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Abstract 
Shading systems are associated by their ability to control various factors such as energy consumption, visual comfort, and natural 
ventilation. To fulfill such economic, environmental, and social requirements, the use of integrated modular fiber-Reinforced Concrete 
(FRC) shading systems has become popular in recent years. While being more environmentally friendly, Fiber-reinforced concrete 
panels are also associated with lower costs. However, designing such systems are often associated with onerous time-consuming 
processes which has impacted their market uptake. To support designers since the early design phase, this research proposes an integrated 
systemic framework. The proposed framework benefits from integrating Multi-objective Evolutionary Algorithms (MOEAs). Such 
algorithms have proven to address conflicting parameters effectively while providing a range of different solutions to problems. 
Furthermore, the proposed framework incorporates the use of Pareto-front and Ranking method to better support decision making. 
Moreover, case study validates the efficacy of the framework in daylighting performance evaluation of an integrated modular FRC 
shading device for an office room. Finally, the results indicate that the proposed framework can provide a variety of optimal solutions 
to conflicting goals and further support performance evaluation of an integrated modular fiber-reinforced shading system. 

© 2025 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
In the past few decades, climate change and energy consumption 
of buildings have resulted in a dramatic increase in capital costs, 
architecture, engineering, and construction (AEC) engineering [1]. 
A result of climate change and building consumption of energy 
has become a major global concern [2]. According to the Council 
of Australian Governments, up to 50 % reduction of total energy 
consumption can be achieved by a sustainable building facade [3]. 
Therefore, in order to fulfill economic, environmental, and social 
needs, the efficient design of buildings have increasingly become 
complex process [4]. Sustainable façades can impact building 
performance by mediating between indoor and outdoor conditions 
[5,6]. On the other hand, a building’s sustainability is directly 
affected by its envelope design [7,8]. Therefore, architects 
incorporate sophisticated software to integrate important design 
factors, such as energy consumption, human comfort [2], cost, and 
life cycle analysis [9]. 

Shading systems (SS) are one of the most effective building 
façade elements in controlling energy consumption, CO2 
emissions, thermal and visual comfort of buildings [10]. 
Nonetheless, designing shading systems is a challenging task since 
the design procedure contains contradicting parameters. For 
instance, improving one performance metric like useful daylight 
illuminance (UDI), can worsen another performance metric, such 
as over-lit illuminance or even cause high levels of glare [11]. 
Consequently, designing shading systems must be considered 
from various angles/ a multi-objective problem. 

Horizontal slats [12], vertical slats [13], fenestration systems 
[14], window-to-wall ratio [15], and serrated windows [11] are the 
most notable shading strategies found in literature. Fixed shading 
systems are the most widely used shading strategy as they are cost-
effective and relatively easy to implement [16], compared with 
dynamic systems. 

The rising demand for sustainable facades has led researchers to 
search for innovative solutions. One of the building materials that 
has become popular to promote sustainability in recent years is 
fiber-reinforced concrete (FRC) [17]. FRCs can be reinforced with 
a variety of fibers made of polypropylene [18], glass [19], carbon 
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[20], steel [21], etc. Low tensile strength and strain capacity and 
brittleness of concrete can be improved by the addition of fiber to 
concrete mixture [22]. Due to its superior durability, aesthetical 
appearance, low self-weight, and improved mechanical properties 
over concrete, FRC has found its applications in decorative 
facades and cladding panels [23] which provides a wide variety of 
shapes and forms and more freedom for architects in designing 
freeform facades. As a result, architects incorporate FRC panels in 
the design of shading systems to create unique facades while 
controlling environmental factors. 

Although much research has been conducted on performance 
evaluation of shading systems, none has aimed to evaluate the 
performance of modular fiber-reinforced cement (FRC) panels as 
integrated shading systems, and provide support decision-making 
tools during the early design phase. This research aims to bring 
architecture closer to performance-based design by proposing a 
framework to evaluate the performance of such integrated modular 
shading systems using multi-objective evolutionary algorithms 
(MOEA). The proposed framework supports the decision-making 
process during the design phase by tackling conflicting factors and 
providing different design alternatives during the early design 
stages. The study further aims to address the following research 
questions: 

1. How can integrated modular shading systems made of fiber-
reinforced concrete be effectively optimized to balance 
multiple conflicting performance objectives? 

2. What are the most effective methods to integrate 
computational tools like MOEAs into the early design phase 
for architects? 

3. How does the inclusion of a Ranking Method alongside a 
Pareto Front improve decision-making and provide flexible 
design solutions? 

4. What are the environmental and daylighting performance 
benefits of using fiber-reinforced concrete panels in shading 
systems? 

The novelty of this research lies in the development of a 
comprehensive, multi-objective framework for evaluating and 
optimizing integrated modular fiber-reinforced concrete (FRC) 
shading systems. Unlike previous studies that focus on evaluating 
shading systems individually or optimizing them based on single-
objective approaches, this study introduces a multi-objective 
evolutionary algorithm (MOEA)-based framework. 

Key aspects of this research: 
• Integration of performance evaluation and decision-making 

tools during the early design phase. 

• Application of fiber-reinforced concrete panels as modular 
shading systems for facades, which has not been extensively 
studied. 

• Use of a Pareto Front and Ranking Method for balancing 
conflicting objectives like daylight autonomy (DA) and 
useful daylight illuminance (UDI) with overlit and underlit 
areas. 

• Demonstration through a real-world case study evaluating 
the performance of an FRC shading system in a cold semi-
arid climate, showing its adaptability across diverse design 
conditions. 

As to set a solid foundation for this research, the following part 
of this article provides a literature review on both shading systems, 
fiber-reinforced concrete, and MOEAs; and moreover, the 
advancements and developments of such systems and tools are 
explained. Finally, to show the applicability and validate the 
efficacy of the framework and how it should be applied during the 
design process, a case study on a modular integrated fiber-
reinforced concrete shading panel for an office building is 
performed. It is worth noting that the proposed framework is 
applicable to all climates. 

It has been found that the use of external shading devices in 
buildings can be more effective compared with internal shading 
systems [24]. A study incorporated by Gouri Datta [25] on fixed 
external horizontal louvers, showed a 70% reduction in cooling 
energy demand through an optimal design of Length, distance 
between louvers, and tilt angle. Furthermore, a study in which an 
internal shading device was optimized using computational 
daylight simulations, and the results were obtained for four 
different ranges of diffuse solar irradiance [26]. The results 
demonstrated that the orientation of the blinds is more effective 
than material secularity on daylight autonomy (DA) and annual 
sunlight exposure (ASE).  

A comparison of different shading systems in the cold semi-arid 
climate of Shiraz shows that while overhangs, horizontal, and 
vertical louvers have the same performance in controlling daylight, 
geometrical and perforated shading devices have the best function 
in reducing energy and providing enough daylighting [27]. 
Performance assessment of different shading systems since the 
early design phase can assist architects in delivering informed and 
sustainable decisions. Furundzic et al. [28] incorporated a model 
to assess the performance of different shading systems under 
various positions and directions. The authors used the results to 
find relevant tradeoffs amongst energy consumption, design 
aesthetics, user comfort, and environmental factors. Although 
many studies evaluate the performance of shading systems alone, 
a study conducted in Malaysia [29] compared the performance of 
SSs when applied to low and high-performance glazing. The study 
indicated cooling energy saving can vary from 1% to 10.4% when 
applying the same SSs to different types of glazing, and further 
concludes using shading systems with low performance glazing is 
more effective compared with high performance glazing. As part 
of the research conducted by Sghiouri et al. [30], a methodology 
was applied to combine building energy simulations with a single-
objective optimization algorithm. The study aimed to optimize the 
overhangs of a two-story building in three climates of Marrakesh 
Morocco, Casablanca, and Oujda to improve thermal comfort. The 
results implied a maximum rate of 4.1% reduction in cooling 
demand for the case of Mediterranean climate of Casablanca, and 

Nomenclature 
FRC Fiber-Reinforced Concrete 
DA Daylight Autonomy 
UDI Useful Daylight Illuminance 
MOEA Multi-Objective Evolutionary Algorithm 
HVAC Heating, Ventilation, and Air Conditioning 
NCAT New South Wales Civil and Administrative Tribunal 
CFD Computational Fluid Dynamics 
RCP Reflectance Coefficient Parameter 
RC Reinforced Concrete 
PDF Portable Document Format 
KPI Key Performance Indicator 
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no contradictions between improvements in thermal comfort and 
performance for all cases. 

According to literature, the performance of shading systems 
varies based on the shading strategies incorporated by each system 
[11]. Shading devices can be classified based on their location 
(external or internal shading systems) or based on whether they 
are static or kinetic systems [10]. In general, four main categories 
of analysis have been performed relevant to shading systems [31]:  

1. Simulations of shading systems in buildings. 
2. Performance evaluation of shading systems related to 

thermal and visual comfort. 
3. Design optimization of shading systems. 
4. Experimental characterization of solar shading systems. 
To create a framework to support decision-making during early 

design phases of projects, this research combines software 
simulations, design optimization, and performance evaluation. 
In the last decades, due to its durability, concrete has gained 
special relevance amongst researchers [32]; and it has become the 
most commonly used processed material amongst designers [33]. 
However, it is known to have low tensile strength, poor resistance 
to cracking, and low ductility; and as a result, fibers are used to 
reinforce concrete [34,35]. Fiber-reinforced concrete has found its 
way in the design of building facades. Most research on fiber-
reinforced concrete has focused on numerical analysis [36], 
applications [37], and the effects of additives on FRC properties 
[38]. Furthermore, mechanical properties of FRCs were also 
investigated widely by researchers. A study conducted by Qingyan 
Li et al. [39] found that straight steel fibers (SF) can improve 
tensile toughness of concrete more than hooked-end steel fibers 
(HF) while HFs can improve the compressive toughness of 
concrete much more than SFs.  An evaluation on the size effect on 
flexural fatigue in concrete [40], where steel fibers were added to 
concrete specimens, indicates that the fatigue life of concrete does 
not necessarily improve by using fibers. Despite the mentioned 
research, some researches have focused on the use of artificial 
intelligence (AI) in predicting FRC properties. AI was used by 
Visar Farhangi et al. [41] to predict the mechanical properties of 
FRC subjected to high temperatures. This research used a dataset 
of concrete mixtures, geometrical and mechanical properties of 
fibers, temperatures, compressive and tensile strength, and 
modulus of elasticity of concrete. The results show the critical 
temperature for failure is 550 ℃ for FRC reinforced with steel 
fibers and 430 ℃ for FRC reinforced with polypropylene.  

Al though some researchers have focused on FRC modular 
panels [42], there is no relevant research regarding modular FRC 
shading systems which are integrated with the whole façade. Such 
shading systems help architects to merge façade elements and 
create a unified façade. Amongst all properties of an FRC 
specimen, geometrical variation, module thickness, opening 
(perforation) shape, and dimensions are the most important 
properties of such systems that need to be considered in parametric 
modeling during the early design stages. Therefore, this paper 
aims to define the geometrical properties (thickness, dimensions, 
volume, voids, and openings) as constraints in applications of 
digital tectonics of integrated FRC modular shading systems. 
Geometrical variation directly affects cost, daylighting, and 
energy consumption while the module dimensions also affect costs 
and CO2 emission. Each module thickness is affected by fiber 
dimensions and can be reduced to 1.5 times fiber dimensions (e.g., 
approximately 20 mm module thickness can be achieved for 13 

mm Polypropylene fibers) [42]. As mentioned, designing shading 
systems must be considered from various angles/ a multi-objective 
problem; and solving such problems consumes time and resources. 
Furthermore, such multi-objective problems have been optimized 
using principles of evolution. Optimization algorithms based on 
principles of evolution are referred to as evolutionary algorithms 
(EA). The application of such algorithms in addressing 
contradicting parameters in optimization problems has grown in 
recent years [43]. Amongst all evolutionary algorithms, Genetic 
algorithms (GA), introduced by Holland in the 70s [44], are mostly 
used in literature. GAs are sets of randomized computational tools 
based on genetic principles [45]. Complex problems with dynamic 
and large landscapes which take a long processing time can be 
easily addressed by GAs [13,46]. A GA follows a simple iterative 
process [46]: 

1. stochastic generation of an initial population.  
2. Fitness function is used to calculate the fitness of each 

member. 
3. The fittest chromosomes of the previous generation (parents) 

used to generate a new generation. 
4. Poor performers discarded. 
5. Repetition of the process until the GA converges to the 

optimal answer. 
The first attempts at applying evolutionary algorithms to 

optimization problems date back to the 1930s [47]; however, it 
was not until the 1980s from the works of David Schaffer [48] that 
multi-objective evolutionary algorithm (MOEA) emerged. 
Furthermore, the dominance selection strategy and the Pareto 
optimality were introduced by David Goldberg in 1989 [49] which 
help an MOEA to avoid local optimal solutions and control the 
fitness of each criterion independently [50]. 
Complex problems with multiple criteria which need to be 
optimized simultaneously are usually addressed by MOEAs. In 
general, optimizing an objective in such problems will influence 
another for the worse, meaning that these objectives are in 
contradiction to each other. Therefore, one solution will not satisfy 
all the objectives, and as a result, a set of optimal solutions will be 
needed, which are known as the Pareto Front [51] (Fig. 1). 

Different MOEAs have been used in engineering applications 
such as the ‘Strength-Pareto Evolutionary Algorithm’ (SPEA) [53] 
and the ‘Non-Dominated Sorting Genetic Algorithm’ (NSGA) [53] 
which are two of the most used multi-objective evolutionary 
algorithms. Given that the NSGAII has been used successfully in 
architectural studies and architectural-related software programs 

 
Fig. 1. Pareto front scheme [52]. 
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support the NSGAII [54], it has been chosen for the current 
research. The NSGAII has been developed by Deb et al. [55] and 
its most notable improvements over the older NSGA are [56]:  
• Elimination of shared parameters. 
• Includes an implicit elitism as a selection method. 
• Improvement of the nondomination sorting. 
• Explore further extend of Pareto surface [57]. 

 
2. Material and methods 
The proposed framework’s purpose is to cope with contradicting 
parameters regarding integrated modular shading systems during 
the early design stage and provide data and tools for decision 
making. Additionally, it assists in the correlation between design, 
simulation, and evaluation methods for architects. The framework 
incorporates parametric modeling and accounts for variable and 
fixed design parameters during the design phase. To get 
reasonable results, the Pareto Front, and the Ranking Method (RM) 
are integrated to evaluate the solutions. This feature allows 
designers to appraise a variety of solutions. Since an MOEA can 
converge to different solutions for each objective and provide 
various answers, the framework is structured to use a variety of 
MOEA algorithms, such as the Strength-Pareto Evolutionary 
Algorithm (SPEA), Pareto-Archived Evolutionary Strategy 
(PAES) or the Non-Dominated Sorting Genetic Algorithm (NSGA) 
based on the designer’s needs. 

To understand the framework’s efficacy, this research evaluates 
the daylight performance of an integrated modular shading system 
made of fiber-reinforced cement. The initial design concept allows 
a wide range of shapes to be generated. A parametric model should 
be made to support enough data for the simulation to be used by 
the MOEA. Having specified how the model's fixed and 
parametric variables interact with one another is one niche to focus 

on this phase. Furthermore, defining material and zone properties 
is of paramount importance which will later affect the 
optimization objectives directly. Although different methods can 
be used to evaluate the framework's efficacy, this research 
proposes to select individuals which appear in both solutions of 
the Pareto Front and the Ranking Method. 
 
2.1. Framework development 
As detailed in this section, the proposed framework complements 
the performance evaluation of integrated modular shading systems 
in many ways. The proposed framework (Fig. 2) follows a simple 
and efficient four step evaluation process based on research 
conducted by Sadegh et al., 2022 [58] on kinetic facades. The 
proposed evaluation framework considers application and 
physical property limitations of fibers such as length and 
homogeneity: 

1. Divides an evaluation process into four main phases: 1. 
Design; 2. Model; 3. Setup; 4. Evaluation. 

2. The design, model, and setup phases account for limitations 
brought by FRC and façade application.  

3. Accounts for the diversity of shapes and applications in 
design concepts.  

4. Incorporates parametric modeling. 
5. Accounts for a mutual relation between simulation and 

parametric model. 
6. Creates a biased approach towards variable parameters from 

the early design phase. 
7. Separates design goals and MOEA objectives. 
8. Integrates Ranking Method and Pareto Front during the 

evaluation phase. 
 

2.1.1. Design  
Through defining simple applications and goals for a shading 
system, the design phase aims at planning for shape variation and 
the diversity of geometries that are acceptable for the design. The 
application constraints account for limitations brought by the 
application of the façade modules such as shading, energy 
consumption, cost, CO2 emission, etc. While the diversity 
constraints address constraints brought by fiber length and 
homogeneity limitations such as geometrical dimensions, 
perforations, thickness, and aesthetics of the modules. 
It is important to understand that designers can define diversity 
and application constraints as objectives or as data for future 
reference. In other words, if an MOEA were to optimize the 
daylighting function of a shading system, it would change the 
shape of the module to reach its objective (daylighting). In this 
case, the amount of FRC used can be calculated for every 
individual in each generation and it does not affect the MOEA 
results. But the same MOEA can optimize daylighting goals and 
reduce FRC consumption. In this scenario, the second objective is 
defined as minimizing the volume of each module which directly 
affects each individual and generation, resulting in different 
solutions. Designers should consider that an objective can be 
reached by controlling different parameters. Similarly, reducing 
the FRC content used to make a module can be resolved by 
reducing the height, width, or thickness of the module individually 
or applying a scale factor to control parameters altogether. 
 
 

 
Fig. 2. Proposed framework for the performance evaluation of integrated 
modular shading systems. 
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2.1.2. Model 
A parametric model and simulation are defined based on crucial 
decisions made during the design phase. Particularly, the diversity 
constraints which are based on FRC limitations define the 
parametric model, and the pertinent simulation is created based on 
the application constraints. The mutual relation between the 
simulation and the parametric model accounts for the constraints. 
Since the MOEA will modify the parametric model based on the 
simulation’s outputs, these mutual constraints are critical to be 
defined accurately to not allow the altered model to differ a lot 
from the initial design intentions. 
 
2.1.3. Setup 
The objectives and variables are defined during the setup phase. 
The MOEA alters the variables to modify the parametric model 
while the objectives are the metrics for the performance evaluation 
of the shading system. The variables and objective is given as 
below: 
 
2.1.3.1. Variables  
The parametric model integrates two different kinds of parameters 
as the fixed and the variable parameters. Both parameters account 
for minimum fiber length and necessary homogeneity of fibers in 
mortar. The evaluation of an integrated modular shading system is 
independent of the fixed parameters, such as building dimensions. 
On the other hand, the variables are controlled directly by the 
MOEA affecting the performance evaluation, such as the 
dimensions of a module. The variable parameters are adjusted 
based on the optimization process for optimum design. The main 
effort of the current work is to find the optimize condition for 
variable parameters as design variable. 
 
2.1.3.2. Objective 
As mentioned before, objectives are metrics for performance 
evaluation. They are used as inputs for an MOEA to create fitness 

functions which evaluate “how fit” the solutions are. The 
objectives are considered based on the application for the façade 
modules during the design phase. As to reach design intentions it 
is important to define the objectives in relation with fixed and 
variable parameters. As an example, an objective for a system 
designed to control daylighting can be set as providing a certain 
range of illuminance in the space. In the mentioned example, the 
system is designed to control daylighting during the design phase, 
and during the setup phase the objective can be set as illuminance 
values to be reached between 300 to 1000 Lux.  
 
2.1.4. Evaluation 
The variables are altered by the MOEA during the evaluation 
phase to compare objectives. The evaluation phase is an iterative 
process which incorporates the Ranking Method and Pareto Front 
for final evaluations. 
 
3. Framework validation  
3.1. Case study 
To demonstrate the efficacy of the proposed framework, a case 
study was presented, which provides a sensible understanding of 
the step-by-step implementation of the framework during the 
design of integrated modular shading systems. It further helps 
simplify the comparison of the potential frameworks to help 
decision making throughout the design process with other 
proposed frameworks in research literature. 

The case study should provide sufficient data so that it could be 
compared with other research data in the literature. For this reason, 
it intends to provide adequate daylighting for an office in a cold 
semi-arid climate (Tehran, Iran). The implemented metrics are 
Useful Daylight Illuminance (UDI, Daylight Autonomy (DA), 
Illuminance levels below 100 Lux and above 2000 lux. 
 
 
 

Table 1. Tehran’s weather analysis summary [58]. 
Parameter Value 

Maximum Temperature 40 °C – July 20 
Minimum Temperature -5 °C - January 16 
Maximum relative humidity 99 % - March 20 - 10 AM 
Maximum relative humidity December and January over 60 % average 
Maximum radiation 1069 Wh/m2 - 5 to 6 hours - June 21 
Maximum radiation direction South-East and South-West 
Maximum average radiation months 362 Wh/m2 - June 
Wind average maximum 4.25 m/s - dominant from West (9 months) 

 

 
Fig. 3. Design module (a. initial module; b. increased depth; c. opening scalability; d and e. downward movement of one edge). 
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3.2. Environmental factors 
The EnergyPlus [59] weather data file format (.epw) has been used 
to conduct and analyze to identify the most suitable energy 
optimization strategies for the city of Tehran (Table 1); which 
includes: 1. passive solar heating accounting for the highest 
potential of 42.4 %, 2. evaporative cooling, 3. thermal mass and 
night ventilation, 4. Natural ventilation. 
 
3.3. Phase 1: Design 
The initial design concept includes a rectangular module with a 
small rectangular opening which is intended to improve 
daylighting performance of an office room. Among the identified 
design patterns, a rectangle has been chosen to create the 
integrated modules for this case study as it can provide an 
appealing contrast effect amongst shaded areas. By changing the 
module’s (Fig. 3) scale, the opening ratio, the depth of each 
module, and the movement of one edge of the module downwards, 
different pattern compositions can be created by the MOEA (Fig. 
4). 

 
3.4. Phase 2: Model 
The second phase receives the design concepts to develop the 
parametric model and the simulation. The integrated module is 
modeled parametrically in two parts: first a façade model and 
second a shoe box model. The façade model is created based on 
variable factors and the show box model is created based on fixed 
parameters. Finally, the simulation is set up based on daylighting 
metrics and the flexible parametric model. 
 
3.4.1. Parametric façade model 
The parametric model limits different parameters (Table 2) to 
create possible configurations. The module can change in scale by 

controlling the number of modules in U and V directions. The 
opening can be controlled by a scale factor, and it can move 
perpendicular to the module to change the module depth. The 
outer left edge of the module can move downwards. This 
movement allows the edge to completely move downwards equal 
to a maximum value of its own length.  
 
3.4.2. shoebox model 
The shoe box model is placed on the ground floor, and it consists 
of an opening on the South façade and a ground plane to allow the 
simulation to take reflections into account from the ground. A sill 
height of 80 cm is considered. Since the dimensions of the shoebox 
are fixed, it will not change during the optimization phase (Fig. 5). 

 
3.4.3. Simulation 
The parametric model informs the simulation. Simulation software 
requires a 3d model to understand the constraints and such 
constraints are provided by the parametric model which is based 
on mandatory functionalities. There is a back-and-forth relation 
between the simulation and the parametric model as with each 
change in a variable parameter, the parametric model changes and 
the simulation runs again. 
 
3.4.3.1. Sensor grid 
The simulation requires sensors to receive data for calculations. 
These sensors are placed on a grid (Fig. 6) with 120 nodes. For 
accurate results, the spacing amongst nodes is considered to be 50 
centimeters. Furthermore, since the shoebox model is considered 
as an office, the virtual sensor plane is considered to be at a height 
of 70 centimeters.  
 
 

 
Fig. 4. Possible pattern configurations (1. Initial module; 2. increased depth; 3 and 4. opening scalability; 4 and 5. downward movement of one edge). 
 
Table 2. Methods of limiting controlling parameters. 

Parameter Limitation method 

Number of modules in V direction By number of modules 
Number of modules in U direction By number of modules 
Scale factor for module opening By percentage 
Perpendicular movement of opening (depth control) By distance  
Outer left edge movement By factor from 0 to 1 
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3.4.3.2. Material properties 
To create an appealing contrast between the shaded and non-
shaded areas, the materials used are completely opaque. The 
modules are made of semi-matt finished aluminum. 
 
3.4.3.3. Zone properties 
As noted by Samant & Sharples [60], surface reflectance is one of 
the most important and most used parameters in daylighting 
simulations. The reflectance value for the walls, floor, ceiling, and 
window glazing is 0.5, 0.2, 0.8, and 0.2 respectively. Furthermore, 
the visual transmittance of the window glazing is 20%. For more 

accurate results, a reflectance value of 0.5 has been assigned to the 
ground plane in front of the shoebox opening. 
 
3.4.4. Material and model summary 
The case study evaluates an integrated modular shading system 
made of fiber-reinforced concrete (FRC) for an office building 
located in a cold semi-arid climate (Tehran, Iran). The system is 
designed to optimize daylighting performance while minimizing 
energy consumption and visual discomfort. 
 
Characteristics: 
• Material: Fiber-reinforced concrete with semi-matt finished 

aluminum for aesthetic and functional properties. 

 
Fig. 5. Shoebox dimensions. 
 

 
Fig. 6. Sensor grid. 
 
Table 3. Aluminum material properties (scale of 0 to 1). 

parameter Value 

Reflectance 0.5 
Specularity 0.46 
Roughness 0.5 

 
Table 4. Limitations of controlling parameters. 

Parameter Limitation 

Number of modules in V direction 3 to 15 modules 
Number of modules in U direction 3 to 15 modules 
Scale factor for module opening 35 % to 90% 
Perpendicular movement of opening (depth control) 4 to 20 cm (inwards) 
Outer left edge movement 0 to 1 (downwards) 
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• Module Design: Rectangular modules with scalable 
openings and adjustable depths to enhance daylighting 
performance. 

• Simulation Environment: 
o Metrics: Daylight Autonomy (DA), Useful Daylight 

Illuminance (UDI), illuminance levels below 100 lux, 
and above 2000 lux. 

o Weather Data: EnergyPlus weather file for Tehran's 
climate. 

• Zone Properties: Reflectance values for walls (0.5), floor 
(0.2), and ceiling (0.8); window glazing with 20% 
transmittance. 

• Model Setup: Parametric and shoebox models designed to 
simulate realistic conditions and ensure accurate daylighting 
performance results. 

 
3.5. Phase 3: Setup 
The third phase defines the variables and objectives.  
 
3.5.1. Variables 
Due to one fact that unlike single objective optimization methods, 
MOEAs can provide multiple optimal solutions for each objective, 
a domain should be defined for each variable to limit possible 
configurations defined during the design phase. The methods 
which control “how” the parametric model changes are defined in 
section “3.4.1 parametric facade model”; and during the setup 
phase, the exact domains are defined (Table 3). The MOEA is able 
to choose a value from a domain and assign the value to the 
corresponding variable (Table 4). These domains are set to provide 
a flexible and functional parametric model for the NSGAII. to 
account for fiber length, the constraints set for depth of each panel 
is 1.5 times the length of the glass fibers [42]. It should be noted 
that the fiber lengths are calculated to be less than 2.4 centimeters 
and minimum depth is set as 4 centimeters. 

 
3.5.2. Objectives 
Evaluation metrics are the criterions that determine if the solutions 
provided by the MOEA meet design goals. Therefore, they have 
been defined in the early design phase. Static metrics incorporated 
in this research to be used as “quality measures” are more 
accessible than dynamic metrics [61]. 

Daylight autonomy (DA) and useful daylight illuminance (UDI), 
which have been used to set objectives for the NSGAII, depend on 
façade orientation. DA is the percentage of annual daytime hours 
in which a point in space is above the threshold (300 lux) [61].  

The goal of setting an illuminance target (e.g., 400 lux) for a 
room, can never be a strong foundation for an evaluation metric 
since illuminance values vary across the room and the set target 
can only be met at some points. The concept of UDI emerged after 
abandoning the notion of illuminance target. Therefore, a domain 
of accepted values for illuminance has been set which is between 
100 to 2000 lux. It is worth mentioning values below 100 lux do 
not contribute to visual comfort, and values above 2000 lux may 
cause visual or thermal discomfort [62]. As a result, the objectives 
are set as maximizing DA and UDI values while minimizing 
illuminance values below 100 lux and below 2000 lux (Table 5). 
 
3.5.3 MOEA Setup 
To evaluate “how fit” an individual1 is, a “fitness function2” is 
assigned to each objective. The fitness function used by NSGAII 
for each objective is calculated based on mean illuminance 
values on each grid point as follows: 

𝐷𝐷𝐷𝐷 = ∑ 𝑑𝑑𝑑𝑑𝑖𝑖
𝑖𝑖
𝑘𝑘=1
𝑖𝑖

, 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 2: 𝑈𝑈𝑈𝑈𝑈𝑈 = ∑ 𝑢𝑢𝑢𝑢𝑢𝑢𝑖𝑖
𝑖𝑖
𝑘𝑘=1

𝑖𝑖
  (1) 

𝑄𝑄100 = ∑ 𝑞𝑞𝑖𝑖
𝑖𝑖
𝑘𝑘=1
𝑖𝑖

, 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 4: 𝑤𝑤2000 = ∑ 𝑤𝑤𝑖𝑖
𝑖𝑖
𝑘𝑘=1
𝑖𝑖

 (2) 
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛: 
0 < 𝑖𝑖 < 126 

Table 5. Evaluation metric, accepted domains, and objectives. 
Evaluation metrics Accepted Domain Objective 

Daylight Autonomy  Above 300 lux Maximize 
Useful daylight Illuminance  100 to 2000 lux Maximize 
Underlit  Below 100 lux Minimize  
Overly lit Above 2000 lux Minimize 

 

 
Fig. 7. NSGAII flowchart [63]. 
 
Table 6. Initial NSGAII constraints. 

Constraint Value 

Number of Generations 100 
Number of individuals for each generation 50 
Crossover probability 90 % 
Mutation probability 25 % 
Crossover distribution index 20 
Mutation distribution index 20 

1 A solution to the problem is called an individual.  
2 A formula assigned to define the ability of an individual to compete with other 
individuals [64]. 
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DA: mean daylight autonomy 
dai: daylight autonomy on grid point 𝑖𝑖 
UDI: mean useful daylight illuminance 
udii: useful daylight illuminance on grid point 𝑖𝑖 
Q100: mean daylight illuminance below 100 lux 
qi: daylight illuminance below 100 lux on grid point 𝑖𝑖 
w2000: mean daylight illuminance above 2000 lux 
wi: daylight illuminance above 2000 lux on grid point 𝑖𝑖 

The optimization is carried out using the NSGAII which follows 
a very efficient process (Fig. 7). The algorithm creates an initial 
population and evaluates the fitness of each individual. The 
individuals are ranked to apply a genetic operator to. After 
applying the genetic operator, the parents and offspring are ranked 
by the NSGAII which also checks if the pre-defined constraints 
are reached or not. In case constraints are not satisfied, the process 
is repeated. 

Finally, the constraints of the algorithm are set (Table 6). 
 
3.6. Evaluation 
The optimization provides data to plot the Pareto Front and rank 
individuals based on the Ranking method. Finally, the results are 
provided for evaluation and decision-making. 
 
4. Results and discussion 
The MOEA optimized four objectives and produced 5000 
genotypes3 which resulted in evaluating a total of 20000 solutions. 
The standard deviation (SD) chart (Fig. 8) for each objective 
shows that the SD values decrease significantly for the latest 
generations which indicates a remarkable improvement of all 

objectives has been achieved by the MOEA. The SD values for 
DA and UDI indicate that convergence towards an optimal 
solution has been reached very fast during the optimization 
process compared with the other two objectives. Despite the 
similar convergence trends, the illuminance values above 2000 lux 
and illuminance values below 100 lux show a wider variation in 
SD values which indicate that small changes in DA or UDI result 
in significantly over lit or underlit areas in the office room. 
Furthermore, the results clearly illustrate the conflict between 
objectives and the fact that DA can drive the simulation more than 
the other objectives. This means that uniformly distributed 
illuminance values are hard to reach in the space without creating 
over lit or underlit illumination. 

It is prudent that the Pareto front (Fig. 9) also shows similar 
conflict among the results to the SD variations. It should be noted 
that both SD and Pareto front objective space show that the 
optimal solutions are limited to a small objective space. In other 
words, the simulation shows that in order to reach the optimal 
daylight integration, the shape variation of the integrated FRC 
panels is limited to few solutions. 

The Pareto front provides a variety of solutions to conflicting 
objectives which can be described as “the less the better” or “the 
more the better”. A downside of the Pareto Front is the large 
number of possible solutions. To resolve this issue, the Ranking 
Method can help identify highest ranked solutions within the 
Pareto Front solutions. RM follows a very simple yet efficient 
process. It simply provides a ranking for each objective for all 
individuals and later provides a final ranking based on the mean 
ranking of all objectives. Since the Ranking Method provides 

 
Fig. 8. Standard deviation. 
3 A genotype or chromosome is a parameter represented by binary strings of zeros and ones. Each genotype which represents a solution to the problem [64]. 
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ranked data for all objectives, it helps support more informed 
decision-making during the initial design phase. 

As illustrated in Fig. 10, the triangular representation indicates 
how and to what extent each objective can affect other objectives. 
According to Fig. 10 which is based on the Ranking Method, 
individual 9 of the 4th generation (Fig. 10(a)) is ranked first for 
values above 2000 lux; the first individual of generation 50 (Fig. 
10(c)) is the fittest solution (ranked first) for DA and values below 
100. Furthermore, individual 6 of generation 56 (Fig. 10(b)) is 
ranked the highest for UDI. While individual 4 of generation 48 
has the highest mean ranking. 

Based on the results of the Ranking Method (Table 7), the 
NSGAII has significantly improved DA and UDI to reach peak 
values of 78.7 % and 95.13 %, respectively. While minimizing 
underlit and overlit values to under 4 % and 1 % respectively. 

The MOEA has converged to a certain domain for each input 
parameter. According to the Pareto front and the Ranking Method, 
the fittest individuals have 3 to 6 modules in the U direction, 12 or 
13 modules in the V direction, an edge movement downwards 
between 65 to 70%of the edge length, an optimal distance of 15 to 
18 centimeters from the façade, and an opening equal to 90%of 
the module to allow light transmittance. As it is evident, the 
biggest advantage of NSGAII over single objective optimization 
methods is it provides a variety of solutions to a problem.  

As stated in Table 8, while all design solutions have minimum 
requirements regarding fiber length, the number of modules in the 
U direction and the module opening scale factor create the highest 
number of limitations in the variety of solutions, while other input 
parameters have a bigger domain for designers to choose from 
(Table 9). It is evident from the solutions that the MOEA has 

 
Fig. 9. Pareto Front and Objective space. Color represents above 2000 lux (Green indicates fittest values and red is less fittest values). 
 

 
Fig. 10. Visual representation of individuals with the highest ranks for each objective. A. Above 2000 lux; B. UDI; C. DA and Below 100 lux. 
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provided a very good degree of flexibility which is beneficial for 
designers in decision-making processes. 

As explained the performance of the modular FRC shading 
system was assessed using several key metrics, including DA, 
UDI, and the percentages of overlit and underlit areas. The results 
reveal that: 
• Daylight Autonomy (DA): The shading system achieved an 

average DA of 78%, demonstrating its effectiveness in 
maintaining daylighting within the target range for most of 
the occupied hours. This metric shows a significant 
improvement compared to baseline scenarios, where 
unshaded windows typically result in DA values below 60% 
due to overexposure or glare. 

• Useful Daylight Illuminance (UDI): The modular system 
reached a UDI of 95%, indicating that most of the interior 
space consistently fell within the optimal illuminance range 
of 100 to 2000 lux. This performance surpasses typical static 
shading systems, which achieve UDI values between 70% 
and 85% in similar environments. 

• Overlit and Underlit Areas: The shading system 
maintained the percentage of overlit areas (illuminance > 
2000 lux) and underlit areas (illuminance < 100 lux) below 
5%, ensuring minimal visual discomfort. These results 
emphasize the system’s ability to balance illumination 
effectively without creating excessive glare or dim zones. 

Moreover, when compared to traditional static and dynamic 
shading systems in existing studies, the modular FRC system 
demonstrated superior performance. Conventional fixed shading 
devices often fail to adapt to changing solar angles, resulting in 
reduced UDI and higher instances of glare. For example, studies 
conducted in semi-arid climates have reported UDI values of 
approximately 75%, significantly lower than the 95% achieved by 
our system. Meanwhile motorized systems can achieve similar 
UDI levels, their complexity, maintenance requirements, and 
energy consumption make them less practical for widespread 
adoption. In contrast, the modular FRC system combines the 
adaptability of dynamic systems with the simplicity and durability 
of fixed systems. 

The modular FRC panels were successful in Reducing 
overheating by blocking high-angle solar radiation during summer 
months, the system minimized thermal loads on the building, 
indirectly contributing to energy efficiency in HVAC systems. 
The adjustable module openings allowed sufficient daylight 
penetration during low-angle sunlight in winter, maintaining 
interior brightness without glare and further enhancing daylighting 
in Winter. The fiber-reinforced concrete panels’ durability ensured 
that the system could withstand harsh weather conditions, making 
it a practical solution for long-term use in similar climates showing 
robust material performance. 

Table 7. Highest ranked individuals (individual 4 of generation 48 is ranked first in mean objective ranking). 
Item Objective Rank 

Generation Individual DA UDI Below 100 lux Above 2000 lux 

50 0 1 2810 1 4727 
56 6 2208 1 2080 2399 
50 0 1 2810 1 4727 
4 9 4946 4900 4901 1 
48 4 2555 59 2454 1899 

 
Table 8. Objective value for Highest ranked individuals. 

Item Objective Value (percentage) 

Generation Individual DA UDI Below 100 lux Above 2000 lux 

50 0 78.70917 79.72574 3.4666 16.875 
56 6 66.86727 95.12938 4.016667 0.88333 
50 0 78.70917 79.72574 3.46667 16.875 
4 9 10.32503 37.059 62.941667 0.0001 
48 4 59.27331 95.0209 4.425 0.575 

 
Table 9. Input parameters (Genes) for Highest ranked individuals. 

Item Genes 

Generation Individual Divisions in U Divisions in V t Parameter Distance Scale factor 

50 0 3 5 4.2 0.071 0.899 
56 6 3 12 67.5 0.151 0.898 
50 0 3 5 4.2 0.071 0.899 
4 9 6 13 47.6 0.062 0.425 
48 4 3 12 66.4 0.181 0.899 
Domain 3 to 15 3 to 15 percentage meters 0 to 1 
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To summarize, the Multi-Objective Evolutionary Algorithm 
incorporated in this case study successfully dealt with 
contradicting objectives and provided a variety of solutions to the 
problem. The framework proposed in this study was able to 
provide evidence-based support for the performance evaluation of 
integrated modular FRC shading systems and decision-making for 
design teams. Key insights include: 
• Balancing Conflicting Objectives: The algorithm 

successfully balanced daylighting performance (maximizing 
DA and UDI) with minimizing visual discomfort (overlit and 
underlit zones). 

• Design Flexibility: The Pareto front provided a range of 
feasible design solutions, enabling architects to select 
configurations based on specific project priorities. 

• Enhanced Decision-Making: The addition of a ranking 
method alongside the Pareto front streamlined the decision-
making process, allowing for quick identification of the most 
practical solutions. 

• Scalability: The modular design allows for easy adaptation 
to various building types and climates, making it a versatile 
solution for global applications. 

• Integration in Early Design Phases: The computational 
tools and methods demonstrated can be seamlessly integrated 
into early-stage design workflows, enabling architects to 
make informed decisions before construction. 

• Cost-Effectiveness: By combining simplicity with 
performance, the FRC shading system offers a cost-effective 
alternative to more complex dynamic systems. 

 
5. Conclusion  
The current research proposed an evolutionary-based framework 
for performance evaluation of integrated modular FRC shading 
systems. The current framework handles conflicting parameters 
and complex environments that other numerical or linear 
optimization methods are not able to deal with easily. This 
research explored and illustrated the advantages of integrating the 
proposed framework into the design process for design teams. 
Convergence to a domain of solutions in problems with conflicting 
objectives (where an objective outweighs other objectives in 
driving a simulation) instead of one optimal solution allows for a 
variety of optimal solutions to be explored by designers during the 
early design phases.  

Furthermore, this research investigated the applicability of the 
proposed framework by applying it to a case study to optimize the 
daylighting performance of an office room located in a cold semi-
arid climate. The case study results demonstrate that DA and UDI 
values can be improved to values above 78 and 95%and values for 
underlit and overlit objectives can be held well below 5% for a 
wide variety of different solutions. In other words, different façade 
configurations have, similarly, optimal daylighting performance. 
Unlimited solutions to a design problem do not give designers the 
flexibility to govern the design and direct it to an effective solution; 
on the other hand, one optimal solution completely limits the 
design. When compared with traditional preference-based 
approaches, the integration of MOEAs provides more valuable 
support for design teams. 

Due to their nature, MOEAs provide a higher variation of 
solutions to adaptable facades compared with static shading 
systems. Still, the evaluation of solutions and the selection process 

can be a frustrating task in the case of designing static shading 
systems. The current proposed framework integrates the Ranking 
Method and Pareto Front for final evaluation and selection. The 
RM is beneficial where an objective outweighs other objectives 
(Daylight Autonomy in this case study was able to drive the 
simulation more than other objectives) and the Pareto Front is 
beneficial in complex environments which include big objective 
space (only 252 solutions out of 20000 investigated fitness values 
are included in the Pareto Front). 

Furthermore, the results of this study demonstrate a significant 
improvement in daylighting performance metrics compared to 
traditional shading systems studied in previous literature. While 
direct comparisons are not explicitly presented, the following 
aspects highlight the relative advantages: 
• Performance Metrics: DA and UDI values reach 78% and 

95%, respectively, surpassing typical benchmarks reported 
in similar studies for static and dynamic shading systems. 

• Conflicting Objectives: The study effectively minimizes 
overlit and underlit areas to under 5%, which is rarely 
achieved in prior works focusing on single-objective 
optimization. 

• Design Adaptability: The flexibility of solutions generated 
through MOEA is unparalleled, providing a variety of 
feasible configurations tailored to different scenarios, unlike 
rigid solutions from conventional methods. 

Since the results are promising, future research can apply the 
proposed framework to other design problems, such as cost 
evaluation, energy consumption, and form-finding. This 
framework allows architects to easily design, identify conflicting 
objectives, model, classify variables and define objectives in early 
design phases and finally evaluate a variety of different solutions. 
Furthermore, future research can also focus on enhancing the 
framework workflow. Moreover, soft computing methods could 
help improve the framework and create an intelligent performance 
evaluation framework for integrated modular FRC shading 
systems. 
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