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Abstract 
This research aims to support the choice of an appropriate dynamic louver shading system (DL-SS) within double-skin facade insulated 
glazed units (DSF-IGUs) as a high-performance integrated window system (DSF-IGUs/DL-SS) that meets both thermal and energy 
performance via daylight availability under a tropical climate. The research framework has developed a multi-objective optimization 
method to achieve research objectives via optimizing two different scenarios of the proposed system. The first scenario was optimized 
for daylighting availability, meanwhile, the second scenario was optimized for energy and thermal performance. For each scenario, the 
best solutions are selected from respective Pareto fronts according to energy efficiency criteria, thermal comfort via enhancing 
daylighting availability. Based on the best options resulting from both optimizations, the final step involved comparing the results of all 
performance indicators in the best cases to select the best solution. Overall, based on the optimizing objectives, the ranking of the best 
cases varied based on giving priority to the improvement objective in the optimization process.  For each scenario, the best solutions are 
selected from the respective Pareto fronts. Overall, ranking of the best cases varied based on giving priority to the improvement 
objectives. Optimizing DL-SS within DSF-IGUs while giving priority to improving energy and thermal comfort while maintaining 
daylighting at acceptable levels is more reasonable. Thus, the DSF-IGUs/DL-SS best-case resulting from the second optimization 
scenario was overcome all best cases and ranked first in energy and thermal comfort. Compared to the base case, the differences of total 
Predicted mean vote and percentage of dissatisfied for better thermal comfort achieved were -0.35% and -1.48% with an average 
decreased by 22.99% and 28.72%, respectively. The differences of total energy and cooling load for better energy performance reduced 
by -96.84 kwh/m2. and -86.88 kwh with an average decreased by 25.33% and 26.20%, respectively. Meanwhile, the total satisfied of 
spatial Daylight Autonomy for better daylighting distribution and better daylighting availability of useful daylighting illuminance 
improvement were improved by -5.54% and +24.76% with an average percentage variation increased by 6.25% and 36.87%, respectively. 

© 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
 The optimization of glazing system design involves a number of 
factors, such as dynamically changing constraints (such as weather 
patterns) and different goals (such as optimizing natural light, 
views, and energy efficiency). This remark emphasizes how 
glazing systems with predetermined design qualities cannot be 
formed using standard static procedures since they are unable to 
adjust to changing environmental circumstances. Thus, a unique 

glazing system that offers responsive multifunction for responding 
to the living environment is needed to improve overall building 
efficiency [1]. A single glass window's primary drawback in terms 
of window system design is its inability to withstand heat well 
enough, which typically results in excessive summertime cooling 
energy usage. Adopting double-layer glass with a sandwich is a 
popular approach to improve the thermal insulation of windows in 
order to provide a good indoor thermal comfort environment and 
increase the energy efficiency of the building [2]. However, 
because solar radiation significantly interferes with the glazing 
system's ability to have a positive impact on the building, using a 
double-layered glazing system alone is far from sufficient to meet 
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the objectives of building energy conservation and comfort [3]. 
Numerous techniques for glazing have been established thus far. 
Passive technologies such as vacuum glazing, tinted glass, low-
emissivity coatings, antireflective coatings, and insulated glass are 
categorized as static windows. Both the solar energy reflection off 
the window surface and the thermal energy flow through the 
window may be controlled with the use of these technologies. 
These kinds can lower the energy requirements for buildings in a 
range of climates. Nevertheless, the weather has an impact on how 
well they function. Another option that makes use of technologies 
that adapt to changing external conditions is dynamic windows. 
These windows employ the internal interaction of materials. 
Thermochromic materials, electrochromic materials, liquid crystal 
glazing, and photovoltaic glazing are some of the most important 
dynamic technologies. However, these techniques are plagued by 
high material costs [4]. However, researching new and creative 
glazing systems that can effectively balance many daylighting 
performance parameters, including thermal and visual 
performance and energy-saving capabilities, is therefore crucial 
[5,6]. In the past several decades, high-performance Insulated 
Glazed Units (IGUs) have been used in the design of classic 
double-glazing system technology, also known as double-skin 
facades (DSF), to prioritize indoor comfort, low energy 
consumption, and sustainability. The IGUs' exceptional visual 
comfort, thermal performance, and aesthetic appeal have drawn a 
lot of interest [7].  

However, when evaluating the thermal performance of glazing, 
two factors are usually taken into account: the solar heat gain 
coefficient (also known as SHGC) and the overall heat 
transmission coefficient (also known as U-value). Although high-
performance windows often have low U-values, the ideal SHGC 
values vary depending on the season; high values are preferable 
for interior solar gains during heating mode and low levels for 
solar transmission limitation during cooling mode [8].  The use of 
high-performance IGUs into DSF systems alone, however, is far 
from sufficient to meet the criteria of both visual and comfort 
standards and building energy conservation because the effects of 
solar radiation through window glazing on building comfort and 

energy consumption vary depending on the season [9]. However, 
adopting DSF with a sandwich interstitial shading is a common 
technique to improve the thermal insulation of DSF, which in turn 
helps to construct good indoor visual and thermal comfort 
environments and improve the building's energy efficiency. 
Therefore, in order to maximize several competing aspects, DSF 
with IGUs glazing panels must be paired with shading system 
(SS). The perspective and cross-section of the construction of the 
system illustrated in Fig. 1. Architectural design has paid more 
attention to solar gain vs. overheating, daylight vs. lighting loads, 
and daylight and view vs. glare, particularly for commercial 
buildings that appear to have huge glazing surfaces [3]. It is 
therefore the most challenging task to offset daylight harvesting 
and manage discomfort concerns (such as glare and overheating) 
when selecting an SS inside a DSF. Because there are drawbacks 
to solar shading (SS), such as higher lighting costs and reduced 
winter solar gain, which raise energy costs [10]. As a result, 
optimizing indoor comfort levels and minimizing energy 
consumption should be the goal of SS design, which is also a 
challenging and multi-objective optimization (MOO). 

Until recently, several conventional SS were developed, such as 
louvers, sunshades, and venetian roller blinds. These are often 
used since they are less expensive and simpler to install. Fixed SS 
may not function as intended if the operational requirements 
change over time. because These systems have limited capacity to 
adapt to changes in indoor or outdoor ambient conditions during 
the course of a day or season [10]. Dynamic shading (DS) is a 
daylighting technique that can be used to reduce energy 
consumption and improve interior building light efficiency. DS 
can prevent direct solar radiation from entering the structure and 
protect indoor environments from summertime sun exposure [11]. 
DS has been shown in earlier research to dramatically lower 
cooling loads and save up to 40% of energy [12,13]. However, 
compared to a nonuniform distribution of daylight, uniform 
daylighting may result in lower energy use. Therefore, improved 
visual comfort and energy savings result from more accurate 
control over dynamic shading [14]. The term "DS" here refers to 
the capacity to adapt to or benefit from outside weather conditions 
in a way that meets requirements for occupant comfort and well-
being. According to this paradigm, daylighting is one of the key 
elements of space identity and quality and has the capacity to have 
a big influence on occupant productivity, comfort, health, and 
resource conservation. DS can be controlled automatically by 
sensors and actuators, or manually by the inhabitants using 
motorized equipment. The manually controlled version has a very 
poor efficiency since the occupants do not adjust the shading's 
location and angle whenever it would be more comfortable and 
energy-efficient. A manually operated dynamic system's energy-
saving performance is quite unpredictable [15]. 

There have been numerous studies on DS within DSF systems, 
and most studies have incorporated field tests or simulation 
modeling analysis. The present issue with DSF is that in order for 
them to function as intended, they need to operate in a sufficiently 
dynamic manner. These systems have, nevertheless, been 
extensively researched separately to enhance interior 
environments by taking into account various factors such as 
daylighting availability, thermal and visual comfort, and energy 
efficiency; nonetheless, those technologies were not 
systematically compared. For example, Park and Augenbroe [16] 
studied how to optimize the DSF by adjusting the ventilation 

Nomenclature 
IGUs Insulated Glazed Units 
DSF Double-Skin Facades 
SHGC Solar Heat Gain Coefficient 
SS Shading System 
DS Dynamic Shading 
DSF-IGUs  Double-Skin Facade Insulated Glazed Units  
DL-SS Dynamic Louver Shading System 
sDA Spatial Daylight Autonomy 
UDI Useful Daylighting Illuminance 
PMV Predicted Mean Vote 
PPD Percentage Of Dissatisfied  
EUI Energy Use Intensity 
MOO Multi-Objective Optimization 
GA Genetic Algorithm 
NSGA-II Non-Dominated Sorting Genetic Algorithm 
DSt     Depth of slots 
SSt     Spacing between slots 
ASt      Angle of slots 
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dampers and louver slat angles. They emphasized that in order to 
achieve greater energy efficiency in a DSF glazing system, the 
DSF ideal functioning for shading and ventilation would be 
required. According to Gratiaand De Herde [17], the orientations, 
insulation levels, and locations of shading devices are some of the 
variables that affect the efficiency of DSF. The study displayed a 
range of heating and cooling consumption outcomes depending on 
the orientations and insulation levels of the DSF. Furthermore, 
Firląg and Yazdanian [18] assessed different control approaches 
for automated window shading systems installed on a model house 
situated in four US cities. The controls are rule sets that make use 
of measurements of solar radiation and both interior and outdoor 
temperatures. The results of the simulation-based research show 
that these controls have comparable effects on site energy usage 
savings for the locations that were taken into consideration. Lu 
[19] study dynamic shading and glazing technologies to improve 
energy, visual, and thermal performance. The study concluded that 
the combination of dynamic glazing and kinetic shade 
outperformed other solutions in terms of overall performance and 
score. In study by Singh and Lazarus [20], The integration of four 
double glazing and combinations of internal woven roller blinds 
has been suggested and evaluated to enhance the energy efficiency 
and aesthetic comfort of newly constructed or renovated office 
buildings. For every combination, the energy consumptions, 
energy saving potentials, daylight autonomy, useful daylight 
illuminance, and discomfort glare free time have all been 
computed, compared, and analyzed. The findings of the simulation 
demonstrate that the office space's energy and aesthetic 
performances can be significantly impacted by the glass and 
shading options used. In order to lower energy consumption and 
raise thermal comfort in a residential building, Ebrahimi-
Moghadam and Ildarabadi [21] employed optimal shading 

standards. For the eastern, western, and southern facades, they 
supplied the ideal shading in terms of angle, depth, and number. 
Al-Masrani and Al-Obaidi [22] research examined the impact of 
planar screen rotation on energy savings and daylight availability 
metrics when applying perforated solar screens on building 
facades. The conclusions of this study were drawn to emphasize 
the efficiency of developed shading systems in the tropics.  

Extensive research has been conducted shading systems, 
yielding a diverse array of findings from field and laboratory 
experiments, as well as computer modeling analysis. An analysis 
of previous studies shows that those studies mostly looked into 
DSF and shading independently, as well as the effect of a small 
number of factors while keeping the others constant of interior and 
exterior shading system. Few research, however, have 
concentrated on SS between DSF glazing panels. However, due to 
conflicted objectives related to daylight design in terms visual 
comfort, thermal comfort, and energy performance, is always 
affected by the combined and interrelated effects of all variables. 
Another gap in studies dealing with the use of double-skin facade 
Insulated Glazed Units (DSF-IGUs), as it focused primarily on 
improving thermal and energy, meanwhile daylighting comes in 
second place. This research would cover these gaps in systematic 
evaluations of various parameters of dynamic louver shading 
system (DL-SS) within DSF-IGUs as high-performance integrated 
window system. The goal of the study is to tackle the difficult task 
of optimizing building design for daylighting performance in order 
to reduce thermal discomfort. This is because, aside from energy 
loads in tropical climates, thermal discomfort is one of the two 
main issues with daylighting design in buildings. There are also 
worries about the possible negative impacts on thermal discomfort 
and energy loads, even though all studies agree that uniform 
distribution of daylight can save and boost energy performance. 

 
Fig. 1. Shading system structure in a DSF with IGUs glazing panels. 
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The purpose of this study is to ascertain whether it is possible to 
supply an indoor office workspace with consistent and 
homogeneous daylight that is in line with thermal comfort and 
energy efficiency. To this end, a novel method of controlling the 
DL-SS system applied to the DSF-IGUs between panels has been 
developed in this study.  

The main novelty is to quantify the weight of the contribution 
of both factors of DL-SS within DSF-IGUs to thermal comfort and 
energy performance via optimal daylighting availability. The 
contribution of this paper is lied to design of the proposed system 
and its contribution to achieving the conflicting goals of improved 
daylight design. The system is designed so that the primary 
purpose of DFS-IGUs is to control the direct sun and solar heat 
gain, meanwhile, the DL-SS aims to enhance the daylighting 
availability by reflect the sun light deeper and blocked to fall 
directly in the front areas. The objective of this paper is to compare 
the daylighting availability, energy performance, and thermal 
performance of a DL-SS within DFS-IGUs. This study develops a 
model based on an algorithmic system for the multiple window 
control system that can control daylight penetration to achieve the 
best-balanced daylighting, thermal performance, and energy 
efficiency simultaneously. The multi-criteria approach based on a 
parametric control and optimized method is used in this study via 
applied genetic algorithm multi-objective optimization approach 
to examine the objective functions based on simultaneous 
influential factors for comparing and ranking the chosen 
alternatives of dynamic shadings parameters and glazing in order 
to obtain an optimal model of this proposed system for achieving 
low energy consumption and improving thermal comfort from 
daylight availability. In order to help with the decision-making 
process for the design of high-performance integrated window 
system and their application in real conditions, this paper provides 
insight into optimizing design strategies for novel high-
performance integrated window system DSF-IGUs/DL-SS 
through the use of a multi-step parametric and optimized method. 
This can help with the development of the next generation of 
highly energy-efficient windows. 
 
2. Identification of multi-evaluation criteria 
Numerous elements are often taken into account in window 
system research, such as energy parameters, solar heat gain, 
sunshine, and occupant behavior. An analysis is conducted using 
a set of multi-domain criteria with competing fitness objectives for 
optimizing daylighting into space while reducing energy 
consumption and occupant discomfort. This is done in order to use 
the multi-criteria technique for comparing and evaluating the 
chosen alternatives. In this research, there are three general 
objectives: reducing building energy consumption (EUI), and 
thermal comfort (PMV and PPD), and maximizing daylight 
availability (spatial Daylight Autonomy (sDA) and Useful 
daylighting illuminance (UDI)). 
 
2.1. Daylighting performance metrics 
The IES defines spatial Daylight Autonomy (sDA) as "the 
percentage of an analysis area that meets a minimum daylight 
illuminance level for a specified fraction of the operating hours per 
year" when assessing daylight illuminance. Put another way, this 
indicator demonstrates that there is adequate light in the workplace 
during the entire year [23]. By measuring the quantity of daylight 

in a specific area, the sDA calculates the percentage of that area 
that is over the desired illuminance (300lx) during a certain time 
of year (50 annual hours) [24]. Additionally, sDA displays the 
proportion of space that meets the 300 lx goal illuminance and at 
least 50% of the time spent in an indoor area on a yearly basis. 
[25] The yearly frequency of daylighting illumination across the 
workplace that falls within the range that users deem "useful" is 
known as the Useful daylighting illuminance (UDI) index [26]. 
UDI is used to assess daylight illuminance based on CBDM 
simulation as suggested by Nabil and Mardaljevic [27]. UDI is the 
most widely used metric, which has upper and lower value ranges 
and measures the frequency with which daylight illuminances fall 
within a given range during the working year (it was previously 
suggested to be 100–2000 lux and extended to 100–3000 lux) [28]. 
Notably, differing local standards or comfort needs led to different 
illuminance value ranges being used for the UDI bins in previous 
investigations, such as UDI500–1000 [29,30], UDI100–2000 [31], 
and UDI500–2000 [32], for Instance. Carlucci and Causone [33] 
used data from extensive field studies of occupant behavior to 
define UDI as illuminances falling between 100 and 2000 lux. 
Santos and Leitão [34] applied the UDI metric with four distinct 
bins: UDI underlit (<100 lx), UDI useful (100–300 lx), UDI 
autonomous (300–2000 lx), and UDI over-lit (>2000 lx). Bianand 
Luo [35] surveyed preferred UDI range of 300–2000 lx was 
chosen by most of the participant. The UDI range has recently 
been further separated into three bins for more methodical 
investigation: (i) 100–500 lux; (ii) 500–1000 lux; and (iii) 1000–
2000 lux [20]. From the perspective of visual comfort, there 
should be enough natural light on the work plane that is free from 
glare, hence reducing the need for artificial lighting during office 
hours. According to earlier research, the UDI values of the final 
two bins were integrated into a single bin (500–2000 lx) and 
utilized in the analysis because this illuminance range has the 
lowest glare problems and can totally eliminate the need for 
artificial lighting (i.e. only illuminance values close to 2000 lx 
may produce glare) [36]. 
 The IESNA standard and LEED standards state that 300 to 500 lx 
is the required level of illumination for office work. [37] In 2018, 
the most recent international standard for natural lighting, 
EN17037:2018, was released by the European Union. The 
standard comprised the following four aspects: daylight provision, 
sunlight, view, and glare. In contrast to the IES's 
recommendations, daylight provision is quantified using sDA and 
subsequently classified into three levels based on the illumination 
threshold. Furthermore, a lot of academics have looked into the 
relationship between daylighting measurements and users' visual 
comfort [38]. Additionally, threshold values for daylighting 
measures based on subjective assessment have been covered in 
several research. According to Dangol and Islam [39] 
observations, employees favoured an illumination intensity of 500 
lx above 300 lx. Meanwhile, 500 lx was proposed as a limit level 
by other investigations [38]. In this study, 50% of sDA and UDI 
illuminance thresholds based on EN17037:2018 standard and 
recommended previous research of 500 lux to 2000 lux was 
considered to evaluate the availability of daylighting.  
 
2.2. Thermal and energy performance 
The static model (Predicted mean vote (PMV) and percentage of 
dissatisfied (PPD)) and the adaptive model are the two models 
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used to model and evaluate thermal comfort [40]. Research on 
thermal comfort has mostly concentrated on the static technique, 
with efforts being made to enhance the proportion of pleased users 
of the adaptive approach [41]. Predicted mean vote (PMV) 
represents the thermal perception based on a sizable sample size. 
This index has a range of -3 to + 3, with the following categories: 
-3 means "cold," -2 means "cool," -1 means "slightly cool," 0 
means "neutral," +1 means "slightly warm," +2 means "warm," 
and +3 means "hot." Additionally, one indicator that calculates the 
proportion of persons unhappy with PMV is the expected 
percentage of dissatisfied (PPD). Thermally acceptable indoor 
environments must satisfy at least 80% of space occupants, 
according to ASHRAE 55 criteria. It is also advised that the 
acceptable PPD for thermal comfort should be less than 10%, and 
the PMV should be between -0.5 and 0.5 [42]. Energy 
performance was measured using Energy Use Intensity (EUI) 
[43]. The office energy performance is represented by the EUI 
measure, which is also used to evaluate the overall heating, 
cooling, thermal loads, and solar gains.  
 
3. Methodology 
3.1. Genetic algorithm method and optimization tools 
In the research community, mathematical problem descriptions are 
employed when the goal is to solve certain problems. However, 
they are not a simple or realistic assignment for design teams. By 
employing certain optimization algorithms or brute force 
approaches to search the whole solution space, this method has the 
advantage of making the genuine ideal more easily found [44]. In 
order to fully utilize the advantages of subjective control, 
optimization algorithms are introduced to explore alternatives 
with desired performances in sufficient quantity. This allows for 
the automatic compromise of multiple objectives while architects 
input the constraints of design variables and make the final 

decision. But in order to use optimization methods to relevant 
design issues successfully, one must be aware of their advantages 
and disadvantages. Tabu search, sequential search, particle swarm 
optimization (PSO), and genetic algorithm (GA) are the primary 
optimization techniques used in the building design. The first two 
are part of the search algorithm, while the latter two are part of the 
evolutionary algorithm [45]. 

The majority of research on building optimization employs a 
method of genetic algorithm (GA)-based MOO combines the use 
of optimization algorithms with simulation tools to produce 
automatic optimization [46]. Rhino with the Grasshopper plugin 
is one of the most widely used pieces of software in the field of 
optimization through parametric modelling. With the aid of 
Grasshopper, a graphical algorithm editor connected to 
Rhinoceros 3D, designers lacking formal scripting experience may 
swiftly create parametric forms. [47] Grasshopper can offer 
reliable performance in the design and optimization process by 
creating an architectural design that takes the environment into 
consideration. The Grasshopper plugins, Ladybug, Honeybee, and 
Octopus, are extensively utilised in parametric design, simulation, 
and optimization firms. [19] Ladybug and Honeybee were 
employed to conduct environmental assessments and calculate 
received daylight illuminance, energy usage, visual and thermal 
comfort. The honeybee plugin was used to simulate the model, 
variables, and goals of daylight optimization. And the EnergyPlus 
software used to evaluate the quantity of energy usage and thermal 
comfort. [42] On the other hand, Octopus is a multi-objective 
optimization tool that finds the optimum solutions for a range of 
parameters by applying the Pareto principle [48]. The field of GA-
based MOO encompasses two distinct approaches: classical 
methods and non-traditional methods. Within the classical 
methods, mathematical principles have been employed to 
transform multi-objective optimization into a singular scalar 
objective problem. This transformation is achieved through the 

 
Fig. 2. Details of a multi-step methodological simulation-based approach integrating parametric models, daylight availability, thermal comfort, and energy simulations, 
and multi-objective optimization. 
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integration of user-provided weights for each individual objective. 
On the other hand, non-traditional methods rely on stochastic rules 
to identify a collection of Pareto fronts. All of the viable choice 
variable space's non-dominated solution sets are represented by 
these Pareto fronts. The border of the viable objective function 
space corresponds to a Pareto-optimal front, which is simply a 
range of compromises and trade-offs between two or more 
competing objectives [49]. This study employed GA-based MOO 
for a three-objective optimization using the non-dominated sorting 
genetic algorithm (NSGA-II). The NSGA-II algorithm improves 
the GA-based selection operation for solving the MOO. 

 
3.2. Research framework 
Aiming to support the selection of an acceptable DSF-IGUs and 
DS for an office building in a tropical climate, this study provides 
a multi-step methodological simulation-based methodology that 
combines daylighting, thermal, and energy-related assessments of 
the performance of the various choices available with multi-
criteria approaches, as shown in Fig. 2. The framework of the 
present study utilizes a comprehensive framework which 
amalgamates parametric design, integrated daylight, and energy 
performance simulation tools, as well as GA-based MOO. 

Consequently, the research framework employs a method of 
parametric design that was formulated within Rhino/Grasshopper, 
Ladybug and Honeybee plug-ins. Grasshopper as a parametric 
interface, Rhino as a modeling tool, and Octopus as a generic 
algorithm multi-objective optimization. It was essential to include 
these tools in order to achieve the study's objectives. The tools 
Ladybug and Honeybee for daylight and energy analysis 
applications based on Radiance and EnergyPlus. The Ladybug 
plug-in is used to analyze several aspects of the fundamental 
design process, such as thermal comfort, sun radiation, shade, and 
weather.  With the integration of energy modeling (EnergyPlus) 
and daylighting simulation (DaySIM and Radiance), Honeybee 
Plug-in provides a powerful interface for both designers and users. 
The Honeybee Plugin can simulate thermal energy and building 
loads, optimize energy consumption, assess sunshine and lighting, 
and do a lot more [50]. For these kinds of issues, the GA 
optimization approach with the Pareto Front in the Octopus multi-
objective optimization plug-in of Grasshopper is a suitable option. 
When compared to previous solutions, the Pareto Front method 
offers a series of solutions from the Pareto front with fewer goal 
conflicts [51]. The framework started with Rhinoceros 3D and 
Grasshopper plugins to model the case study and identify the 

 
Fig. 3. Base office model. 
 

 
Fig. 4. Screen shot of parametric design process of the case study. 
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design variables of glazing properties and shading parameters. 
After identifying the DSF-IGUs and DL-SS parameters, these 
options are incorporated into the office building model, and their 
performance is evaluated using multi-objective optimization with 
three competing objectives to discover the most optimized trade-
off solution. The design parameters of DL-SS within DSF-IGUs 
are connected to the GA input of Octopus, and the daylight and 
energy simulation outputs are connected to the Fitness input by 
reducing building energy consumption (EUI), and thermal comfort 
(PMV and PPD), and maximizing daylight availability (spatial 
Daylight Autonomy (sDA) and Useful daylighting illuminance 
(UDI)) in this study. 
 

3.3. Model geometry and simulation setup 
Figure 3 depicts the office model evaluated in this study with 
parametrically design as shown in Fig. 4, which was created in the 
tropical climate of Penang/Malaysia. Penang has a hot, humid 
tropical climate, just like other cities in Malaysia. The sun path 
diagram for Malaysia, as depicted in Fig. 5, demonstrated that the 
sun is nearly perpendicular to the horizontal surface at solar noon 
with minimal fluctuation throughout the year. There are two 
distinct solar solstices, occurring on June 21 and December, and 
two equinoxes, occurring on March 21 and September. The figure 
shows how the azimuth and altitude angles are almost 
perpendicular to the horizontal plane on the approximate dates of 
the two equinoxes, which are March 21 and September 21, 

Table 1. Building characteristics. 
Attributes Parameters 
Building Type Single unit office room 
Building Program Closed office 
Working Hours 8:00 am – 18:00 pm 
People per Area 0.025 
Cooling setpoint air Temperature 26 °C 
Surface Material reflectivity; Floor, Celling, and Walls 20%, 80%, and 60% 

 

 
Fig. 5. Sun-path conditions in Malaysia. 
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respectively. The sun is highly inclined towards the north on June 
21 and towards the south on December 21 [52]. According to 
Qahtan [53] Malaysia receives around 4, 31 kWh/m2 of total 
radiation year, or roughly 10 hours per day, due to its distinct sun 
path. As a result, the interior temperature rises. The average 
monthly solar radiation ranged from 4 to 4.6 kWh/m2, whereas the 
monthly sunshine durations varied from 9 to 13 hours. The highest 
monthly average was 4.52 kWh/m2 in February and 4.6 kWh/m2 
in September. The average monthly maximum temperature varies 
from 33.5 ◦C in March/April to 31.9 ◦C in December, with an 
annual mean air temperature of 27 ◦C. However, from January to 
May, the monthly mean minimum temperatures vary from 23.1 °C 
to 24.3 °C [54]. 

The model has built with dimensions of 12.0 m width, 7.0 m 
depth, and 3.0 m height. The room was thought to be located on 
the middle floor of a multi-story building. It is surrounded by other 
office rooms, except for the facade, which faces south for 
daylighting. The south orientation was chosen because of the sun's 
path in Malaysia,[6,55] where the south-facing surface receives 
more sunlight [56,57]. As a result, the remainder of the wall is 

regarded as adiabatic and the south façade as diabatic. Since most 
office building facades have large amounts of glass, a 95% 
window-to-wall ratio is designated for south facade. The windows 
have double-clear glazing installed with an 80 cm space between 
each panel. Based on earlier research, a visual transmittance of 
68% was chosen for glazing [58,59]. Table 1 displays the primary 
parameters of the office space model as well as the reflectance of 
opaque materials. These surface materials are perfect for offices, 
which have been used in this study. [59,60] The occupancy hours 
chosen were from 8:00 a.m. to 18:00 p.m., which are the hours 
when office workers work throughout the year. The analytical grid 
was situated at a work-plane height of 0.80 m. The spacing 
between sensor sites was 100 cm, with a total of 225 points, and 
their distance from the walls was 0.75 m (Fig. 3). Since the interior 
temperature is changing in accordance with applied temperature 
control system setpoints, the interior thermal mass of the model is 
of interest for this process in order to illustrate the "best-case of 
dynamic glazing with dynamic shading applied to double-glazing 
unit in tropical areas dominated by cooling demands" [48]. As a 
result, the office space was configured to have full air conditioning 

 
Fig. 6. A detail of the proposed system; DSF/IGUs with DL-SS configuration. 
 
Table 2. IGUs types and their solar optical and thermal properties [1]. 

Glazing Properties Double Low-E Glazing applied to DSF 
DSF-IGUs-01 DSF-IGUs-02 DSF-IGUs-02 DSF-IGUs-04 

U-Factor (W/m2. K) 1.66 1.66 1.80 1.80 
Solar Heat Gain Coefficient SHGC 0.29 0.29 0.44 0.63 
Visible transmittance Tvis (%) 40.9 53 66.1 75.4 

 
Table 3. The decision variables of DL-SS. 

Variable Code Attributes Interval No. of Values 
Depth of slots DSt 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 (m) 10 6 
Spacing between slots SSt 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 (m) 10 6 
Angle of slots ASt -30, -20, -10, 0, 10, 20, 30 (°) 10 7 
Total optimized value per case  6 x 6 x 7  252 
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year-round and was simulated as a thermal zone. For mechanically 
conditioned buildings, the cooling setpoint, according to Nasrollah 
zadeh [61] is between 23 and 26°C, respectively. These values can 
be adjusted to the maximum or minimum depending on a specified 
range [62,63]. According to a study by [64], a room temperature 
of 26 °C with running fans provides the most comfortable thermal 
state in a tropical climate, with thermal sensation that is closest to 
neutral. Thermal acceptability significantly increased with the 
temperature set-point raised from 23 to 26 degrees Celsius, and the 
amount of electrical energy utilized for comfort cooling was 
reduced as a result. Talami and Jakubiec [65] study showed that 
the system set-point temperature has an increased importance for 
operational efficiency allowing the room temperatures ranging 
from 24.8 °C to 27 °C. Meanwhile, Malaysian Standard 
MS1525:2007 recommended the cooling temperature set points 
for comfort room temperature  ranged from 23 to 26 °C. [66] 
Therefore, the 26°C indoor setpoint temperature used in this study 
during the day was based on the majority of earlier studies. 
 
3.4. Design variables of DFS-IGUs and DL-SS 
As mentioned above, the main idea of the proposed system in this 
study has two parts; to control the direct sun and solar heat gain 
through DSF-IGUs, and to enhance the daylighting availability by 
the optimum design parameters of the DL-SS through reflecting 

the sunlight deeper and blocked to fall directly into the front areas. 
Thus, there were two design variables for the high-performance 
integrated window systems in this study: DSF-IGUs glazing types 
and DL-SS parameters. This paper focuses on comparisons of four 
advanced glass types were classified into double glazing with 
Low-E coating as types of IGUs applied to DSF panels. The 
parameters of the four IGUs used in the simulations as shown in 
Table 2. These properties have been obtained from previous study 
by Le and Park [1]. Meanwhile, the aluminium louvres were used 
in this investigation as a product that is sold commercially. The 
design parameters of the DL-SS are parametrically controlled by 
changed their values to find the best solutions. As indicated in 
Table 3, the three design parameters that comprise the 
optimization parameters of the louvre in this study are their 
minimum/maximum and interval values. These parameters were 
selected as the most parameters optimized in previous studies i;e 
[67-70]. Figure 6 showed a detailed cross-section with 
characteristics of the three parameters of the proposed DL-SS. The 
optimization of DL-SS was organized into four distinct groups 
based on four IGUs glazing. In other words, the optimization of 
DL-SS was performed using one type of IGUs at a time. Thus, the 
properties of the IGUs are fixed while the parameters of the DL-
SS are variable. Through parametric optimization connections, a 

 
Fig. 7. Parallel coordinate and UDI 500–2000 lx performance of eight optimal solutions resulted from both optimization processes. 
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comprehensive set of 252 configurations of DL-SS was generated 
for every type of IGUs. 
 
3.5. Simulation scenarios and analysis process 

The multi-step method allows the comparison of diverse 
alternatives of DL-SS sandwiched within DSF-IGUs are 
considered. For this research, as mentioned before four types of 
DSF-IGUs are selected, leading to the definition of four possible 
solutions. Two distinct procedures were used to compare the 
findings of the daylight coverage analysis in order to enhance the 
distribution of daylight during the office's occupancy hours of 8:00 
am to 18:00 pm. As mentioned before, the main objective of this 
research is to improve thermal comfort and energy performance 
via utilizing optimal daylight availability. thus DL-SS within 
DSF-IGUs optimized into two scenarios to find the best design 
parameters for daylighting availability and energy performance. 
The first scenario was Optimized DSF-IGUs/DL-SS for 
daylighting availability, meanwhile, the second scenario was 
Optimized for energy and thermal performance. In first scenario, 
MOO via GA considered three objectives; UDI, EUI, and PPD is 
run to find the optimal DSF-IGUs/DL-SS parameters. In this case, 
the optimized run to achieve the best sDA and UDI percentages, 
given that increasing daylighting availability is DL-SS's primary 
purpose. It is therefore important to highlight that the primary 
criterion that influenced the choice of solutions was obtaining the 
highest percentage of UDI500−2000lux in the first position, 
followed by a lower percentage of total thermal load and solar 
gains in the second position. In the second step, the most 
influential criteria in the selection and ranking of the best solutions 

of DSF-IGUs/DL-SS parameters resulted from GA-MOO 
optimization processes was reducing the EUI and PPD in the first 
place, meanwhile keeping the UDI within the best recommended 
range. 

During the optimization process, the office assumed that the air-
conditioned was on with cooling setpoint 26 C, and the electrical 
lighting ware completely turned off. For both optimization steps, 
the optimization loop for both optimization steps ran for 20 
generations, with 50 people in each generation. For the base case 
and four test cases of the DSF-IGU type, the entire set of about 
252 design options from the DL-SS parameters that were chosen 
based on Table 3 were compared with one another. The best 
solutions were chosen as optimal design solutions based on two 
optimized scenarios. After performing MOO with the goal of 
finding the best combination of DL-SS parameters, results show 
different optimal solutions that minimize both the energy needs of 
EUI and PPD, PMV for improve thermal comfort, with provide an 
efficient daylight availability sDA and UDI of an office room in a 
tropical climate. In order to provide more design explorer 
solutions for each scenario, the final solution sets were saved to 
CSV files. Then, in each DSF-IGUs/DL-SS design instance, 
Design Explorer permits the creation of parallel coordinate charts 
to validate various design scenarios. The results of the parametric 
experimentation are displayed in Fig. 7, a parallel coordinate plot 
with a single line representing each design solution and matching 
performance indication. added to that UDI 500–2000 lx 
performance metric for each optimal solution had been presented. 
Table 4 displayed the best values of each design parameter of DL-
SS for each DSF-IGUs case.  
 

Table 4. Best parameters values of DL-SS in all optimized cases solutions for both optimization processes. 
Optimization scenario  Optimal Design cases Optimal Output parameter values 

DSt SSt ASt 

scenario  st1 DSF-IGUs-01/DL-SS 0.5 0.5 -10 
DSF-IGUs-02/DL-SS 0.6 0.6 -30 
DSF-IGUs-03/DL-SS 0.5 0.5 -20 
DSF-IGUs-04/DL-SS 0.4 0.5 -20 

scenario  nd2 DSF-IGUs-01/DL-SS 0.6 0.4 -30 
DSF-IGUs-02/DL-SS 0.6 0.3 -30 
DSF-IGUs-03/DL-SS 0.4 0.3 -10 
DSF-IGUs-04/DL-SS 0.4 0.3 -10 

 

 
Fig. 8. Validation test room details: interior view, Plan, section, and south façade. 
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4. Validation simulation model 
A number of publications have successfully validated Honeybee 
and Ladybird plugins in recent years. As a result, these plug-ins 
were used in the research to simulate daylight and energy. In order 
to calibrate the illuminance value in this study with the anticipated 
readings in the simulation software, actual measurements for the 
illuminance value were collected in a tiny, single room inside a 
residential building with south facing as shown in Fig. 8. Interior 
surfaces (walls, floor, and ceiling) were painted white, meanwhile 
the material of simulation model was set in honeybee as same as 
real model by using Radiance parameters to convert the colours 
into reflectance using RGB values (red, green, blue). Illuminance 
data were recorded in using illuminance lux meter (TL-600 Digital 
Data Logging) with accuracy reading ± 4% from 0 to 10.000lx; ± 
10 from 10.000 to 200.000 lx. Readings were recorded on 21 of 
February 2024 from 8;00 am to 18:00 am, and the average of each 
hour was compared with the average of simulation value. 
Readings were recorded at height of 80 cm at the centre of the 
room to reduce the errors in the measuring devices by avoiding 
solar radiation falling directly on the lux meter sensor (Fig. 8), 

which may cause some errors in the reading due to the high 
temperature of the sensor. In addition, due to the nature of the 
climate in the tropics, which is constantly changing, it differs from 
Model sky in simulation software which was run using climate 
data recorded for one year for the location of Penang, Malaysia 
(EnergyPlus weather file (.epw), using a Typical Meteorological 
Year – TMY). A comparison between the expected values from 
the simulation and the actual data is shown in Fig. 9. According to 
Hirning and Isoardi [71], there should be no more than a 15% 
difference between the calculated and measured values. As shown 
in the figure, since there was less than a 15% difference, it may be 
claimed that the simulation tools produce findings that are precise 
enough. In another studies by author using scaled-model [72] and 
real measurements [73] to validate the simulation model at tropics 
and subtropics climates respectively, found that the maximum 
average of relative difference was approximately 7.20% and 
14.53%. The discrepancy between the field measurements' 
observed illuminance values and the illuminance sensors in both 
models account for the mistakes. 
 

 
Fig. 9. Calibration between the anticipated results from the simulation model and the on-site measurements. 
 

 
Fig. 10. Annual sDA and UDI Assessment of Base Case and optimized cases resulted from 1st scenario of optimization. 
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5. Results analysis 
The comparison of the daylight coverage analysis’s results was 
performed during the occupancy time in the office from 8:00 am 
to 18:00 pm. In addition to the performance metrics, the 
daylighting level was measured at a total of three measurement 
points along the axis of the room. This section records the 
simulation results of daylighting availability using sDA and UDI, 
thermal comfort based on PMV and PPD indexes, and energy 
performance based on EUI.  
 
5.1. Optimized for daylighting availability 
In the first optimization scenario, as mentioned before, the 
optimization process is focused on achieving the best sDA and 
UDI percentages, as the primary purpose of DL-SS within DSF-
IGUs system is to enhance the availability of daylighting. As 
previously mentioned, the primary goal of this study is to 
maximize the visual and thermal comfort of occupants while 
simultaneously minimizing energy consumption through the 
optimization of daylighting availability. In the context of 

daylighting analysis, the absence of an upper limit threshold in the 
sDA metric poses challenges when comparing the enhancements 
in daylighting. Therefore, UDI metric is employed, which 
measures the proportion of areas receiving illuminance between 
500 lux and 2000 lux for 50% of the time in this study. Figure 10 
illustrates the variation in sDA and UDI thresholds for different 
combinations of high-performance integrated window system 
DSF-IGUs/DL-SS and RC. The sDA value is represented by the 
horizontal line. It is evident that the sDA remains consistently 
lower than the RC for all DSF-IGUs/DL-SS cases. It is important 
to note that a higher sDA value does not necessarily indicate better 
indoor daylight. In this particular instance, the results suggest that 
the test cases exhibit improved distribution of daylighting. In the 
figure, the bars illustrate the variations in UDI values (500-2000 
lux) with different combinations of DSF-IGUs/DL-SS. The 
optimization of RC and DSF-IGUs/DL-SS cases provide insights 
into the annual daylight comfort and discomfort periods. The 
comfort period refers to the duration during which the average 
indoor illuminance is maintained within the recommended range 
(500-2000 lx). On the other hand, the discomfort periods indicate 

 
Fig. 11. Daylighting level at centre of the space at three sensors resulted from 1st scenario of optimization. 
 

 
Fig. 12. PMV and PPD Assessment of Base Case and optimized cases resulted from 1st scenario of optimization. 
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the duration in which the average indoor illuminance falls below 
or exceeds the recommended range. However, for better 
daylighting distribution and availability, since sDA has no upper 
threshold, thus, in this study reducing sDA and improving UDI 
within the recommended range are used for better describing 
daylighting availability.  

From Fig. 10, it is clearly noted that optimized DL-SS within 
DSF-IGUs performs much better than DSF-CG (RC case). For the 
best cases, DSF-IGUs-01/DL-SS followed by DSF-IGUs-02/DL-
SS had a high percentage of areas receiving sufficient daylight. 
Meanwhile, other test cases had significantly varied daylight 
amounts during the day. From the Figure, it is clearly noted that 
the amount of useful daylighting availability was increased with 
increasing the UDI percentage, meanwhile at the same time, the 
daylight distribution became more homogeneous with decreasing 
sDA percentage. In The best cases, the average percentage of 
hours where the UDI is in the most desired range increases from 

67.15% for RC to 91.91%, and sDA decreases from 88.6% to 
66.4% after optimizing SDS parameters. As shown in Fig. 11 the 
integration of DL-SS into DSF-IGUs enhances the room's 
daylighting quality, particularly in the area around the window 
where over-illumination is typically an issue with traditional glass. 
From the figure, it is clearly noted that, in the first best case, the 
illuminance value in the front area of space was reduced from 1912 
lux for RC to 764 lux, and the areas in the middle and back areas 
were enhanced from 418 lux and 239 lux for RC to 485 lux and 
293 lux. In the second-best case, the illuminance value in the front 
area of space was reduced from 1912 lux to 748 lux, and the areas 
in the middle and back areas were enhanced from 418 lux and 239 
lux to 483 lux and 292 lux respectively. 

Figure 12 presented the PMV and PPD compression. It is clearly 
noted that the best cases were significantly improved thermal 
comfort by improve PMV and PPD metrics. The percentage of 
both PMV and PPD was decreasing for more comfort. The first 

 
Fig. 13. Annual EUI Assessment of Base Case and optimized cases resulted from 1st scenario of optimization. 
 

 
Fig. 14. Annual sDA and UDI Assessment of RC and optimized cases resulted from 2nd scenario of optimization. 
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best case with PMV = 1.19 and the second-best case with PMV = 
1.38 show that these two cases had the best performance in the 
PMV factor compared to RC and other cases. Furthermore, in all 
optimized circumstances, the value of PPD performance an 
additional measure of thermal comfort in this optimization 
decreases. The highest decrease in the PPD factor is related to the 

two best-cases with PPD values was 37.93% and 45.63% 
respectively. Compared to RC, in the first best case, the average 
percentage of PMV decreased from 1.53 for RC to 1.19, and PPD 
from 51.42 to 37.93. In The second-best case, the average 
percentage of PMV decreased from 1.53 for RC to 1.38, and PPD 
from 51.42 to 45.63. 

 
Fig. 15. Daylighting level at centre of the space at three sensors resulted from 2nd scenario of optimization. 
 

 
Fig. 16. PMV and PPD Assessment of Base Case and optimized cases resulted from 2nd scenario of optimization. 
 

 
Fig. 17. Annual EUI Assessment of RC and optimized cases resulted from 2nd scenario of optimization. 
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 Reducing energy consumption was selected as one of the 
primary research objectives in this particular investigation. The 
energy performance was evaluated by considering the Total 
Energy Use Intensity (EUI), cooling load, heating load, and 
interior lighting. In light of the tropical climate conditions, which 
do not entail a heating load period due to the geographical 
location, it was assumed that the heating load would be zero as 
used in previous studies. Following the optimization process, the 
optimal solutions exhibited superior outcomes in terms of energy 
reduction when compared to the RC. The bar chart depicted in Fig. 
13 showcased the breakdown of EUI for both the RC and the DSF-

IGUs/DL-SS cases. Notably, all DSF-IGUs/DL-SS cases 
demonstrated the lowest average lighting EUI. Total EUI and 
cooling load displayed the most significant variations. From the 
figure, it is clearly noted that the best cases significantly decreased 
total EUI. Compared to RC which achieved a total EUI about 
382.24 kWh/m2 y, in the best cases, the average total EUI 
decreases to 315.4 kWh/m2 y and 325.8 kWh/m2 y respectively. 
The first best-case had the highest decrease among the cases by -
66.88 kWh/m2 y, while the second best case reduced total EUI by 
-66.44 kWh/m2 y. 
 

Table 5. Comparison of the differences values of optimized metrics between optimized cases and the reference model resulted from both optimization process. 
Optimization 
scenario 

Optimized cases Avg. Diff sDA 
500/50% 

Avg. Diff UDI500-
2000lx/50% 

Avg. Diff  EUI 
[kWh/m2/ yr]  

Avg. Diff 
Cooling load 
[kWh] 

Avg. Diff 
MVP 

Avg. Diff 
PPD 

scenario  st1 DSF-IGUs-01/DL-SS -5.54% 24.76% -66.84 -66.88 -0.34 -13.48 
DSF-IGUs-02/DL-SS -7.36% 23.81% -66.44 -73.48 -0.15 -5.79 
DSF-IGUs-03/DL-SS -11.83% 21.85% -50.44 -50.42 0.04 2.12 
DSF-IGUs-04/DL-SS -10.54% 21.41% -48.43 -47.77 0.06 4.79 

scenario nd2 RC  -22.09% 14.00% -2.95 -12.95 0.00 0.10 
DSF-IGUs-01/DL-SS -9.54% 22.76% -86.84 -86.88 -0.35 -14.48 
DSF-IGUs-02/DL-SS -21.36% 23.81% -86.44 -86.48 -0.21 -8.79 
DSF-IGUs-03/DL-SS -21.83% 22.85% -60.44 -60.42 0.04 1.12 
DSF-IGUs-04/DL-SS -16.54% 22.41% -58.43 -57.77 0.06 1.79 

 

 
Fig. 18. Average percentage variation of sDA and UDI resulted from both optimization scenario. 
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5.2. Optimization for energy and thermal performance 
In this optimization scenario, the most influential criteria in the 
selection and ranking of the best solutions of SDS parameters 
resulted from MOO optimization processes was reducing the EUI 
and PPD in the first place, meanwhile keeping the sDA and UDI 
within the recommended range. The optimization results in this 
scenario have a similar theme to the results obtained in the first 
scenario, where the case of DSF-IGUs-01/DL-SS followed by 
DSF-IGUs-02/DL-SS are the best cases in all optimized metrics in 
terms of sDA, UDI, PMV, PPD, and EUI.as shown in Fig. 14 to 
Fig. 17. Considering daylight availability, from Fig. 14, it is 
clearly noted that the best cases, had a high percentage of areas 
receiving sufficient daylight. the amount of useful daylighting 
availability was increased with increasing the UDI percentage, at 
the same time, the daylight distribution became more 
homogeneous with decreasing sDA percentage. In The best cases, 
the average percentage of hours where the UDI is increases from 
67.15% for RC to 89.91%, and sDA decreases from 88.6% to 
79.09%. In The second-best cases, the average percentage of hours 
where the UDI is increases from 67.15% to 90.96%, and sDA 
decreases from 88.6% to 67.27%. In the first best case, the 
illuminating value in the front area of space was reduced from 
1912.06 lux for RC to 564.20 lux, and the areas in the middle and 
back areas were enhanced from 418.52 lux and 239.75 lux for RC 
to 470.06 lux and 2990.68 lux. In the second-best case, the 

illuminating value in the front area of space was reduced from to 
548.74 lux, and the areas in the middle and back areas were 
enhanced by increasing the illuminating value to 473.45 lux and 
283.32 lux respectively. 

Regarding to thermal comfort as shown in Fig. 16, it is clearly 
noted that the best cases were significantly improved thermal 
comfort by improve PMV and PPD metrics. The percentage of 
both PMV and PPD was decreasing for more comfort. The first 
best case with PMV = 1.18 and the second-best case with PMV = 
1.32. Moreover, the value of PPD was decreases in all optimized 
cases.  The highest decrease in the PPD factor is related to the first 
best cases with PPD values were 35.93% and 41.63% respectively. 
Compared to RC, the first best case, the average percentage of 
PMV decreased from 1.53 for RC to 1.18, and PPD from 51.42 to 
35.93. In The second-best case, the average percentage of PMV 
decreased from 1.53 for RC to 1.32, and PPD from 51.42 to 41.63. 
For energy performance, the bar chart depicted in Fig. 17 
showcased the breakdown of EUI for both the RC and the different 
test cases. From the Figure, it is clearly noted that the best cases, 
significantly decreased total EUI. Compared to RC which 
achieved a total EUI about 382.24 kWh/m2 y, in the best cases, the 
average total EUI decreases to 285.4 kWh/m2 y and 25.8 kWh/m2 
y respectively. The first best case had the highest decrease by -
96.84 kWh/m2 y, while the second-best case reduced total EUI by 
-86.44 kWh/m2 y. 

 
Fig. 19. An average percentage variation of thermal comfort of MVP and PPD resulted from both optimization scenario. 
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Fig. 20. An average percentage variation of energy performance of total EUI and cooling load resulted from both optimization scenario. 
 

 
Fig. 21. PIV% of sDA and UDI for optimized cases compared to RC case resulted from both optimization scenario. 
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6. Discussion 
6.1. Comparing the best cases 
In this study, the optimization process was conducted under two 
distinct scenarios in order to identify the most favorable choices 
of the solution. The initial scenario involved optimizing DSF-
IGUs/DL-SS specifically for daylighting availability. On the other 
hand, the second scenario focused on optimizing DSF-IGUs/DL-
SS to enhance energy efficiency and thermal performance. In the 
first optimization, priority was given to daylight availability, while 
in the second optimization, energy efficiency and thermal comfort 
were given first. The final step involved comparing the results of 
sDA, UDI, PMV, PPD, and EUI for the best solutions selected 
from both optimization scenarios. This comparison aimed to 
identify the most optimal choices in terms of daylighting 
availability, thermal comfort, and energy performance. To achieve 
the best solution, it is required to assess the improvement of PMV, 
PPD, and EUI from the improvement of sDA and UDI. Table 5 
and Figs. 18-20 presented a comparison of the differences of all 
metrics of all cases compared to RC. 

From table and the figures, the average percentage variation of 
daylight illuminance of sDA and UDI for the optimized DSF-
IGUs/DL-SS cases are calculated compared to RC during office 
hours is presented. Based on the best options resulting from both 
optimizations, which concluded that the case DSF-IGUs-01/DL-

SS has the best performance and DSF-IGUs-02/DL-SS has the 
second-best performance in terms of receiving daylight to reduce 
energy consumption and increase the performance of thermal 
comfort. As mentioned above, for better daylighting distribution 
and availability, reducing sDA and improving UDI within the 
recommended range are used for better describing daylighting 
availability.  By comparing these best cases resulted from first 
optimization scenario with RC, it can be concluded that average 
variation of sDA and UDI percentages for the first best case was 
improved by -6.25% for sDA, and increased the UDI values by 
+36.86%, meanwhile, the second-best case average variation of 
sDA was improved by -8.30% and increased the UDI values by 
+35.46%. The average of PMV and PPD decreased by -22.34% 
and -26.22% in the first solution, and by -9.91% and -11.26% in 
the second solution. The total EUI and cooling load decreased by 
–17.49% and -20.17% in the first solution, and by -14.77% and -
22.16% in the second solution. For the second optimization 
scenario, the average variation of sDA for the first best case was 
improved by -10.76%, and increased the UDI values by +33.89%, 
meanwhile, the second-best case average variation of sDA was 
improved by -24.10% and increased the UDI values by +35.46%. 
The average of PMV and PPD decreased by -22.99% and -28.72% 
in the first solution, and by -13.83% and -17.43% in the second 
solution. The total EUI and cooling load decreased by –25.33% 

 
Fig. 22. PIV% of MVP and PPD for optimized cases compared to RC case resulted from both optimization scenario. 
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and -26.20% in the first solution, and by -22.61% and -26.08% in 
the second solution. 
 
6.2. Overall comparison 
Based on the outcomes of two optimization scenarios, the scores 
and rankings of best instances for each performance indicator are 
covered in this part. For easier comprehension, the comparison 
was shown in charts and tables. Thermal comfort, energy use, and 
visual comfort were all given equal weight in this final 
comparison. Based on the best options resulting from both 
optimizations, The final step involved comparing the results of 
sDA, UDI, PMV, PPD, and EUI for the best solutions selected 
from both optimization scenarios. This comparison aimed to 
identify the most optimal choices in terms of daylighting 
availability, thermal comfort, and energy performance Figs. 21-23 
summarized the average percentage variation (PIV%) of all 
metrics for all test cases compared to RC case. Meanwhile, Tables 
6-8 comparing the differences and the PIV% of the optimal design 
cases with the number of output metrics sDA, UDI, EUI, PMV, 
and PPD compared to the RC to achieve the best one.  

The tables show the overall scores of the metrics and rank these 
solutions based on the three objectives. Based on the best options 

resulting from both optimizations, which concluded that cases 
DSF-IGUs-01/DL-SS and DSF-IGUs-02/DL-SS have the best 
performance in terms of receiving daylight to reduce energy 
consumption and increase the performance of thermal comfort. 
Table 6 showed the differences and PIV% in daylight availability 
of four optimal solutions compared to RC. This stage of 
comparison, the solutions ranking based on daylighting 
availability. The best one with the highest score was test case DSF-
IGUs-01/DL-SS resulted from first scenario optimization. The 
total satisfied sDA for better daylighting distribution and better 
daylighting availability UDI improvement were improved by -
5.54% and +24.76% with an average PIV% increased by 6.25% 
and 36.87%, respectively. The second-highest score was achieved 
by test case DSF-IGUs-02/DL-SS resulted from first scenario 
optimization, were sDA and UDI improved by -7.36% and 
+23.81% with an average PIV% increased by 8.30% and 35.46%, 
respectively. The best cases resulting from second scenario 
optimization were ranking in third and fourth place. Table 6 shows 
the differences and PIV% in thermal comfort of four optimal 
solutions compared to RC. This stage of comparison, the solutions 
ranking is based on improvement of thermal comfort by 
decreasing the percentage of PMV and PPD value. The best one 
with the highest score was test case DSF-IGUs-01/DL-SS resulted 

 
Fig. 23. PIV% of total EUI and cooling load for optimized cases compared to RC case resulted from both optimization scenario. 
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from second scenario optimization.  The differences of total PMV 
and PPD as shown in Table 7 for better thermal comfort achieved 
were -0.35% and -1.48% with an average PIV% decreased by 
22.99% and 28.72%, respectively. The second-highest score was 
achieved by test DSF-IGUs-01/DL-SS resulted from first scenario 
optimization, where PMV and PPD decreased by -0.34% and -
13.48% with an average PIV% decreased by 22.34% and 26.22%, 
respectively. Cases DSF-IGUs-02/DL-SS resulted from both 
optimization scenario resulting from second scenario optimization 
were ranking in third and fourth place. Table 8 shows the 
differences and PIV% in energy performance of four optimal 
solutions compared to RC. This stage of comparison, the solutions 
ranking is based on minimizing energy. Cases resulted from the 
second scenario optimization DSF-IGUs-01/DL-SS and DSF-
IGUs-01/DL-SS achieved the highest score respectively, where 
the cases resulted from first scenario optimization were ranking in 
third and fourth place as presented in the table.  The differences of 
total EUI and cooling load for better energy performance reduced 
by -96.84 kwh/m2 yr and -86.88 kwh with an average PIV% 
decreased by 25.33% and 26.20%, respectively. The second-
highest score was decreased the total EUI and cooling load by -
86.44% and -86.48% with an average PIV% decreased by 22.61% 
and 26.08%, respectively. 

Overall, based on the optimizing objectives, the ranking of the 
best cases varied based on giving priority to the improvement 
objective in the optimization process.  The best-case DSF-IGUs-
01/DL-SS resulted from the second optimization scenario was 
overcome all best cases and ranked first in energy and thermal 
comfort. In this case, it is clearly noted that optimization DSF-
IGUs/DL-SS with giving priority to improving energy and thermal 
comfort while maintaining lighting at acceptable levels is more 
reasonable since the main role for DSF-IGUs with DL-SS is to 
control the direct sun and solar heat Gain. The outcomes of the 

final best optimized solution resulted from both optimization steps 
based on best balanced of all metrics are presented in Fig. 24, 
which provide an illuminance map illustrating the sDA and UDI 
percentages for best case. 

 
7. Conclusion 
It is important to investigate the relationship between window 
design, shading, and daylight provision in office buildings, 
particularly in tropical climates where solar radiation is not 
optimally utilized in building design. Thus, the window design and 
its shading should aim to balance multi-criteria daylighting 
performance, including daylight availability and thermal comfort, 
with energy performance. The present study sought to optimize 
thermal comfort and energy performance via utilizing optimal 
daylight availability in the office space in the geographical area of 
Penang Island, Malaysia, which has a tropical climate. This paper 
focuses on comparisons among the four IGUs glazing types 
applied to DSF with sandwich DL-SS between panels. The 
performance of high-performance integrated window system 
DSF-IGUs/DL-SS have been simulated and optimized, the 
different outcomes in performance have been examined. In order 
to find evolutionary and parametric optimum solutions, the 
optimization approach uses GA-based MOO to define input 
variables and the objective function by minimizing and 
maximizing its threshold. Several optimal alternatives that reduce 
energy requirements and thermal discomfort while enhancing 
daylight availability in an office space for a tropical environment 
are revealed by the findings of a MOO that was conducted with 
the aim of determining the best combination of DSF-IGU 
attributes and best DL-SS parameters. As the primary purpose of 
DSF-IGUs/DL-SS is to control the direct sun and solar heat gain.  

Table 6. sDA and UDI comparing the best cases resulted from both optimization scenario with the number of daylighting metrics to achieve the best one. 
Optimized 
scenario 

Simulation Cases Code Avg. Diff sDA 
500/50% 

PIV% Avg. Diff. UDI500-
2000lx/50% 

PIV% Rank 

scenario  st1 best case st1 DSF-IGUs-01/DL-SS -5.54% 6.25% +24.76% 36.87% 1 

best case nd2 DSF-IGUs-02/DL-SS -7.36% 8.30% +23.81% 35.46% 2 

scenario  nd2 best case st1 DSF-IGUs-01/DL-SS -9.54% 10.76% +22.76% 33.89% 4 

best case nd2 DSF-IGUs-02/DL-SS -21.36% 24.10% +23.81% 35.46% 3 

 
Table 7. MPV and PPD comparing the best cases resulted from both optimization scenario with the number of thermal performance metrics to achieve the best one. 

Optimized 
scenario 

Simulation 
Cases 

Code Avg. Diff. MVP PIV% Avg. Diff. PPD PIV% Rank 

scenario  st1 best case st1 DSF-IGUs-01/DL-SS -0.34 22.34% -13.48 26.22% 2 

best case nd2 DSF-IGUs-01/DL-SS -0.15 9.91% -5.79 11.26% 4 

scenario  nd2 best case st1 DSF-IGUs-01/DL-SS -0.35 22.99% -14.48 28.72% 1 

best case nd2 DSF-IGUs-01/DL-SS -0.21 13.83% -8.79 17.43% 3 

 
Table 8. EUI and Cooling load comparing the best cases resulted from both optimization scenario with the number of energy metrics to achieve the best one. 

Optimized 
scenario 

Simulation 
Cases 

Code Avg. Diff EUI 
[kWh/m2/ yr] 

PIV% Avg. Diff. Cooling load [kWh] PIV% Rank 

scenario  st1 best case st1 DSF-IGUs-01/DL-SS -66.84 17.49% -66.88 20.17% 4 

best case nd2 DSF-IGUs-01/DL-SS -66.44 17.38% -73.48 22.16% 3 

scenario  nd2 best case st1 DSF-IGUs-01/DL-SS -86.84 22.72% -86.88 26.20% 1 

best case nd2 DSF-IGUs-01/DL-SS -86.44 22.61% -86.48 26.08% 2 
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According to the results, the optimally optimized case provides 
improved availability and distribution of daylight throughout the 
office space, with an annual average of 90% area coverage for the 
500–2000 lx daylight illuminance range. The suggested solution 
also guarantees maximum thermal comfort while using the least 
amount of energy.  Compared to the RC, the differences of total 
PMV and PPD for better thermal comfort achieved were -0.35% 
and -1.48% with an average PIV% decreased by 22.99% and 
28.72%, respectively. The differences of total energy and cooling 
load for better energy performance reduced by -96.84 kwh/m2. 
and -86.88 kwh with an average PIV% decreased by 25.33% and 
26.20%, respectively. Meanwhile, the total satisfied sDA for better 
daylighting distribution and better daylighting availability UDI 
improvement were improved by -5.54% and +24.76% with an 
average percentage variation (PIV%) increased by 6.25% and 
36.87%, respectively. This result is in agreement with other 
studies, in particular the study by Huang and Niu [74] about 
Comprehensive analysis on thermal and daylighting performance 
of glazing and shading designs on office building envelope in 
cooling-dominant climates. The findings shown that, in the case 
of low-e glass, window heat input may be reduced by as much as 
50%, but applying shade can often result in a decrease of about 
35–40%. Manzan [75] work about optimization of external fixed 
shading devices. The optimal solutions are reduction of primary 
energy consumption of up to 19% and 30% with respect the 
unshaded window. According to a research by De Luca and 
Sepúlveda [68], the shadings gave enough sunshine and a view 

outside while reducing visual discomfort by as much as 89.8% and 
primary energy usage by as much as 29.1%. Eltaweel and Su [69] 
study the Advanced parametric louver systems with bi-axis and 
two-layer designs for an extensive daylighting coverage in a deep-
plan office room. The result showed that, during working hours, 
the suggested design exhibits promising qualities as it may cover 
over 90% of the floor surface with a generally consistent and 
distributed daylighting within the specified acceptable range of 
300–500 lx. Nazari, Mirza, and Mohammadi [76] study results 
showed that the optimal solutions maximized the improvement in 
the UDI reaching between 12.1% to 59.60%.  This improvement 
coincided with the EUI experiencing reductions ranging from 
7.9% to 31.9%, while the PPD increased by 56.7%. 

Although the results are innovative and the aforementioned 
contributions are noteworthy, it is important to recognize that there 
are a number of restrictions. For example, the design suggestions 
are limited to tropical temperature locations that have severe glare 
difficulties from direct sunlight and simply require cooling. 
Despite these drawbacks, the technique may be widely modified 
for use in diverse contexts, therefore the ideal answers can change 
greatly. To attain improved daylighting performance, future work 
is required to investigate the viability of this system through 
testing several IGUs into DSF with different slat configurations 
and shapes of shading system. Additionally, further study is 
required to fully examine the quality of view produced by the 
suggested setup of the DSF-IGUs/DL-SS system. 

 

 
Fig. 24. Daylighting representations of the sDA and UDI metrics performance of the (a) RC and(b) final best optimized cases. 
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