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ABSTRACT

Balconies function as essential shading elements within the building envelope, playing a critical role in regulating
occupant comfort and energy efficiency. Despite their importance, balconies are often designed repetitively across
floors without accounting for the variation in environmental conditions at different elevations. Therefore, this study
aims to optimize the envelope design of residential bedrooms with balconies to improve visual and thermal comfort,
and energy performance across three representative floor positions: lower (3 m), middle (18 m), and upper (33 m),
considering the surrounding context in hot-humid tropical climate of Dhaka, Bangladesh. The proposed research
framework combines parametric-based multi-objective optimization using the NSGA-II algorithm with multi-criteria
decision-making through K-means clustering and Sobol sensitivity analysis. Design variables are grouped into three
categories: envelope geometry, balcony geometry, and material types. The four performance objectives include
maximizing spatial daylight autonomy (sDAsoos0%), spatial glare autonomy (sGAso%is%), and thermal comfort
percentage (TCP), while minimizing energy use intensity (EUI). Results reveal that optimal solutions vary significantly
by floor. Lower floors benefit from wider glazed openings and higher parapets to control reflected glare, while middle
floors achieve balanced performance with smaller openings and moderate balcony features. Upper floors prioritize
deeper shading and reflective materials to manage intense solar exposure. It also challenges conventional
recommendations by identifying parapet height, not glazed door width, as the key variable for visual comfort on lower
and middle floors. In contrast, glazed door width is more influential on upper floors through Sobol sensitivity analysis.
In addition to this, second-order interactions, particularly among balcony-related parameters, were strongest on lower
floors, moderate on upper, and minimal on middle floors. This study contributes to the current knowledge on climate-
responsive high-rise design by demonstrating the importance of floor-specific strategies for a hot-humid tropical
context. The proposed approach aids designers in making informed decisions not only during early design phases
but also for renovation and code development in a similar climatic context.

Keywords: multi-objective optimization, envelope; balcony, visual comfort, thermal comfort

1. INTRODUCTION

Buildings currently consume between 30% and 40% of the global
primary energy [1], of which 21% is attributed to residential
buildings [2]. Dhaka, as the capital of the developing country
Bangladesh, faces challenges in the energy sector, where
residential consumers of electricity comprise 90.6% and 55% of
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the total electricity consumption [3]. Dhaka experiences a hot and
humid tropical climate, characterized by high temperatures and
humidity year-round, making it predominantly cooling-dominated
in terms of building energy demand. According to a previous
study, in Dhaka, cooling for thermal comfort accounts for 23.7%
of the total energy usage and will rise to 54.3% and 71.9% in 2050
and 2080, respectively [4]. Through optimized building design and
careful selection of envelope components, energy use can be
minimized, and comfort can be improved. Evaluation of the
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residential building sector in Dhaka is essential due to its
substantial strain on energy resources and the environment.

Balconies, as part of the building envelope, are recognized as
environmental buffer spaces that can enhance indoor comfort
conditions and reduce energy usage in buildings [5,6]. Moreover,
the larger glazed door on the building fagade, integrated with the
balcony, enhances natural ventilation in the adjoining space by
allowing increased airflow. A previous study reported a reduction
of 12.3% in the annual energy consumption for cooling by using a
balcony in the case of residential apartments in the hot subtropical
climate of Hong Kong [7]. Another study found that increasing the
depth of a balcony enhances energy savings in the hot and humid
climatic context of Kaohsiung District, Taiwan. It also indicated
that a deep-shaded balcony can lower indoor air conditioner
electricity consumption by approximately 12.72%. Additionally,
with a window opening rate of 50%, a 2.5-meter-deep shaded
balcony can reduce electricity usage by about 21-22% [8]. Other
studies suggest that the overhanging effects of balconies can
reduce glare and improve visual comfort in both the humid
subtropical climate of Sdo Paulo, Brazil [9], and the cold climate
of Beijing [10].

To avail the environmental benefit of the balcony, an incentive
was provided in the Dhaka Metropolitan Building Construction
Act in 2008 [11], which was also included in the Bangladesh
National Building Code (BNBC) [12]. According to BNBC 2020,
the front balcony area can be excluded from the floor area
calculation and extended into the mandatory setback area from the
first-floor level if its size does not exceed the maximum allowable
area, which is determined by multiplying 30% of the building's
front width by 1 meter. As a result, balconies have become a
prominent feature of residential buildings in Dhaka. These
buildings are typically designed with balconies and wide attached
glazed doors, which enhance daylight availability but may
compromise energy efficiency and thermal comfort. However, the
code lacks specific dimensional guidelines (e.g., balcony width,
depth, parapet height, wing wall height) for designing balconies in
conjunction with glazed doors to ensure optimal comfort and
energy performance.

Numerous studies have emphasized the challenges involved in
designing balconies to achieve energy efficiency, thermal
performance, and daylighting, but the majority have focused on
isolated performance metrics. The impact of balconies on
daylighting and thermal performance was investigated through
field survey and simulation analysis in some studies [9,13,14]. The
results revealed that the presence of a balcony with a large
window-to-wall ratio (WWR) of 60% is more beneficial in terms
of environmental performance in the mild climatic context of
Portugal. Similarly, it was found that rooms with open balconies
on the south facade had controlled daylight illumination and
improved hygrothermal performance, with temperatures 3°C
lower than those without balconies [14]. Daylighting, thermal
comfort, and energy performance were investigated by simulation
analysis in some studies [8,15-17], and the parameters include-
envelope insulation, WWR, shading length, balcony depth, width,

and orientation. To enhance performance, these studies
recommended designing balconies based on fagade orientation
and integrating them with the glazing area.

Achieving a balance across multiple synergistic performance
metrics requires multi-objective optimization (MOO) for optimal
results. Very few studies on balcony design analyze the synergistic
relationship between energy performance and visual and thermal
comfort using MOO. Building orientation, shading depth, WWR,
and window and wall systems by creating nine models based on
room depth and balcony types to reduce energy consumption and
enhance daylighting and thermal comfort by MOO [18]. Another
study optimized WWR and recessed balcony depth using a genetic
algorithm to improve daylighting, thermal comfort, and energy
performance [19]. Balcony area, direction, vertical and horizontal
distribution were optimized for thermal comfort and energy
performance, and the result reported a 22% improvement in
energy performance in the cold semi-arid climate of Tehran, Iran
[20]. Building shape, window type and area, shading and envelope
materials were optimized for different climatic contexts [21]. The
study demonstrates how genetic algorithm can explore a vast
solution space to find optimal envelope configurations for
different climatic zones.

Previous studies on MOO have primarily focused on variables
such as balcony depth and width, window area, orientation,
window reflectance, and wall U-value. However, balcony design
is inherently complex and closely linked to other building
variables. Certain variables, including the surface materials of the
balcony, parapet, and wing wall configuration, remain largely
unexplored. Moreover, the impact of the floor position and
surrounding buildings was not considered in MOO studies. To the
best of the author's knowledge, no existing research has
incorporated these variables into balcony and envelope
optimization. Furthermore, most studies have treated wall U-value
and window glazing transmittance as continuous variables, which
may not accurately reflect real-world material properties. The
impact of common balcony and envelope materials, especially in
tropical climates, needs further investigation. Therefore, this study
aims to optimize the envelope design of residential bedrooms with
balconies to improve visual and thermal comfort, and energy
performance across three representative floor positions: lower
(3m), middle (18m), and upper (33m), considering the
surrounding context in the hot-humid tropical climate of Dhaka,
Bangladesh. Design variables are grouped into three categories:
envelope geometry, balcony geometry, and material types.
Envelope geometry includes glazed door width, window width,
and shading depth. Balcony geometry comprises balcony width,
depth, parapet height, and wing wall height. Material types cover
wall and glazing materials, as well as parapet and floor materials
for the balcony.The four key performance objectives of the MOO
process are maximizing spatial daylight autonomy (sDAjzg/50%),
spatial glare autonomy (sGAusowss%), and thermal comfort
percentages (TCP) while minimizing energy use intensity (EUI).
In the first step, the parametric model and the integration of the
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Fig. 1. Multi-objective optimization framework and tools for the research.

optimization objectives were discussed. Exploratory data analysis
and multi-criteria decision-making were then applied to identify
optimal and alternative balcony and envelope design solutions and
identify relationships between design variables and performance
metrics, allowing for more informed decisions in the early stage.
The results of the study can be used to define the building codes
and standards regarding balcony and other envelope variables,
focusing on visual, thermal comfort, and energy efficiency of
residential bedrooms.

2. METHODOLOGY

The entire research process consists of four main steps: developing
a parametric base case model, integrating building performance
simulation tools, conducting multi-objective optimization, and
performing data analysis combined with multi-criteria decision-

STEP-3: MULTI OBJECTIVE

OPTIMIZATION

Genetic Algorithm a
l Wallacei

Pareto optimal
solutions

|

Comparative
analysis

making. Details of the four parts, including the software and
simulation tools used, are presented in Fig. 1, while Sections 2.1-
2.5 describe the research process.

2.1. Parametric modeling of the base model and
modifications

2.1.1. Description of the case space

The case residential building was located in Dhaka (coordinates:
23°40' N, 90°20' E), the capital city of Bangladesh. According to
the world climate zones of ASHRAE Standard 169-2020, it falls
under climate zone 1A, which is defined as a very hot and humid
climate zone. The climate file of Dhaka (.epw format) downloaded
from the website of Ladybug tools [22] was used in this study.
April is the hottest month, with the highest daily average solar
radiation and dry bulb temperature of 796.5 Wh/m? and 32°C,
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Fig. 2. (a) Location, (b) Exterior view of the case residential building (c) Schematic layout of the apartments, (d) Location of the case bedroom with

balcony in the selected apartment (red surfaces).
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Fig. 3. (a) Selected floor positions for optimization (height above the plinth level), (b) Parametric model of the case bedroom along with the design

variables.

respectively. January observed the lowest recorded average dry
bulb temperature of 13.3°C. September has the highest recorded
daytime temperature of 39.4°C, while January has the lowest
recorded night-time temperature of 8.2°C.

A thirteen-story prototype high-rise residential building,
developed by the Department of Architecture under the Ministry
of Housing and Public Works, Bangladesh, was selected as the
case space (Fig. 2(a)). The ground floor serves as a parking area.
In contrast, each of the remaining twelve floors contains four
apartments, each measuring 116.13 m? (Fig. 2(b) and (c)). Each
apartment includes three bedrooms, a living room, dining space,
kitchen, and four toilets (Fig. 2(d)). Located within an apartment
complex in Dhaka, the case building is flanked by a 10.1 meter (m)
wide road to the north and a 3.7 m wide road to the west. On the
east and south sides, similar residential buildings are positioned at
distances of 6.1m and 21.4m, respectively. The surrounding
buildings were included in the simulation to assess their influence
on the performance of the case space.

The southeast corner master bedroom (Fig. 2(d)), measuring
3.7m in width, 3.4m in length, and 3.0m in height, was selected
for the optimization process due to the presence of a balcony. The
balcony is located on the south fagade, with a depth and width of

1.4 m and 2.2 m respectively. A glazed door with a width of 1.9m
and a height of 2.1m allows access to the balcony while also
providing daylight and ventilation. Additionally, the room has a
window with a width of 1.7m, sill height of 0.75m and a fixed
external shade of 0.4m depth. The case bedroom is characterized
by 0.25m external and 0.15m internal brick walls, a 0.10 m
reinforced concrete floor with ceramic tiles, and 0.006 m single-
glazed clear glass in both the window and balcony door. Details of
the construction materials are provided in Appendix A (Table Al).
A three dimensional model of the base case (Fig. 3(b)) was created
using Rhinoceros [23] and Grasshopper [24]. Except for the east
and south walls, the remaining bedroom walls, floor, and roof
were considered adiabatic.

2.1.2. Parametric modeling for optimization

A thorough evaluation of the constraining design parameters can
enhance the implementation of optimization strategies. This study
considered envelope design variables, while the variables
associated with building form (room depth, width, orientation) and
operation (set point of air conditioning system) were fixed. The
envelope design variables were classified into three main groups:
envelope and balcony geometry and material types. Envelope
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Table 1. Specification of the design variables.

Design Variables Ranges Unit Distribution
Envelope geometry Vi Glazed door width [1.0-3.7] m Continuous
V, Window width [1.0-3.4] m Continuous
V; Shading depth [0.0-1.0] m Continuous
Balcony geometry V, Balcony width [1.0-3.7] m Continuous
Vs Balcony depth [1.0-1.7] m Continuous
Vs Parapet height [0.8-1.3] m Continuous
V5 Wing wall height [0.8-2.1] m Continuous
Material type Vs Wall types* [0-3] - Discrete
0= Brick wall
1=Concrete wall
2=Brick cavity wall
3=Combined brick-concrete cavity wall
Vo Glazing types* [0-3] - Discrete
0=Single glazing
1=Single glazing low-E
2= Double glazing
3= Double glazing low-E
Vio Parapet types* [0-1] - Discrete
0=Tinted glass
1=Opaque concrete
Vi Balcony floor types* [0-1] - Discrete
0=Concrete floor
1=Ceramic floor tile
*Details of the material properties are provided in Table 2- 4.
Table 2. Specification of the wall types for MOO.
‘Wall types Thickness R-Value U- Value
- — ’K/W 2
Code Materials (ordered from outside to inside) [m] [m ] [Wim™K)]
0 Brick wall 0.49 1.53
External plaster lining 0.00635
Brick (1% class brick) 0.254
Internal plaster lining 0.00635
1 Concrete Wall 0.18 2.92
External plaster lining 0.00635
Concrete block 0.1016
Internal plaster lining 0.00635
2 Brick cavity wall 0.64 1.24
External plaster lining 0.00635
Brick (1% class brick) 0.254
Air gap 0.1
Brick (1% class brick) 0.254
Internal plaster lining 0.00635
3 Combined brick-concrete cavity wall 1.48 0.61
External plaster lining 0.013
Insulation board 0.04
Brick (1* class brick) 0.105
Air gap 0.5
Concrete block 0.1
Internal plaster lining 0.013

geometry included glazed door width, window width, and shading
depth, while balcony geometry comprised balcony width and
depth, parapet height, and wing wall height. Although WWR is
commonly used in performance studies (Section 1), this study

focused on window and glazed door widths instead. This choice
reflects the standardized height of these elements in Dhaka's high-
rise buildings due to construction and safety norms, making width

a more practical and variable parameter. The material group

2383-8701/© 2025 The Author(s). Published by solarlits.com. This is an open access article distributed under the terms and conditions of the Creative Commons Attribution 4.0 License.


https://creativecommons.org/licenses/by/4.0/

F. Seraj

Journal of Daylighting / Volume 12, Issue 2 / 20 September 2025 380

Table 3. Specification of the glazing types for MOO.

Glazing types Solar Heat Gain Coefficient,  Solar Visible
H t itt t! itt

Code Materials (ordered from outside to inside) SHGC ransmittance ransmittance
0 Single glazing 0.80 0.77 0.88

(0.006m clear glass)
1 Single glazing low-E 0.62 0.6 0.84

(0.006m clear glass with low-E coating)
2 Double glazing 0.75 0.70 0.81

(0.003m clear glass, 0.006m air gap, 0.003m clear glass)
3 Double glazing low-E 0.42 0.36 0.64

(0.003m clear glass with low-E coating, 0.006m air gap, 0.003m

clear glass)

Table 4. Specification of parapet and balcony floor types for MOO.
Envelope Code Materials Solar Visible
element reflectance reflectance
Parapet types 0 Tinted glass 0.40 0.35
1 Opaque concrete 0.35 0.40
Balcony floor 0 Concrete floor 0.40 0.35
types (0.006m plaster, 0.1m reinforced concrete, 0.006m plaster)
1 Ceramic floor tile 0.35 0.40

(0.006m ceramic tile, 0.006m plaster, 0.1m reinforced concrete, 0.006m plaster)

comprised four variables: wall, glazing, balcony floor, and parapet
types. Four wall and glazing constructions, along with two parapet
and two balcony floor types commonly used in hot-humid climates
like Dhaka, were evaluated to understand their impact on visual
and thermal comfort and energy performance (Figs. 1 and 3). This
study adopts a performance-based comparison approach rather
than one based on fixed specifications. Although the optimal
design solutions vary across floor levels, the optimization
framework consistently employs the same set of design variables
and performance objectives. This ensures that all alternatives are
evaluated within an identical parametric space, allowing fair and
meaningful comparison of trade-offs specific to each floor's
environmental context. Furthermore, the use of genetic algorithms,
such as NSGA-II, in this study is based on their proven ability to
optimize complex envelope configurations along with other
variables, e.g., window type, area, building shape across varying
climates [21,25].

In high-rise buildings, environmental conditions vary
significantly by height, affecting daylight, glare, thermal comfort,
and energy use. To investigate this variation, three representative
floor positions were selected for the MOO process: lower (3 m),
middle (18 m), and upper (33 m). The lower floor is influenced by
surrounding obstructions, resulting in limited daylight but lower
solar gain; the middle floor experiences balanced exposure; and
the upper floor receives maximum solar radiation, increasing glare
and cooling demand. These levels reflect typical variations in solar
exposure, enabling floor-specific design strategies. This approach
ensures that optimized balcony-integrated envelope designs
respond effectively to height-responsive  environmental
differences. So, the design variables were optimized at three floor
positions, lower (3 m), middle (18 m), and upper (33 m), to assess
their variability and impact on performance metrics across
different positions. The details of the design variables are shown

in Fig. 3 and Tables 1-4. The selected material types were chosen
for their potential to improve building performance in Dhaka's hot-
humid climate. Previous studies have also used them to evaluate
their thermal performance [26-28].

2.2. Metrics for building performance evaluation
2.2.1. Metrics for visual comfort

Several metrics are employed to assess and measure visual
comfort. This study adopted Spatial Daylight Autonomy
(sDAsooss0%) and Spatial Glare Autonomy (sGAasgus%) to assess
daylight availability as well as glare to ensure visual comfort.
According to the Illuminating Engineering Society (IES),
sDA300/50% measures the percentage of analyzed points that get at
least 300 lux for 50% or more of the occupied hours [29]. IES also
provided two categories for sDA3o/s0%: SDA preferred and sDA
nominally accepted. In the case of sDA30/50%, @ minimum of 75%
of the analyzed points must get more than 300 lux for a minimum
of 50% of the occupied hours. For nominally accepted sDA3o0/50%,
55% of the total analyzed points must achieve the requirements.

Spatial Glare Autonomy (sGAasov/s%) refers to the percentage of
a space in which the Daylight Glare Probability (DGP) exceeds
the 40% threshold for no more than 5% of the total occupied time
[30]. Previous studies showed that DGP values below 45% are
generally acceptable, with DGP levels under 40% being ideal for
optimal visual comfort [30-32]. Considering this, the threshold for
DGP is adopted as 40% in this study. For the simulation of
sDA30050% and sGAsouss%, a daylight grid of 0.6 m x 0.6 m was
used at two heights-0.75 m and 1.2 m above the floor, respectively,
with 36 sensor points (Fig. 3(b)). Daylight (sDA3zoos0%) and glare
(sGA4ouss%) simulations were conducted using Honeybee-
RADIANCE, with both metrics expressed as percentages (%) of
the occupied space.
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Table 5. Details of the energy model settings.

Model parameter

Input value

0.05 p/m’
Occupancy Schedule 2

People density

[
28
A

12aM
T Feh

Equipment power density
Lighting power density 6.4 W/m?
Infiltration

HVAC system

Heating setpoint

Cooling setpoint 28°C
Cooling supply air temperature 25°C
Interior floor construction Adiabatic
Interior ceiling construction Adiabatic

0.001 m*/s-m?

Ideal load air system

IlIlIlIIIIIIIIlIlIlIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIll[lIIIIIIIIIIIIIIIIIlI

Wt Ap May Ten ul Aug Sep el Hav Dae

Not considered as remaining constant

No heating system

Fig. 4. The OMEGA instruments for (a) daylight and (b) thermal measurement.

2.2.2. Metric for thermal comfort

Dhaka experiences three main seasons based on its climate: warm-
humid (June-November), hot-dry (March-May), and cool-dry
(December-February). Temperature rarely falls below 10°C in the
coldest month of January (Section 2.1.1), so heating is not required
during winter. Hot weather prevails from April to October,
necessitating cooling. Thus, the case space was considered a
mixed-mode building.

For thermal comfort calculations, the adaptive thermal comfort
(ATC) model of ASHRAE 55-2013 [33] was utilized in this study
as it is proven to be more reliable than the PMV and PPD models
for mixed-mode buildings [34]. In this standard, acceptable
bandwidths of indoor temperature for thermal comfort are defined
based on the relationship between outdoor and indoor
temperatures. The acceptable indoor comfort temperature (Te)
bandwidths are determined considering the mean outdoor dry bulb
temperature (T,) using equation (/) [33].

T.,= 031 xT, + 17.8°C 1)

Thermal comfort bandwidths can be developed using equation
(1), considering occupants' acceptability limits of 80% and 90%

[33]. The present study calculated the thermal comfort percentage
(TCP) considering the ASHRAE 55 Adaptive Model 80%

acceptability status, using the Ladybug and Honeybee plugins [35]
of Grasshopper. Human adaptability is the fundamental concept of
the adaptive approach, which refers to the natural ability of
individuals to adjust to changing surroundings to stay comfortable.
The energy model incorporates cross ventilation, induced by
pressure differences between windows. Natural ventilation will be
enabled only when all the following circumstances are
simultaneously satisfied, based on the occupants' neutral
temperature range [36,37]:

12°C < Tou < 28°C, windows opened —> true

23°C < T, < 28°C, windows opened — true

Tout - Tin > 0.5°C, windows opened —> true

Tin > 28°C, windows closed and turn on air conditioner —» true
RH > 90%, windows closed —» true

2.2.3. Metric for energy performance

Building energy performance was investigated utilizing the metric
energy use intensity (EUI). It is an acceptable metric that
considers the essential energy use variables, including annual
heating, cooling, and lighting loads. As stated in Section 2.1.1 and
Section 2.2.2, no heating system is required during the cold period.
To maximize natural ventilation, the cooling set point was

2383-8701/© 2025 The Author(s). Published by solarlits.com. This is an open access article distributed under the terms and conditions of the Creative Commons Attribution 4.0 License.


https://creativecommons.org/licenses/by/4.0/

F. Seraj

Journal of Daylighting / Volume 12, Issue 2 / 20 September 2025 382

considered to be 28°C based on the neutral temperature range
mentioned in Section 2.2.2. This is also advantageous for energy
conservation in areas such as Dhaka, where the cooling period is
prolonged. For calculating the lighting loads, the target
illuminance for supplementary artificial lighting was considered
to be 300 lux. The lighting system was set to continuous auto-
dimming using an occupancy sensor. Table 5 describes the
detailed energy simulation settings. The equipment load was not
considered in the MOO process as it remains constant in the
studied conditions. Energy simulations were carried out using
Honeybee-Energy of the Ladybug tools.

2.3. Validation of the model

On-site measurements were conducted to collect data for
validating the daylight and thermal simulation models.
Measurements were taken in the south-east facing master bedroom
(Fig. 2(d)). on 6" floor level (18m above the plinth level) (Fig.
3(a)). For the measurement of illuminance, a grid measuring 0.6
m x 0.6 m was considered at 0.75 m height from the floor level
with 36 sensor points (Fig. 3(b) and Section 2.2.1). llluminance
was measured at 09.00 h and 13.00 h using OMEGA
HHLM112SD light meter (Fig. 4(a)) (4% of full-scale ranges: 0
to 99,900 lux) on 27 November 2023. Indoor temperature data
were recorded from 08.00 h to 17.00 h with one-hour intervals in
the middle of the bedroom at a height of 1m above the floor [33]
on 27 November 2023 using the OMEGA RH650 Thermo-
Hygrometer (temperature ranges: -29 to 75°C, accuracy: = 2°C)
(Fig. 4(b)). Artificial lights, ceiling fans, and air conditioning units
were turned off while the doors were closed, and the exterior
windows were 50% opened during the measurements. Material
properties and other settings for simulations were set according to
Table 5 and Table Al.

The difference between measured and simulated data was
computed to verify the simulation results. According to the
ASHRAE Guideline 14-2014, the mean bias error (MBE) and
coefficient variation of the root mean square error (CV (RMSE))
were determined using equations (2) and (3).

MBE = leln(_M;lSl) o
i=1
T Misi)?
CV(RMSE) = = Z=1<+50 5

Mi and Si, respectively, denote the measured and simulated data
at time intervals ‘i.. The number of total data values utilized in the
computation is represented by n. The measured data's mean value
is expressed as M. The Co-efficient of determination (R?) was also
calculated for both daylight and thermal models.

2.4 Multi-objective optimization

This study employed the Wallacei plugin [38] in Grasshopper for
multi-objective optimization, using the 'Non-dominated Sorting
Genetic  Algorithm-II  (NSGA-II)', frequently applied in
architectural optimization problems [39]. NSGA-II uses fast non-

dominated sorting and a crowding distance metric to preserve
solution diversity [40]. It iteratively refines the population toward
the Pareto front through crossover, mutation, and repetitive
genetic operations. The non-dominated solutions of the final
generation represent the Pareto optimal solutions [41]. Design
variables (V-V;) were introduced to Wallacei plugin as genes,
while four building performance metrics- maximizing sDA300/50%,
sGA4ous%, TCP, and minimizing EUI- were defined as the
objective functions. This study formulates the optimization
problem using an objective function equation (4).

f1(V): SDA300/500 f2(V): SGAL0%/5% f3(V): TCP, f4 (V): EUI
4)
min F(V) = [—f1 (V), —f2 (V), — £3(V), f4 (V)]
V = [Vy,Vy, V3, V4, Vs, Ve, V7, Vg, Vo, Vg, V4]

where f7, f>, f3 and f;are the four optimization objectives and the
functions f;, f>, and f;are negative in equation (4) as they have to
be maximized. The generation size, count, crossover probability,
and mutation probability for the NSGA-II algorithm were 25, 20,
0.9, and 0.09, respectively.

2.5 Data analysis and multi-criteria decision-making

First, optimal solutions were identified using Design Explorer, an
open-source web-based tool. The data from the MOO process
were then analyzed in Python, where the K-means clustering
method (via Scikit-learn) grouped Pareto-optimal solutions to
support early design decisions. Subsequently, spatial distribution
of the Pareto solutions and values of the performance objectives
were examined across the three floor positions, followed by
frequency analysis of design variables. Finally, Sobol sensitivity
analysis [42], performed with the Python-based SALib package
[43], identified the key design variables influencing each
performance metric.

3. RESULTS
3.1 Validation results

Energy and thermal simulation models are recognized as
calibrated when the hourly Mean Bias Error (MBE) is within £10%
and the hourly Coefficient of Variation of the Root Mean Square
Error [CV(RMSE)] is below 30%, as per ASHRAE 2014
guidelines. On the other hand, previous studies have found that
20-30% of simulation errors are acceptable for daylight models
[44,45].

Regarding the illuminance values, the acceptable limit was met
by MBE and CV(RMSE) at -3.51% and 1.38%, respectively. In
the case of calibrating the indoor air temperature data, the
acceptable limit defined by the ASHRAE guideline 14-2014 was
met by MBE and CV(RMSE) at -0.43% and 4.63%, respectively.
Correlation analysis between measured and simulated data for
both illuminance and indoor temperature was also done. The
Coefficients of the determination for the daylight and thermal
models were found to be 0.982 and 0.913 respectively (Fig. 5).
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Fig. 5. Correlations between measured and simulated data for (a) daylight and (b) thermal models.

The energy model was not validated as the residential unit was
vacant, and no energy data was available. Thermal and daylight
scenarios, in combination with occupancy and equipment profiles,
were considered while calculating the energy consumption. The
occupancy and equipment profiles were not considered variable
and remained constant in this study. Following the method of the
previous studies related to optimization [25,46], only thermal and
daylight models of this study were validated, which ensured the
relative precision of the energy consumption data. Instead of using
the absolute value, the energy consumption value was used as a
relative indicator to compare design solutions and find the optimal
solution. To summarize, the model utilized in this research has the
potential to yield reliable simulation outputs for daylight, thermal,
and energy aspects for optimization purposes.

3.2. Selection of envelope design schemes
3.2.1. Selection of the optimal solutions

Various methods have been employed to select optimal solutions
from the solutions generated through the MOO process, including
the pseudo-weight method [47] and the knee-point approach [48].
In this study, the selection was performed using the Design
Explorer tool [49], which allows designers to make informed
decisions based on their preferences using a parallel coordinates
plot (PCP). The PCP visualizes how all solutions vary across
design variables and performance metrics, where each line
corresponds to an individual solution. The optimal solutions for

the three floor positions were identified through a two-step process:

first, solutions with sDA3g/s0 value of 75% or higher and an EUI
range between 90 and 125 [kWh/(m?-a)] were shortlisted. Then,
among these, the solution with the highest sGA4ov/s% value was
selected. Figure 6 presents the parallel coordinate plots illustrating
the selected range of solutions, the optimal solutions, and the base
case solutions for the three floor positions. Details of the optimal
solutions are provided in Fig. 7. The base case shows significant
variation in performance across floor positions despite identical
envelope features (Figs. 6 and 7), highlighting the need for floor-
specific design strategies. All optimal solutions outperform the

base case across all performance metrics, demonstrating the
effectiveness of the MOO process. The upper floor shows the
highest sDA300/50%, while the middle floor records the lowest. For
sGA40%/s%, the lower floor performs best, with the upper floor
performing worst. Thermal comfort is highest on the lower floor
and lowest on the upper, whereas the middle floor achieves the
best energy performance, and the upper floor the lowest. An
optimal combination of envelope geometry, material, and balcony
configuration can enhance all performance metrics, specially in
the case of sDA30/50% and EUI. A highest 23.7% increase in the
sDA3o0/50% level without increasing the glare risk is observed in
case of lower floor levels. The most significant improvement
(10.7%) in case of EUI is observed in the middle floor position.

As shown in Figs. 6 and 7, the optimal designs for the lower and
upper floors feature wider glazed doors (3.2m and 2.6m,
respectively), while the middle floor has a narrower width (1.4 m).
Regarding window width, the lower floor has the widest (3.1 m),
while the middle and upper floors have 1.4 m. Shading depth is
greatest on the upper and middle floors (1 m), whereas the lower
floor has a shallower depth (0.7 m) due to reduced solar exposure.
Balcony configurations of the upper and lower floors are similar,
both featuring wide balconies with high parapets and wing walls.
However, the upper floor has a deeper balcony, while the lower
has moderate depth. This is because lower floors, shaded by
surrounding obstructions, use wider openings with double-glazed
clear glass, high parapets, and tall wing walls to enhance daylight
without increasing glare or thermal load. These features help
control reflected light and maintain visual comfort. In contrast,
upper floors face stronger and longer solar exposure, where the
same glazing, parapet, and wing wall strategies are used to balance
daylight, thermal performance, and glare control. In contrast, the
middle floor uses smaller glazed doors with single low-E glazing
and moderate balcony features, balancing daylight, glare, and heat
gain under moderate solar exposure and less obstruction. This
configuration avoids over-shading while ensuring efficiency,
making it the most balanced floor in terms of comfort and energy
performance.
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Considering the balcony floor materials, the lower and middle
floors feature concrete flooring, and the upper floor uses ceramic
tiles to reflect solar heat better, improving thermal comfort at
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higher elevations. Similarly, tinted glass parapets are used on the
lower and middle floors, while the upper floor employs opaque
concrete for increased shading of adjacent surfaces.
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Fig. 9. Selected envelope design schemes for three floor positions based on cluster analysis.

3.2.2. Selection of alternative solutions

Due to the abundance of Pareto-optimal solutions and the
subjective nature of architectural design, this study employed K-
means clustering as a systematic method to screen and interpret
solutions based on both performance metrics, supporting more
informed decision-making in early design stages. K-means

clustering was performed by grouping the Pareto solutions into the
optimal number of clusters determined by incorporating the elbow
method (Appendix B). Comparative performance analysis of the
clusters and details of a representative solution from each cluster
are shown in Figs. 8 and 9.
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For the lower floor position, Cluster 0 achieves high sDA300/50%
and low sGA4ou/s5%, with average thermal comfort and energy use.
It features wide glazed doors, moderate window sizes, and
minimal shading and balcony features. Cluster 1 has the highest
EUI and lowest sDA3o0/50% but performs well in glare and thermal
comfort due to a wide balcony, opaque parapet, tall wing walls,
and brick cavity walls- highlighting the effectiveness of these
elements. Cluster 2 shows low sDAj300/50% with moderate values for
other metrics, reflecting the effect of reduced glazed door width
and low-E double glazing for better energy performance. Cluster
3 achieves the highest sDA3zoos0% and the lowest EUI, though
performance in the remaining two metrics is weak. Overall, results
suggest an inverse relationship between daylight (sDA3o/50%) and
both glare (sGA4ov/s2%) and thermal comfort (TCP), with a positive
link between sGA4ouss% and TCP. Key design variables driving
cluster differences include parapet height, balcony depth, and
glazed door width.

For the middle floor position, Cluster 0 demonstrates moderate
performance across all four metrics. The representative solution
features a wider window and a glazed door with single low-E
glazing, combined with high shading and parapet height. Cluster
1 shows high sDAsoos0%, low sGAsow/s% With average thermal
comfort and energy performance. The solution leans toward a
moderate glazed door and window with double glazing and a high
parapet with tinted glass. Cluster 2 has the lowest sDA3o0/50% but
delivers the best performance in the other three metrics. The
solution is characterized by a narrow glazed door, moderate
window with double glazing low-E glass along with high shading,
balcony depth, and parapet height- suggesting a strong insulation
and shading trade-off for daylight for improved overall
performance. Cluster 3 achieves the highest sDAsgos00 but
underperforms in the other three metrics. The key differences
between Clusters 2 and 3 representative solutions lie in shading
depth, balcony configuration, and glazing type. The use of single
low-E glazing in Cluster 3 boosts daylight but reduces overall
comfort and efficiency. The relationships between the
performance objectives are similar to those observed on the lower
floor. Key design variables driving cluster differences include

window width, parapet height, balcony depth, and glazing material.

For the upper floor position, Cluster 0 demonstrates the best
performance in glare control (sGAasov/s%) and thermal comfort
(TCP), but the lowest in daylight autonomy (sDAsggss%). This is
primarily due to the use of a narrow glazed door and window,
which limits direct solar penetration, thereby reducing glare and
thermal discomfort. The combination with a wider and deeper
balcony and a high parapet made of tinted glass further shades the
openings from intense solar exposure typical of upper floors.
Additionally, the use of brick cavity walls and double-glazed low-
E glass enhances insulation, reducing heat transfer and improving
energy efficiency. However, this high level of shading and
reduced glazing area also limits daylight penetration, resulting in
lower sDAsos0%. This trade-off reflects a strategy prioritizing
thermal and glare comfort over maximum daylight
availability.Cluster 1 demonstrates the lowest energy use with
high sDAso/50%, though sGA4v/s0% and TCP values are low. The
key difference between cluster 0 and 1 solutions lies in the balcony
configuration, window width, wall, and glazing materials. The
highest window width with double glazing increases sDAzoo/50%
but reduces sGA4pus%. Cluster 2 exhibits the highest energy use,
along with high daylighting and thermal comfort, but performs
poorly in glare reduction. It features a wider glazed door and
window with single low-E glazing, paired with shallow shading
elements and a shallow balcony. While this configuration
maximizes daylight penetration—reflected in the high
sDA30050%—it lacks sufficient control mechanisms (like deeper
overhangs or taller parapets) to mitigate excessive brightness,
leading to poor glare performance (low sGAago/s%). Additionally,
the increased solar gain through larger glazing areas contributes to
higher cooling demand, which raises EUI, despite low-E coating
offering partial mitigation. This cluster highlights how
maximizing daylight without adequate shading or insulation can
negatively affect both glare control and energy efficiency. Cluster
3 achieves the highest sDAsgs0%, indicating strong daylight
access, but also shows the lowest sGA4gv/s%, reflecting increased
glare. Compared to Cluster 2, a 50% reduction in glazed door
width of same glazing type and a slight decrease in parapet height
(0.2 m) of same type leads to a significant rise in glare risk. This
suggests that the lower parapet height allows more low-angle or
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reflected sunlight to enter, especially on upper floors where solar
exposure is intense and prolonged, highlighting its critical role in
glare control despite smaller openings. Overall, results suggest an
inverse relationship between sGA4ou/s% and both sDAj3gos0% and
EUI and a positive correlation between sDA3zo0/50% and EUIL As
solar radiation is the key concern, clusters vary in how they
balance between daylight and thermal mitigation through shading,
materials, and balcony geometry.

3.3. Analysis of the MOO results

The MOO simulations ran for 25 generations with 20 individuals
each, producing 1560 solutions across three floor positions.
Comparison of the performance objectives along with design
variables across the three studied floor positions is discussed in
this section.

3.3.1. Analysis of the performance objectives

The spatial distribution of the entire set of optimization solutions
is shown in Fig. 10 using a 4D scatter diagram, where each point
denotes a distinct solution. Three performance objectives-
SDA300/50% [%], SGA40%/5% [%], and EUI [kWh/(mza)] are
represented in the x, y, and z- axes, respectively, while another
objective, TCP [%], is shown using a color scale. In lower floor
positions, performance metrics, particularly sDAsgs0% and
sGA4ov/s%, exhibited greater variability than in higher floor
positions. Higher sDAsgs0% values correlated with improved
energy performance but also with lower sGAusgusy% and TCP,
suggesting increased glare and reduced thermal comfort. On the
contrary, solutions with better visual and thermal comfort tended
to have poorer daylight availability and energy performance (Fig.
10(a)). This highlights an inverse relationship between daylight
availability and the other performance metrics driven by increased
solar exposure.

The middle floor demonstrates a more balanced performance
(Fig. 10(b)), with many solutions achieving a good trade-off
between daylight availability and energy use. The solutions cluster
in a wedge-like pattern, with fewer points at the extremes (very

low sDAsgos0% or very high sGAsou/s%), indicating that extreme
daylight or glare conditions are less common. Points with lower
EUI values (90-100 [kWh/(m?a)]) tend to occur when sGAu4gv/s%
values are moderate (around 50%) and sDAjgos0% is within the
standard limit of LEED 4.1. This suggests that optimal energy
performance is achieved with a balance between daylight access
and glare mitigation. The solutions from the center of the graph
(Fig. 10(b)) feature relatively high sDAsps0% and elevated
sGA4ou/s% values, contributing to improved thermal comfort and
slightly lower EUL

In the upper floor position, there is a concentration of solutions
with higher sDA30/509% values (80-100%) and lower sGAasov/s%
(30-50%) (Fig. 10(c)), reflecting strong daylight penetration and
increased glare risk. Solutions with higher thermal comfort (80-
90%) tend to coincide with higher sDAsoo/50% (75-80%) and higher
sGA4us% (70-90%), along with a slight increase in EUI. This
suggests that the trade-off between daylight, thermal comfort, and
energy use is less pronounced in upper floors.

The value distribution of all objectives across three floor
positions is compared and presented in Fig. 11. For visual comfort
metrics, the median value of sDAsgs00 increases from lower to
upper floor positions while sGA4ovs9 decreases, indicating a
higher risk of glare on upper floor positions. In the case of thermal
comfort, the lower floor shows the highest median TCP, which
gradually declines with floor position. EUI values are increasing
with the floor height. The Upper floor position has a higher EUI,
suggesting higher cooling loads due to solar gains. The Middle
floor performs slightly better in terms of energy use.

To sum up, the upper floor position is best for daylight
availability (sDAsgo/s0%), but at the cost of a higher risk of glare,
energy use, and slightly reduced thermal comfort. On the contrary,
a lower floor position is best for thermal comfort and energy
performance, but has limited daylight availability (sDAs300/50%)-
The middle floor offers the most balanced trade-off among all four
performance objectives, potentially making it the most optimal
choice.
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3.3.2. Analysis of the design variables

The distribution of design variables related to the envelope (Vi—
V3) and balcony geometry (V4—V7) in Pareto-optimal solutions is
analyzed using violin plots (Fig. 12) to highlight variations across
the three floor positions. The width of each violin indicates the
concentration of solutions at specific variable values, revealing
how each parameter varies for optimal performance across floor
levels. In the case of glazed door width, the median decreases
from 2.8 m on lower floors to 2.6 m on upper floors, suggesting a
need for wider doors on lower levels to ensure adequate daylight.
A bimodal distribution on lower floors, with peaks near 1.8 m and
3.5 m, indicates a mix of narrow and wide openings. In contrast,

middle floors show a higher density at 1.5-1.8m, reflecting a
conservative design to balance performance metrics. Upper floors
display a smoother distribution, with a preference for larger doors
(peaking around 2.5-3m). For window width, the median
decreases from 1.7 m (lower floor) to 1.4 m (middle floor) and
increases to 2.5 m on upper floor. The lower floors skew toward
1.5-1.8 m, suggesting smaller openings to manage glare, heat, and
energy use. The Middle floor shows a bimodal distribution (peaks
at 1.4m and 3 m), while the upper floor exhibits a broader,
smoother distribution, peaking at 2.5-3 m, indicating a preference
for larger windows.
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Fig. 13. Distribution of wall, glazing, parapet and balcony floor types in Pareto optimal solutions of three floor positions.

The median shading depth increases from lower to upper floors,
helping reduce glare and cooling energy demand for larger
windows on upper floors. On the lower floor, the distribution
peaks at the median of 0.1 m, with 50% of Pareto solutions
exceeding this value. On the middle floor, the median rises to
0.2 m with a similar peak at 0.1 m, and half the values lie above
0.2 m. The upper floor shows a broader, smoother distribution,
peaking between 0.8 and1.0 m, reflecting a preference for deeper
shading.

The median balcony width across all floors is 2.1 m. The lower
floor shows limited variation, with a strong concentration at 2.1 m
and a smaller peak at the lower end (1.0-1.3 m), indicating a
preference for narrower balconies. The middle floor displays a
bimodal distribution (peaks at 1.0 and 2.5 m), reflecting a mix of
small and wide balconies in the Pareto solutions. The upper floor
has a broader, smoother distribution with peaks between 1.5
and3.2 m, suggesting a preference for wider balconies to provide

shade for larger windows. In case of balcony depth, the median
value of all floor positions is 1.3 m, but the middle floor shows the
most significant variation. Its wide spread (1.0—1.6 m) and peaks
suggest diverse balcony designs, with a slight skew toward smaller
depths. In contrast, the lower and upper floors have more
consistent balcony depths with a notable concentration around
1.3m. The upper floor also shows a distinct peak at 1.6 m,
indicating the presence of deeper balconies.

Parapet height shows a decreasing median from lower to upper
floors. The lower floor has limited variation, with a strong
concentration at 1.2 m and a minor peak at 0.9—1.1 m, reflecting a
preference for higher parapets to block low-angle sunlight
reflected from nearby surfaces and reduce glare (SGA4po/s%). The
middle floor shows a bimodal distribution (peaks at 0.8 and 1.1 m)
with a median of 1.1 m, indicating a balanced design aligned with
glazed door widths. The upper floor exhibits a broader, smoother
distribution, peaking between 0.9m and1.2 m with the median at
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Fig. 14. Bump chart illustrating the ranking of design variables across three floor positions, based on four performance metrics derived from Sobol's

sensitivity analysis.

1.0m, suggesting a shift toward lower parapets to reduce the
surface area exposed to direct solar radiation and thus reduce
overheating. Overall, parapet heights are adjusted floor-wise to
respond to specific environmental needs- higher for glare control
below, lower for daylight and thermal comfort above. Similar to
the parapet height, the highest median for wing wall height is
observed on the lower floor peaking around 1.8 m, though 50% of
the Pareto solutions have wing wall height between 1.3-1.8m. The
middle floor shows less variation, with a median of 1.25m and a
noticeable concentration between 1.25 and 1.4 m. The upper floor
exhibits a broader, smoother distribution, peaking between 1.6 and
1.8 m, with a median of 1.5 m, suggesting a shift toward taller
wing walls to mitigate direct solar radiation and thus reduce
overheating and glare.

Figure 13 presents stacked bar charts illustrating the frequency
distribution of material variables (Vs—Vii) across the Pareto-
optimal solutions for the lower, middle, and upper floor positions.
The numerical values are included within each bar segment to aid
quick comparison. This dual-layer visualization captures both
floor-wise variation and overall material preference. Among the
wall types, combined brick-concrete cavity walls show the highest
total frequency (496 occurrences: 97 in lower, 177 in middle, 222
in upper floors), followed by brick cavity walls (459 occurrences:
153 lower, 138 middle, 168 upper). These two types dominate due

to their low U-values (Table 2), offering superior thermal
resistance. Notably, brick cavity walls are more prominent in
lower floors where moderate insulation is sufficient, while
combined cavity walls are preferred on upper floors due to greater
solar exposure. Concrete walls and brick walls are less frequently
selected, with total counts of 316 and 289, respectively.

In glazing, double glazing (total 595) and double glazing low-E
(604) dominate across all floor levels, owing to their lower SHGC
values (Table 3), which help reduce heat gain while maintaining
adequate daylight. Specifically, double glazing is most frequent on
lower (189) and middle floors (237), In contrast, double glazing
low-E is predominant in the upper floors (230), reflecting the need
for enhanced insulation at higher elevations. Single glazing and
single glazing low-E show significantly lower frequencies (105
and 228 total, respectively), indicating reduced effectiveness in
meeting comfort and energy goals.

The preference for opaque concrete parapets is evident, with the
highest overall count (907: 274 lower, 361 middle, 272 upper),
likely due to its better solar blocking properties. Tinted glass
parapets, totaling 653 (286 lower, 140 middle, 227 upper), are
more prevalent on the lower floor where direct exposure is limited.
The similar frequency of both types on lower floors suggests that
parapet material plays a less dominant role in that context.
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Fig. 15. Heatmap of second-order Sobol's indices on the four performance objectives across three floor positions.

Concrete floors are most frequently selected (total 835: 383
lower, 140 middle, 312 upper), indicating a strong preference for
materials that help mitigate glare and overheating, especially in
lower and upper floors. In contrast, ceramic floor tiles are used
less often (724: 118 lower, 361 middle, 245 upper), with the
highest concentration in middle floors. This could be due to
moderate exposure and less intense solar gain at that elevation.

Overall, the distribution shows clear material preferences
aligned with floor-specific performance needs. Combined cavity
walls and double-glazing (with and without low-E coatings) are
essential for ensuring thermal performance. Opaque concrete
parapets and concrete floors are consistently effective in
controlling heat and glare.
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3.3.3. Sensitivity analysis

To identify key design elements influencing each performance
objective and support early-stage design decisions, a Sobol
sensitivity analysis was conducted. Sobol's approach is model-
independent, requiring no assumptions about linearity,
monotonicity, or input variable distributions. In this study, the
total-order Sobol index (ST) and second-order Sobol index (S2)
were calculated to quantify the impact of individual and combined
design variables on the variance of four performance metrics
(sDA300/50%, SGA40%/5%, TCP, and EUI). The design variables were
ranked according to the ST value for each performance metric and
compared across three different floor positions Fig. 14. In the case
of sDAsooss0% (Fig. 14(a)), due to obstructions, parapet height and
shading depth are most influential on the lower floor, while on the
middle floor, parapet height and balcony depth gain importance.
In contrast, the upper floor is primarily influenced by glazed door
width and window width due to greater solar exposure. This
indicates a clear shift from obstruction-related elements to glazing
variables as floor height increases. For sGA4gos% (Fig. 14(b)), the
pattern of dominant variables resembles that of sDAjzoos0%, With
parapet height and shading depth being most influential on the
lower floor. On the middle floor, balcony width and shading depth
take prominence. Similarly, on the upper floor, the key influencing
variables for sGAuov/se align with those identified for sDA300/50%-
However, the impact of window width on the east fagade shows a
clear increasing trend from the lower to upper floors for both
sDA300/50% and sGA4ov/5%, indicating that in the lower and middle
floors, daylight primarily enters through the glazed door attached
to the balcony due to surrounding obstructions.

For thermal comfort (Fig. 14(c)), balcony width and wall types
hold the top ranks on the lower floor, while shading depth and wall
types lead on the upper floor. On the middle floor, balcony width
and shading depth emerge as the most influential variables.
Overall, shading features and wall construction are key in
regulating thermal comfort, particularly on the upper and lower
levels. In the lower and middle floors, the east-facing window
width has a greater impact on thermal comfort than the south
glazed door, as it receives intense morning sun. In contrast, the
south facade remains shaded by balconies and surrounding
obstructions. However, on the upper floor, the impact of the south-
glazed door width surpasses that of the east window due to reduced
obstruction and prolonged direct solar exposure. While the east
window still contributes to morning heat gain, its influence is
lower compared to the intensified solar load from the south. In a
hot-humid city like Dhaka, south-facing surfaces become
increasingly vulnerable to solar gain at higher elevations.

For energy consumption (Fig. 14(d)), wall types consistently
rank highest, highlighting the significant impact of envelope
materials on energy performance. Glazing types appear as the next
most influential, ranking second on both the middle and lower
floors for managing intense solar radiation. The width of the
south-glazed door plays a more dominant role in energy efficiency
than the window width of the east across all floor levels due to its

orientation, larger surface area, and solar exposure duration, while
window width shows moderate influence, affected more by early-
day solar gains and contextual shading. The results of the
sensitivity analysis suggest that distinct design priorities based on
performance goals are needed for different floor positions.

To investigate and quantify the pairwise interactions between
design variables and performance objectives, second-order Sobol
indices were calculated and are presented in Fig. 15. The strongest
interactions are observed on the lower floors, particularly for
sDA30050% and sGAsgouse. For sDA3ps0%, the most signiﬁcant
interaction is between parapet height (V¢) and wing wall height
(V7), while for sGA4ou/s%, it is between balcony width (V4) and
balcony depth (Vs)- highlighting the role of balcony configuration
in regulating visual comfort. The highest interaction for TCP
occurs between balcony width (V4) and wall material (Vs),
indicating that wall material influences the shading effectiveness
of balconies to enhance thermal comfort.

The middle floors show the weakest second-order interactions,
indicating that performance is more influenced by individual
design variables. For sGAs4pus% and TCP, the strongest
interactions involve parapet height (V) paired with glazed door
width (V) and balcony width (V4), respectively.

Upper floor position presents moderate interaction effects,
mainly between glazing and shading variables due to higher solar
exposure. The strongest interaction- between glazed door width
(V1) and window width (V3) for both sDAsoo/s0% and sGAagou/sv-
highlights the dominant role of glazed area in visual comfort. For
thermal comfort, the key interaction is between shading depth (V3)
and balcony depth (V4), underscoring the importance of shading.
Across all floors, EUI shows minimal second-order interactions,
indicating that energy use is primarily governed by individual
envelope materials (wall and glazing types) (Fig. 14).

4. DISCUSSION

This study applied multi-objective optimization (MOO) to refine
the envelope and balcony design of residential bedrooms across
three distinct floor levels, aiming to improve visual comfort,
thermal comfort, and energy performance. The results
demonstrate that an optimal combination of design parameters
varies significantly depending on the floor position, emphasizing
the need for floor-specific strategies. Prior studies have primarily
focused on limited aspects of balcony or window design and
specific performance metrics, without considering the influence of
floor position and surrounding context. Consequently, direct
comparisons with earlier research remain limited due to
differences in space types, methodological approaches, and
performance metrics.

A previous study suggested that a 2-meter deep balcony paired
with a 3-meter wide glazed door works well for all orientations
and floor levels of an office space in the subtropical climate of Sdo
Paulo, Brazil [17]. However, the current study offers a different
perspective by incorporating the envelope and surface materials of
the balcony. Balcony design is found to be interdependent with
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wall and glazing materials, parapet height, and glazed door width,
varying by floor position. On the lower floors, optimal visual,
thermal, and energy performance is achieved through a
combination of a wide glazed door (3.2 m) and window (3.1 m)
with double-glazed clear glass, paired with a 0.7 m shading depth.
This is complemented by a widest (3.3 m) and moderately deep
balcony (1.4 m), along with a high parapet (1.4 m) and wing wall
(2.1m). In contrast, the middle floor achieves balanced
performance with smaller glazed door and window openings
(1.4 m each) using single-glazed low-E glass, combined with a
deeper shading depth of 1.0m. A moderate balcony
configuration—1.4 m in both width and depth—paired with a high
parapet (1.3 m) and a lower wing wall (1.1 m) proves to be
effective. On the upper floor, performance is balanced through a
wider glazed door (2.6 m) and a small window (1.4 m) with
double-glazed clear glass, along with a 1.0m deep shading
element. This is supported by the wider (3.0 m) and deepest (1.7 m)
balcony, a lower parapet (1.1 m), and a moderately tall wing wall
(1.8 m). This highlights that comparisons are performance-based
rather than specification-based. The optimization framework
consistently uses the same variable space and objectives, enabling
fair comparison of context-specific design trade-offs. Another
study recommended that a deep-shaded balcony combined with
enhanced thermal insulation can reduce energy usage up to
12.72%, particularly with a deeper balcony [8]. The current study
reported similar improvement in energy consumption, ranging
from 7.7% to 10.7% depending on floor level. Moreover, it
showed improvement in other metrics also. The highest
improvements of 23.7%, 10.2% and 16.8% are observed in the
case of sDAjsoos0%, SGA40%s5%, and TCP across three floor
positions.

Previous studies identified window width, balcony presence,
and depth as key factors influencing daylight, glare, and thermal
performance [9,50-52]. In contrast, through sensitivity analysis,
the present study revealed that design priorities vary across floor
positions and performance objectives. Parapet height, shading
depth, and envelope material were critical for daylight, glare, and
energy use in lower and middle floor positions. However, glazed
door width primarily influenced glare on upper floors. This
divergence results from differences in methodological approaches,
as earlier studies did not comprehensively examine balcony design
variables alongside envelope variables. Unlike previous works,
this study incorporated variables such as parapet height and type,
wing wall height, and balcony surface materials and optimized for
four performance metrics (SDA300/50%, SGA40%/5%, TCP, and EUI)
considering the surrounding context across three floor positions.

5. CONCLUSION

This study developed a framework to optimize envelope and
balcony designs for residential bedrooms in high-rise apartments
across different floor positions, aiming to enhance visual and
thermal comfort as well as energy performance while considering
the surrounding context. A parametric model integrated with

multi-objective optimization and multi-criteria decision-making
was employed. Envelope geometry, balcony configuration, and
material types were comprehensively analyzed through a
prototype south-facing high-rise residential building in Dhaka,
demonstrating the framework's effectiveness.

The following are the key findings of this study:

1. Impact of floor positions on performance objectives:
Despite  identical  envelope  features, significant
performance differences across floor positions of the base
case challenge the conventional repetitive envelope designs
in high-rise residential buildings. Results demonstrated that
upper floors offer better daylight but face higher glare,
energy use, and reduced thermal comfort; lower floors
perform better in thermal comfort and energy use but have
limited daylight, while middle floors provide the most
balanced performance across all objectives.

2. The optimal solutions for three floor positions: The optimal
solutions vary across floor positions. Lower floors benefit
from wide glazed openings, shallow shading, wider
balconies, and high parapets to enhance thermal comfort
and reduce glare from surrounding reflections. Middle
floors favor smaller openings, deeper shading, moderate
balcony features, and low-E glazing for balanced
performance. Upper floors incorporate wider openings,
reflective materials, and deeper balconies with opaque
parapets to manage higher solar exposure.

3. Decision-making according to preferences: Each project
demands tailored trade-offs based on design priorities.
Cluster analysis revealed varied solutions emphasizing
individual performance goals. For instance, prioritizing
energy efficiency on upper floors results in smaller glazed
openings, deeper balconies, shallow shading, and the use of
low U-value wall materials, low-SHGC glazing, tinted
glass parapets, and concrete balcony flooring.

4. Sensitivity of design variables:  Sensitivity analysis
revealed the need for floor-specific design strategies
aligned with distinct performance objectives. For example,
visual comfort on lower and middle floors is driven by
parapet and balcony width, while glazed door width
dominates upper floors.

5. Correlation between design variables: The interaction of
design variables affects the performance objectives which
vary across floor positions. Second-order Sobol analysis
highlighted strong balcony-related interactions on lower
floors, minimal interactions on middle floors, and moderate
glazing-shading interactions on upper floors for glare and
thermal comfort. Energy use (EUI) remains controlled
mainly by individual envelope materials.

The proposed framework can be applied to a variety of building
types, offering designers practical guidelines not only for early
design stages but also for renovation and refurbishment. Visual
charts further aid in comparing design alternatives to support
informed decisions. Additionally, the approach may inform future
building codes and guidelines for envelope and balcony design.
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However, the study is limited to a specific balcony type and south
orientation. Future work should explore varied balcony
configurations, positions, wing wall inclinations, and the effects
of balcony features on indoor and outdoor airflow patterns.

APPENDIX A

Table A1. Thermal properties of the base case materials.

Name Layers Thickness Conductivity Specific heat U- Value Reflectance
[m] [W(mK)" [J (kg K)'] [W/(m*K)] [%]

Exterior wall Exterior plaster lining 0.00635 0.43 753.12 1.53 65
Brick (1% class brick) 0.254 0.55 1172
Interior plaster lining 0.00635 0.43 753.12

Interior wall Plaster lining 0.00635 0.43 753.12 2.36 70
Brick (1% class brick) 0.127 0.55 1172
Plaster lining 0.00635 0.43 753.12

Interior Floor RCC 0.1016 1.34 669.44 4.08 40
Local tiles 0.00635 1.12 1213.36

Interior Ceiling RCC 0.1016 1.34 669.44 3.93 70
plaster lining 0.00635 0.43 753.12

APPENDIX B

To identify the optimal number of clusters for each dataset obtained from MOO (lower, middle, and upper floors), the elbow method
was applied by calculating and plotting the sum of squared distances between data points and their respective cluster centers. The value
of K was identified from the point on the graph where the sum of squared errors no longer showed significant reduction with increasing
K (Fig. B1). For each dataset, the optimal K was found to be 4.
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Fig. B1. Graph showing the elbow point for identifying the optimal number of clusters (K) for K- means clustering across three floor positions.
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