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Abstract

Window design affects the building's appearance. Besides, it has a significant impact on daylight performance and the visual comfort of
interior spaces. Therefore, choosing the shape and position of windows can be a challenge for architects. This research aims to investigate
the impact of window design on dynamic daylight performance to enhance visual comfort. The research examines five common window
shapes that are located in two different positions on the southern-facing side. The most common dynamic daylight metrics of LEED
v4.1 were used to investigate the spatial daylight autonomy (sDA), and annual sunlight exposure (ASE). Furthermore, useful daylight
illuminance (UDI) was considered a complementary approach to assess useful daylight levels. The metrics are examined in three cities
including Mashhad, Isfahan, and Bandar Abbas, which are located in the northeast, center, and south of Iran, respectively. Thirty
simulations in each city are conducted by Grasshopper Graphical editor as a parametric interface and its plugins, ladybug, and honeybee
for dynamic daylight analysis. The results emphasize that window design has a significant impact on dynamic daylight performance.
The square window meets the LEED needs in three cities by achieving maximum sDA and minimum ASE by up to 68.8% and 20% in
both positions, respectively. Moreover, the centrally positioned square window presents the lowest ASE level of 14.4% among other
cases. However, the windows in a higher position, especially horizontal windows obtain the highest values of sDA, UDI, and ASE by
up to 77%, 59%, and 30%, respectively. Therefore, the ASE rates deteriorate by increasing the sill height and head height of windows.
This paper can provide window design recommendations based on the comparison of dynamic daylight metrics for five common window
shapes.

© 2023 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license
(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Window design is sometimes considered to be the result of an
architectural style more than a determining issue of daylight
performance. However, window design, the principal element to
obtain daylight, has a significant impact on achieving visual
comfort and reducing energy consumption in buildings. Thus, the
proper position, area, size, number, and shape of the windows and
the characteristics of the glass are vital in daylight distribution and
reducing the need for artificial lighting.

Daylight provides a higher level of visual comfort to the
occupants compared to electric light [1,2]. Therefore, it is a
significant parameter in window design and a potential passive
solution to improve energy efficiency and visual comfort,
particularly in office buildings [2]. Daylight performance analysis
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and incorporation of the findings with the building fagade design
process can ensure the effective use of daylighting in buildings [3].
Daylight performance metrics are divided into two categories
including static and dynamic that are based on the analysis period
(point-in-time vs. annual) and sky model (standard vs. climate-
based) [4]. daylight factors (DF) is a static daylight metric that
calculates under overcast conditions. However, dynamic daylight
metrics such as spatial daylight autonomy (sDA), useful daylight
illuminance (UDI), and annual sunlight exposure (ASE) are
according to annual daylight illuminance data, thus the room
location, the window orientation, or building occupancy pattern
affect the calculation of results [5,6].

Several studies have been conducted about window size, type,
material, and orientation on dynamic daylight performance to
achieve visual and thermal comfort. Examples include the effect
of window-to-wall ratio (WWR) by providing the equivalence
between energy and visual requirements [7-9]. Offering
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Nomenclature

ADF  Average Daylight Factor

ASE  Annual Sunlight Exposure

BSk Cold semi-arid climate

BWh  Hot desert climate

BWk  Cold desert climate

CBDM Climate-Based Daylight Modelling
Csa Hot-summer Mediterranean climate

DA Daylight autonomy

DF Daylight factor

Dsa Mediterranean-influenced hot-summer humid
continental climate

DGP  Daylight Glare Probability

EPW  EnergyPlus Weather File

LEED  Leadership in energy and environmental design

sDA Spatial Daylight Autonomy

UDI Useful Daylight Illuminance

WDR  Width-to-Depth Ratio

WFR  Window-to-Floor Ratio

Wp Working plane
WWR  Window-to-Wall Ratio
FWR  Film-to-Window Ratio

approaches to optimize the WWR, glazing, and film area film-to-
window ratio (FWR) for spatial daylight autonomy [10]. Finding
the appropriate values of WWR and width-to-depth ratio (WDR)
for specific orientations and climate conditions [11], and wall
reflectance on Hybrid-Model Simulations to equilibrate daylight
and energy demand [12]. Presenting a multi-objective
optimization framework as a decision-making tool for office
windows to maximize the quality of view, daylight, and minimize
energy usage [13], and influence of a glazing system using parallel
slat transparent insulation material on daylight performance [14].

Other studies tried to demonstrate the impact of daylighting
control systems on dynamic daylight metrics, such as the effects
of daylight technologies to improve daylight illuminance levels,
uniformity distribution, and energy saving, comprising the light
shelf [15,16], anidolic systems, translucent materials, and light
shelf coupled with external reflectors [16]. Proposing a new
ceramic louver system for office buildings on dynamic daylight
performance [17], Optimizing of louver shading devices by
parametric and multi-objective optimization approaches to
achieve maximum UDI and reduce energy consumption in an
office room under three sky conditions [18], and improving the
flexibility of shading to control daylight and glare quality of office
spaces by dynamic shading system [19]. Increasing the efficiency
of indoor daylight using optimal kinetic shading systems [21].
Enhancing visual comfort and lighting energy consumption by
developing optimum fixed external shading systems [20], and
optimizing passive daylight strategies through dynamic metrics to
achieve simultaneous focus on maximizing daylight penetration
and diminishing the risk of glare [22].

However, little attention has been paid to the influence of
window shapes and positions on dynamic daylight performance in
buildings. Lui et al. [23] investigated the illumination distribution
and daylight glare with different windows, and determined that the
rectangle window has the maximum illumination and glare.
Whereas, the circular window and both circular, and square
windows have the lowest amount of indoor illumination and glare,

respectively. The other windows, including square window,
vertical, and arched have little change in maximum and minimum
internal illumination, respectively. Maleki and Dehghan [24] to
find the optimal design of windows, considering four factors of
WWR, window shape and position, demonstrated the values of
average daylight factor (ADF), sDA, and UDI to achieve an
acceptable range of daylight metrics in all orientations. While the
ASE requires improvement. The north-facing WWR of 40% is a
good selection, WWR of 30% with the square and horizontal
shapes in the upper and central positions were optimal solutions
for other window orientations. Acosta et al. [5] to quantify the
daylight dynamic metrics for different window models and
analyze the results, presented that horizontal windows in the side
axis provided higher daylight autonomy (DA) values and more
uniform illumination, and higher energy saving than other shapes
of windows. Additionally, Acosta et al. [25] in another research
quantified the daylight factors for different window models and
analyzed the results, concluding that square windows provide a
slightly higher daylight factor value than horizontal windows and
significantly higher than vertical windows. However, horizontal
windows present higher energy savings than other window shapes.
In addition, few studies have been conducted on window design
with identical window-to-floor ratio (WFR) and specific climate
conditions based on the Koppen climate classification. In a study
to determine the optimum window size based on WFR in the
climates (CSa and DSa), through UDI, DA, and ASE metrics, the
horizontal window was the best in these two climates. However, it
receives higher illuminance levels and ASE in the upper position
[26].

As shown in Table 1, a summary of previous studies
demonstrate that horizontal and square windows show the best
results of static and dynamic daylight performance among other
window shapes. Nevertheless, the findings slightly change
according to different climates and window orientations. The
horizontal windows provide more uniform illuminance and higher
energy savings for electrical lighting, the windows in higher
positions present deeper daylight penetration into indoor spaces,
and the windows in the central place at eye level presenting a view
of the outside are also beneficial.

Based on previous studies, this research aims to assess the
impact of window design on dynamic daylight performance. This
paper investigates the effect of the most common window shapes
and positions for an office building in arid and semi-arid climates
of Iran respecting the limits imposed by the LEED rating system.

2. Methodology
2.1. Overview of the research methodology

In general, the research process is carried out in three phases which
are presented as follows:

e In phase one, five window shapes in two different positions
in geometry models of office space are parametrically
modeled by Grasshopper 3D.

e In phase two, weather data of three different cities and other
simulated properties are included as shown in Table 2, and
dynamic daylight metrics namely, sDA, ASE, and UDI are
simulated by Honeybee and Ladybug plugins for
Grasshopper 3D.
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Table 1. Previous studies about window shapes and positions.

Authors Location  Space Ratio Simulation Static Dynamic The best window ‘Window shapes
/Climate software metrics daylight and  shapes
glare metrics
Liuetal China, Classroom  WWR  DIALux - Illumination The rectangle South facade
[23] Dalian distribution window has the
and DGP maximum D D
illumination and —
OLIL
Maleki &  Iran, Office WWR  DesignBuilder ~ ADF sDA, UDI The square and South North
Dehghan  Isfahan building 6.1.0 and ASE horizontal windows B[ || )=
[24] (BWK) in the upper and u |—| u |-E| u u u
DesignExplor central positions East West
er with WWR 30% are | | [
thima] solutions. u |—| u u ‘—|
Honeybee
0.0.64 in
Grasshopper
Acostaet UK, Residential WWR  DaySim 3.2 - DA, and UDI  The horizontal North facade
al [5] London space windows in higher = [
position has the best = =
results. D ’ ‘
= ||| = | EE
n|@
Acostaet - - WWR Daylight DF - The square windows North facade
al [25] Visualizer have a slightly = [
2.6 greater DF value a =
than horizontal
ones. while the I ‘ ‘
vertical windows D
are the worst. = ||| = ||
LR
Kharvari  Csa and Residential ~ WFR Radiance - UDI, DA, and  The horizontal South facade
[26] Dsa building version 5.1 ASE windows offer [ ’:,‘ ):‘
climates greater benefits than
Octopus vertical windows.
version 0.4 o
North facade
|

[ ]

e In phase three, optimum windows are selected by comparing
dynamic daylight results based on LEED in three different
climates. Figure 1 depicts the overall procedure employed.

2.2. Window shapes and positions

In this research, office space is determined with different window
shapes and positions. As demonstrated in Fig. 2, five windows
with the most common shapes of current architecture were utilized,
including square, combined, double vertical with almost the same
shapes and sill height, similarly double square, and horizontal
windows in two positions (central and upper on the wall). The
recommended WFR of 1/8 (12.5%), or WWR of 33.3% is
provided based on Code 4 of Iran's National Building Regulations
[27].

2.3. Office space description

Daylighting affects the energy consumption, visual comfort of a
work environment, productivity, and employee satisfaction,
especially in office spaces [28]. In this study, a typical office space
is chosen with the most common shapes and positions of the
window to analyze daylight. A virtual office room measuring 5.0m
widex8m deepx3m high is modeled. Building surroundings have
not been considered in simulations. The windows are located on
the southern-facing side. The surface reflectance values are
determined based on the European Standard EN 12464-1:2011
[29]. Moreover, working hours are considered when the zone is
occupied from 8 AM to 6 PM. Table 2 and Fig. 3 present the
characteristics of the case study.
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Fig. 1. Methodology flowchart.
Sm
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Shape A (Square) Shape B (Combined) Shape C (Double vertical) Shape D (Double square) Shape E (Horizontal)
OKB:0.4m OKB:0.5m OKB:0.5m OKB:0.7m OKB:0.8m

Upper position

Shape A’ (Square)
OKB:0.65m

Shape B' (Combined)
OKB:0.90m

Fig. 2. Different shapes and positions of window.

2.4. Location and climate data

The study is conducted considering three different climates based
on the Koppen climate classification in the arid and semi-arid
climates of Iran (BSk, BWk, and BWh). Three selected locations
include Mashhad (36° 18' 38.5164" N, 59° 35' 58.0452" E),
Isfahan (32° 39' 40.8348" N, 51° 40' 49.3464" E), and Bandar
Abbas (27° 11' 1.3488" N, 56° 16' 38.8092" E) in the northeast,
center, and south part of Iran, respectively. Considering that
daylighting produces adequate internal lighting through the
utilization of direct and diffuse radiation, in this section, these
rates are obtained in three climate zones utilizing energyplus
weather file (EPW) import data in the ladybug plugin. The results
indicate that radiation is dominant in Mashhad with a maximum
value of 240000 Wh/m?, while Bandar Abbas has prevailing
diffuse radiation at the rate of a maximum of 144000 Wh/m?.
Furthermore, direct and diffuse radiation are nearly the same in
Isfahan with a maximum of 120000 Wh/m?, as shown in Figs. 4

Shape C' (Double vertical)
OKB:0.90m

Shape D’ (Double square)
OKB:1.30m

Shape E’ (Horizontal)
OKB:1.58m

and 5. This paper demonstrates that direct and diffuse radiation
have an impact on the rates of dynamic daylight metrics.

2.5. Calculation metrics

The main benefit of dynamic daylight performance metrics over
static metrics is that they must be considered over time. So that, it
incorporates daily and seasonal variations during a whole year
[30,31]. Accordingly, an annual climate file for the building
containing hourly data on direct and diffuse irradiance must be
loaded to simulate dynamic daylight [30]. The purpose of daylight
credits is to encourage and identify designs that provide the proper
levels of daylight for building occupants [32]. Verifying window
designs comply with LEED can lead to particular needed daylight
values with the minimum thermal loads [33]. The LEED energy
rating system considered climate-based daylight modeling
(CBDM) metrics as part of its daylighting assessment. Designers
can assess intricate, long-term luminous environment dynamics
using the CBDM metrics [34].
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Parameter Value

Location Iran, Mashhad (BSK), Isfahan (BWk), and Bandar Abbas (BWh)
Occupation Office building

Working hours 8:00 am to 6:00 pm

Window orientation South

Window shape Cases A&A' (Square windows): 2.25m x 2.25m
Cases B&B' (Combined windows): 0.7mx2m & 1.80mx2m
Cases C&C' (Double Vertical windows): 1.25m x 2m
Cases D&D’ (Double Square windows): 1.60m x 1.60m
Cases E&E’ (Horizontal window): 3.80m x1.32m

Window number 1-2

Window area (m?) 5 m?

Window-to-floor ratio (WFR) 1/8 (12.5%), following the Code 4 of Iran's National Building Regulations

(General building requirements)

Space dimensions (m?) 5x8=40 m?
Working plane (Wp) 0.80 m

Grid plane 0.5%0.5 m?
Ceiling height (m) 3m

Walls reflectance (%) 0.75 (0.50-0.80)

0.80 (0.60-0.90)
0.20 (0.10-0.50)
Window transmittance (%) 0.80

Shading and No shading and artificial light
lighting

Ceiling reflectance (%)

Floor reflectance (%)

Celling

80% reflectance

Internal Walls

75% reflectance

Glazing

80% transmittance

Floor
20% reflectance

plane (0.80m)

Fig. 3. Characteristics of the case study.

The most common dynamic daylight metrics used in the LEED N
are sDA and ASE, both of which can help architects make good
design decisions [13]. The two metrics are used in common
workplace environments with similar visual tasks, such as open
offices, classrooms, meeting rooms, multi-purpose rooms, and

Turkmenistan
I Ashgabat
e

Tehran
e

é

libraries or lobbies [35]. Occupied space must meet the a
requirements of ASE1000, 250 hr < 10% to obtain daylight credits 9
Isfahan Iran

for the LEED. However, for values with ASE1000,250 greater
than 10% should describe glare reduction solutions [36].
Moreover, increasing the UDI in interior spaces has been a priority
for architects, building engineers, and designers [37]. Therefore,
in this study, sDA, ASE, and UDI are applied to gain visual
comfort. Table 3 presents the percentage of three dynamic daylight

\\ \§ Q

e 9
Damn;mn Persian Guif \ﬂg-mdaf‘Abbas

) ) ) e Baprsnt unai )
metrics combined with their points. Rysch N S 7 Raaa [
. ) e % S - N
The evaluation of daylight performance by utilizing advanced “u T ‘yumga’mab yg , E
Saudi Arabia Emirates <. .

daylight simulation software should be considered for the building

in the early stages of the design process [3]. Thus, the Ladybug  Fig 4 Three different cities of Iran.
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city: Bandar Abass

Fig. 5. Direct and diffuse radiation in three climates of Iran.

Table 3. Dynamic daylight metrics and thresholds.

IDirect Normal Radiation

Diffuse Horizontal Radiation

Parameter Comments
sDA (Spatial Daylight sDAsooix 50% demonstrates the percentage of floor area in which minimum illumination is 300 lux for 50% hours of the year
Autonomy) when the zone was occupied (from 8 a.m. to 6 p.m.), or sDA3001x,50%.

Percentage of regularly occupied floor area is at least 40% (1 point), 55% (2 points), and 75% (3 points) [36]. LEED v4.1

ASE (Annual Sunlight
Exposure)
than 250 hours of the year [36].

ASE 001x, 250n displays the percentage of floor area in which the direct exposure of the sun is more than 1000 lux for more

The acceptable ASE is <20%, and the preferable ASE is <10% of the floor area. LEED v4.1

UDI (Useful Daylight
Illuminance)
30001x for 50% hours of the year [38].

UDI 300-30001x,50% indicates the percentage of occupied floor area which is considered for acceptable illuminance between 300-

and Honeybee plugins for Grasshopper 3D, a graphical algorithm
plug-in for Rhinoceros, have been used to analyze dynamic
daylight performance.

3. Results and discussion

As can be observed in Tables 4 to 9, the annual illuminance and
direct sunlight distribution map are presented for each metric in
three cities including Mashhad (BSk), Isfahan (BWk), and Bandar
Abbas (BWh). Based on ASE <20%, sDA >40% and UDI > 55%
of floor area, the red contour range indicates acceptable limits of
dynamic daylight values.

To be in the LEED standard framework, it is necessary to
increase sDA, and reduce ASE. The sDA does not specify an upper
threshold for acceptable illuminance values that can cause visual
discomfort due to glare from daylight. Accordingly, the ASE, an
indicator of direct sun penetration into the occupied space [39], is
used in conjunction with sDA to assess the risk of glare-induced
visual discomfort. In other words, it can be considered a modifier
of the sDA [40]. In addition, with increasing the WFR raises the
sDA, which means illuminance levels surpass the 3000 lux
threshold. Thus, UDI decreases [26]. Eventually, UDI is examined
together with the two metrics to enhance the precision of the
results, and provide useful illuminance in an acceptable range [14].

3.1. Impact of window design on useful daylight illuminance

As can be seen in Fig. 6, the simulation results for windows in
three cities present that regarding the suggested UDI > 55% of the
floor area, The range of UDI is 42% to 59%. The useful daylight
illuminance level is the highest in the center of the room,
decreasing quickly in the room's rear, as expected. Moreover,
some window shapes provide useful illuminance deeper into the
room by increasing the sill height, achieving a slightly higher than
UDI of 55%. Data analysis can be broadly classified into the
following categories.

3.1.1. Window shapes and positions

e Shapes D' and E’ in the upper position have an acceptable
UDI of 58%, and 59% in Mashhad City, respectively.

e Shape E' meets the acceptable UDI in three climates.

e Shapes E and E’ with the minimum and maximum head
height show the lowest and highest UDI values in all cities,
respectively.
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Table 4. Annual daylight metrics results for five window shapes in the central position in Mashhad with BSk climate.

Shape A Shape B Shape C Shape D Shape E

1 1 Il |

UDI: 51.0% UDI: 50.0% UDI: 51.0% UDI: 49.0% UDI: 47.5%

% of hours % of hours % of hours % of hours % of hours

Central
position

° 90.00 90.00 90.00 90.00
% 81.00 81.00 81.00 81.00 81.00
§ 7200 7200 7200 7200
2 63.00 63.00 63.00 63.00
=3 54.00 54.00 54.00
= 45.00 45.00 45.00 45,00
g 36.00 36.00 36.00 36.00
27.00 27.00 27.00 2700
1800 18.00 18.00 Imon
o0 r a0
0.00 0.00
sDA: 61 .0% sDA: 60.0% sDA: 60.0% sDA: 64.5% sDA: 61.0%
— % of hours % of hours % of hours % of hours
000 50,00 0.00
§ 81.00 81.00 81.00 81.00 81.00
2 . 200 200
S
2 63.00 3.00 63.00 63.00
< 5400 54.00 54.00
[a) 4500 5.00 45.00 5.00
@ 3600 3600 36.00 3600
27.00 7.00 27.00 7.00
muu 18.00 18.00 8.00
ASE: 16.3% ASE: 17.5% ASE: 18.1% ASE: 22.5% ASE: 21.3%
hours hours hours hours hours
1700.00 1700.00 1700.6 160000 170000
§ 1530.00 1530.00 1530.6 144000 153000
g o oac 000 010
=1 1190.00 1120.00 11906 112000 1190.00
LE 102000 1020.00 10206 96000 102000
n 850.00 850.00 85000 800.00 850.00
< 680.00 680.00 68000 640.00 680.00
51000 510.00 51000 480.00 mon
340,00 340.00 34000 32000 340 00
0.00 0.00 0.00 0.00

Table 5. Annual daylight metrics results for five window shapes in the upper position in Mashhad with BSk climate.

Shape D’

Shape A’ Shape B’ Shape C’

o (1N §E &E [T

UDI:54.0% UDI: 54.0% UDI: 53.0% UDI: 58.0% UDI: 59.0%

% of hours

Upper
position

% of hours.

NS 90.00 90.00
"c': 81.00 81.00
§ 72.00 72.00
g 63.00 63.00
=3 54.00 54.00
= 45.00 45.00
% 36.00 36.00
- 27.00 27.00
18.00 18.00
e sl |
] L] o0 o0
sDA: 65.0% sDA: 65.0% sDA: 65.0% sDA: 69.0% :70.
% of hours. % of hours. % of hours
90.00 90.00
§ || 81.00 81.00
5 200 7200
g L ]| Moo 6200
54.00 54.00
5
v 36.00 36.00
27.00 27.00
1800 1800
9.00 9.00
0.00 0.00
ASE: 16.9% ASE: 21.3% ASE: 22.5% ASE: 26.3% ASE: 25.6%
hours. hours hours hours hours
1600.00 1600.00 1600.00 1600.00 1600.00
§ 1440.00 1440.00 1440.00 1440.00 1440.00
;« 1280.00 1280.00 1280.00 1280.00 1280.00
S 112000 112000 12000 112000 112000
F-E 960.00 96000 96000 960.00 960.00
w 800.00 800.00 800.00 800.00 800.00
< 640.00 640.00 640.00 640.00 640.00
480.00 480.00 480.00 480.00 480.00
320.00 320.00 320.00 320.00 1320.00
160.00 160.00 160.00 160.00 160.00
0.00 0.00 0.00 10.00
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Table 6. Annual daylight metrics results for five window shapes in the central position in Isfahan with BWk climate.

Central
position

SDA 300, 50% UDI 300-3000, 50%

ASE 1000, 250n

Shape A

UDI: 50.6%

% of hours.

90.00
81.00
72.00
63.00
54.00
45.00
36.00
27.00
18.00
9.00

0.00

sDA: 65%

%
90.00
81.00
72.00
63.00
54.00
45.00
36.00
27.00

18.00
9.00
0.00

ASE: 18.8[;%1

1900.00
1710.00
1520.00
1330.00
114000
95000
760.00
570.00
380.00
190.00
0.00

Shape B

UDI: 46.3%

% of hours

e |
9.00

sDA: 63.1%

% of hours

ASE: 20.6%

ho

1900.00
1710.00
1520.00
1330.00
1140.00
950.00
760.00
570.00
380.00
190.00
0.00

urs

90.00
81.00
72.00
63.00
54.00
45.00
36.00
27.00
18.00
9.00

0.00

S-hape C

UDI: 47.5%

ASE: 22.5%

1900.00
1710.00
1520.00
1330.00
1140.00
950.00
760.00
57000
380.00
190.00
0.00

Shape D

i1

UDI: 47.5%

% of hours

sDA: 67.5%

of hours

%
90.00
81.00
72.00
63.00
54.00
45.00
36.00
27.00
18.00
9.00
0.00

ASE: 24.4%

1900.00
171000
152000
1330.00
114000
950.00
760.00
570.00
380.00
190.00
0.00

Shape E

UDI: 48.3%

% of hours
90.00
81.00
72.00
63.00
54.00
45.00
36.00

sDA: 62.5%

% of hours.

90.00
81.00
72.00
63.00
54.00

ASE: 23.1%

hours
1900.00
1710.00
1520.00
1330.00
1140.00
950.00
760.00
570.00
380.00
190.00
0.00

Table 7. Annual daylight metrics results for five window shapes in the upper position in Isfahan with BWk climate.

Upper
position

SDA 300, 50% UDI 300-3000, 50%

ASE 1000, 250n

Shape A’

a 1§ 1N

UDI:53.8%

% of hours
90.00
81.00
72.00
63.00
54.00
45.00
36.00
27.00
18.00

sDA: 68.8%

ASE: 20.0%

hours

1900.00
1710.00
1520.00
1330.00
1140.00
95000
760.00
57000
Iseona
Imo 00
0.00

Shape B’

UDI: 50.0%

% of hours

90.00
81.00
72.00
63.00
54.00
45.00
36.00
27.00
18.00
9.00

0.00

sDA: 69.0%

% of hours

90.00
81.00
72.00
63.00
54.00
45.00
36.00
27.00
lwsoo
I9 00
0.00

ASE: 25.6%

0.00

1900.00
1710.00
1520.00
1330.00
1140.00
950,00
760.00
57000
380.00
190.00

Shape C’

UDI: 48.1%

% of hours

ASE: 25.0%

hours.

1900.00
171000
1520.00
1330.00
114000
950.00
760.00
570.00
380.00
190.00
0.00

Shape D'

UDI: 52.5%

% of hours

90.00
81.00
72.00

63.00

54.00

45.00
36.00
27.00
18.00

Isun
0.00

sDA: 75.0%

% of hours

90.00
81.00
72.00
63.00
54.00
4500
36.00
27.00
18.00
9.00

0.00

ASE: 30.0%

Shape E'

UDI: 57.0%

% of hours.

1900.00
1710.00
1520.00
1330.00
1140.00
95000
760.00
57000
380.00
190.00
0.00

90.00
81.00
72.00
63.00
54.00
4500
36.00
27.00
18.00
9.00
0.00

sDA: 76.9%

ASE: 28.8%

1900.00
1710.00
1520.00
1330.00
1140.00
950,00
760.00
57000
380.00
190.00
0.00
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Table 8. Annual daylight metrics results for five window shapes in the central position in Bandar Abbas with BWh climate.

Central
position

sDA 300, 50% UDI 300-3000, 50%

ASE 1000, 250n

Shape A

UDI: 50.6%

9% of hours

ASE: 14.4%

18.00

0.00

hours

1600.00
1440.00
1280.00
1120.00
960.00
800,00
640.00

320,00

|
ItSD 00

4su 00

Shape B

UDI: 44.4%

% of hours.

sDA: 63.8%

% of hours

ASE: 15.6%

hours

1600.0
1440.0
12800
11200
960.00
800.00
640.00
480.00
i320.00
160.00
0.00

90.00
81.00
72.00
63.00
54.00
45.00
36.00
27.00
18.00
9.00

0.00

Shape C

UDI: 44.4%

9% of hours

81.00
72,00
63.00
54.00
45.00
36.00
27.00
18.00
0.00

sDA: 62.5%

% of hours.

90.00
81.00
72.00
63.00
54.00
45.00
36.00
_ 27.00
_ 1800
9.00
0.00

ASE: 16.9%

hours

1600.00
1440.00
1280.00
1120.00
960.00
80000
640.00
480,00
32000
160.00
0.00

Shape D

i1

UDI: 45.0%

9% of hours.

90,00
81.00
72.00
63.00
54.00
45.00
36.00
27.00
m 00

sDA: 68.1%

% of hours

90.00
81.00
72.00
63.00
54.00
4500
36.00
27.00
18.00
9.00

0.00

ASE: 21.3%

hours

1600.00
1440.00
1280.00
1120.00
960.00
800.00
640.00
480.00
320,00
150 00

S-hape E

UDI: 42.0%

% of hours

18.00
0.00

sDA: 63.1%

% of hours.

90.00
81.00
72.00
63.00
54.00
45.00
36.00
27.00
1800
9.00

0.00

ASE: 17.5%

1600.00
144000
128000
12000
960,00

800,00

640,00

480.00

320,00

u ~ 1s000
0.00

Table 9. Annual daylight metrics results for five window shapes in the upper position in Bandar Abbas with BWh climate.

sDA 300, 50% UDI 300-3000, 50%

ASE 1000, 250n

S-hape A’

Shape B’

Shape C’

E@@

UDIL:51%

ASE: 18.1%

9% of hours.

hours

1600.00
1440.00
1280.00
1120.00
960.00
80000
840.00
480.00

32000

0.00

UDI: 48.1%

% of hours

90.0
81.00
72.00
63.00
54.00
45.00
36.0
27.00
18.00
9n
oc

sDA: 69.4%

% of hours.

90.0
81.00
72.00
63.0
54.00
45.00
36.0
27 00
|s 00
9
o

ASE: 20.0%

hours

1600.00
1440.00
1280.00
1120.00
960.00
80000
640.00
480,00
32000
160.00
0.00

UDI: 48.0%

% of hours.

90.00
81.00
72,00
6300
54.00
4500
36.00
27.00
moo
900

0.00

sDA: 70.0%

% of hours

81.00
72.00
63.00
45.00

00
27.00
15 00

ASE: 21.9%

hours

1600.00
1440.00
1280.00
1120.00
960.00
800.00
640.00
480.00
320,00
160.00

UDI: 47.5%

9% of hours
90.00
81.00
72.00

63.00
54.00
45.00
36.00

2700

18,00

sDA: 74.4%

% of hours.

90.00
81.00
72.00
63.00
54.00
45.00
36.00
2700
18.00
9.00

0.00

ASE: 23.1%

hours

1600.00
1440.00
1280.00
1120.00
960.00
80000
640.00
480.00
320.00
I1eo 00
0.00

UDI: 54.5%

% of hours

Ia\ 00
umo

sDA: 76.9%

% of hours

81.00
72.00
63.00
45.00
27.00
15 00

ASE: 25.0%

hours

1600.00
1440.00
1280.00
1120.00
960.00
80000
64000
[ 480.00
320,00
150 00
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3.1.2. Climates 3.2. Impact of window design on spatial daylight autonomy

e InMashhad, with dominant direct radiation, the range of UDI ~ As can be deduced from Fig. 7, considering the recommended
is 47.5% to 59%, and it is the highest value among the other ~ SDA > 40% of the floor area, values are in the acceptable range of

two climates. 60% to 76.9% in three climates. Analysis reveals that some
o In Isfahan, with nearly equal direct and diffuse radiation, the window shapes achieve more than sDA of 65% by increasing sill

range of UDI is 43.8% to 57%. height. Thus, windows at a higher position provide a larger level
e In Bandar Abbas, with dominant diffuse radiation, the range ~ of daylight autonomy in the room's middle and back.

of UDI is 42 % to 55%, and it is the lowest rate compared to Data analyses are presented below.

the other climates.

60.0%

58.0%

56.0%

54.0%

52.0%

50.0%

48.0%

% OF THE FLOOR AREA

46.0%

44.0%

42.0%
’ Shape A Shape B Shape C  Shape D Shape E  Shape A’ Shape B’ Shape C' ShapeD’ Shape E'

Central position Upper position
—+—Mashhad (BSk) UDI 51.0% 50.0% 51.0% 49.0% 47.5% 54.0% 54.0% 53.0% | 58.0% 59.0% |
Isfahan (BWk) UDI 50.6% 46.3% 47.5% 47.5% 43.8% 53.8% 50.0% 48.1% 53.0% 57.0%
——Bandar Abbas (BWh) UDI  50.6% 44.4% 44.4% 45.0% 42.0% 51.0% 48.1% 48.0% 48.0% | 55.0% |

Fig. 6. Comparison values of UDI in central and upper windows.

78.0% 76.9%
76.0%
74.0%
jué 72.0%
<
-4
o 70.0%
S
= 68.1%
o 68.0% 672%
T X
H
i3
o 65.6%
= 66.0% 65.0%
64.5%
3.8%
64.0% S :
62.5f0 %
62.0% 61.0% 0%
60.0% 60.0%
60.0%
Shape A Shape B Shape C ~ Shape D  Shape E  Shape A’ Shape B’ ShapeC' ShapeD’ ShapeE’
Central position Upper position
—#—Mashhad (BSk) sDA 61.0% 60.0% 60.0% 64.5% 61.0% 65.0% 65.0% 65.0% 69.0% 70.0%
—#Isfahan (BWk) sDA 65.0% 63.1% 62.5% 67.5% 62.5% 68.8% 69.0% 69.4% 75.0% 76.9%

——Bandar Abbas (BWh) sDA  65.6% 63.8% 62.5% 68.1% 63.1% 68.8% 69.4% 70.0% 74.4% 76.9%

Fig. 7. Comparison values of sDA in central and upper windows.
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3.2.1. Window shapes and positions

e All window shapes display nearly equal sDA values in both
positions in all cities, except for shapes D, D’, and E’ which
indicate a significant increase in sDA rates.

e All window shapes in both positions produce acceptable sDA
values within a higher limit of 60% of the floor area.

¢ Window shapes in the upper position achieve maximum sDA
of 65% to 77%.

3.2.2. Climates

e Isfahan and Bandar Abbas with BWk and BWh climates
provide similar sDA values around 62.5% to 76.9%,
respectively.

e Isfahan and Bandar Abbas provide higher sDA rates than
Mashhad with a BSk climate.

3.3. Impact of window design on annual sunlight exposure

As indicated in Fig. 8, according to ASE < 20% of the floor area,
the range of ASE is 14.4% to 30.0%. The results indicate that the
ASE rates increase with rising sill height especially shapes of D’
and E'. Moreover, the square window in the centered position with
ASE of 14.4% presents better results in three different climates.
Data analyses are presented as follows:

3.3.1. Window shapes and positions

e Shapes A, A’, B, and C obtain an adequate ASE of 16.3% to
18.1% among the central and upper positions in Mashhad.

e Shapes A and A’ achieve an acceptable ASE of 18.8% and
20.0% in Isfahan, respectively.

e Shapes A, B, C,E, A’, and B' offer a satisfying ASE of 14.4%
to 20.0% in Bandar Abbas.

30.0%
28.0%
26.0%
24.0%
22.0%

20.0%

% OF THE FLOOR AREA

18.0%

16.0%

14.0%

Shape B Shape C

Central position
18.1%

22.5%

16.3%

18.8%

14.4%

17.5%
20.6%
15.6%

Mashhad (BSk) ASE
—o—Isfahan (BWk) ASE
——Bandar Abbas (BWh) ASE

Fig. 8. Comparison values of ASE in central and upper windows.

Shape D

22.5%
24.4%
169% | 21.3%

e Shape D gets a slight increase in ASE values among central
windows in all cities.

e In Isfahan, shape D' receives the highest ASE of 30% among
the three climates, which indicate this value is out of range.

e In Bandar Abbas, shape A has the lowest ASE of 14.4%
among other cities.

3.3.2. Climates

e In Mashhad, the range of ASE is 16.3% to 26.3%.

e In Isfahan, ASE ranges from 18.8% to 30.0%. Thus,
compared to other cities, this one presents the highest ASE
rate.

e In Bandar Abbas, the range of ASE is 14.4% to 25.0%.
Therefore, this city has the lowest ASE rate.

3.4. Comparison of all results

As demonstrated in Fig. 9, the analysis's outcomes for dynamic
daylight metrics are summarized as follows:

3.4.1. Analysis of UDI

According to Table 3, shapes E’ and D’ produce adequate UDI rate
in Mashhad. Shape E' obtains acceptable UDI quantities in Isfahan
and Bandar Abbas. Thus, shape E' is a common shape for all cities
and dedicates the maximum values compared to other cases.

3.4.2. Analysis of sDA and ASE

According to the LEED rating system, if two of the daylight
metrics are provided with sDA from 55% to 75%, and ASE less
than 20%, the space will achieve 2 and 3 points, respectively.
Daylight analysis reveals that shapes A, A’, B, and C have
acceptable sDA and ASE values in Mashhad. Then, shapes A and

Shape E Shape A’ ShapeB’ ShapeC' ShapeD’ ShapeE’
Upper position
21.3% 16.9% 21.3% 22.5% 26.3% 25.6%
231% [ 200% | 25.6% 25.0% 30.0% 28.8%
| 17.5% 18.1% 20.0% | 21.9% 23.1% 25.0%
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A’ receive adequate values in Isfahan. Then, shapes A, B, C, E, A,
and B’ produce appropriate rates in Bandar Abbas. Moreover,
shapes A and A’ are common shapes in all cities. As a result, this
shape obtains 2 points based on LEED.

3.4.3. Analysis of sDA, ASE, UDI

According to Figs. 9 and 10, shapes of A and A’ achieve
acceptable sDA, ASE, and insufficient UDI in all cities. Moreover,
shapes D’ and E’ obtain the highest sDA and UDI levels among

the windows. The UDI and sDA values analysis reveals that
central windows present minimum values, which are raised by
increasing sill height. Generally, there are almost similar values of
sDA, and a noticeable difference in ASE rate between Isfahan and
Bandar Abbas with arid climates. In comparison to the other cities,
Bandar Abbas produces the best ASE values with dominant
diffuse radiation, whereas Isfahan exhibits the worst ASE values
with nearly equivalent direct and diffuse radiation. Mashhad with

74.0%

64.0%
<
o]
E:
~ 54.0%
o 4
3 »\
E
m 44.0%
jan)
B
&
= 34.0%

24.0% ’/__‘,_/———“

14.0%

Shape A Shape B Shape C Shape D
Central position
——Mashhad (BSk) UDI 51.0% 50.0% 51.0% 49.0%
~#-Mashhad (BSk) sDA 61.0% 60.0% 60.0% 64.5%
—#—Mashhad (BSk) ASE 16.3% 17.5% 18.1% 22.5%
Isfahan (BWk) UDI 50.6% 46.3% 47.5% 47.5%

—#—Isfahan (BWk) sDA 65.0% 63.1% 62.5% 67.5%
—o—Isfahan (BWk) ASE 18.8% 20.6% 22.5% 24.4%
—+—Bandar Abbas (BWh) UDI 50.6% 44.4% 44.4% 45.0%
——Bandar Abbas (BWh) sDA 65.6% 63.8% 62.5% ] 68.1%
——Bandar Abbas (BWh) ASE 14.4% 15.6% 16.9% 21.3%

. /"“‘_

—
/L
/
Shape E Shape A’ Shape B’ Shape C’ Shape D’ Shape E’
Upper position
47.5% 54.0% 54.0% 53.0% | 58.0%  59.0% 1
61.0% 65.0% 65.0% 65.0% {__29_.0_‘70______7_0;0:70__’I
21.3% 16.9% 21.3% 22.5% 26.3% 25.6%
43.8% 53.8% 50.0% 481% __ 53.0%__ . _ 57.0%_
62.5% 68.8% 69.0% 69.4% [-__7_5_02/0 _____ 76 ._9;%__}
23.1% 20.0% 25.6% 25.0% 300% __288%__
42.0% 51.0% 48.1% 480% _ 480%_ L ss0% |
63.1% 68.8% 69.4% 700% £ 744% 76.9% 1
17.5% 18.1% 20.0% 21.9% 23.1% 25.0%

Fig. 9. Comparison values of dynamic daylight metrics in central and upper positions.

=
S
'z
o
£ = = | .
o
Shape A (Square) Shape B (Combined) Shape C (Double vertical) Shape D (Double square) Shape E (Horizontal)
OKB:0.4m OKB:0.5m OKB:0.5m OKB:0.7m OKB:0.8m
X UDI 5UDI XUDI X UDI X UDI
) DA sDA VvSDA
2 points s S v sDA v'sDA
P v ASE X ASE XASE X ASE XASE
=
£
.‘é
o
b
=9
=
Shape A’ (Square) Shape B’ (Combined) Shape C' (Double vertical) ~ Shape D' (Double square)
OKB:0.65m OKB:0.90m OKB:0.90m OKB:1.30m
X UDI X UDI X UDI ¥ UDI
2 points sDA v'sDA ¥/ sDA o SDA
v’ ASE X ASE X ASE X ASE

Fig. 10. Common shapes in terms of dynamic daylight result in the windows with central and upper position in three different climates.
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a semi-arid climate and dominant direct radiation presents the
highest UDI and lowest sDA values among the other two climates.

4. Conclusions

Window design affects the building's appearance. Furthermore,
windows as the primary factor to obtain daylight has a significant
impact on daylight performance, and visual comfort, particularly
in office buildings. Thus, an office space was considered in the
study. The main research aim is to investigate the influence of
window design on dynamic daylight performance based on the
LEED v4.1 rating system in three cities in the northeast, center,
and south of Iran including Mashhad, Isfahan, and Bandar Abbas.
A virtual office room measuring 5.0 m wide x 8 m deep X 3 m
high is considered to analyze the values of UDI, sDA, and ASE.
Five window shapes (square, combined, double vertical, double
square, and horizontal) are examined in two different positions
(central and upper) on the southern-facing side. Based on Code 4
of Iran's National Building Rules, a WFR of 12.5% is provided.

The results indicate that window shapes and positions have a
significant effect on dynamic daylight performance to enhance
visual comfort. In general, the middle and upper square window
meets the LEED requirements. However, it produces insufficient
UDI, which can be improved by raising WFR or using light
shelves to access more useful daylight penetration. In contrast, the
horizontal windows with the upper position present the best values
of UDI and sDA, and the worst ASE, which can be reduced by
architectural solutions such as shading systems.

In addition, the special climate conditions have a noticeable
effect on dynamic daylight performance. In Isfahan and Bandar
Abbas with arid climates, the values of sDA are similar, and ASE
rates are noticeably different. Bandar Abbas with high diffuse
radiation and the lowest ASE rate satisfies the LEED needs better
than other cities. In contrast, Isfahan with nearly equal diffuse and
direct radiation provides the highest rates of ASE among other
cities, thus only the square window in the central and upper
placements meets the LEED needs. In addition, Mashhad, which
receives high direct radiation, has the highest UDI and lowest sDA
levels compared to the other climates. The main findings of this
research are outlined as follows:

4.1. Window shapes and positions

e All of the window shapes have adequate sDA levels. In
contrast, UDI and ASE results do not present acceptable
values in some shapes based on LEED v4.1 standard.

e In all central windows, a significant reduction is observed in
sDA, and UDI in the back of the room, which can be
improved by placing the windows in a higher position.
Therefore, the highest values of UDI and sDA have been
acquired in the windows with upper positions, predominantly
in horizontal (shape E’) and double square (shape D’)
windows.

e The horizontal windows in the central and upper positions
(shapes E and E'), show the minimum and maximum UDI
values due to head height, respectively.

e The ASE values deteriorate with increased sill height,
especially for horizontal (shape E") and double square (shape
D’) windows that can be improved by architectural solutions
such as shading systems to avoid excessive sunlight.

e The square window in the central placement (shape A), the
minimum sill height and maximum head height, achieves the
lowest rates of ASE in three climates.

e In three cities, the square windows in the middle and higher
positions (shapes A and A') provide acceptable sDA and
ASE, thus meeting the LEED needs. However, it produces
low UDI, which can be improved by raising WFR to access
more useful daylight penetration.

4.2. Climates

e Isfahan city (BWk) with an arid climate and nearly equal
direct and diffuse radiation indicates the highest and worst
values of ASE among other climates. Therefore, only the
square windows in the central and upper placements (shapes
A and A') achieve the best sDA and ASE results.

e Bandar Abbas city (BWh) fulfills the needs for LEED better
than other cities due to its prevailing diffuse radiation and the
lowest ASE values. Thus, the square (shape A), combined
(shape B), double vertical (shape C), and horizontal (shape
E) windows in the middle position, as well as square and
combined windows in the higher placement (shapes A’ and
B’) receive acceptable sDA and ASE results, respectively.

e Mashhad city (BSk) with a semi-arid climate and dominant
direct radiation has the highest UDI and the lowest sDA
values compared to the other climates. Hence, the square
windows in the central and upper positions (shapes A and A")
have optimum sDA and ASE results, followed by the
combined (shape B) and double vertical (shape C) windows
in the central placement.

e In addition to shapes A and A’, other shapes namely,
combined (shape B) and double vertical (shape C) windows
located in central positions satisfy the needs of the LEED in
Bandar Abbas and Mashhad with respect to dominating
diffuse and direct radiation, respectively.

It is significant to mention that the conclusions were based on a
limited number of climates, and window shapes and positions.
Thus, future studies can consider the influence of more variants of
window designs in different climate zones on dynamic and static
daylight performance along with regard to the impact of WFR,
WWR, and architectural solutions.
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