the
interior but also effectively reduces the energy consumption of the
building. These studies relate largely to office buildings, but are
limited to industrial buildings, where light is the major consumer
of electrical energy. Daylight is also simulated by Ecotect and
Radiance software to compare with field measurements. The
distribution of simulated daylight was well correlated with the
measurements. Also, in 2016, Jian Yao [25] discusses the effect of
moving solar shadings on energy consumption, improving visual
comfort using Energy Plus Simulation software. This study
examines the performance of moving canopies in the south
elevation of a residential building by field measurements. The
results show that the outdoor movable solar shadings have a good
shading efficiency and can reduce the sun's passage by at least 8%.
Another article by Choi et al has investigated the properties of
photosensors and electrical energy in daylight responsive systems
[26]. Another study by Sarith also conducted a study on daylight-
responsive lighting control systems [27]. In addition, another
research has investigated the role of photosensors in lighting
control systems [28]. An article by Biljana in 2019 also discussed

visual comfort and daylight transmission systems at high latitudes
[29]. Other studies have been done on daylight, energy
consumption, windows in Iranian architecture, and visual comfort,
including study spaces that have been cited here [30-37].

Also, according to the research background, it is evident that
conducted studies have not examined the functioning of daylight
in study areas under the influence of variables considered in this
study to create visual comfort for users and the efficiency of
electrical energy consumption. This scientific study analyzes the
impact of various architectural elements including the geometry of
space, reflectivity of surface materials, internal layouts,
dimensions and position of the windows as independent variables
on the dependent variables such as uniformity rate [38] daylight
factor [29] while contributing to closing the scientific gap in this
regard and playing significant role in provision of architectural
standards in this field.

This research is a parametric study that examines the order and
impact of independent variables on dependent variables with
respect to the goals pursued through rational reasoning and
simulation tools. To this end, the title of the article has also been
amended. In fact, the role and influence of architectural elements
in a study space has been investigated for a better and more
balanced distribution of natural light. The aim is not to achieve an
optimal Lego, but to evaluate the role of these elements in order to
facilitate work and study logical order.

Therefore, this research aims to investigate the dimensions of
the issue to provide better solutions for increasing visual comfort
and ultimately the satisfaction of users, while reducing the use of
artificial lighting in study spaces. This scientific study analyzes
the impact of various architectural elements including the
geometry of space, reflectivity of surface materials, internal
layouts, dimensions and position of the windows as independent
variables on the dependent variables such as uniformity rate [38],
daylight factor [29] while contributing to closing the scientific gap
in this regard and playing significant role in provision of
architectural standards in this field.

2. Methodology

For daylight and electrical energy consumption rate analysis, the
computer simulation method through Relux software is used.
There is already examination of the room factor k, the dimension
of the windows, energy efficient integration of daylight and
artificial light, select the optimum position and proper field of
view of a photosensor and the energy performance [39-41] .The
reason for using Relux is mainly due to Relux’s ability [13] to
model illuminance, accurate internal daylights for sky conditions,
type of geometry and room configuration. Also, a wide range of
reflections of real surfaces of wall and materials, outputs such as
display of three-dimensions and evaluation, illuminance
distribution, the output of tables, three-dimensional mountain
chart of illuminance, sun altitude, and charts are supported by
Relux. This advanced illuminance simulation tool is used to
investigate and analyze the daylight behavior buildings.
Subsequently, the obtained simulation results of the proposed
models' (approximately 400 architecture models) using Relux are
analyzed and compared with obtained data considering and
according to the desired standards to achieve the suitable
architectural model to present the importance of this research.
Moreover, various stages of this research such as data analysis and
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architectural model for study spaces
based on visual comfort and
electrical energy consumption

Fig. 1. The process of research.

Table 1. Details of the real model simulated in software validation.
Value

5.36.22 (SN EN 12464-1, 8.2011)

Parameters

Reference number

orientation North-south

height 300 cm

window 150 cmx*200 cm

Height of the reference 80 cm

plan

Sky type overcast

Geographical longitude 45.20 (degree)

Geographical latitude 33.37(degree)

North angle 140 (degree)

Floor (Reflection coefficient) p=0.3 (cement)

Walls (Reflection coefficient) p =0.6 (white plating)
Ceiling (Reflection coefficient) p =0.6 (white plating)

computer simulations, include descriptive and inferential analysis
using MS EXCEL and SPSS. For a better understanding, the
research process and its different stages are shown in Fig. 1.

The Relux software is a computational program based on the
daylight of the interior rooms in a clear and cloudy sky. Relux
outputs include: the 3 D information of the room, 3 D and 2 D
information for the distribution of brightness in all walls,
minimum, average and maximum daylight factor and intensity of
light, distribution of light of the interior spaces in sky conditions,
geometry type and chamber configuration [40]. Also, a wide range
of reflections and real-surface transitions, outputs including 3D
representation, Isolux curve, brightness distribution, output tables,
3D mountain diagram of sunlight and altitude, and results list for
all evaluated points [41]. The computational engine of this
software is based on Radiance software, which uses the process of
simulating radiation tracking lighting to produce high-quality,
realistic images. It also applies radiosity techniques [15]. In order
to validate this software in a research [42] the Relux software was
compared with SPOT and DAY SIM software and it was found that
the Relax calculation process is very fast while the SPOT and

(—

Daylight Factor, Uniformity, Electrical
Energy Consumption, Layout of Furniture,
Window Form, Window Position, Space
Geometry, Reflectivity of Surfaces

DAYSIM calculations are costly and time consuming and other
Relux error rates are lower. In fact, according to Table 1, the
lighting process and detail of Relux software [40] uses the
Radiosity method and in some cases also uses the Ray tracing
method. Light process for this software is RADIANCE engine
supplemented with Radiosity Method. Also detail Salient features
for it is in built with Relux CAD, energy calculation by EN15193
and DIN8599 standards.

2.1. Validation

To validate the simulation results, a room sample of 4x3 m? is
modelled according to Table 1. The measurements have been done
at 11:30 AM on 26 January with checkered reticulation at intervals
of 0.5 m in length and width of the room, as shown in Fig. 2,
performed using the lux meter device. Simulations are performed
in a coldest day of the year. In addition, surveys allow for the least
number of sunny hours to achieve optimal results. Also due to the
high number of variables and time-consuming work, one day a
year, January 16th, has been investigated as the basis of
simulations Thus, illuminance in 40 points inside the room is
measured using a lux meter. The sky in the desired climate is
considered cloudy. For validation, as the measurement of the data
was in the closed space of the room with neighborhoods, the
shadings in the cold seasons of the year, the type of sky is
considered to be cloudy, which also gives more realistic results.
After collecting the measurement results, the model simulation is
performed via Relux. For simulation purposes, the same
geographical location with a temperate mountain climate in
Kermanshah, Iran is wused. Finally, the simulation and
measurement results are compared in Fig. 2.

The comparison results show that both simulation and field
measurements almost have an identical pattern of behavior if the
minor difference is neglected. By comparing the values shown in
Table 2, it is evident that the difference between dependent
variables studied in the measured and simulated samples is highly
close to each other. To validate and obtain accurate and precise
results, the obtained data from the simulations must be equated
with the collected results in this section.

The standard deviation (SD) can be calculated by
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Fig. 2. Comparison of illuminance values obtained by simulation and measurement in real samples.

Table 2. Comparison of values obtained from measurements and simulations.

Activities Illuminance (lux) Variables value
Min Av Max Max daylight Av daylight Min daylight Uniformity
factor (%) factor (%) factor (%)
Experimental data 22.5 105.45 349.5 3.7 1.2 0.25 0.20
Simulation data 29 125.5 370 4.5 1.5 0.40 0.23
Exterior illuminance measurement under ~ 8787 9000 9445 - - - -
overcast sky
E; .
’Z(x-—f)z 0 — Zinterier
SD = lT = 02 Lux (1) A)DF Eexterier 100 (3)

Standard error of the mean (SEM) is determined by
SEM = % =0.03 Lux 2)
To emphasize the validity of the results, the correlation
coefficient between experimental data and simulation was
calculated using Pearson test. If P value> 0.05 is assumed HO is
rejected at the 0.05 error level, otherwise HO is accepted. In fact,
HO is the hypothesis. If the level of significance is less than 0.05,
there is a statistically significant relationship between the
variables. Here, the hypothesis is that there is a significant
relationship between the two datasets. The correlation coefficient
R between the two experimental intensity and simulation data is
about 0.5. Also, the significance level is around zero which
indicates the significance relationship of the two variables. That
is, the changes in both datasets have been the same. This indicates
that the standard error rate is within the range of 0.5 and the
significance level is zero and acceptable.

3. Theoretical foundations
3.1. Daylight factor (DF)

DF is the most dominant daylight metric used today due to its
simplicity [41]. DF is the ratio of the light level inside a building
to the light level outdoors during an overcast sky condition:

where Einerior 1s the horizontal illuminance of reference point
indoor (Lux) and Ecxerior 1S the horizontal illuminance of
unobstructed point outdoor (Lux).

Using the equation above with an internal lux of 400 and
outdoor lux of 20000 would equate the daylight factor to 2%.
Currently, most rating tools adopt this metric for daylight
assessment due to its simplicity while producing reasonably
accurate results. Rating tools that use this metric are GBI, Green
Mark and many others. In order to obtain the amount of daylight
indoors, the intensity of the outdoor lighting needs to be calculated
to be aware of the amount of outdoor light received indoors.
Exterior light can reach the building through window glass,
skylights or other openings, in three ways [42].

e  Direct light from a point in the sky called the sky component
(SC) [43].

e Reflected light from an outer surface reaching a building point
called Externally Reflected Component (ERC) [44].

e Light entering through a window or light reaching a point in
space after reflection from the interior surfaces called the
Internally Reflected Component (IRC).

The sum of these three components is obtained according to DF
formula [45] at one point inside the room (Eq. (4)). All of this can
affect the amount and type of daylight factor in an architectural
space.
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Fig. 3. Specifications of the base model in Relux Software.

DF = SC + ERC + IRC @)

3.2. Visual comfort

Comfort is a complex perception that reflects the interaction
between objective and subjective stimuli. Accordingly, the feeling
of general comfort is the result of the evaluation of the human
senses. Visual comfort in the environment depends on the vision,
perception, shape of the space and its adaptation to the different
activities of the residents. Proper light distribution creates an
exciting environment that does not cause physiological problems,
distractions, and inappropriate conditions [46]. Overall,
optimizing the visual properties of indoor areas is the primary goal
of achieving visual comfort. Visual comfort improves when visual
messages are clearly received from the visual environment [9].
The design of the building should help to achieve comfort. Visual
comfort conditions are achieved by providing the required
illumination level, preventing dazzle and uniform light
distribution. If these values are not achieved by daylight, artificial
light sources are needed [47]. Visual comfort in a space is directly
related to the contrast of surfaces and the variability of space
lighting. In lighting design, glare is a key cause of visual
discomfort. The glare caused by the infinite contradiction in a
given field causes our eyes to scratch or sting. In order to create
visual comfort, there must be a rating from the public to the local
medium-intensity light level.

3.3. Uniformity rate

An indicator that influences the quality of daylight and visual
comfort and determines how brightness is distributed in space is
the uniformity rate, which is the ratio of the minimum daylight to
average daylight in space. For uniform visual conditions in a
space, the uniformity rate must not be less than 0.6. Despite a
uniformity rate of 0.6, the daylight factor also falls within the
standard 2-6 range. If the uniformity of the daylight factor is lower,
it is out of the standard range in space, resulting in dullness, visual
discomfort, inadequate distribution of daylight and eventually the
use of artificial light in space. Given that daylight has a direct
impact on users' energy efficiency and energy consumption,

~ Window height=1.5m
Window width=2m
OKB=1m

adequate lighting for daylight should be a priority in the study
halls, so visually and psychologically satisfying individuals will
have increased visual and mental satisfaction due to proper
daylight distribution. Found. Therefore, the location of the
window and its dimensions should be designed in such a way that
at least a 2% daylight factor, the amount of illumination received
on the work surface is between 300-500 lux and the uniformity
rate is at least 0.6. Also, the influence of geometry and orientation
of space, the reflectivity of surfaces and the layout of tables are
important and should be studied in order to achieve optimum
conditions of visual comfort and reduce the use of artificial light
in space [47].

4. Simulation and data analysis

The effect of the independent variables on the dependent variables
of daylight factor and uniformity rate in this study is examined
through proposed samples modelled in Relux. The investigations
show that scenarios in terms of two variables related to visual
comfort, daylight factor and uniformity rate, are at the standard
range and have a tendency towards optimization. Besides, the
reduction in the amount of electrical energy consumption is also
evident. The standard values are considered in the examinations
for the minimum, maximum and average daylight factors are 2%,
4%-5%, and 6%, respectively and the minimum uniformity rate is
considered as 0.6. The average horizontal illumination level
required to be provided in the room is 300 Lux. Having such
conditions in space, illuminance is at its standard range of 300 Lux
for study halls [48] The average day light factor is 2-5%.
According to SN EN 12464-1, 8.2011 standard for study areas [48]
these percentages are standard and balanced. Currently, most
rating tools adopt this metric for daylight assessment due to its
simplicity while producing reasonably accurate results. Rating
tools that use this metric are GBI, Green Mark and many others.
Figure 3 shows Specifications of the base model in Relux
Software. The north-south orientation is selected as the type of
orientation concerning the emphasis on the existence of openings
in the north and the south of the building. The type of openings is
selected in two situations including the middle and corners of the
wall, with the possibility of viewing outside, inbounding light and
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Fig. 4. Specifications of windows in the simulation (a) window with width maximum (mode 2) WWR=35% and (b) window with height maximum (mode 1)

WWR=35%.

Table 3. Various models in investigating the window position with the primary geometry.

Modes Model number  Row
Mode 1 1 The windows in the middle of the northern and southern fronts
2 Window on the left of two fronts at a distance of 50 cm from the western wall
3 Window on the right in front, at a distance of 50 cm from the eastern wall
4 The north front window on the left with a distance of 50 cm from western wall and southern front in the right side at a
distance of 50 from the eastern wall
5 The north front window on the right side with a distance of 50 cm from the eastern wall and southern front in the left side at a
distance of 50 from the western wall
Mode 2 6 The windows in the middle of the northern and southern front
Combined 7 The windows in the middle of the northern and southern front
g}lg)g: erO(iEth 8 The north front window on the left side at the distance of 50 cm from the western wall, the south front window in the middle
Front Mode 2) 9 The north front window on the right side at the distance of 50 cm from the eastern wall, the south front window in the middle
Combined 10 The windows in the middle of the northern and southern fronts
(North front 11 The south front window on the left side at the distance of 50 cm from the western wall, the north front window in the middle

Mode 2, South
Front Mode 1) 12

The south front window on the right side at the distance of 50 cm from the eastern wall, the north window in the middle

as well as light penetration into a depth of room in three forms
with the maximum height, width, horizontal and vertical divisions.
Considering the space proportions, length to width and height ratio
is examined by increasing and decreasing their values. The
placement of vertical and horizontal surfaces of this study is
analyzed in space on the occupied area of 28%. Finally, the
appropriate reflectivity coefficient for the inner surfaces materials
is obtained. The main goal of investigating these items is to create
the optimal distribution of daylight and achieving the desired
visual comfort for space users, as well as reducing the use of
artificial lighting in the space. These discussed cases are analyzed
for the climate, as mentioned earlier of Kermanshah, and it
certainly will vary in different climates and solar conditions.
Climate and architecture are highly dependent on each other and
designers and architectures must pay full attention when designing
such models in different climates. For instance, an appropriate
design must consider both warm and cold seasons in a way that
forbids the warm and cold air entering space through windows
during summer and winter, respectively.

To calculate the amount of energy conservation, a photosensor
technique was used for artificial lighting in space. When daylight
is within required level, the lights are turned off and otherwise
turned on. The lights are first selected according to their size and
efficiency, and through this technique, the reduction of electrical
energy consumption in each scenario is obtained using Relux

software that analyzes both natural and artificial light. Also, the
optimization is done with the help of logical reasoning and
simulation method. In fact, the order of the role of the architectural
elements such as the dimensions and position of the openings, the
reflectivity of the surfaces and the layout of the space have been
investigated using simulations in Relux software. Visual comfort
has been investigated by calculating the uniformity rate and in fact
the degree of uniformity of light in space through Relux software.
Also, with the help of photosensors the amount of light is
controlled properly. The impact of external shadings has not been
investigated and only the internal shadings (curtains) have been
investigated in the final phase of the simulation. Due to the wide
range of variables in this subject, this issue has not been addressed
in this research, and this is suggested for the future research.

In addition, EN 15193-1 [49] as well as CEN/ TC 169/ WG 11
[50] standards have been used for daylight monitoring. The
variables considered in this study also include: Daylight factor,
Uniformity, Electrical energy consumption, Window Position,
Window Form, Space geometry, Layout of furniture and
Reflectivity of surfaces.

4.1. Window position

In order to select the appropriate dimensions and position of the
windows, several studies suggest the 30 and 50 cm as the most
suitable distance of room to the top of the windows. The position
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Fig. 6. Percentage of changes in electrical energy consumption of space.

of the windows should be in a way, so it provides a vision and
interaction with outside as well as allowing better distribution of
inbounding lights. The windows to wall ratio are chosen based on
the school standards (the area of the window should be about 30
to 40 percent of the fagade area) as there is not a certain standard
for study spaces. For modelling and analyzing proposes this ratio
is increased gradually from 35% to 40% and eventually to 45%.
Based on the window to wall ratio of 35%, the obtained length for
the window is 1.5 cm (Fig. 4, Mode 1). Also, considering OKB at
Im, 50 cm distance from walls of both sides, the maximum length
of the window at 9 m and the window to wall ratio of 35% yields
in the obtained height for the window is 1.5 m (Fig. 4, Mode 2).
However, after determining the appropriate initial dimensions for
the window, the optimum position of their placement in both north
and south orientation is selected according to Table 3 while
considering various models. The previous step is taken to achieve
visual comfort and reduction of electrical energy consumption.
Examining the electrical energy consumption in space, the energy
consumption of space in the normal mode is collected. The
electrical energy is calculated with the help of in-space
photosensors via Relux software. Furthermore, the electrical
energy consumption rate is obtained by considering daylight
controllers with presence of optical linkers for artificial lighting

system which turns on with enough daylight (in the standard range
of 300 to 500 lux) and they turn off when the daylight is not
sufficient as well as dependency of linkers to the presence and
absence of the residents. The difference between the two obtained
values indicates the percentage of reduction in electrical energy
consumption for the modelled study hall.

According to Fig. 5, it is evident with windows at maximum
height on the two sides of space, the rate of daylight and
uniformity rate fall is into an appropriate range in comparison with
the standard model. However, by changing the position of the
windows to the left and right of the space, it is seen that the
uniformity of daylight distribution decreases. This value is not
consistent in every point, which causes the undesired glare for the
users. By placing the window at its maximum length, uniformity
is again at its lowest level. In combined modes, it was evident that
by using the horizontal window with the vertical window, the rate
of uniformity in the space is slightly improved. However, when
the windows are in the middle of walls, more uniformity is
experienced. Finally, it could be concluded that in mode 1, walls,
a steadier rate of daylight and uniformity is experienced in the
space. Considering the inbounding daylights and its distribution in
space, with the presence of high openings, the deep light
penetration caused the lighting to be in the range of illuminance
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Fig. 7. Display of daylight factor distribution for the selected option (scenario 1)
of the window position.

and reduced the distance between minimum and maximum
illuminance. As a result, the daylight factor and uniformity rate
will be at a better range in terms of visual comfort. This uniform
light distribution enables the residents to utilize less artificial
lighting in space, which helps to reduce electrical energy
consumption by 30%. This value of reduction is compared with
other situations in Fig. 6. The illuminance distribution in the
optimal model is shown in Fig. 7. With better distribution and
uniformity of daylight in space, the rate of uniformity is as close
as 0.6, meaning better distribution and uniformity of light in space.
Therefore, the need to use artificial light has also been reduced,
leading to visual comfort for users and reduced energy
consumption. Among the studied scenarios, all the numbers

—— Daylight factor (min)

5.8
55 -
52
49
1e /—4.6
43

4

5.4 5.4

53

Daylight factor (av)

5.1

64

Table 4. The different models of dimensions of the window (division with a
distance of 20 cm).

Cases Scenario Scenario

number
Vertical division 1 Two windows with width of 6.4/2
(with 20 cm 2 Three windows with width of 6.4/3
distance of
windows) 3 Four windows with a width of 6. 4/4

4 Five windows with a width of 6. 4/5

5 Six windows with a width of 6. 4/6
Horizontal 6 Two windows with the height of 2.5/2
division (with 20
cm distance of
windows)
Grid division 7 Eight windows with a width of 1.8 and a
(with 20 cm height of 1.25 m
distance of 8 Sixteen windows with a width of 0.9 and
windows) a height of 1.25 m

obtained for the uniformity rate were less than 0.24 and this option
worked better than the others, as well as the daylight factor.
According to the previous comments, the energy consumption is
compared with the baseline scenario and the percentage reduction
is achieved.

4.2. Window form

In this section, the dimensions of the windows are discussed using
Table 4. Before analyzing this effect, the window to the wall ratio
is changed from 35% to 45% and subsequently 40 %. Hence, the
ratio of 40% provides suitable results. Hence, this value is
considered as a default for modelling proposes of this study as well
as calculating the area of the implemented windows. In this
section, the first and the base scenario/model is obtained using the
previous window to wall ratio of 40% and the window length of
6.40 cm. To obtain the appropriate window dimensions, the
horizontal and vertical divisions are performed at the level of the
windows while considering the distance from the floor, roof, and
as well as the window to wall ratio. Considering Fig. 8, creating
vertical divisions disturbs the daylight distribution. However,
amongst all the scenarios with vertical division, scenario three

—@— Uniformity

5.4

5.1 0.38

- 0.33

Uo

0.28

- 0.23

0.18

Simulations for window form

Fig. 8. The results of modelling in the study of visual comfort.
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Fig. 9. Percentage of changes in electrical energy consumption of space in different models.
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Fig. 10. Illustrating daylight factor distribution for the selected option (scenario
8) of dimensions of the window.

which divides into four vertical windows, provides better results
in comparison to other cases. This could be justified by creating
more divisions, the window is changed from vertical mode and it
almost covers all of the wall surfaces which increases the
difference in the light distribution which ultimately does not
provide suitable and positive results. However, having horizontal
divisions, the negative impact of vertical divisions is diminished.
The next step includes creating a grid division that involves a
combination of scenario 3 with vertical division and scenario 6
with the horizontal division. Finally, scenario 8 offers a
horizontal-vertical network relative to the base model which
shows a more uniform distribution of the daylight. Therefore, it
can be concluded that the use of the grid windows is the best option
as the distance from the roof and the floor is investigated. Figure
9 portrays the changes in electrical energy consumption in these

scenarios. It is evident in scenario 8, in addition to creating the
appropriate conditions of lighting, a 32% reduction in the
consumption of artificial light is recorded. Since this research aims
to find the best option to provide a satisfactory level of visual
comfort conditions while reducing electrical energy consumption,
scenario eight is considered as the optimal and base model for the
next stages of this study. The results, as mentioned earlier, are
shown in Fig. 10.

This section considers vertical and horizontal divisions that are
close to Iranian architecture and sash windows [51]. Smaller area
windows allow better distribution of light in the space and provide
better visual space.

4.3. Space geometry

After determining the position and dimensions of the window, the
geometry of space proportions is examined in this section. Table
5 shows the length to width ratio, and implementation of internal
awnings to provide the optimal conditions of thermal comfort.
According to Fig. 11, the reduction of the length to the width
ratio due to the excessive amount of inbounding light in space, the
difference between the minimum and maximum daylight factor in
space is increased. In other words, the rate of uniformity is far

Table 5. Different models in studying space geometry.

Scenarios Scenario Parameters
number
1 Length changed from 15 to 8
Length 2 Length changed from 15 to 10
changed 3 Length changed from 15 to 12
4 Length changed from 15 to 13.5
5 Length changed from 15 to 18
6 Height changed from 4.5 to 3.5
Height 7 Height changed from 4 to 4.20
changed 8 Height changed from 4 to 4.5
9 Height changed from 4 to 5
10 Adding a row of the curtain for the first row
Internal and 11 Adding South awnings for the first row
external
awnings 12 Adding a row of curtain and southern Awning
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Fig. 11. The results of modeling in the study of visual comfort of space.
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Fig. 12. Percentage of changes in electrical energy consumption of space in different models.

from the standard value. With the increase in length in Scenario 5,
the rate of uniformity, minimum and maximum daylight factor
reduces drastically. This means the light distribution is not
satisfactory due to the high length of the space. However, an
increase in dependent variables values is seen by changing the
height. The increased height by 5m in scenario 5, increases this
rate and causes the illuminance distribution. Therefore, the
obtained results suggest that space height up to 4.5m is better in
providing a more uniform distribution of light and lighting the
environment. With increasing the height, the amount of using
artificial light or daylight will vary according to each other, and
the comparison of these two values will show reduction
percentage in energy consumption, this is taken into account in all
studies. Also, only the number of lamps in each scenario for
energy consumption varies according to software calculations and
their type and amount of power are assumed to be the same.
Therefore, according to the space requirement and photosensors,
the energy consumption rate is calculated and compared to the
baseline model, the reduction percentage in each scenario is
obtained.

Furthermore, usage of internal curtains as awnings creates a
lighting balance between the area around the window and center
of the space. That rate of uniformity and daylight factor in space

6
Daylight factor (%)

Fig. 13. The display of daylight factor for the selected option (Scenario 10) of
dimensions of the window.
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Fig. 15. The results of modelling in the study of visual comfort of space.

compared to the other scenarios in the case as mentioned earlier is
closer to the standard. The external awnings on the south side
reduce this rate in a way that the minimum daylight factor is
reduced while its maximum increases. The results indicate that
using southern awnings against internal curtains harms the
balanced distribution of daylight in space. Finally, implementing
both types of awnings simultaneously has no desired effect in
space. Therefore, according to Fig. 12, in terms of electrical
energy consumption, a 34% decrease is seen in the option 10.
Additionally, based on the results of Fig. 13, this option is
considered as the most desirable option in simultaneous visual

comfort and energy consumption which is selected as the base
mode.

4.4. Layout of furniture

As is evident in Fig. 14, the layout types are changed in various
forms. Different modes are tested to investigate the reflection
effects of both horizontal and vertical surfaces. Figure 16 shows
that eight layouts behave desirably. In more detail, the occupancy
level of tables is considered 28% of the study space with a capacity
0of 50-60 (54 users). The main difference among various models is
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Fig. 16. Percentage of changes in electrical energy consumption of space in different models.

Table 6. Relationship between people activities, circadian action factor, and colour temperature.

Parameters Surface’s Reflection coefficient (Rho)
Model number  Floor Ceiling Wall of the Eastern wall Wall of the Western wall
south window north window
0 0.30 0.50 0.40 0.40 0.40 0.40
azflzeﬂe“imy of surface 0.30 0.50 0.20 0.40 020 0.40
2 0.30 0.50 0.60 0.40 0.60 0.40
3 0.30 0.50 0.30 0.40 0.30 0.40
4 0.30 0.50 0.50 0.40 0.50 0.40
5 0.30 0.50 0.40 0.60 0.40 0.60
6 0.30 0.50 0.40 0.20 0.40 0.20
7 0.30 0.50 0.40 0.50 0.40 0.50
8 0.30 0.50 0.20 0.60 0.20 0.60
The reflectivity of the 9 0.30 0.50 0.60 0.20 0.60 0.20
f;glflice ceiling to floorand g 0.10 0.50 0.40 0.60 0.40 0.60
11 0.20 0.50 0.40 0.60 0.40 0.60
12 0.40 0.50 0.40 0.60 0.40 0.60
13 0.50 0.50 0.40 0.60 0.40 0.60
14 0.40 0.10 0.40 0.60 0.40 0.60
15 0.40 0.20 0.40 0.60 0.40 0.60
16 0.40 0.30 0.40 0.60 0.40 0.60
17 0.40 0.40 0.40 0.60 0.40 0.60
18 0.40 0.60 0.40 0.60 0.40 0.60
Number of users in the 19 0.40 0.60 0.40 0.60 0.40 0.60
space

the placement of vertical and horizontal surfaces, separating study
tables (vertical or parallel with beams of light).

As shown in Fig. 15, among different scenarios for the layout of
surfaces in the space, it is observed that scenario 7 has a higher
uniformity rate as well as a more balanced minimum, maximum
and mean daylight factor in comparison to other scenarios. In this
scenario, the integrated placement of tables near the windows
reduced the excessive light as the light is distributed in space. The
integrated placement perpendicular to the layout close to the
windows distributes the light throughout the space, and more
uniformity in space is experienced. Besides, it is seen in Fig. 16
that the amount of electrical energy consumption in this scenario

decreases by 32%. Although this reduction of energy consumption
is lower than the base model, nevertheless the layout in the space
is inevitable and it is considered in this investigation. This
reduction in the amount of artificial lighting could be justified by
the penumbra caused by the presence of tables, vertical and
horizontal surfaces in space. Hence, based on the results, it is
observable that in a space with elongated rectangle geometry, it is
suitable to integrate the table layouts and place them closer to the
windows to aid daylight radiation in space and achieve higher
uniformity level of light through windows. Besides, the use of an
integrated layout along the length of the space is recommended to
spread the daylight in the middle and areas far from the windows.
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Fig. 17. The results of modeling in the study of visual comfort of space according to Table 6.
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Fig. 18. Percentage of changes in electrical energy consumption of space in different models according to Table 6.

The presence of vertical surfaces separating study tables
perpendicular to the window in a row near the window causes
radiation of light at different points in space and vertical separating
surfaces in parallel with the window in the middle of the space will
point the radiation along with space and the inbounding lights are
closer to the sidewalls. Therefore, scenario seven is considered as
the base model for the next stage.

4.5. Reflectivity of surfaces

This section elaborates on the role of reflectivity (reflection
coefficient) considering vertical and horizontal surface materials
in the desired lighting distribution. Surfaces with moderate
reflectivity obtained from field measurements, existing standards,
and common materials used in a variety of studies are considered
before this section. Therefore, the reflectivity coefficients for the
roof, floor, and the walls were considered as 0.5, 0.3 and 0.4,
respectively [48]. To explore the role of reflectivity of surfaces, a
proposed range is considered according to the standard range for
different surfaces so the values whether lower or higher than the

proposed range are neglected. The maximum reflectivity
coefficient for shiny surfaces is set at 0.6 while the minimum
reflectivity coefficient is 0.1 for surfaces such as mosaics and
stones on the floor. Thus, this parameter in various models is
simulated and studied according to Table 6. Based on scenario 7
obtained from the previous stage, areas closer to western and
eastern walls lack appropriate lighting while this phenomenon is
high near the windows.

Therefore, scenarios 1 to 9 is suggested to investigate the role
of reflexivity of walls with or without windows. The results show
that the reflectivity of northern and southern walls changed from
0.4 to 0.2 and 0.5 and 0.6, respectively. The obtained results in
Figs. 17 and 18 suggest that it is suitable to have a reflection
coefficient of 0.4 for walls with windows on facing the northern
and southern fronts. Subsequently, to examine the appropriate
level of reflectivity for the eastern and western walls, the
reflectivity of eastern and western walls changed from 0.4 to 0.2,
0.3,0.5 and 0.6. The reflectivity factor of 0.6 is more desired for
such surfaces. Therefore, the examination is conducted with a
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Fig. 20. (a) Three-dimensional display of optimal architecture model, (b) lighting distribution in space, and (¢) distribution of daylight factor in the optimal model of

study hall for scenario 18.

reflectivity factor of 0.4 and 0.6 for vertical surfaces (walls). The
reflexivity of the floor at this stage is changed from 0.3 t0 0.1, 0.2,
0.4 and then 0.5 as the maximum reflectivity for the floor as
greater values cause visual discomfort. The reflectivity coefficient
of 0.4 for the floor is highly effective for lighting in space. In the
end, this value is tested for the roof. The reflectivity of roof is
changed from 0.5 t0 0.1, 0.2, 0.3, 0.4 and 0.6.

As a result, the investigations show the reflectivity of 0.6 as the
optimal value. It should be noted that the inside layout of the space
has its reflection coefficient, but due to limitation in computer
simulation this option is impossible to alter in all investigations
and therefore reflectivity of 0.5 is considered for tables with
wooden materials. The reflectivity of side surfaces in space,
scenario 18 causes a 34% reduction of artificial light is also
selected as the most optimal option. As in every architectural
space, the layouts, individuals, and users are not separable, in the
final stage of the simulation; the desired option with the presence
of people inside the space is examined and simulated. As shown
in Fig. 19(a), the distribution of lighting in scenario 18 is within

the balanced range in comparison with the standard level in terms
of uniformity rate and daylight factor. As the residents enter the
space, dependent variables values increase and place at the
standard range, as shown in Fig. 19(b). The relevant standard
suggests it, the minimum uniformity rate and daylight factor
should be 0.6 and 2% respectively, which means for simulation
purposes of this value should be between 4 and 5 while its
maximum should not exceed 6. Analyzing the results suggest such
cases are observed in scenario 19, and it is concluded that this
scenario is the optimal model for appropriate lighting distribution.
In addition to creating desirable visual comfort in space, scenario
nine according to Fig. 18, helps to decrease the electrical energy
consumption by 32%. Therefore, based on the lighting standards
by implementing this scenario using daylight and creating visual
comfort more than one-third of the electrical energy is saved in
space.

The presence of people in the scenario was due to the type of
layout and was the only criterion for assessing the presence of
people with anthropogenic conditions on the distribution of
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Fig. 21. The impact of different variables on daylight factor and uniformity rate.

daylight. There is no dynamic presence or movement of
individuals. In fact, the aim was to determine what changes in the
rate of light entering the space, despite the human elements with
human conditions.

The proposed architectural model is presented in Fig. 20. Figure
21 also shows the impact of various factors of this research on the
daylight factor and uniformity rate.

5. Conclusions

This study examines the factors affecting in providing the optimal
model for study space to reduce the electrical energy consumption
while achieving the visual comfort of the space users using
computer simulations in Relux. The analysis results suggest that
position and dimensions of the windows, space proportions,
vertical and horizontal placement of the surfaces (the type of
furniture layout) in space and reflectivity of the inner surface
materials had the most significant impact on the lighting
distribution in space, respectively. The use of windows with a
maximum height to width ratio of 35 to 45% with the preferable
ratio of 40% can decrease the electrical energy consumption by
32% with horizontal and vertical divisions. It also improves the
visual comfort situation by 7.5%. The optimal length to width and
height ratios are 6.5 and 5.2 respectively, to create visual comfort
in space as well as reducing the electrical energy consumption by
34% reduction.

This influential factor plays an essential role in achieving
optimal lighting conditions by 24%. In terms of inner surfaces
layout, using horizontal and vertical surfaces with two front
windows along the length of the building provides a better
uniformity rate in lighting. Therefore, it distributes the light
around and in the middle of the room. This factor causes a 33%
reduction in electrical energy consumption as well as improving
the visual comfort conditions by up 27%. Furthermore, the
suitable range for reflection coefficient for the roof, floor, walls
with windows, and walls of two other fronts are 0.6, 0.4, 0.4, and
0.6, respectively. By using these coefficients, the difference
obtained from validation of this architectural model shown with
uniformity rate, minimum and mean daylight of 0.61, 2.1, and

4.1% respectively which decrease the use of artificial lighting by
32%. The proper conditions to achieve visual comfort and uniform
distribution of daylight in space are created. The obtained results
based on 30° to 40° north latitude that requires more daylight in
the internal spaces, there is the possibility of change in results due
to the changes in radiation direction and angle of the sun.

Besides, various factors including orientation, geometry, space,
glass type, the ratio of glass dimensions to the windows frame, the
effect of shading devices and cracks in the roof, the effect of roof
types such as gable and dome roofs, etc can affect the uniformity
and distribution of lighting in visual comfort achievement. The
factors as mentioned earlier, can be used as future research themes
to be investigated to provide a better level of visual comfort and
optimal energy consumption.
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