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Abstract

In tropical urban areas, the vertical facades of buildings often play a crucial role in capturing solar radiation and heat, especially for
office buildings facing west during the afternoon. In Dhaka, a tropical city, the construction of major arterial roads connecting the
northern and southern regions of the city has led to the emergence of numerous commercial buildings along these roads, predominantly
facing in east or west directions. This research investigated the efficiency of different existing fenestration types (glass curtain walls,
glass windows with horizontal and vertical louvres, overhangs, vertical fins, and egg crate shading) of west-facing office buildings in
Dhaka in terms of daylight, thermal comfort and energy efficiency, and explore strategies to enhance existing performance. From the
field survey, a 'case office building' was selected, and simulations were carried out with the six different fenestrations, as mentioned
above, while keeping other aspects constant as found during the survey, e.g., floor plan, equipment and number of occupants. In this
research, the simulation process encompasses daylighting simulation, energy simulation, and multi-objective optimisation. The study
utilised a case model created with Rhinoceros and ClimateStudio, while performance metric optimisation was achieved using
Grasshopper and Octopus. Multi-objective optimisation techniques were employed to improve the shading configurations. The TT
toolbox facilitated data exportation and Design Explorer assisted in data visualisation. The window with egg crate shading was found
to be the most effective fenestration type among the studied shading configurations. Further parametric simulation was conducted to
develop an optimised egg crate shading design configuration. It was found that egg crate shading with a 1.0 m depth provided optimum
daylight and solar heat gain inside the office building among the studied configurations in the context of Dhaka. A comparison was also
made between the optimised egg crate option and a customised egg crate with some detailing (popularly known as brise soleil). Brise
soleil showed better performance with 12.2% higher sDA and 98 lux additional average illuminance compared to the previous optimum
one. The findings underscore the significance of employing optimisation methodology to devise shading configurations while also
revealing substantial opportunities to enhance performance further by tailoring details on the optimised design recommended from
simulation analysis.

© 2024 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

Dhaka city was developed along the east bank of the river
Buriganga, which blows from north to south. The city expanded
and flourished to the north during the Mughal and British periods,
as the city is bounded to the south, west, and east by the rivers
Buriganga, Turag, and Balu, respectively. As a result, a couple of
major arterial roads (e.g., Airport Road, Mirpur Road, Pragati
Sarani, DIT Road, and Rokaya Sarani) were constructed parallel
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to the river Buriganga to connect the north and south parts of
Dhaka [1]. A good number of the road-facing commercial
buildings developed along these north-to-south roads mostly faced
to the east or west directions. Figure 1 shows the historical growth
of Dhaka City and the major road layouts [2,3].

The climate of this study area, Dhaka, is categorised as warm
and humid [4], and overheating is one of the key problems for the
climate [5]. The west-facing commercial buildings with glass
facades receive solar heat gains in the afternoon. West-facing
office buildings having large openings with massive glass facades
let solar radiation into the interior, which increases indoor heat
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Fig. 1. The historical growth of Dhaka City and major road layouts [3].
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2. Photos, plans and sections of the same west-facing office building with glass facades located at Sat Masjid Road, Dhaka, showing the approaches to solar

protection. (a) West-facing office space with glazing (2013) and (b) West-facing office space with glazing and wall (2023).
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Fig. 3. Types of fixed external shading devices [9].

gain, glare, and visual discomfort. Conversely, buildings with
smaller openings may reduce heat gain but often suffer from
inadequate daylighting, resulting in higher artificial lighting usage
and additional internal heat. In Dhaka, office spaces with glazed
surfaces at the west experience excessive heat in the afternoon and
adopt various shading strategies, e.g. internal blinds, curtains or
solid walls, to reduce direct solar heat gain and glare. Figure 2
shows an example of a west-facing glazed facade building where
an additional brick wall needed to be added after a couple of years
to prevent excessive solar heat gain.

Glazed enclosures promote outdoor views and brighten interior
office spaces. However, solar radiation on glazed facades

TYPE4

increases air temperature in the area around it. Excess or unguided
daylight can produce glare and discomfort [6]. Daylight inclusion
in building design is associated with comfort and energy benefits.
Recent studies show that artificial lighting accounts for over half
of total energy use in buildings in tropical climates, which can
easily replace much of this energy used by daylight if designed
appropriately [7]. In the tropical climate, fenestration can
contribute up to one-fourth of energy consumption in buildings
[8]. To control the consequence of solar energy in the indoor
environment of an office building, it is conventional to focus on
the design of the buildings' skin and fenestration. Shading devices
are used as diffuse lighting strategies for minimising solar gains
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and glare, and can also be designed to increase illumination inside
an office space. Various shading strategies: internal or external
and fixed or operable, are effective in reducing solar heat gain and
glare while improving thermal comfort. External shading devices,
often fixed, are particularly useful for blocking solar radiation
before it enters the building, thus reducing cooling costs and
increasing energy efficiency. Different types of common fixed
external shading devices are shown in Fig. 3.

Daylighting, which involves utilising natural light in buildings,
offers various benefits, such as enhancing individual performance,
psychology, health, energy savings and productivity. Studies
suggest a preference for daylight over artificial lighting. The

Analysis part

effectiveness of daylight penetration is influenced by building
orientation, window types, glass types, and sun position [10]. For
optimal daylighting, large windows facing north or south are
preferred over east or west windows in tropical climates to
minimise energy usage. If the large windows face east or west, the
energy usage increases by 20% [11]. This research aims to
investigate the performance of various types of fenestrations in
west-facing office buildings, particularly focusing on daylighting,
thermal efficiency, and energy consumption. Additionally, the
study seeks to explore strategies to improve the existing
performance of these fenestrations.

Optimisation part
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Fig. 4. Rhinoceros, Grasshopper, Octopus and TT Toolbox plugins workflow diagram for the simulation.

Table 1. Surveyed building images, floor plans, and sections of office spaces with different fenestration configurations.

Fenestration Building name, location and exterior view

type

Plan Section

(a) ANZ Square Office, Dhanmondi, Dhaka
Road: Sat Masjid Road (Mohammadpur to Jigatola)
Fenestration: Glass curtain wall

Type 0

S Sty

e ¥
Exterior view

TYPE 1 (b) Hatil Outlet Management Office, Shewrapara, Dhaka
Road: Begum Rokeya Sarani (Khamar Bari to Mirpur 10)

Fenestration: Glass window with metal horizontal louvres

Exterior view
(¢) Bank Asia Limited, Lalmatia, Dhaka
Road: Sat Masjid Road (Mohammadpur to Jigatola)
Fenestration: Glass window with polycarbonate vertical louvre

TYPE 2

4" Floor Plan

4" Floor Plan Section (4™ Floor)

Section (4" Floor)
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Exterior view

T A
4" Floor Plan

Section (4" Floor)

TYPE 3 (d) Agrani Bank Limited, Dainik Bangla, Dhaka
Road: DIT Avenue (Motijheel Park to Fakirapool)
Fenestration: Glass with horizontal RCC overhang
Exterior view 4" Floor Plan Section (4™ Floor)
TYPE 4 (e) Dhaka WASA office, Fakirapool, Dhaka.
Road: DIT Avenue (Motijheel Park to Fakirapool)
Fenestration: Glass window with vertical slanted brick fins
Exterior view 4" Floor Plan Section (4™ Floor)
TYPE 5 (e) GSB Office (Geological Survey of Bangladesh), Segunbagicha, Dhaka
Road: Pioneer Road (Press Club to Kakrail).
Fenestration: Glass window with RCC egg crate shading.
i i L
I | =
Jilt !
AR
i | =
i ;E;_ - I
Exterior view 4" Floor Plan Section (4" Floor)
2. Methodology customised based on the existing design practice by local

Fieldwork was carried out to understand the existing illumination
level and thermal conditions of existing office buildings. For the
study, six buildings with different commonly used fenestration
types (glass curtain walls, glass windows with horizontal and
vertical louvres, overhangs, vertical fins, and egg crate shading)
were chosen using criteria derived from the literature review.
Measurements of illuminance at offices, thermal conditions,
window details, materials, shading strategies, work plane heights,
aisle widths, exterior-interior photographs, detail observations,
and associated information were collected through a physical
survey of these office buildings. A suitable one was selected from
these studied buildings as a 'case office building' for simulation
analysis. Rhinoceros, Grasshopper, and ClimateStudio were used
to execute the simulation study of the office space in a local
climatic context. Spatial daylight autonomy (sDA), point-in-time
illuminance, annual sunlight exposure (ASE), useful daylight
illuminance (UDI), glare, predicted mean vote (PMV), predicted
percentage of dissatisfied (PPD), and energy use (EU) data were
found through ClimateStudio and Grasshopper simulation
programme. Finally, the simulation result was used to analyse and
compare the metrics of different parameters of daylight and
thermal comfort. Based on the result, the best possible existing
fenestration of the west faced building was identified in the
context of Dhaka. An optimised option was developed from the
identified efficient fenestration type. After identifying the
optimised parameters, the optimised fenestration was further

architects to enhance its performance. The simulation analysis of
this research is divided into two major parts: an analysis part and
an optimisation part. Figure 4 presents the simulation and analysis
workflow of the research.

2.1. Selection of office space

The study areas were selected from a variety of localities within
the Dhaka metropolitan area through a field survey. Six north-
south oriented roads were primarily selected from the popularly
developed parts of Dhaka through convenience sampling: Sat
Masjid Road (Mohammadpur to lJigatola); Mirpur Road
(Shyamoli to Nilkhet); Begum Rokeya Sarani (Khamar Bari to
Mirpur 10); Kazi Nazrul Islam Avenue (Shahbag to Bijoy Sarani);
Segunbagicha road (Press Club to Kakrail), and DIT Avenue
(Motijheel Park to Fakirapool). A few buildings were identified
from the selected roads through a pilot survey. Spontaneously
grown and occupancy-changed buildings were excluded. The
criteria that served as the basis for the selection process are
buildings must contain an office floor, and the west road facades
must be designed with one of the fixed external types of shading
strategy shown in Fig. 5. The exterior views, floor plans and
fenestration configurations of the selected surveyed office spaces
are shown in Table 1.

Most of the building fenestrations are designed with an
additional shading strategy [12]. From the field survey, it was
found that the west facade is designed with overhangs, horizontal
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Table 2. Evaluation metrics showing the performance of surveyed offices against the selection criteria.

Criteria ANZ Square, Sat Hatil management office, Bank Asia PLC, Agrani Bank PLC, Dhaka WASA, GSB office
Masjid Road, Begum Rokeya Sarani, Sat Masjid Road,  Dainik Bangla More, DIT Avenue, Segunbagicha, Dhaka
Dhaka Dhaka Dhaka Dhaka Dhaka

a v v v v v v

b V4 v v v v X

c v v v v v v

d v X v v v v

€ X X v X v X

f v v v v X X

Table 3. Plan, measurements and the interior image of the case office spaces.

Plan of the office floor Selected area

Existing condition

9.00

oouay

ROAD-WEST

)
oougy
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45 FLOOR PLAN
N

S -

Selected area

Area=(19.96mX9m) =126 sqm

Interior image

and vertical louvres, horizontal and vertical fins, and egg crate
shading. Additionally, the vertical fins or louvres of the east or
west facade are rotated toward the north and horizontal louvres are
designed outwards inclined to cut the direct sunlight in the
afternoon [13].
The criteria for selecting the case office building are as follows.
1. The selected building would be in the urban context of
Dhaka.
2. The office space would feature an open office plan.
3. The main entrance and front facade of the building must
face the west side road.
4. The buildings must be built according to the local bylaws
(Dhaka Imarat Nirman Bidhimala-2008).
5. There should be no building higher than the case building,
just on the opposite side of the road of the case building.
6. The building should be built within the last ten years.

The performance of surveyed offices against the selection
criteria is presented in evaluation metrics in Table 2.

Considering the above criteria, among the primary surveyed
buildings, Bank Asia Limited, Lalmatia Branch, Dhaka was
selected as case office spaces (Table 3), which have a fenestration
with vertical fins. It was a six-storey office building located at Sat
Masjid Road, Dhanmondi, Dhaka with a glass facade with vertical
fins on the west side. The front road width is 18m. The office runs
from 09:00 AM to 06:00 PM from Sunday to Thursday. The
management and training section was located on the 4th floor of
the building, which was selected as the case space. The floor-to-
ceiling height of the selected case space was 3.05m. The floor plan
and interior image of the case office space are shown in Table 3.

2.2. Metrics for simulation evaluation

To determine daylighting and thermal conditions of the space, a
few factors were identified at the sensor points at a particular time,
and later, the findings were compared with standards to identify
whether those values were 'adequate' or not. In this research,
daylight simulation and energy metrics were considered with the
following particulars.

Mean Illuminance [lux] was calculated as the average light
levels on grid points (Fig. 6) during working hours on August 24,
2022 over the regularly utilised floor space [14].

Spatial Daylight Autonomy (sDA) [%] was calculated as the
percentage of floor space that received at least 300 lux for at least
50% of its occupied hours [14].

Annual Sunlight Exposure (ASE) [%] was calculated as the
percentage of floor space that received at least 1000 lux of direct
sunlight for at least 250 occupied hours. This is an indicator of
how much of a floor area is "overlit." In this sense, "overlit"
locales are those that have more than 250 occupied hours of direct
sunshine (>1000 lux straight from the solar disc) in a year [14].

Useful Daylight Illuminance (UDI) [%] was calculated as the
preferable range from 300-3000 lux. ASE regulates the highest
limit of UDI and issues a negative warning record if 1000 lux is
exceeded; thus, it balances. This measure shows how daylight
levels are divided into each of the four categories: (i) Failing
(UDI_f)- less than 100 lux; (ii) Supplemental (UDI s) - between
100 and 300 lux; (iii) Autonomous (UDI _a) - between 300 and
3000 lux; and (iv) Excessive (UDI_e)- more than 3000 lux [14].

Glare [%] was estimated based on Wienold and Christofferen's
Daylight Glare Probability (DGP) measure. The metric is often
derived using a fisheye depiction with a 180-degree opening angle.
DGP has four bands with values ranging from 0% to 100%. These
are: (i) Imperceptible glare- DGP < 34%; (ii) Perceptible glare-
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Table 4. Parameters for daylight simulation and energy analysis in ClimateStudio

[19].
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Parameters

Specifications

Location

Longitude and latitude
Design sky illuminance
Time zone

Hours of operation
Simulation validation time
Date

Building construction type

Room air distribution
model
Natural ventilation

Occupancy

Sky illumination model
Unit of dimension

Daylight properties of
glazing

Dhaka, Bangladesh

90.40°N, 23.80°E

16,500 lux

+6 GMT

Five days a week, 09:00 AM to 06:00 PM
04.30 PM

24 August 2022

ASHRAE 90.1 non-Res.

General cross ventilation

Simple zone airflow objects
40 persons

International Commission on Illumination
(CIE) overcast sky

SI, metric (m, cm, mm)

Photometric dimension: SI (lux, cd/m2)
U-value=2.69, SHGS=0.491, T. Vis=49.1%
Layers (Outside —inside), Solar blue 6mm-
5.7mm

Table 5. Modelling parameter for the simulation.

Sl.  Parameters Specification

01  Office floor dimension (selected 13.96m x 9.0m
part)

02  Floor area 126 sqm

03  Window size

04  Window-to-floor ratio

05  Number of windows
06  Work plane height
07  Window lintel level
08  Window sill height
09  Window top level

10  Roof material

9m x 2.6m (23.4 sqm)

0.18 (18%)

1 (one)

0.76 m from the finished floor
2.7m from the finished floor
0.1m from the finished floor
2.7m from the finished floor

Concrete with white paint finish
(reflectance 81.8%)

Fig. 5. The case office model with the sun-path diagram.

34% < DGP < 38%; (iii) Disturbing glare- 38% <DGP < 45%; and

(iv) Intolerable glare- 45% <DGP [15,16].

Energy Use (EU) [kWh] was calculated as the total energy used
by the facility for heating, cooling, lighting, and equipment for a
month. Energy use was measured in kWh [17].

Predicted Mean Vote (PMV) and Predicted Percentage of
Dissatisfied (PPD) are calculated through a spreadsheet or
software application, e.g., the Centre for the Built Environment
(CBE) thermal comfort tool, by entering the required data set of
metabolic activity (met), clothing insulation (clo), air temperature
(Ta), mean radiant temperature (Tr), air movement (Va), and
humidity. The standard thermal comfort sensation, or PMV, is
depicted on a seven-point scale from cold (-3) to hot (+3).
ASHRAE 55 and ISO standard 7730 recommend that PMV be
within the range of +1 and the PPD be lower than 20 % to be
considered comfortable. The maximum number of individuals
who are not comfortable is 100%, and satisfying at least 80% of
occupants is considered sufficient; therefore, a PPD of less than
20% is acceptable [18].

2.3. Time basis for daylight and energy simulation

Hourly illumination was calculated for the whole year at 126 grid
points (Fig. 6) for dynamic daylight simulation. Each grid point
provides illumination data, sSDA (overall area), ASE (overall area
and grid points E1-ES8), UDI (grid points E1-E8), and glare value
(grid points E1-E8). For energy analysis, the whole space was
considered as a solid sealed box where each point gives results for
the hottest and humid day (24 August 2022). Table 4 presents the
factors that are considered for dynamic daylight simulation and
energy analysis [19].

In ClimateStudio and Grasshopper hourly weather data from the
US Department of Energy for Dhaka, "BGD DH Dhaka-
Shahjalal.Intl. AP.419220 TMYx.2004-2018" was used as the
climate database for the simulation.

2.4. Generation of 3D models and simulation parameters

The 3D model was developed through an intensive field survey.
Fenestration typology, position, size, and material properties were
collected from the field survey. The detailed process is discussed
in the following sections.

2.4.1. 3D Modelling of the selected case space

The case office area was modelled in Rhinoceros V7.20 for
daylight simulation using physical properties found from the field
survey (described in Table 5 and Section 2.4.2). The office space
was a rectangular area of 126 square meters (13.96m x 9.0 m)
occupied by 40 people, with one opening on the west facade
(without existing external vertical fins of polycarbonate sheet) and
the entrance from the north side. The other sides of the room had
a brick wall, and both sides were plastered with a light grey paint
finish. The sill and lintel levels of the window are 0.1 m and 2.6 m
from the finished floor, respectively. Window size, sill height,
work plane height and the reflectance of various materials found
during the field survey remained constant for the simulation; only
the fenestration type was changed for the test models. The
modelling parameters for the simulation study are shown in Table
5.

The six different fenestration types (Table 1) were installed
alternately during simulation analysis in place of existing external
vertical fins of the polycarbonate sheet of the case building to find
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Table 6. Material attributes of the simulated test office spaces (from ClimateStudio materials library).

Elements Materials Descriptions Materials Properties
Floor Concrete slab with beige floor tiles 57.1% diffuse reflectance
Wall Light grey plaster facade 54.9 % diffuse reflectance
Ceiling White-painted room ceiling 81.8% diffuse reflectance
Window Solar blue-clear (double-glazed) 49.1 % visual transmittance,
SHGC-0.49, U-Value 2.69
Mullions Aluminium window mullion 48.6% diffuse reflectance
Shading TYPE 0 (Glass curtain wall) 49.1 % visual transmittance
Materials

TYPE 1 (Glass window with metal horizontal louvres)
TYPE 2 (Glass window with polycarbonate vertical louvre)
TYPE 3 (Glass with horizontal RCC overhang)

TYPE 4 (Glass window with vertical slanted brick fins)
TYPE 5 (Glass window with RCC egg crate shading)

53.98% diffuse reflectance
51.76 % diffuse reflection

36.83% diffuse reflectance
37.17 % diffuse reflectance
36.83% diffuse reflectance

|
I
----- »
2 &y ;~~~+~~'+‘~f~'+~~r~'~i£~'~'+f~'~'+ff~'+‘~~+~~~+~»:~~+~~+~~+%
B
o/l

W PLAN

Fig. 6. Grid layout of sensor points in the case office space.

out the best one among the studied models. The 3D case office
model with the sun-path diagram is shown in Fig. 5.

2.4.2. Material properties for daylight simulation and energy
analysis

The material properties used in the model for daylight
simulation and energy analysis are determined according to the
conditions observed from the field survey, as shown in Table 6.

2.4.3. Test sensor points in the case office space

Considering the layout of interior furniture, 126 sensor points were
equally distributed in the case office space for simulation purposes
(Fig. 6). The sensor points were spaced 0.9 meters apart and were
positioned 0.75 meters above floor level on the work plane height.
Figure 6 shows the case office floor plan with 126 sensor points,
and Fig. 7 shows the section of the case office space with the
height of the sensor points.

Eight points (E1 to E8) were chosen as the key sensor points for
analysis, as under the International Commission on Illumination

M Core sensor point
@ Test sensor point

(CIE) overcast sky conditions [20] and the prominent daylight
enter a room with double the window height [21]. The case office
space window lintel height was 2.6 m, and the length of the
analysis grids was 7.2m from the window side, which is more than
twice the window lintel height.

3. Data validation

The research employed data validation methods to ensure the
accuracy and completeness of the simulation dataset. Two
common types of data validation were utilised: comparative
studies and analytical validation [22]. These methods were applied
to verify the quality and correctness of the collected data before
processing and interpreting it.

3.1. Comparative studies

The illumination level on the work plane height (Figs. 6-7, E1-ES8)
of the case office space (TYPE 02) with its fenestration was
measured physically to validate the daylight simulation results of
the case office space. Illumination readings were taken under
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Fig. 7. Section of grid E of the case office space showing the height of the sensor points.

Table 7. Comparison of the existing and simulated illumination levels in the case office space (TYPE 02).

Core sensors point (Field survey) (ClimateStudio simulation) Deviation Percentage [%]
Point in time illuminance [lux] Point in time illuminance [lux]
El 1740 1589 151 9.5
E2 1260 1139 121 10.6
E3 902 802 100 12.5
E5 525 586 -61 -10.4
ES 480 440 40 9.1
E6 280 351 -71 -20.2
E7 265 283 -18 -6.4
E8 220 209 11 53
SUM 5672 5399 273 -
Average 710.88 674.88 36.00 5%

overcast sky conditions by the Brannan Mini Thermo light Meter
(Model No.: 13/472/0) in the eight-sensor point position on
August 24, 2022, between 04:00 PM and 05:00 PM. Utilising US
Energy Plus climate data, the ClimateStudio dynamic metric
simulation tool produced illumination values at 04:30 PM for the
same day (August 24, 2022). These simulated outcomes were
subsequently juxtaposed with physical measurements of daylight
levels in the office space under consideration. Table 7 displays a
comparison, including the deviation, between the existing and
simulated illuminance levels in the selected office space (TYPE
02).

3.2. Analytical validation

To confirm the accuracy of the simulation outcomes, a one-way
Analysis of Variance (ANOVA) was conducted to assess the
relevancy between field survey data and simulation results.
Performing an ANOVA test entails several steps, including
organising data in columns, calculating group means, calculating
overall mean, calculating the sum of squares (SS), calculating
degrees of freedom (df), calculating mean squares (MS),
calculating F-statistic, determining F-critical value (Fcrit), and
comparing the F-statistic and critical value. Microsoft Excel has
features that can automate these actions through built-in formulas.
In this research, the ANOVA test was conducted using Microsoft
Excel, and the ANOVA calculation outcomes are F=0.017548415,
P-value= 0.896497, F crit =4.600.

It is evident from the ANOVA analysis that Fe,y < F ¢riicar and
P-value>0.05, i.e. the F value is less than the F critical value;
thereby, the null hypothesis is accepted [23], which means there is
no significant difference between the means of the two groups. On

the other hand, the P-value is greater than 0.05 in the above case,
which also endorses the results with no significant difference
between them [23]. The results of ANOVA analysis conclude that
the simulation results of different fenestrations are valid, and the
recommendation is considerable for further research.

4. Results and discussion

This section presents the results of daylighting simulations using
the core work plane sensor method, which was introduced
by Reinhart [24].

4.1. Daylight simulation results

Daylight simulation results of TYPE 0 (glass curtain wall) are
shown in Fig. 8, and the simulation output data is presented in
Table 8. This fenestration received the highest sDA of 47.6%,
along with a maximum ASE of 13.5%.

Daylight simulation results of TYPE 1 (glass window with
metal horizontal louvres) are shown in Fig. 9, and the output data
is presented in Table 9. This fenestration received a good amount
of sDA of 28.6% with the least ASE of 0%.

Daylight simulation results of TYPE 2 (glass window with

polycarbonate vertical louvre on the west fagade) are shown in Fig.
10, and the output data is presented in Table 10. This fenestration
received a sDA of 26.2% with the least ASE of 0%.
Daylight simulation results of TYPE 3 (glass window with
horizontal overhangs) are shown in Fig. 11, and the output data is
presented in Table 11. This fenestration received the same ASE of
13.5% as TYPE 0 and the second highest sDA of 34.3%.

Daylight simulation results of TYPE 4 (glass window with
vertical slanted brick fins) are shown in Fig. 12, and the data is
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Fig. 8. 3D model of the case space with TYPE 0 (left) and impact of TYPE 0 on illumination distribution in the space (right).

Table 8. Daylight simulation result of office space with TYPE 0 on the west facade.

Area Spacing sDA (300/50%) ASE (1000, 250)
126 sqm 0.9m 47.6 % 13.5%
Grid Points E1 E2 E3 E4 E5 E6 E7 E8
Point-in-time Illuminance 2913 2011 1366 1022 741 521 418 337
UDI_a(300-30001x) 73 85 90 89 84 75 59 42
ASE (hour) 570 389 238 185 123 53 31 16
Glare (intolerable) 66.3 42.87 77.2 50.9 34.25 18.19 14.6 12.68
Fig. 9. 3D model of the case space with TYPE 1 (left) and impact of TYPE 1 on illumination distribution in the space (right).
Table 9. Daylight simulation result of the case office space with TYPE 1 on the west facade.
Area Spacing sDA (300/50%) ASE (1000, 250)
126 sqm 0.9m 28.6% 0%
Grid Points E1l E2 E3 E4 ES Eé6 E7 E8
Point-in-time Illuminance) 1204 773 530 404 298 232 180 156
UDI_a(300-30001x) 88.6 81.8 72.0 55.8 36.5 17 9
ASE (hour) 212 138 86 66 28 13 8
Glare (intolerable) 49.09 32.95 24.11 17.72 11.11 8.9 5.5 5

presented in Table 12. This fenestration received a good amount
of sDA of 25.4% with the least ASE of 0%.

Daylight simulation results of TYPE 5 (glass window with egg
crate shading) are shown in Fig. 13, and the output data is
presented in Table 13. This fenestration received a good amount
of sDA of 29.4% with the least ASE of 7.14%.

4.2. Comparison and rating of dynamic daylight simulation results
(TYPE 0-TYPE 5)

Round-robin ranking (RRR) is a creative thinking method that
assists in ranking and selecting from a variety of choices. This
approach ranks a collection of items or entities based on their
performance or evaluations [25]. The RRR tool helps in
comparing possible pair combinations by ranking and defining
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Fig. 10. 3D model of the case space with TYPE 2 (left) and impact of TYPE 2 on illumination distribution in the space (right).

Table 10. Daylight simulation result of the case office space with TYPE 2 on the west facade.

Area Spacing sDA (300/50%) ASE (1000, 250)

126 sqm 0.9m 26.2% 0%

Grid Points El E2 E3 E4 ES Eé6 E7 E8
Point-in-time Illuminance 1589 1139 802 586 440 351 283 209
UDI_a(300-30001x) 90.8 91.5 88.8 79.9 69.8 51.3 33.0 12.5
ASE (hour) 198 156 110 83 34 21 15 3
Glare (intolerable) 46.5 335 22.7 7.72 5.75 6.19 6.3 3.4

Z
s

Fig. 11. 3D model of the case space with TYPE 3 (left) and impact of TYPE 3 on illumination distribution in the space (right).

Table 11. Daylight simulation result of the case office space with TYPE 3 on the west facade.

Area Spacing sDA (300/50%) ASE (1000, 250)

126 sqm 0.9m 34.3% 13.5%

Grid Points El E2 E3 E4 E5 E6 E7 ES
Point-in-time Illuminance 1689 1508 981 866 558 448 203 164
UDI_a(300-30001x) 64 47 28 15 11 5 1 1
ASE (hour) 281 145 71 27 3 0 0 0
Glare (intolerable) 58.05 40.99 29.53 17.42 13.78 11.97 10.93 8.08

Area=126 sqm, Spacing= 0.9m, sDA o0/50%)=34.3%, ASE (1000,250)- 13.5%

"winner" options based on the selected options. Examples include  metrics mean value of core sensor points (E1-E8). Rating values
task ranking and selecting the top options from a variety. In this  ranged from 5 to 0 from first to sixth place. Table 14 summarises
research, the comparison and rating process was completed the daylighting simulation findings for the office spaces with six
through the RRR ranking system. Rating between the six selected  distinct window arrangements.

fenestration configurations is accomplished using dynamic
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Fig. 12. 3D model of the case space with TYPE 4 (left) and impact of TYPE 4 on illumination distribution in the space (right).

Table 12. Daylight simulation results of the case office space with TYPE 4 on the west facade.

Area Spacing sDA (300/50%) ASE (1000, 250)
126 sqm 0.9m 25.4% 0%
Grid Points El E2 E3 E4 ES E6 E7 E8
Point-in-time Illuminance 1658 1270 832 620 448 320 257 201
UDI_a(300-30001x) 88 89.5 86.7 75.2 59.8 36.1 26.0 12.8
ASE (hour) 293 234 130 116 63 34 12 5
Glare (intolerable) 52.11 36.04 25.75 14.14 5.84 7.78 4.25 5.12
Area=126 sqm, Spacing= 0.9m, sDA @o0/50%)=25.4%, ASE (1000,250= 0%
Fig. 13. 3D model of the case space with TYPE 5 (left) and impact of TYPE 5 on illumination distribution in the space (right).
Table 13. Daylight simulation results of the case office space with TYPE 5 on the west facade.
Area Spacing sDA (300/50%) ASE (1000, 250)
126 sqm 0.9m 29.1% 7.1%
Grid Points El E2 E3 E4 ES E6 E7 E8
Point-in-time Illuminance 1709 1301 864 854 519 328 270 216
UDI_a(300-30001x) 87.3 89.7 83.4 75.9 63.6 39.6 26.6 16.4
ASE (hour) 331 215 140 121 98 37 26 9
Glare (intolerable) 332 27.51 22.5 14.87 12.54 6.89 7.21 3.84

Area=126 sqm, Spacing= 0.9m, sDA @00/50%)=29.1%, ASE (1000,250= 7.1%

According to the sDA and UDI a value, TYPE 0 (glass curtain
wall) is preferable to the other fenestration types but significantly
has lower ratings for ASE and glare. When most of the dynamic
daylight metrics and sub-metrics were included, TYPE 5
(windows with egg crate shading) ranked highest among other
studied fenestration types (Table 14). TYPE 0 (glass curtain wall)

performed poorly because it provided excessive daylight and
created glare in the interior of the case office area. Thus, the
dynamic lighting simulation suggested that TYPE 5 was the best
feasible window configuration among the studied options for
west-facing office spaces in Dhaka in terms of daylighting, solar
gain, and glare.
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Table 14. Rating point and ranking of daylight simulation results with respect to daylighting and glare (TYPE 0-TYPE 5).

Fenestration sDA UDI_a [%] Average Point in Time  Average ASE Glare Total point  Rank
Type [%] Iluminace (E1-E8) ASE (E1-E8) (overall) (intolerable)
[lux] [Hour] [%] [%]
47.6 74.62 1166.12 200.63 13.5 39.62
TYPE 0
5 5 5 0 0 0 15 3rd
28.6 56.1 472.12 69.12 0.25 19.3
TYPE 1
2 0 0 5 4 2 13 4th
26.2 64.7 674.88 71.5 1 16.5
TYPE 2
1 3 1 4 3 4 16 2nd
343 68.5 902 175.5 12.5 23.84
TYPE 3
4 4 4 1 1 1 15 3rd
254 59.26 700 110.9 0 18.88
TYPE 4
0 1 2 2 5 3 13 Ath
29.1 60.31 757.62 105 7.1 16.07
TYPE 5
3 2 3 3 2 5 18 1st

Table 15. Rating and ranking of thermal simulation outputs against different fenestration types.

Fenestration type/Code  PPD [%] Rating point for Predicted Mean Vote Rating point for PMV  Total point Rank
PPD (a) (PMYV) (b) (a+b)
TYPE O 98.7 0 +2.93 1 1 6th
TYPE 1 96.4 1 +2.67 3 4 Sth
TYPE 2 95.7 3 +2.64 2 5 4th
TYPE 3 96.1 2 +2.65 4 6 3rd
TYPE 4 95.3 4 +2.65 4 8 2nd
TYPE 5 90.0 5 +2.36 5 10 Ist
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Fig. 14. Comparison of monthly energy consumption of case office spaces with different fenestrations.
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Fig. 15. Comparison of annual energy consumption for different purposes of the case office space with different fenestration.

Table 16. Energy consumption rating for office spaces with different types of fenestrations.

Fenestration type Annual energy consumption Rating point for energy consumption Rank
(kWh)
TYPE 0 19707 0 6th
TYPE 1 19216 3 3rd
TYPE 2 19094 4 2nd
TYPE 3 19486 1 5th
TYPE 4 19468 2 4th
TYPE 5 19060 5 Ist

Table 17. Combined ranking of daylight simulation, PMV-PPD rating and energy consumption of the case office space against six studied fenestration types.

Fenestration type  Ranking: daylight Ranking: Ranking: energy Sum of ranking Combined Rank
simulation (a) PPD-PMV (b) consumption (c) (a)+(b)+(c)
[Table 14] [Table 15] [Table 16]

TYPE 0 3 6 6 15 6th

TYPE 1 4 5 3 12 Sth

TYPE 2 2 4 2 8 2nd

TYPE 3 3 3 5 11 4th

TYPE 4 4 2 4 10 3rd

TYPE 5 1 1 1 3 Ist

4.3. Thermal comfort analysis results

The PMV and PPD, created by Fanger [26], were used in this study
to quantify the occupants' reactions to thermal conditions inside
office space provided by various window configurations. An
extensive field survey was conducted to measure the existing
daylighting and thermal conditions of the six selected office
spaces on 24 August 2022 from 04:00 pm to 05:00 pm. Then, the
field survey data (air temperature, mean radiant temperature,
relative humidity, and wind speed) were input into the CBE

thermal comfort tool to compute PMV-PPD [27]. In this section,
a ranking of thermal analysis results of six types of fenestrations
is prepared. From first to sixth place, rating points were assigned
as 5 to 0 accordingly. The ratings of PPD-PMV against six
fenestrations are presented in Table 15 with their rating points.
After calculating the rating points for selected window
configurations, egg crate shading scored 10 out of 10. Since
thermal comfort requires a PPD range of less than 20%, the studied
window configurations were unable to achieve the requirements
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Fig. 16. Plan, section, and three-dimensional view of the most feasible fenestration (egg crate shading).

o

Fig. 17. Grasshopper script of data exportation and data optimisation.

[28]. PPD of windows with egg crate shading was 90%, which was
inadequate because large west openings in buildings admitted
excessive solar radiation, causing thermal discomfort to most
occupants. The thermal analysis showed that TYPE 5 was the most
feasible and TYPE 4 the second most efficient fenestration type.

4.4. Energy uses analysis results

Sealed box or shoebox modelling of the case office space was
prepared in Rhinoceros and Grasshopper to run the energy use
analysis [29]. Energy use is the energy needed to maintain a
standard 27°C indoor temperature and operate other types of
equipment for an office [30]. From the survey, the number of lights,
computers, cooling/heating equipment, kitchen appliances and
other electronic devices were listed. By inserting the equipment
list into ClimateStudio, the energy consumption of the case office
was calculated against six possible fenestration types. Each
building's monthly energy usage is shown in Fig. 14.

The energy use was calculated based on the case office space
and the equipment listed with six different fenestrations. The
energy consumption from cooling, heating, hot water, lighting,
fans and other equipment for case office spaces with six selected
fenestrations is shown in Fig. 15. The rating between the simulated
energy consumption of six different cases is presented in Table 16.
From first to sixth place, rating points were assigned as 5 to 0
accordingly.

Data

written to
excell

Write To Excel l

4.5. Comparative analysis to find the most feasible fenestration
type

The ranking of dynamic daylight and thermal simulation was
varied for six studied window configurations on the west facade.
Table 17 presents the combined ranking with the individual rank
of dynamic daylight (Table 14), thermal comfort (Table 15) and
energy consumption (Table 16) to determine the most feasible
fenestration configuration among six office spaces in Dhaka.
Performance metrics determined that TYPE 5 was the most
feasible fenestration configuration for the west facade office space
in Dhaka. Vertical and horizontal shading elements resist the
maximum direct solar gain to the interior while the sun is at a very
low altitude angle, and the horizontal fin reflects the sunlight on
its surface, thus providing diffuse daylight to the internal office
space. Figure 16 shows the most effective shading type identified
for the west facade.

4.6. Optimisation of the efficient fenestration type

Achieving a balance between the three primary design elements of
the daylighting system- window size, glazing type, and shading
approach- allows for the promotion of daylight performance,
which enables visual comfort and minimises artificial lighting
energy consumption [31]. The identified case model was
simulated to determine an improvement by altering an existing
parameter, i.c., depth. The parametric model for optimisation
prepared through grasshopper scripts is shown in Fig. 17.
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Fig. 19. Data analysis and visual presentation in Design Explorer.

The simulation data was then analysed using the Octopus-Pareto
Front equation to uncover various data for different shading depths
[32,33]. Data optimisation through Octopus is presented in Fig.
18. These data were exported using the TT Toolbox and displayed
through Design Explorer [34]. The visual representation of the
parametric optimisation is shown in Fig. 19. Table 18 presents the
Design Explorer dataset showing optimised shading depth.

From six distinct categories concerning occupants' thermal
satisfaction, the west window with egg crate shading system
(TYPE 5) was found to be the most feasible regarding daylighting
and energy performance. The identified efficient fenestration type,
windows with egg crate shading of 1.0 m depth, provided optimum
daylight and less solar gain inside office buildings. This
fenestration provided the highest optimum UDI a, sDA, mean

illumination and lower ASE in the west-facing office space. Figure
20 shows the optimised window configuration for the west facade
and its parameters.

5. Approach for further performance enhancement

based on existing design practices by local architects, commonly
referred to as brise soleil, to assess if the performance of the
optimised shading could be further enhanced.

Better performance was observed while comparing the brise
soleil configuration (Fig. 21 (bottom)) with the typical optimum
egg crate configuration (Fig. 21 (top)). The egg crate shading
device tailored with a 0.4 m gap between the wall and the
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Table 18. Design Explorer dataset showing optimised shading depth.

Shading depth UDI_a sDA ASE Mean illumination
0.6 0.6057 0.65 0.2575 1100.2139
1.5 0.5507 0.65 0.1852 859.2139
1.2 0.6458 0.65 0.2375 908.2856
0.5 0.6057 0.63 0.2595 1120.2139
0.8 0.6062 0.65 0.2575 1100.2139
1.3 0.5422 0.48 0.2175 900.2211
0.5 0.6057 0.63 0.2575 1130.2139
1.3 0.5581 0.66 0.2305 978.2856
0.7 0.5852 0.65 0.2305 1100.2139
0.5 0.6057 0.45 0.2405 1132.2139
1.4 0.5452 0.61 0.1757 920.2139
1 0.5875 0.56 0.2351 1085.6521
0.4 0.6057 0.64 0.2575 1142.2139
1 0.5775 0.58 0.1505 1085.5812
0.5 0.6057 0.65 0.2385 1143.2139
0.5 0.6057 0.63 0.2572 1100.2139
1.3 0.5757 0.65 0.2251 1100.2139
1 0.5688 0.58 0.1521 1070.2139
0.5 0.6251 0.63 0.1685 1152.2139
0.6 0.6057 0.65 0.2575 1100.2139
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Fig. 20. Optimised window configuration for the west facade.

horizontal shading elements showed a significant difference with
higher sDA and average illumination than the egg crate option
with optimised parameters identified from Section 4.5. In this
tailored egg crate shading strategy, light enters the interior space
through the gap after reflecting from the horizontal shading
elements. Figure 21 shows the comparison of the simulation
outputs of optimum egg crate shading and brise soleil (tailored
optimum egg crate shading).

6. Conclusion

Commercial buildings with glazed facades without shading at the
west result in glare problems and excessive PMV (almost +3, on a
seven scale) rates near the perimeter zones in the afternoon. Direct

solar penetration can be resisted through different internal and
external shading devices, which decrease glare and internal heat
gain up to 2.8°C and consequently result in 3% less energy
consumption. An appropriately designed fenestration system can
positively influence energy consumption in office buildings,
thereby contributing to the national energy demand.

By analysing the simulation and field survey data, it is
perceptible that fenestrations with egg crate shading devices are
efficient in establishing a productive working environment in
Dhaka, where a significant number of office buildings are oriented
to the west to face the main access roads. The identified efficient
fenestration type-egg crate shading with 1.0m depth provides
optimum daylight and solar heat gain inside the office building. A
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Fig. 21. Performance comparison between optimised GSB office egg crate shading (top) and customised brise soleil shading (bottom).

0.4m gap between the wall and the horizontal shading elements in
the optimised egg crate shading showed a significant difference,
with 12.2% higher sDA and an average 98 lux additional
illuminance than the identified optimised shading type. The
findings of this research emphasised the importance of utilising
optimisation methodology to develop shading configurations
while also highlighting significant opportunities to further
enhance performance by customising details based on the
optimised design recommended from simulation analysis.

In this research, optimisation focused solely on one variable: the
depth of the egg crate. Future research could explore other aspects
such as materials, positioning of horizontal and vertical shading
elements, and distances. Additionally, investigating various study
areas, building types, and orientations could provide further
insights. It is anticipated that this research will enhance
professionals' comprehension of daylighting and thermal comfort
by offering insights into additional factors essential for achieving
optimal light and heat distribution in office environments.
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