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Abstract

Even though the manufacturing industry consumes roughly 54% of total available energy globally, little consideration has been devoted
to optimizing energy in the early stages of industry design, particularly in densely populated cities. With the increased demand for green
buildings, energy performance has a greater influence on design results. As a result, this paper provides an envelope optimization
technique that can assist architects and computational designers in analyzing the environmental performance of various alternatives and
developing optimal design solutions, especially for Bangladesh and the building of these regions. First, an existing industrial site in
Dhaka, Bangladesh's capital was chosen as a case study, and a hypothetical industry building, as well as its surroundings, were
parametrically developed. Then, for the optimization method, the design factors linked to the building envelopes were chosen. Finally,
a Multi-objective Optimization (MOO) procedure was utilized for defining performance measures including daylighting, energy and
comfort measures, UDI, EUI, and PPD. According to the MOO results, the UDI may be enhanced by 25.286% as compared to the least
favorable scenario. Consequently, the EUI may decreased by 38.718 kWh/m? while the PPD can be increased by 41.78%. The geometric
configuration of East, West, North, and South played a significant role when designing the industrial building. According to the analysis,
the geometric configuration of a South WWR of 50%, a West WWR of 30%, an East WWR of 70%, and a sill height of 0.75m is the
most feasible option. A statistical analysis of design factors and performance measures demonstrated that the window-to-wall ratio,
particularly on south walls, has the greatest impact on industrial building design in densely populated areas. The proposed approach is
expected to be used by architects and municipal planners to develop design metrics based on simulation results.

© 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

More than 6 billion people live in high-density cities around the
world. Because of the city's infrastructure needs, governing bodies
initiate various types of infrastructure development. Among the
most visible recent developments in Bangladesh has been the
growth of industry. However, due to a lack of emphasis on carbon
emissions in the rules and regulations, industry buildings are being
developed in such a way that they generate a significant amount
of carbon emissions each year. According to studies, the
manufacturing industry consumes roughly 54% of overall
available energy worldwide. As a result, energy-driven building
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geometry design is critical during the early stages of design
development to make industry buildings sustainable.

With increased demand for green buildings, energy
performance has a greater impact on building sustainability [1].
Furthermore, daylight is another parameter that must be met in
order to achieve comfortable interior spaces as well as decrease
the carbon emissions in the built environment. Several geometrical
features of the building, i.e., window-wall ratio (WWR), shading
depth, building length and width, as well as courtyard ratio, may
have an impact on these energy metrics (Fig. 1). As a result, before
developing the building, it is critical to properly configure the
building features so that the building can be sustainable in the long
run. This method not only reduces energy consumption and thus
carbon emissions, but it also makes the post-occupancy interior
environment healthy and comfortable.
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The innovation of this workflow lies in its tailored approach to
industrial building design within the context of Bangladesh and
neighboring regions, addressing specific challenges and
considerations unique to this geographical area. While workflows
for optimization have been previously implemented, the novelty
of this study lies in the development of an analytical framework
that specifically targets the optimization of energy consumption
and environmental impact in industrial buildings in this particular
region. The aspect of the workflow can be primarily attributed to
the Diagnosis section, where the analytical framework is deployed
to assess energy consumption patterns and identify inefficiencies.
Unlike generic approaches, this framework is customized to
account for the socio-economic dynamics, climatic conditions,
and resource constraints prevalent in Bangladesh and neighboring
regions. By integrating localized data, industry insights, and
stakeholder perspectives, the Diagnosis section ensures a nuanced
understanding of the factors influencing energy consumption in
industrial buildings. This proactive approach distinguishes the
workflow from conventional methodologies, offering practical
solutions that are not only effective but also feasible within the
constraints of the local context. In essence, the innovation of this
workflow lies in its ability to bridge the gap between theoretical
frameworks and practical applications, thereby empowering
designers and architects with actionable insights to drive
sustainable outcomes in industrial building design specific to
Bangladesh and neighboring regions.

Even though several approaches to optimizing buildings have
been explored in previous research projects, no research has been
conducted to optimize the industry building geometry to reduce
energy consumption and increase occupant comfort. As a result,
this paper presents an envelope optimization technique for
industrial buildings in Bangladesh's climatic context in order to
reduce carbon emissions and make the city more sustainable. The
authors established two hypotheses to achieve the research goal.

Hypothesis 1: Multi-objective optimization-based framework
can predict the most feasible geometry configuration that can
improve the energy efficiency for future energy-driven city
development.

Hypothesis 2: Different independent variables have dissimilar
influence on the outcome objectives.

The research established a set of specific objectives to achieve
these hypotheses:

e Develop a multi-objective optimization workflow which
can predict the most feasible geometry configuration.
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e  Recommend the most feasible geometry variable for the
best daylighting, percentage of people dissatisfied and
energy consumption trade-offs.

e Identify the most influential predictor geometry variable
on daylighting, percentage of people dissatisfied and
energy consumption.

This paper is expected to be useful to architects and
computational designers in analyzing the environmental
performance of various alternatives and developing optimal
design solutions.

2. Literature
2.1. Energy-driven industry design development

The goal of energy-driven manufacturing design development is
to provide proper envelopes variable layout that reduces energy
requirements, particularly considering and responding to inter -
dependencies among energy and lighting systems with the built
form for greater energy achievement. Choosing the best solution
option for a more efficient building is essential and decisions
should be made at the early stage [2]. Large scale urbanization is
causing cities in developing countries to grow as more and more
people are migrating in everyday in search of work and livelihood.
Over 19.5 million people resides in the 300 sq km metropolitan
area of Dhaka, Bangladesh and an increasing number which is
predicted to reach 26 million by 2035 [3]. These people cluster
around their place of work contributing to the ever-growing city
density. The city grows as more infrastructures are built in order
to support it. With this growth comes an increase in energy
demand for the city to sustain itself, as buildings are among the
major energy consumers in terms of overall energy consumed [4].

As the world embraces globalization, cities are becoming hubs
for business and communications [S5]. An important part of these
developing cities is the industrial area that provides work for a
large number of the city dwellers. These areas consist of factory
buildings that have large machines on their production lines
consuming even more energy. These buildings also emit heat and
other substances that is detrimental to the environment and also to
the mental and physical health of its workers [6]. Buildings don’t
just need energy to run its machineries but also to maintain a
comfortable work or living environment for its occupants as the
quality of the building interior contributes immensely to wellbeing
and working efficiency of its users [7]. Thus, energy is needed not
just to run a building but also to sustain it. Our cities are densely

Changes in building Length, Width, WWR

. & @

Changes in building Length, Width, WWR

Fig. 1. Building configuration (building length, width, window-wall-ratio, shading device configuration, courtyard length-width) to get energy performance.
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packed and there is a constant need for energy in order to provide
for everyone.

In order to reduce the load on the city power grid, factories are
thus designed to be as energy efficient as possible. They should be
engineered to take the maximum advantage of the natural
resources available. Their design should be such that they take
advantage of natural light and ventilation when necessary and
balance the energy obtained from the national grid in order to
maintain optimum working conditions. The building may allow
natural ventilation during summer in order to keep cool and
prevent loss of heat during winter. Every aspect of the industrial
building should be designed according to the bio climatic
architecture for the minimization of energy needs and the
environmental impact of them [8]. Such design decisions are to be
taken in the early stages of design because it is at this stage that
the possibility of conceiving a high performance design is at its
peak [9]. This is how an energy driven industry design
development will help optimize these buildings so that they may
consume as little energy as possible.

2.2. Performance assessment metrics
2.2.1. Day lighting metrics

One of the major purposes of an energy driven industry design
development is to provide a comfortable interior work or living
environment for the occupants without the expense of too much
energy. In order to do so, several Day Lighting Metrics are
developed to analyze the performance of an interior environment
under a certain fenestration design. Listed and described are some
showing how they measure and evaluate daylight performance
[10].

(DA: Daylight Autonomy): the percentage of inhabited period
during the certain amount of time when daylight intensity
surpasses luminance of 300 lux [11]. DA provides a visual
representation of how daylight will spread in a given space,
allowing the designer to estimate the associated electric energy
savings. Because this matrix multiplication does not have an upper
limit, it has a disadvantage in that it does not account for the visual
discomfort caused by excessive sunlight.

In the realm of workspace ergonomics and productivity
optimization, it is recommended that environments tailored to
accommodate predominantly paper-based tasks maintain a lux
level of 500. As a foundational principle, office lighting standards
advocate for an average illumination level falling within the range
of 300 to 500 lux. It is imperative to underscore that any
operational space should not descend below the threshold of 300
lux to ensure conducive conditions for effective task performance
and occupant well-being. However, general guidelines suggest
that areas involved in detailed inspection or fine stitching might
require higher lux levels, around 500-1000 lux, while general
production and assembly areas could aim for 300-500 lux for
adequate lighting conditions- Light intensity requirement
according to Bangladesh National Building Code-BNBC 2021
[12].

(UDI: Useful Daylight Illuminance) [13]: The UDI is made up
of three metrics that are evenly distributed around each juncture in
aroom. The markers show proportion of period a place lower than
a lowest limit (set to 100 lux) and between a helpful minimum and
maximum value (often set to 2000 lux).

2.2.2. Energy use intensity (EUI)

The EUI is used to calculate a building's overall performance. It is
expressed as a ratio of a building's total annual energy
consumption to its floor area. Because the energy used for natural
lighting is a component of total power consumed, EUI is linked to
it in part.

(PMV: Predicted Mean Vote): The PMV is an ISO standard that
predicts the mean vote of a large group of people [14]. It decides
the effectiveness on a scale of +3 to -3, with +3 being hot, -3 being
cold, and 0 being neutral. According to the ASHRAE Standard 55-
1992, a PMV vote between -0.5 and +0.5 is regarded a satisfactory
zone [15], because as values step away from 0 to extreme, it
becomes uncomfortable.

(PPD: Predicted Percentage of Dissatisfied): The proportion of
residents who are dissatisfied through the interior thermal
situations is predicted by PPD. It is derived from an extension of
Fanger's PMV range of thermal comfort concept. [15].

The PPD increases as the PMV moves away from the neutral
zero in any direction. However, it is also important to take into
consideration that it is impossible to satisfy all occupants at the
same time. As per ASHRAE 55, the recommended PPD for a
given interior space is less than 10% unsatisfied occupants.
Different people will perceive the interior climate of a building in
different ways, and it is not possible to satisfy all. Thus when
considering a building as a whole it is considered adequate to
satisfy at least 80% of the occupants, attaining a PPD of 20% or
less [16].

2.3. Data diagnostic measures for measuring impact of individual
input parameters

Diagnostics for linear regression are tools that assess a model's
adherence to its presumptions and investigate whether there is a
single assessment or group of observational data that the model
does not adequately represent. These capabilities allow
researchers to determine whether a model adequately describes the
data from their study. The following are the five linear regression
assumptions for generalizations:

e A linear relationship is understood to be required for both
the independent variable (x) and the outcome objective (y).

e The residuals must be normally distributed. The residues
are assumed to be widely dispersed.

e Residue variability is consistent. The difference between
the residues is expected to be continuous
(homoscedasticity).

o The residual inaccuracy terms are unbiased.

e Multicollinearity is absent or minimal.

If the regression analysis assumptions are met, the errors
affiliated with one variable are not found to correlate with the
uncertainties associated with any other variables. Regression
diagnostics are often used to assess assumptions and determine
even if there aren't any observations that have a large, undue
influence on the analysis.

3. Optimization framework
3.1. Methodology

There are four steps to the approach. The research's framework is
depicted in Fig. 2. The initial step was to choose a site area based
on the research needs. The industrial building on the design plot,
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Fig. 2. Framework of the research, order and connection with flowchart -choosing site, input of weather related data, generating model with options for variables,

simulation and result of the simulation.

as well as the surrounding conditions, were included in the site
area. Production scale, building size, breathable formation of
building in traditional building design practice, occupancy type,
etc. were considered. Furthermore, the typical courtyard patterns
were studied in the light of Bangladesh's meteorological
conditions. For the optimization study, the appropriate
meteorological data and construction timetable were also
obtained. The number of tenants in an industry setting during the
year, as well as building operating time, were included in the
building schedule. The weather data was linked with the model
to get the specific climate based result. In the second step, many
parameters were used to create a parametric industry building
geometry. The opening to individual fagade, the depth of shading
device/ sunshade, the size of courtyard, the length and width of the
building along with other parameters were input. For the research
analysis, the parameters were then used as predictor variables.
The parametric model was connected to the simulation module
in the third step of the research to calculate three dependent
variables as outcome targets. The objectives were chosen to be
Useful Daylight Illuminance (UDI), Predicted Percentage of
Dissatisfied (PPD), as well as Energy Use Intensity (EUI). A
crucial statistic in architectural design, useful daylight
illumination (UDI) gives information on the amount and caliber of
natural light in a building. Architects and designers can optimize
window configurations and building layouts to maximize energy
efficiency, reduce dependency on artificial lighting, and guarantee
occupant comfort by using UDI analysis. Understanding UDI
levels allows designers to create spaces that support productivity,
well-being, and aesthetic comfort—all of which contribute to the
creation of sustainable and hygienic buildings. Moreover, UDI
assessment can help ensure that buildings satisfy both functional
and regulatory needs by facilitating compliance with daylighting
standards and laws. In the end, UDI is a vital tool for architectural
projects that aim to maximize building design, advance energy
efficiency, and cultivate occupant well-being. One important
metric used in environmental engineering and building design to

assess occupants' thermal comfort in a place is the Predicted
Percentage of Dissatisfied (PPD). PPD helps designers optimize
building envelope design and heating, ventilation, and air
conditioning (HVAC) systems to reach maximum comfort levels
by projecting the proportion of occupants likely to be unhappy
with the thermal conditions. Insights into potential thermal
discomfort are provided by this statistic, which helps designers
make well-informed decisions to maximize energy efficiency and
improve occupant satisfaction and productivity. Furthermore, In
building energy analysis, Energy Use Intensity (EUI) is a crucial
statistic used to calculate how much energy is used per unit area
in a structure during a certain time period. EUI offers important
insights into how efficiently a building uses energy by comparing
energy consumption to building size. It makes it possible for
legislators, engineers, and architects to assess the energy
efficiency of various buildings, pinpoint problem areas, and put
cost- and energy-saving measures into action. Furthermore, EUI is
used as a benchmarking tool to evaluate adherence to energy
efficiency certifications and standards, directing the development
and maintenance of ecologically conscious and sustainable
buildings. All things considered, EUI is vital to the advancement
of energy-efficient construction techniques, decision-making
processes, and energy efficiency.

The predictor variables and outcome objectives were then
connected to a multi-objective optimization module, which
iterated the design possibilities until the most practicable design
options were found. The third step was to determine the impact of
various independent factors on the result goals. The most effective
predictor variables for effecting daylight, energy, and occupant
comfort were determined by correlation and multi-linear
regression analysis in the final step.

3.2. Prototyping

The research was conducted using several domains (Fig. 3). It is
comparable to the research undertaken by Aman, J. et al. 2021.
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Fig. 3. Prototype domains of the workflow; shows the program used in each steps accordingly.

The footprints of the structures and their environs were created on
the Rhinoceros platform in the first phase of the investigation. The
parametric geometry was then created in 3D using a visual
programming tool called Grasshopper, which is a Rhinoceros
plugin. Grasshopper is one of the most widely used parametric
platforms, with the ability to specify geometric parameters [17].
The authors then employed ClimateStudio, a cutting-edge energy
simulation tool. To obtain correct UDI, EUI, and PPD findings, it
is critical to use a proven simulation tool. ClimateStudio has been
widely utilized to measure energy-related analysis in recent years.

The next stage was to optimize the design options, which the
authors accomplished using Octopus, a Grasshopper plugin. To
aggregate the optimization process, the plugin can take the
predictor variables and outcome targets as inputs. This technique
can identify a tradeoff geometry configuration solution that can be
used early in the design phase. The statistical programming script
R and python programming were used in the last step to calculate
multivariate analysis and visualize the results.

Seamless extraction of data from Octopus plugins within Rhino-
Grasshopper to Python presents a pivotal capability for researchers.
Leveraging the interoperability between Grasshopper, a graphical
algorithm editor tightly integrated with Rhino, and Python, a
versatile programming language widely adopted in computational
design workflows, researchers can tap into the rich dataset
generated and manipulated within the Octopus plugin
environment. Initially, researchers establish communication
between Grasshopper and Python through plugins or scripting
components. Subsequently, utilizing Python's extensive
ecosystem of libraries such as Rhino3dm, researchers access
Octopus plugin-generated data structures directly or through
intermediate data formats such as JSON or CSV. This process
empowers researchers to perform advanced data analysis,
visualization, and integration with external tools and databases,
thereby enhancing the analytical capabilities and insights derived
from computational design methodologies. Ultimately, this
interdisciplinary integration fosters innovation and facilitates the
exploration of complex design spaces in architectural, engineering,
and other creative domain.

4. Implementation
4.1. Site area

The plot for this research was chosen at Savar, Chandra. A
hypothetical production factory building was chosen for this
study. The site area is 29 acres which is surrounded by other
industrial buildings and has natural green with water on the south
zone. Surrounding environment and other factors were also
considered while working with this project.

Different types of geometry were applied to create the building
prototype, including: (a) the incorporation of extensive standards,
guidelines, and restrictions into conventional project preparation.
(b) Differing on the magnitude and output size. (c) Combination
developing, which takes into account how well a structure
performs. Standards for industrial buildings and the policymaker's
rules and regulations serve as guidelines for the hypothetical
model. The area around the location was considered. Differing on
the demand for manufacture range and enterprise requirements, a
fundamental geometric form was also established. On the way to
improve the ventilation procedure, a courtyard was added into the
design. Windows, blinds, and the floor height were all designed in
accordance with requirements. For this study, weekdays from 8
am to 5 pm operation time and occupancy were taken into
consideration. Dhaka Tejgaon was utilized for weather data in the
.tmy format [18].

4.2. Parametric industry building formation

The traditional Manufacturing building proportions and variable
quantity were established using rules and criteria for industrial
design. The factory building's width and length were measured in
accordance with regional regulations and the proportions of the
production plan, while the courtyard's width and length were
measured in accordance with Nationwide Code Compliance
requirements. The manufacturing area and layout will surely affect
the facility's basic size, however in order to achieve our goal, we
have prioritized building dimension flexibility. The interval of the
variables depending on the size of the production capacity and
standard design of an industrial building with the production size.
Such as, the allocated space for building length was 100m to
110m, building width flexibility was 55m to 65m, the courtyard
length’s & width’s variables came from the functional
organizations and flexibility (Table 1). For the opening, the basic
rules were followed. “The opening on a single fagade should be
more than 35% -14m Depth [12].

When building the parametric model in the Rhino-Grasshopper
platform, the design aspects were taken into consideration. Factors
included the WWR on the north, south, east, and west facades, the
length and width of the courtyard, the height of the windows and
windowsills, their orientation, and the depth of the shading device
(Fig. 4). Building codes were followed in the implementation of
the variable range. The typical quantity of each variable's
assortment was taken into consideration while calculating the
dimensions for the hypothetical building model.

Building Schedule- In the context of Bangladesh, usually the
workers actively work from 9am to the Spm. As it is an industrial
building, the zones are divided considering the type of work done

2383-8701/© 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/).


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

124 S. M. Islam et al. / Journal of Daylighting 11 (2024) 119-130

Building & court length

Building Length with courtyard ~ Length & Counyard width

Building & court Length

Building Length

Court length & width Length & Width with court

Building & court width Length & Width with court

Length & Court length

Building Length

‘~ /;

%
\x /{

\M\
7 /’V

,
q\/

N

Building Width
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Table 1. Variables with minimum & maximum values.

Predictor Variables Minimum Value

Maximum Value

South WWR 10%
West WWR 10%
East WWR 10%
Sill Height 0.5m
Courtyard Length 50m
Courtyard Width 19m
Shading Depth 0.125m
Building Length 100m
Building Width 55m

100%
100%
100%
1.5m
60m
24m
0.50m
110m
65m

into that particular space, like cutting, sewing, polishing, packing,
loading, unloading etc. In our targeted building, the building is
mainly used for press cutting and machine-based sewing, starts
from 9am to 5 pm. The building starts its operations -preparation
of the day, lhour prior the actual production starts- when the
optimum light condition is not the main necessity and closes 30
minutes after the workers leave the building. During the working
time (9am to 5pm), natural ventilation is required along with
sufficient light with is no less than 300 lux. Within Bangladesh-
adjacent to the regions on this equator-, the outside temperature is
closely 32-37 degree Celsius where comfortable temperature for
working considered from 22-25 degree Celsius. Hence, we have
used 25 degrees Celsius as desirable temperature in the schedule.

The space is considered as Large Office Room, with .333 p/m?
(People density) with 1.2 metabolic rate with is taken for moderate
movement. Light 11 W/m? with 500lux continuous light. For
Heating- constant temperature is 25.5 degree Celsius (comfortable
temperature for human) with maximum Supply Air temperature
25 degrees. For Cooling, Constant set point is 27 degrees,
minimum air supply temperature 24 degrees, cooling limit 100
W/m?, flow limit 100 m3/s/m?, cooling COP 3, Natural Ventilation
Set point 22, Maximum Outdoor Temperature 30 degree Celsius,
Max Rel. Humidity 90%.

The primary objective of the research was to make
recommendations for an environmentally responsible and worker-

friendly industrial design that would maximize daylighting while
consuming less energy. In order to produce these results, Window-
Wall Ratio and Shading were used as independent variables.
Energy use and daylight are significantly impacted by these two
variables [19,20]. The impact of solar radiation on the interior,
indoor temperature, and daylight access are all impacted by
WWR. The proportion can be found by splitting the overall
glazing area by the exterior front wall area [21]. For instance, if
the glazed opening is 40 sqm in size and the facade's wall area is
100 sqm, the WWR ratio will be 0.40. It is converted in percentage
for better understanding of the opening ratio of a facade. For the
iteration process, at the Window Wall Ratio range of 0.30 to 0.60
for eastern and western facades and 0.30 to 0.80 for northern and
southern facades were taken — depending on the orientation of the
building considering the Bangladeshi climate. Also, factory
building length and width of 100 to 110 and 55 to 65 meters, and
courtyard length and width of 50 to 60 and 19 to 24 meters, which
came from requirements and flexibility limit. The (EUI) Energy
Use Intensity and (UDI) Useful Daylight Index are the outcome
variables. To calculate UDI, the ratio of the total annual occupied
hours to the number of useable hours was used [13]

In addition to the energy unit of KWh/m?, the EUI takes into
account the total calculation of lighting, annual heating and
cooling, equipment, and loads. In this study, several end goals—
including Useful Daylight Illuminance (UDI) and Energy Use

2383-8701/© 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/).


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

125 S. M. Islam et al. / Journal of Daylighting 11 (2024) 119-130

Intensity (EUI)—were investigated to learn more about the best
feasible options and to examine the impact of design components
on the solutions.

4.3. Multi-objective optimization settings

The optimization generator used in the research was Octopus, a
multiple dependent objective optimization generator. Holland
proposed the genetic method algorithm, used for Octopus in the
1970s [22]. This is predicated on the organic choice method
generally used in biological progression. The first-generation
population size in this research was 100, implies that 100 iteration
resolutions are chosen randomly across the candidate choices. All
subsequent generations have a population of 50. Octopus adjusts
the population of candidate solutions using natural principles
including such selection, inversion, and mutation. Then Octopus
chooses solutions with high results at irregular intervals from
existing number of options and utilizes the options as parents for
generating the next generation options.

There have been two main methods for dealing with various
conflicting objectives. The first technique is the weighted sum
model, in which different weights are assigned to different
dependent objects, such as, 60% on UDI while 30% on EUI and
10% on PPD. The issue is then reduced to a single dependent
objective problem to minimize the complexity. Even though the
weighted sum technique is simple to use, the outcome is heavily
dependent on the defined weight assigned to every objective, and
that process can often be error some. The other approach is Pareto
front optimization that involves determining a trade-off between
different objects, also known as the Pareto front, between each
objective. The concept of dominance underpins the definition of
the Pareto front. The Pareto front is made up of nondominated
solutions, which means they are not possible to be enhanced in
results.

The study used three dependent objectives, and the Pareto front
algorithm was used to determine the best geometry options based
on EUI, UDI and PPD (Fig. 5). The goal of design was to obtain

\S

designs with the least amount of energy, least amount of PPD and
the most amount of useful daylight.

5. Results & Discussion

The final result is divided into two stages. In the first phase, the
multi-objective optimization result was analyzed to predict the
most feasible geometry configuration. Multi-linear regression was
used in the second stage of the results to determine whether
different independent variables have dissimilar effects on the
outcome objectives and to identify the most influential predictor
variable in predicting the outcome objectives.

5.1. Optimization results

The optimization results were examined to determine whether the
first hypothesis was satisfied. Figure 6 shows the scatterplot of
UDI against EUI to depict the most feasible and least feasible
design options.

According to the MOO results, the UDI could be increased by
25.286 percent when compared to the worst-case scenario. As a
result, the EUI may be reduced by 38.718 kwh/m? while occupant
comfort may be increased by 41.78 percent. Table 2 depicts the
most and least feasible configurations of the predictor variables
and outcome objectives. Based on daylighting, energy
consumption, and occupant comfort, a window-to-wall ratio of 50%
on the south walls is a very feasible option. Increasing the ratio,
on the other hand, will reduce the objectives' preferences. The
most feasible design option is a west WWR of 30%, an east WWR
of 70%, a sill height of 0.75m. Changing the length of the building
or the length of the courtyard has no significant impact on the UDI,
PPD, or EUL

5.2. Impact of individual input parameters

A multi-linear regression was conducted to measure the
significance of each independent variable on the daylighting
results as a proof-of-concept, and to conduct a sensitivity analysis
to quantify the impact of individual input parameters on the overall

Fig. 5. Visualization samples of simulation outputs for UDI, EUI and PPD. The warmer area represents area with more workable lights (Green and blue color shows

best and worst result; which is the outcome of a particular opening ratio).
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Fig. 6. Scatterplot of UDI against EUI (Top points are Most Feasible Options with more UDI and Less EUI results. The bottom points are Least Feasible Options with

More EUI and less UDI).

results. First, a correlation matrix was developed to show the
positive or negative impact of the parameters on UDI, PPD and
EUI Table 3 and Fig. 7 show the results of the correlation analysis.

The overall window to wall ratio has the highest correlation with
the dependent objectives, UDI, PPD, and EUI, according to the
correlation study. On the south walls of the industry building, the
window to wall ratio displays a negative moderate connection with
daylighting. That is, if the designers increase the size of the
windows on the south wall, the percentage of useful daylight in
the structure will decrease. Controlling windowsill height and
shading depth can help to ameliorate the issue. Despite the fact
that windowsill height has little link with the UDI, it has a bigger

impact on the percentage of persons dissatisfied with the interior
and energy consumption intensity.

A hierarchical regression analysis (Table 4) was used to
determine that the more complex model with all the variables
accounted for significantly more variance (AR2 =0.1348, p <.001)
than the simple linear model with only south WWR. That means
that, adding more geometrical attributes influence on daylighting.
Even though, measuring the impact of these variables on other
objectives was out of scope, it can be assumed that, adding the
variables, such as WWR of all sides, Sill height, Courtyard length-
width, shading depth, building length and width will impact
significantly on the dependent objectives. The formula for the
hierarchical regression is as follows:
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Predictor Variables Most Feasible Option Least Feasible Option
South WWR 50% 90%
West WWR 30% 60%
East WWR 70% 70%
Sill Height 0.75m 1.5m
Courtyard Length 50m 50m
Courtyard Width 18m 24m
Shading Depth 0.25m 0.50m
Building Length 110m 110m
Building Width 50m 60m
UDI 92.521% 67.235%
EUI 72.635 kwh/m2 111.353 kwh/m2
PPD 6.5% 48.28%

Table 3. Correlation results of the independent variables and the dependent objectives.
Predictor Variables UDI PPD EUI
South WWR -0.3236 0.4038 0.4783
West WWR 0.0585 0.1277 0.1667
East WWR 0.0684 0.1013 0.1316
Sill Height 0.0026 0.3606 0.4139
Courtyard Width -0.0967 0.2272 0.2925
Shading Depth 0.0004 -0.0365 -0.0561
Building Length -0.0147 -0.2116 -0.2709
Building Width 0.1052 -0.2471 -0.3136
Courtyard Length -0.0718 0.2381 0.3088
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EastW\R -

SillHeight -

CourtyardWidth -

ShadingDepth -

BuildingLength -

BuildingWidth -
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uol -

PPD

m
<
- ..
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EastWWR -

o -..
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ShadingDepth

BuildingLength -
BuildingWidth

Fig. 7. Correlation matrix of the independent variables and objectives.
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yVi = (bo + lell- + bzXz,: anni) + &i (1)

Here, the model can predict an entity's outcome and that there
is some error associated with that prediction (&;). The results are
being predicted based on an outcome variable (y;), in this case,
UDI, based on multiple predictor variables (A£7;..,) and
parameters (J4;..,), associated with the predictor variable that
quantifies the predictor variable's relationship with the outcome
variable. Another parameter, &, that tells that the value of the
outcome when the predictor is zero. A data diagnostic for this
more complex regression model was performed, and no issues
with influential cases were discovered. That is, there were no
outliers in the dataset, and regression analysis to determine
individual impact will yield precise findings. Furthermore,
assumption testing revealed no issues with multicollinearity,
normality, homoskedasticity, or error independence. Figure 8
depicts the diagnostic results of multicollinearity, normality,
homoskedasticity, and error measure independence.

The linear relationship assumptions were tested in the first plot
(upper-left panel) of Fig. 8. A horizontal line with no discernible
patterns indicates a linear relationship. In this case, the red line is
not very straight, but rather convex rather than flat. The red line-
up ought to ideally be roughly parallel at 0. The manifestation of

Residuals vs Fitted

Residuals

-10

-20
|

Fitted values

Scale-Location

1538C
“o o

15

1.0

|Standardized residualsl

05

0.0

Fitted values

Fig. 8. Data diagnostics for regression analysis.

Standardized residuals

Standardized residuals
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this shape may suggest that something is wrong with the linear
model. It can be assumed that data entries 639 and 158 had some
influence on the line's tilt. The residuals were checked to see if
they were normally distributed in the second plot (upper-right
panel). It is preferable if the residuals scores try to emulate the
straight diagonal stripe. Though there are some variants, the
majority of the points here fall roughly along this line segment, so
normality could be assumed.

The third plot (lower-left panel) was utilized for testing the
variance  uniformity  of  residues  (homoscedasticity).
Homoscedasticity is indicated by a horizontal line with evenly
spaced points. The variances of the residual points in this case vary
along with the amount of the fixed result variable, indicating non-
continual variances in the remaining inaccuracies or
heteroscedasticity. The final plot (lower-right panel) was used to
distinguish influential issues or extreme principles that could
influence the regression results when they were included or
excluded on or after the study. In this case, no data appears to be
a tentative influential value, which means that any data that can
change the results of the regression analysis must be included or
excluded. Cook's distance found no data outside of a dashed line.
They have a high Cook's distance score while the points are

MNormal Q-Q

T T T T T T T
3 -2 1 0 1 2 3
Theoretical Quantiles
Residuals vs Leverage
o~
o
o
o
"""" Cook’s distance
= -
T T T T T T
0.000 0.001 0.002 0.003 0.004 0.005
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Table 4. Results table for the hierarchical regression analysis and the model.

AR? b SE» p )
Step 1 0.1043 <.001
Constant 78.8671 0.4895 <.001
South WWR -14.4499 0.9342 -0.32 <.001
Step 2 0.1348 <.001
Constant 72.38807 4.81966 <.001
South WWR -14.4499 0.91811 -0.32 <.001
West WWR 2.61125 0.91811 0.05 <.001
East WWR 4.54227 1.36544 0.07 <.001
Sill Height 0.11530 0.91030 0.00 >0.05
Courtyard Length -0.09539 0.02731 -0.09 <.001
Courtyard Width -0.25690 0.05462 0.00 <.001
Shading Depth 0.02023 1.09236 -0.01 >0.05
Building Length -0.01955 0.02731 0.11 >0.05
Building Width 0.27942 0.05462 -0.07 <.001

beyond the Cook's distance. In this case, no data influences the
regression results.

Finally, the more complex regression model (see Table 4) was
conducted and found as significant, F(9, 2038) = 36.43, p <.001
and represented a large effect (R%,4 = 0.1348) as it accounted for
13.48% of the variance in daylighting. South WWR significantly
predicted daylighting while controlling for other predictor
variables, #(2038) = -15.739, p < .001; West WWR significantly
predicted daylighting while controlling for other predictor
variables, #(2038) = 2.844, p < .001. Similarly, East WWR
significantly predicted daylighting while controlling for other
predictor variables, #2038) =3.327, p <.001 and Courtyard length
and width significantly predicted daylighting while controlling for
other predictor variables, #(2038) = -3.493, p <.001 and #2038) =
-4.704, p <.001 respectively.

On the contrary, Window sill height has no impact on predicting
daylighting while controlling for other predictor variables, #(2038)
=0.127, p <.001 and shading depth has no impact on predicting
daylighting while controlling for other predictor variables, #2038)
= 0.019, p < .001. Even though, building width has significant
impact on predicting daylighting, #(2038) = 5.116, p < .001,
building length has no impact on predicting daylighting while
controlling for other predictor variables, #2038) =-0.716.

Finally, a beta test was conducted to measure the comparative
impact of the predictor variables on dependent objectives. In
regression, the beta values are the approximate coefficients of the
independent variable that indicate a transformation in the
dependent variables induced by an unit increase in the
corresponding explanatory variable while preserving all other
multiple regression continual. Here, South WWR (f = -0.32) had
the strongest and near equal effects on daylighting, with an
expected 0.32 standard deviation decrease in lighting for every
standard deviation increase in the respective variable, while
controlling for the other variables in the model. Sill height and
courtyard width (# = 0.00) had a smaller effect or no effect with a
0.00 standard deviation increase in sales for every standard
deviation increase while controlling for other variables.

Overall, the results shown in this section demonstrate that
different independent variables have dissimilar effects on design

outputs, which supports the second hypothesis of the study. In the
climatic context of Bangladesh, changing the window-to-wall
ratio has the biggest effect on the energy consumption of industrial
buildings.

6. Conclusion and Future Scope

The study investigated a multi-objective optimization method for
measuring the most feasible geometric configurations for design
explorations early in the design development process. Another
objective of the research was to determine the effect of individual
variables on the outcome objective. According to the analysis, the
geometric configuration of South WWR of 50%, west WWR of
30%, an east WWR of 70%, a sill height of 0.75m is the most
feasible option that can be used when designing the industry
building in Bangladesh's climatic context. Furthermore, the
multivariate analysis showed that the window-to-wall ratio on
south wall has the greatest influence on UDI, EUI, and PPD.

Multi-objective optimization is a powerful tool for determining
the best option. However, there are several confounding variables
that can influence the results. As a result, future research can
conduct a greater number of iterations. One issue that arises along
the way is the computation time and resources. Several research
projects have suggested that the problem can be mitigated by
combining machine learning (ML) modules with physics-based
modeling [1]. Adding ML to the traditional simulation process can
speed up iteration, allowing the user to perform a greater number
of iterations during the optimization process.

Despite the fact that the research framework successfully
measured the individual predictor variable, in this case, South
WWR, which has the greatest influence on energy consumption
and indoor occupant comfortability, more specific window
configurations must be investigated in the future to determine the
appropriate window and shading design. This process has the
potential to significantly reduce energy consumption while also
increasing useful daylight [9] outlined the specific measurements
and design of the south window configurations in the Bangladeshi
climatic context that can be considered during the parametric
formation of the geometry phase in this research.
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Industry buildings in Bangladesh consume a significant amount

of energy, posing a significant barrier to achieving Sustainable
Development Goal 11. (SDG 11). The goal is to reduce carbon in
the urban environment in order to make cities and societies more
sustainable. Designers and regulatory personnel must continue to
investigate more effective geometry configurations that can
reduce carbon by minimizing energy consumption while
maximizing useful daylight and comfort. To summarize, the
framework proposed in the study has the possibility to aid in the
achievement of SDG 11 for future city and society development
by guiding designers with specific design configurations for
industrial buildings.
In conclusion, this study underscores the critical need for a tailored
guideline for industrial building design in Bangladesh and
neighboring regions, emphasizing the prioritization of
sustainability alongside the prevalent focus on green buildings.
Given the significant impact of industrial structures on both
energy consumption and the well-being of laborers, the
development of such a guideline emerges as a paramount
necessity. By employing an analytical framework to mitigate
energy consumption, designers and architects can effectively
navigate the complexities of industrial construction while
minimizing environmental impact. This guideline not only serves
as a practical tool for optimizing resource utilization and
enhancing indoor environmental quality but also empowers
stakeholders to wuphold their social and environmental
responsibilities. Moving forward, concerted efforts to integrate
sustainable principles into industrial building design are essential
for fostering a workable environment for laborers and mitigating
adverse impacts on the environment, thereby contributing to the
overarching goal of sustainable development in the region.
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