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ABSTRACT 
Inadequate visual comfort in classrooms can impair the physical and mental well-being of teachers and students, making sufficient 
daylight essential in academic environments, particularly in hot, arid climates. This study investigates shading devices (SDs) for 
improving daylight performance in an existing university classroom. Parametric analysis and optimization used Autodesk Revit 
(BIM) with Insight plugins. An iterative, multi-objective loop evaluated each shading typology against LEED daylighting metrics 
[Spatial Daylight Autonomy (sDA), Annual Sunlight Exposure (ASE)], Useful Daylight Illuminance (UDI), Unified Glare Rating 
(UGR), and annual lighting energy, combining it with the best-performing prior configuration until all targets were simultaneously 
met. The classroom, with a Window-to-Wall Ratio (WWR) of 98% and window-to-floor ratio (WFR) of 52.33%, was highly 
susceptible to solar incursion. Simulations confirmed direct solar radiation as the primary cause of glare and visual discomfort. The 
Inclined Multiple Panels SD (Option 4) proved optimal, balancing daylight sufficiency (86% sDA), useful illuminance (78% UDI-
autonomous), and visual comfort (UGR 0-5), while reducing annual lighting energy by 14.95%. White aluminum shading systems 
are recommended for solar reflectivity, durability, easy replacement, and adaptability to future remodeling. The findings highlight 
SDs' effectiveness in enhancing visual comfort, reducing energy loads, and supporting occupant well-being under intense solar 
exposure. Because the analysis relies on a single classroom with an unusually high WWR and a fixed morning observation window 
(8:00-9:15 AM), quantitative results are presented as a validated comparative methodology and decision-support framework for 
hot, arid-climate classrooms with high glazing ratios, rather than universally generalizable absolute values.  
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1. INTRODUCTION 
One of the primary objectives in designing educational facilities is 
to balance natural lighting, occupant satisfaction, and energy use. 
The role of natural lighting in enhancing indoor environmental 
quality (IEQ) is a primary concern in schools, yet improving it is 
challenging. Several studies have demonstrated that students’ 
satisfaction with their surroundings significantly impacts their 

ability to study [1,2]. Natural light from outside, as an alternative or 
in addition to electric illumination, can improve IEQ and reduce 
greenhouse gas emissions. Daylight has enabled additional energy-
saving options and reduced the size and initial cost of heating, 
ventilation, and air conditioning (HVAC) equipment [3,4]. While 
reducing the energy use for electric lighting is beneficial, improper 
window selection or design can reverse this by increasing cooling 
costs and lowering the quality of the visual environment. 
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Therefore, it is necessary to use professionally designed and 
selected window systems that include shading mechanisms [5].  

Accurately simulating annual daylight (DL) availability and 
building energy consumption requires the use of hourly local 
weather data. This data-driven approach is essential for making 
informed comparisons between different window systems and 
their impact on overall energy performance. To precisely estimate 
artificial lighting energy usage, as well as heating and cooling 
demands, it is necessary to integrate daylight simulations with 
building thermal models [6,7]. By doing so, designers can select or 
develop DL systems that optimize energy efficiency while 
accounting for the numerous factors influencing a building's 
performance. Running hourly and sub-hourly daylight simulations 
enables a more comprehensive understanding of DL availability 
throughout the year [8].  

In educational buildings, effective daylight design significantly 
influences visual performance, occupant well-being, and learning 
efficiency, while contributing to reductions in lighting energy use. 
However, excessive daylight can lead to visual discomfort and 
undesired heat gains, which may affect thermal comfort. In this 
context, solar shading systems play a crucial role in regulating both 
thermal transmission and daylight levels within interior spaces [9]. 
These systems mitigate solar heat gain, control glare, and manage 
views, directly impacting lighting, cooling, and heating energy use. 
Although shading strategies help control the amount of daylight 
entering the building, reducing discomfort such as glare, excessive 
shading may decrease DL levels and increase reliance on artificial 
lighting, thus creating a trade-off between energy conservation 
and occupant visual comfort [10,11]. Achieving the right balance is 
essential for maintaining both energy efficiency and user 
satisfaction in building design. 

Occupants in buildings with varying window-to-wall ratios 
(WWRs) exhibit behaviours influenced by a range of factors and 
user-specific needs. However, widely adopted methods for 
calculating annual heating and cooling loads often assume that 
shading devices remain in a fixed position throughout the heating 

and cooling seasons. This static assumption has been incorporated 
into the sustainable building regulations of several countries [12]. 
It is commonly presumed that movable shading systems are not 
utilized during the summer, and that 70% of the glazed window 
area is shaded during the winter months. In contrast, EN ISO 13790 
[13,14] proposes a more dynamic approach, recommending the 
activation of operable louvers when SR on window surfaces exceeds 
300 W/m². This standard accounts for real-time environmental 
conditions and promotes responsive shading strategies. For 
artificial lighting, energy consumption evaluations typically 
assume user-dependent control, with lighting adjusted on a daily, 
weekly, or seasonal basis [15]. Notably, windows contribute 
significantly to building cooling loads, as they are a primary source 
of solar heat gain, making window and shading design critical for 
energy efficiency [16]. 

The presence and operation of window shading (WS) systems 
affect not only thermal comfort but also visual and physiological 
well-being [17]. It is therefore essential to evaluate their influence 
on both thermal and visual comfort. Cajochen [18] reviewed 
multiple studies to identify the specific irradiance levels, exposure 
durations, timing, and light wavelengths required to elicit 
physiological responses. He emphasized that indoor lighting 
standards should incorporate light’s non-visual benefits, 
including its role in regulating circadian rhythms, enhancing 
alertness, and boosting performance. Cajochen [18] also found that 
individuals exposed to insufficient vertical illuminance reported 
increased fatigue and poorer sleep quality, even after accounting 
for factors such as age, gender, vision correction, and seasonal 
sensitivity. Similarly, Webb [19] examined light’s non-visual 
effects by isolating specific wavelengths, showing that blue light 
can improve mood, while ultraviolet light affects skin physiology. 
Bellia et al. [20] analysed various electric lighting types and 
confirmed the diurnal influence on performance, calculating 
circadian action factors based on dominant wavelengths and 
spectral peaks. These findings, and others, underline the 
importance of exposure to natural light for promoting comfort and 
well-being. Installing solar shading systems offers a balanced 
solution, filtering excessive daylight to reduce glare and heat gain, 
while still allowing beneficial natural light to support visual and 
physiological health. 

There is a growing trend toward the application of glass curtain 
walls in public buildings, leading to a significant increase in glazed 
façade areas [21]. However, windows typically offer lower thermal 
insulation compared to opaque building components, directly 
impacting thermal performance [22], occupant comfort [23], and 
energy consumption [24]. High WWRs also contribute to issues 
such as overheating and glare [25]. Numerous studies have 
examined the optimal WWR for public spaces across different 
climates. For example, Tian et al. [26] found that the optimal WWR 
for office buildings in Hong Kong exceeds that of European 
buildings, which generally falls within the 0.30-0.45 range, as 
reported by Goia et al. [27]. In South Korea, Kim et al. [28] observed 

NOMENCLATURE  
 
SD Shading Device 
BIM Building Information Modeling 
WWR Window-to-Wall Ratio 
WFR Window-to-Floor Ratio 
sDA Spatial Daylight Autonomy 
UDI Useful Daylight Illuminance 
UGR  Unified Glare Rating 
IEQ  Indoor Environmental Quality 
DL daylight 
HVAC Heating, Ventilation, and Air Conditioning 
WS Window Shading 
ASE Annual Sunlight Exposure 
LEED Leadership in Energy and Environmental Design 
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increased energy consumption with higher WWRs across various 
window types. Zomorodian et al. [25] evaluated classroom thermal 
comfort in Tehran across WWRs of 15%, 25%, 35%, 45%, and 65%, 
recommending moderate WWRs to balance energy efficiency and 
comfort. 

Improved IEQ is linked to filtered daylight and views of green 
outdoor environments, both of which contribute positively to 
occupants' mental well-being [29]. Environmental comfort 
encompasses four main domains: thermal, acoustic, luminous, and 
ergonomic. Among these, the first three should be prioritized in 
building design, while ergonomics is critical for interior layout 
planning [30]. While greater WWRs (>0.7) can be beneficial in 
summer for daylighting, they may lead to excessive heat gain in 
winter unless properly shaded [31]. Well-designed static louvers 
can mitigate these effects by reducing glare, enhancing daylight 
penetration, and preserving outdoor views, contributing to both 
the physical and mental well-being of building occupants [32]. 

Several studies have shown that both the quantity and quality of 
natural light, along with indoor thermal conditions, significantly 
influence the learning performance, behaviour, and well-being of 
students and teachers. Optimizing natural daylight in schools not 
only enhances academic outcomes but also reduces energy 
consumption and operational costs. Proper window design and 
placement play a vital role in improving thermal and visual comfort 
by minimizing glare, diffusing light, and controlling solar heat gain 
[33]. Educational buildings consume a significant share of non-
industrial electricity, accounting for approximately 15% of non-
residential energy demand [34]. Yet, effective daylight utilization 
can reduce energy use by more than 10% [35], with natural light 
potentially meeting up to 70% of lighting needs in classrooms [36]. 
Unlike artificial lighting, natural sunlight provides higher visual 
quality, free from flicker and noise. Research indicates that 
students in classrooms without windows report lower motivation, 
more complaints, and poorer behaviour and mood [37]. Moreover, 
students exposed to abundant daylight performed up to 14% better 
than their peers, depending on factors such as sunlight availability, 
glazing quality, and screen filtering [38]. 

Furthermore, ensuring optimal visibility in classrooms is 
challenging due to diverse tasks like reading, writing, viewing 
displays, and interpersonal interaction [39]. Mardaljevic and Nabil 
(2006) recommend a maximum of 2000 lux for daylight exposure, 
and a minimum daylight factor of 2% per desk is considered 
essential [40]. Daylighting is widely employed as a passive strategy 
to improve both thermal and lighting performance, particularly in 
early design stages [41]. However, improper use of daylight can 
cause glare, reflections, and overheating, disrupting comfort 
levels. Thus, the primary challenge for designers lies in balancing 
daylight access with visual and thermal comfort to minimize 
discomfort and optimize building performance [42]. 

Architectural design is a multifaceted process that integrates 
building functionality, user needs, and environmental conditions 
[43]. In educational buildings, the design directly influences 

students’ learning outcomes and teacher effectiveness, making it 
essential to prioritize occupant well-being while minimizing 
energy consumption [44]. Achieving visual comfort is crucial in 
classrooms and depends on a careful balance of natural and 
artificial lighting to ensure appropriate light intensity, uniformity, 
glare control, and colour rendering [45]. One of the important 
challenges in school design is optimizing window size to balance 
daylight access [46] and energy efficiency [69]. Technologies like 
electrochromic glazing can help regulate daylight levels and reduce 
glare, particularly in hot climates and highly glazed facades [47]. 
Abdelhamid [48] found that the "Triangles Parametric Pattern" 
provided the most effective performance in meeting daylighting 
and visual comfort standards. Additionally, Fakhr [49] highlighted 
the role of lateral windows and skylights in achieving sustainable 
design goals. 

Despite the established significance of daylight on learning, a 
clear research gap exists concerning the holistic optimization of 
shading devices for university classrooms in warm desert climates 
like Saudi Arabia. Previous studies often fail to concurrently 
address the interplay between visual comfort, daylight adequacy, 
and energy performance through a parametric, evidence-based 
methodology. Specifically, prior parametric or simulation-based 
shading studies typically optimize only a subset of these criteria, 
for example, glare and daylight together, or daylight and energy 
together, rather than jointly optimizing LEED-aligned sufficiency 
metrics (sDA, ASE), UDI-autonomous and UDI-exceeded, glare 
(UGR), and annual lighting energy within a single BIM-integrated 
parametric workflow, which is the specific gap addressed here. This 
study therefore seeks to answer the following research questions: 
(1) How do different shading device typologies, varying in shape, 
length, and angle, impact key performance metrics, including UDI, 
glare (UGR), and annual energy consumption? (2) What trade-offs 
exist between achieving green building certification (e.g., LEED 
sDA/ASE) and optimizing for occupant comfort in this context? (3) 
How can a BIM-integrated parametric framework generate an 
optimal design strategy that balances these conflicting objectives? 
By addressing these questions, this research aims to produce a 
validated decision-support platform for architects designing 
educational facilities in similar climates. 

This study addresses a critical gap by developing a BIM-
integrated parametric framework to optimize SDs for university 
classrooms in the warm desert climate of Saudi Arabia.   

While the influence of daylight and thermal conditions on 
learning is well-established, this research provides a novel 
methodology that simultaneously evaluates multiple performance 
criteria, including LEED metrics (sDA, ASE, and LEED points), UDI, 
glare (UGR), and energy consumption across four distinct SD 
typologies. The geometric variables of shape, length, and angle 
were also tested. The contribution is therefore twofold: it yields 
new, empirical data for a specific, under-researched context, and it 
produces an evidence-based platform to guide architects in 
balancing occupant comfort with energy efficiency in similar 
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educational environments. Furthermore, the study emphasizes the 
importance of user comfort and energy consumption reduction as 
sustainable principles for designers and architects. Creating a 
creative process based on sustainability concepts reduces expenses 
significantly throughout a building's life cycle, contributing to 
green and sustainable growth. Relative to prior combined daylight-
energy studies in educational buildings (e.g., refs. [35], [41], [44]), 
which generally treat daylight sufficiency and energy separately or 
evaluate a single fixed shading configuration, this study 
additionally provides empirical evidence at the upper bound of 
glazing ratios (98% WWR), rather than for a hypothetical or 
moderate-WWR case.  

Windows are among the components that substantially affect a 
building's performance factors, including comfort, illumination 
and glare, natural ventilation, and energy usage for cooling or 
heating. As a result, it is critical to establish a design that maintains 
its direction, dimension, and shade. However, these can affect a 
building's power usage and IEQ because they can be a source of heat 
gain or loss. Glazed sections, such as windows, have a higher 
thermal transformation (U-value) than solid exterior elements due 

to their material qualities [16]. Windows' overall coefficient of heat 
transformation (U-value) is often 5 times greater than other 
sections of the building structure (e.g., doors, walls), allowing them 
to lose 20-40% of energy in buildings. Poorly constructed windows 
can cause heat and visual discomfort and wasteful energy use in a 
building [50]. According to one study, energy usage does not affect 
a window's horizontal or vertical form; however, the WWR does. As 
a result, the glazing size is an essential aspect to consider when 
designing a low-energy structure. According to one study, the 
recommended range of WWR in Egyptian residential units must be 
8 to 15% [51]. Furthermore, these studies focus on energy 
performance rather than natural DL or indoor heat. As a result, the 
question remains: how can energy usage be lowered while 
maintaining visual, lighting, and thermal comfort? 

Daylight has numerous positive effects on building design since 
it allows for more natural light to enter a building and minimizes 
the requirement for an artificial lighting system while increasing 
the overall visual comfort of occupants [52]. The morning's bluish 
light activates (alerts) the body, whereas the red sky that appears 
more commonly in the evening has a calming effect.  

  
Figure 1. General Methodological approach of the study.     

  

  

Figure 2. The plan and 3D model view. A) classroom plan, B) 3D model designed using Autodesk Revit.     
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When designing a DL room, it is essential to create an exciting 
relationship between the building's shape and the natural light 
coming in via the windows [53]. Natural changes in DL's brightness 
and intensity reveal information about the time of day, the season, 
and the weather. Mood and energy levels benefit from the constant 
shifts in DL [54]. Good DL, as defined by [55], is characterized by 
the lack of glare and the provision of continued good levels of 
visible quality under entirely or mostly DL conditions over a year-
round period. Light from windows is still the most critical 
component in how people see and experience a space [56]. Sunlight 
is crucial to human health and happiness; according to a new study 
by [57], it significantly impacts people's feelings, cognition, and 
attitude. DL exposure has a significant impact on individuals' 
mental health because it reduces the risk of headaches, eye strain, 
and stress [58]. Several studies have shown that letting natural 
light into buildings can improve people's health and happiness. One 
of these advantages is that it is essential for controlling sleep and 
daily activities [59].    
 
 

2. METHODOLOGY 
This study employed a quantitative, parametric simulation 
approach using the Autodesk Revit (BIM) Insight and Add-Ins 
plugins incorporating data related to lighting, SR, rendering, and 
material properties. The study employs a parametric methodology 
to evaluate four distinct SD typologies against a comprehensive set 
of performance metrics. The analysis, which aims to optimize 
daylighting, visual comfort, and energy efficiency in classroom 
environments, assesses Green Building Certification (LEED) 
parameters (sDA, ASE), UDI, UGR, and energy performance. Key 
geometric variables, including shape, length, and angle, were also 
tested. The optimization process focused on key design variables, 
including window-to-wall ratio (WWR), glazing type, and solar 
control strategies. These inputs supported the development of 
design alternatives suitable for hot and dry climates. The 
simulation outcomes informed potential improvements in natural 
light access, occupant comfort, and reduced energy demand. As 
shown in Figure 1, the research methodology is structured into 
three phases: 

  
Figure 3. The SM analyzed in this study.   

 
Table 1. The characteristics of the DL analysis model for simulation.      

Classroom net area 29.15 m2   

Window glass thickness Single-layer glass 5mm   

Window Mullion Rectangular 6 x 14 cm, Aluminum    

Window glass Appearance (visible transmittance) 85 %   

Walls color Paint - White - Glossy - Bi-Office - Generic   

Walls, ceiling, and floor reflectivity Direct 5%, oblique 57 %   

Classroom existing SD dimensions vertically 2.77 m and horizontally 1.43 m   

Classroom equipment’s Chairs, table, whiteboard, stick board, projector, and instructor computer   
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• Phase 1: Input data collection (e.g., site and geometry); 
• Phase 2: Performance evaluation of the base model and design 

alternatives; 
• Phase 3: Simulation and integration of shading devices, followed 

by analysis of results.   
 

2.1.1. Phase 1: Simulation model evaluation criteria 
The investigation methodology aimed to identify and model 
important parameters such as location, time/period, and 
classroom features, which were then applied to a 3D classroom 
model using Autodesk Revit. Google Earth was used to pinpoint the 
exact location of the classroom and highlight its position on the 
map (see Section 3). The geographical coordinates of all four 
corners were recorded with an elevation of 272 ft above sea level: 
• P1: 26°18'21.16"N, 50°08'36.44"E 
• P2: 26°18'21.00"N, 50°08'36.53"E 
• P3: 26°18'20.95"N, 50°08'36.40"E 
• P4: 26°18'21.11"N, 50°08'36.30"E 

To determine building orientation, the geolocation feature in 
Autodesk AutoCAD was used, identifying an azimuth angle of 152° 
clockwise from true north. The study examined one year, from 
December 21, 2022, to December 21, 2023, focusing specifically on 
the morning period (8:00 AM to 9:15 AM), when morning classes 
take place and direct sunlight enters the classroom, causing visual 
discomfort and disrupting student focus. This window was selected 
not only because it corresponds to the first morning class block, but 
because, given the classroom's NW-SE orientation (azimuth 152°), 
low solar elevation angles (≈22° in winter, ≈40° in summer) occur 
specifically during this early morning period, producing near-
horizontal direct-beam penetration and the deepest glare exposure 
on the whiteboard and desks (see Section 2.3). As solar altitude 
increases through the late morning, the sun angle relative to the 
NW-SE façade reduces direct penetration depth, so the 8:00-9:15 
AM window represents the critical (worst-case) glare condition for 
this specific orientation; afternoon and equinox conditions were 
not separately modeled and are noted as a limitation in Section 4.3. 
Weather data was sourced from the Autodesk Insight weather 
station (1291052), located 8.66 km from the study site. The Revit 
model was constructed using accurate building dimensions: 5.5 m 
(L) × 5.3 m (W) × 2.77 m (H) (Figure 2).   
 

2.1.2. Phase 2: Solar Model (SM) analysis 
The study also evaluated the SM generated from the Revit 
classroom simulation for quantitative daylight and shading 
analysis (Figure 3). Using Autodesk Revit (BIM) Insight and Add-
Ins plugins, the model was configured to simulate lighting, solar 
exposure, and rendering, with attention to accurate material 
properties such as surface appearance and reflectivity (Table 1). 
The goal was to identify the optimal SD configuration. If the initial 
analysis produced satisfactory results, the study proceeded to 
completion. If not, alternative SDs were iteratively modeled and 

applied to the SM until the desired performance was achieved. This 
process formed a simulation-based optimization loop, as 
illustrated in Figure 1. 

It should be noted that the simulation-based analysis employs a 
parametric methodology utilizing Autodesk Revit (BIM) with the 
Insight and ElumTools plugins. This framework was used to 
evaluate distinct SD typologies against a comprehensive set of 
performance metrics. The specific tools and settings for each 
metric were as follows: 
• LEED Parameters: The Lighting Analysis plugin was used with 

the Daylight Autonomy (sDA preview) analysis type to assess 
sDA, ASE, and derived LEED points. 

• UDI: The Lighting Analysis plugin was used with the Solar Access 
analysis type. 

• UGR: The ElumTools plugin was used under clear sky type option, 
selecting the UGR from the metrics tab and the General Use mode 
with Global Illumination. 

• Energy Performance: The Energy Optimization tab was selected 
from the Analyze menu, followed by the Annual Building Energy 
Simulation workflow. 
Key geometric variables for the SDs were also tested. Four 

distinct SD shapes were sequentially integrated into the exterior of 
the window opening. The length of each device was matched to the 
window's length, and a horizontal orientation was maintained. The 
angles were set at 22° for the winter solstice (21 December) and 40° 
for the summer solstice (21 June). These 2 angles are not arbitrary 
design choices: they are the calculated solar elevation angles at 
8:00 AM on the winter and summer solstices for the site's latitude 
(26.3°N) and the classroom's NW-SE orientation, obtained from 
solar-position calculation [66], and are used as the two bounding 
(worst-case) conditions for fixed shading-panel sizing, consistent 
with standard fixed-shading design practice, which sizes devices to 
the solstice extremes. Intermediate solar angles (e.g., 
spring/autumn equinox conditions) were not separately modeled; 
a dynamic or seasonally adjustable shading system could, in 
principle, outperform the fixed configuration at intermediate 
angles, and this is noted as a limitation and future-work direction 
in Section 5.1. The characteristics of these key geometric variables 
and the corresponding performance results are presented in 
Section 4.3.  
 

2.1.3. Phase 3: Analysis outcome through model 
simulation and selection of better SD 
Ultimately, as shown in Section 4.3, the study identifies and 
recommends the most effective movable external shading device to 
enhance daytime comfort for students and teachers. Following the 
preliminary analysis, the main optimization tasks were completed, 
offering practical shading solutions tailored to classroom 
environments in hot and dry climates. The overall methodological 
framework is illustrated in Figure 1.   
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2.2. Daylight Design Metrics 

The study evaluated vital daylight design metrics, including glazing 
appearance, surface reflectivity, and WWR. A review of relevant 
literature informed the selection of variables for the optimization 
process, such as illuminance, heat transfer, energy efficiency, 
shading devices, and glare control. Illuminance is the most widely 
used metric for assessing interior daylight performance, 
measuring the amount of light available on a working surface. 
Another foundational concept is the Daylight Factor (DF), 
calculated as the ratio of indoor to outdoor illuminance under 
overcast sky conditions. However, DF has limitations, as it does not 
account for climate, orientation, or seasonal variations [62]. 

According to the Illuminating Engineering Society (IES), a 
minimum of 300 lux is recommended for classrooms [63]. 

Mardaljevic introduced the concept of Useful Daylight Illuminance 
(UDI), defining the optimal range as 300-3000 lux, which 
minimizes reliance on artificial lighting [64]. This range has been 
adopted in various daylighting standards [63] and is considered 
suitable for evaluating daylight access and sunlight entry in 
classrooms [65]. Literature also suggests that a low WWR is ideal 
for hot and dry climates, especially in educational settings, where 
daylight plays a vital role in learning [61]. Windows pose a design 
challenge, as they must balance light and ventilation with thermal 
control. Based on this analysis, the study adopts the UDI range of 
300-3000 lux and recommends a WFR between 19% and 25% of 
floor area, aligned with architectural design norms. Table 1 
summarizes the simulation model’s important characteristics.   
 

  
Figure 4. The Study Classroom (Figure 2A) and SR elevation angles, Source: [66]. 

 

Table 2. Multi-criteria framework used for SD evaluation.      

Metric Definition Target / threshold Tool Objective 

sDA % of floor area receiving ≥ 
300 lux for ≥ 50% of occupied 
annual hours 

≥ 55% (LEED v4.1 pass 
threshold) 

Insight Lighting Analysis 
(sDA preview) 

Maximize 

ASE % of floor area exceeding 
1000 lux for ≥ 250 hrs/yr 

Below LEED threshold (glare-
risk indicator) 

Insight Lighting Analysis Minimize 

UDI-autonomous % of time within 300-3000 
lux 

Maximize toward 100% Insight Lighting Analysis 
(Solar Access) 

Maximize 

UDI-exceeded % of time > 2000-3000 lux  
(over-lit/glare risk) 

Minimize Insight Lighting Analysis 
(Solar Access) 

Minimize 

UGR Glare index, dimensionless < 10 (imperceptible glare, 
classrooms) 

ElumTools (clear sky, 
General Use, Global 
Illumination) 

Minimize 

Annual interior lighting 
energy 

kWh and kWh/m²·yr Reduction relative to baseline Insight Energy 
Optimization,  
Annual Building Energy 
Simulation 

Minimize 

LEED points (derived) Points awarded from 
sDA/ASE performance 

Maximize Insight Lighting Analysis 
(sDA preview) 

Maximize 
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2.3. Multi-criteria analysis and optimization 

This stage of the study aimed to optimize the classroom simulation 
model to achieve two main objectives: maximize UDI within the 
300-3000 lux range and minimize the Energy Use Index (EUI), 
which reflects annual energy consumption for heating, cooling, 
and artificial lighting. The analysis was conducted using Autodesk 
Revit’s Insight Energy Performance tool, integrating multiple 
daylight-related parameters through a multi-objective 
optimization process. Since each optimization parameter performs 
differently across value ranges, careful selection was essential to 
ensure accurate outcomes (Table 1). The classroom under study 
features a NW-SE orientation and employs a full egg-crate 
concrete shading device covering the window façade. To evaluate 
SR and daylight penetration, the study measured shading depth, 
building azimuth (152°), and solar elevation angles, approximately 
22° in winter (21/12/2022) and 40° in summer (21/6/2023) (Figure 
4). 

As part of the optimization, the required shading dimensions 
were determined for each orientation, and the high WWR (98%) on 
the sun-exposed façade. This was based on the sun path during the 
solstices and the need to control glare and heat gain during peak 
occupancy hours, specifically between 8:00 AM and 9:15 AM 
(Figure 4).  

The optimization procedure followed a systematic, sequential 
parametric sweep rather than a stochastic or gradient-based 
algorithm: each of the 4 SD shape typologies (see Section 4.3) was 
modeled and simulated individually, then successively combined 
with the previously evaluated typology, and each configuration was 
run through the full metric set (sDA/ASE via Insight Lighting 
Analysis, UDI via Solar Access, UGR via ElumTools, and annual 
energy via Insight Energy Optimization) across the full one-year 
weather file (21/12/2022-21/12/2023). An option was accepted as 
satisfactory only when it simultaneously (i) passed the LEED v4.1 
sDA threshold (≥55%), (ii) achieved a UGR below the classroom 
imperceptible-glare threshold (<10), and (iii) reduced annual 
lighting energy relative to the previous configuration; the sweep 
was stopped once Option 4 met all 3 criteria simultaneously (Table 
2). In total, 5 configurations were evaluated (Options 1-4 plus the 
final combined/selected configuration), each simulated across the 
full annual weather dataset. Finally, the overall multi-criteria 
analysis and optimization used for SD evaluation are presented in 
(Table 2). 

   

2.4. Model assumptions and boundary conditions 

The reliability of the simulation results is anchored in the use of 
industry-standard software [(Autodesk Revit (BIM), Insight, and 
ElumTools (IES 2020 Progress Report recognition)] whose 
calculation engines have been validated against established 
benchmarks and empirical studies [70-73]. To ensure accuracy, the 
model was calibrated by meticulously inputting local climatic data 
for Saudi Arabia, precise geographic orientation, and realistic 

material properties. Key assumptions that define the model's 
boundaries include the use of standard CIE clear sky conditions, 
default reflectance values for interior surfaces, and an unshaded, 
isolated building model. While these assumptions are standard 
practice for comparative analysis, they represent a limitation, as 
real-world performance can be influenced by variable weather, 
adjacent structures, and specific interior furnishings. 
Consequently, the results are interpreted as a robust comparative 
assessment of SD performance rather than an absolute prediction 
of in-situ conditions. This approach provides a high degree of 
confidence in the relative performance rankings of the different 
design options. In addition to the above, the model assumes natural 
daylight only (no artificial lighting or daylight-responsive 
dimming/lighting-control strategy) during the daylight 
performance simulations reported in Section 4.1-4.2, and no 
explicit internal occupant or equipment load schedule beyond the 
fixed furniture/equipment list in Table 1. These assumptions are 
appropriate for isolating and comparing the relative daylighting 
performance of the SD options, which is the primary aim of this 
study, but they mean that the absolute (rather than 
relative/comparative) annual lighting-energy values reported in 
Section 4.3 should be interpreted with this caveat; a lighting-
control strategy and detailed occupancy schedule would be required 
to estimate realized, in-use energy savings.  
 

3. CASE STUDY DESCRIPTION 

The case study focuses on a university classroom located in the 
warm climatic zone of Saudi Arabia, at coordinates 26°18'21.16"N, 
50°08'36.44"E, with an elevation of 272 ft above sea level. The 
region experiences a hot, humid desert climate, with long summers 
and mild, dry winters. Temperatures typically range from 51°F to 
110°F, rarely dropping below 44°F or exceeding 115°F, and the 
weather remains mostly clear year-round [60]. Figure 5 illustrates 
the layout of the four-story college building, which follows an "I"-
shaped plan with classrooms and offices arranged around central 
atria. The selected classroom is situated on the fourth floor (Figure 
5A, Figure 5B), oriented northwest to southeast (NW-SE), and 
measures 5.5 m (L) × 5.3 m (W) × 2.77 m (H). It features a single 
glazed window wall with a WWR covering 98% of the NW-SE 
façade, meaning the window occupies 98% of the external wall 
surface. In terms of interior dimensions, this glazing results in a 
WFR of 52.33%, providing substantial daylight but preventing 
natural ventilation due to its fixed nature. All other sides are 
enclosed, and the NW-SE facing windows directly expose the 
classroom to outdoor conditions. The glazing dominates the 
external wall, significantly influencing the daylighting 
performance of the space while limiting airflow (Figure 5). 

Creating a thermally and visually comfortable indoor 
environment in arid climates is challenging, especially when 
aiming to minimize energy use. Achieving acceptable indoor 
environmental quality requires careful design trade-offs. Window 
openings must balance ventilation, daylight access, and thermal 
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control. Research suggests that low WWRs are ideal for hot, dry 
climates, particularly in classrooms, where daylight supports 
teaching and learning activities [61]. This study presents a 
university classroom case study in Saudi Arabia to explore design 
strategies that optimize energy efficiency and occupant comfort.  
 
 
 
 

4. RESULTS AND DISCUSSION 
4.1. Classroom Daylight performance during the 
winter season 
This section evaluates the classroom’s performance in terms of 
energy use, daylight availability, and visual comfort. IESNA 
recommends a minimum illuminance of 300 lux per square meter 
in classrooms [63]. Mardaljevic further notes that the UDI range of 
300-3000 lux is widely used in daylighting standards to minimize 

  
Figure 5. Case study overview: (A) Classroom location via Google Earth; (B) Building 3D view; (C) Window and daylight entry; (D) Shading and light entry; 
(E) Glare on whiteboard; (F) Classroom location in floor plan. 
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the need for artificial lighting [64]. This range is considered most 
suitable for assessing sunlight (SL) availability and its distribution 
in learning spaces [65]. Windows, while providing daylight and 
ventilation, often account for 20% to 40% of energy loss due to 
their higher U-values, which are typically five times greater than 
those of opaque elements like walls or doors. Poor window design 
can result in both thermal and visual discomfort, along with 
increased energy consumption [50].  

The study was conducted under extreme climatic conditions, 
simulating the shortest day (21/12/2022) and longest day 
(21/6/2023) of the year [68], using natural daylight only, without 
artificial lighting. Figure 6 and Figure 7 show the UDI distribution 

on December 21, 2022, at 8:00 AM. The average UDI falls within the 
optimal 300-3000 lux range, measured at 85 cm above floor level 
(standard desk height). However, light distribution is uneven: 
• 50% of the plane near the windows receives 2730-3000 lux 
• 40% of the middle zone ranges between 1920-2730 lux 
• 8% of shaded areas under chairs get 1110-1920 lux 
• Only 2%, near the teacher's desk, receive 300-1110 lux 

While the classroom meets overall daylighting standards, direct 
sunlight between 8:00-9:15 AM causes glare on the whiteboard and 
discomfort in student work areas. These findings highlight the 
need for better daylight control and a balanced lighting strategy to 
enhance comfort and reduce glare in educational settings.  

  
Figure 6. Classroom simulation results: A) classroom plan, B) classroom render, C) classroom illuminance levels in different spots, D) Illuminance quantity 
(lux). 

 

  

Figure 7. The classroom simulation results in Autodesk Revit software by percentage and illuminance levels.  

 

  

Figure 8. The classroom simulation results: A) classroom 3D model, B) classroom interior render, C) classroom illuminance levels in different spots, and D) 
Illuminance quantity (lux).  
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At 8:00 AM on December 21, 2022, the average UDI in the 
classroom measured between 300-3000 lux at a height of 175 cm 
above the floor (Figure 8). However, light distribution was uneven: 
approximately 90% of the active surfaces in the window and central 
zones received adequate UDI, while the teacher’s desk and the 
ceiling-wall junction opposite the window experienced the lowest 
illuminance levels (Figure 8 and Figure 9).  

At 8:00 AM across all seasons, detailed analysis of selected days 
(Figure 6 and Figure 8) shows that approximately 90% of the 
horizontal working plane receives illuminance above 300 lux. 

However, areas far from the window often fall below 300 lux, while 
zones near the window experience sunspots exceeding 3000 lux. 
This uneven distribution indicates a reliance on artificial lighting, 
especially in underlit areas, which may lead to higher energy 
consumption in the absence of lighting controls. The predicted 
lighting levels frequently fall outside the optimal UDI range of 300-
3000 lux, highlighting deficiencies in the current fenestration 
design. These findings highlight the need for improved glazing 
sizes, window placement, and shading devices to better manage 
daylight entry and distribution (Figure 9).   

  
Figure 9. Classroom simulation results for different zones by percentage and illuminance levels.  

  

Figure 10. The classroom simulation stages and results for the time 21/06/2023, 8:00 AM. A) classroom plan, B) classroom render, C) classroom illuminance 
levels in different zones, and D) related classroom illuminance quantity results by lux.  

  

Figure 11. Classroom simulation results based on percentage and illuminance levels.  

 

 

https://dx.doi.org/10.15627/jd.2026.34


 M. T. Zamani & M. A. Mohammed Journal of Daylighting / Volume 13, Issue 2 / 10 October 2026 635  

https://dx.doi.org/10.15627/jd.2026.34 

 

  
Figure 12. The classroom results in 3Ds:  A) classroom 3D model, B) interior render, C) classroom illuminance levels in different spots, and D) Illuminance 
quantity (lux).   

 

Figure 13. The classroom simulation results for different zones by percentage and illuminance levels. 

  

Figure 14. A proposed classification for SD solutions for buildings. 

  

Figure 15. Spatially distributed UGR false-color maps for (A) baseline condition (Option 1) and (B) optimized configuration (Option 4), showing the range of 
UGR values across the working plane calculation grid.  
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4.2. Classroom Daylight performance during the 
summer season 
Dhahran experiences long, hot, humid, and arid summers, mild and 
dry winters, and clear skies throughout the year. Temperatures 
typically range from 6.7°C to 46°C (51°F-110°F) and rarely fall 
outside this range [60]. These climatic conditions significantly 
influence daylight availability and visual comfort in buildings. 
Research suggests that lower WWRs are more effective in hot, arid 
climates, particularly in educational settings, where daylight is 
essential for supporting teaching and learning activities [61]. For 
the summer scenario, on June 21, 2023, at 8:00 AM, the average UDI 
in the classroom ranged between 300-3000 lux, measured at an eye 
height of 85 cm (Figure 10). However, the light distribution was 
highly contrasted. Over 80% of the work plane, particularly near 
the windows and at the classroom center, received illuminance 
levels between 2730 lux and 3000 lux. In contrast, 8% of the space, 
including areas above the chairs, writing desks, and the teacher’s 
computer, received 300-600 lux. The remaining 12%, located at the 
farthest points from the windows, such as the door zone, 
noticeboard, and near the instructor’s desk, recorded below 300 lux 
(Figure 10 and Figure 11).  

While the daylight levels in the classroom are generally within 
acceptable ranges, students report discomfort between 8:00 and 
9:15 AM due to direct SR striking their desks, creating glare on the 
whiteboard (Figure 11). On June 21, 2023, at 8:00 AM, the average 
UDI ranged from 300 lux to over 3000 lux, measured at a camera 
eye height of 175 cm (Figure 12). However, light distribution was 
uneven: the zones nearest the windows and at the center of the 
classroom received 60% more illuminance (1500-3000+ lux) than 
the rear corners. The middle zone, comprising about 30% of the 
classroom volume, showed gradually decreasing illuminance down 
to approximately 600 lux. The areas near the access door, under 
desks, and wall-ceiling junctions opposite the windows recorded 
the lowest levels, often below 300 lux (Figure 11 and Figure 12). 

Seasonal daylight simulations (Figure 10 and Figure 12) show 
that at 8:00 AM, more than 80% of the horizontal task surface 
receives over 300 lux across all seasons. However, in the absence of 
direct sunspots, illuminance levels fall below 300 lux in areas away 
from windows. Conversely, areas directly exposed to sunspots 
exceed 3000 lux, leading to over-illumination and discomfort. This 
imbalance highlights insufficient sunlight distribution, 
necessitating artificial lighting, which can lead to increased energy 
use if not managed with lighting controls. Generally, many 
measured values fall outside the optimal 300-3000 lux range, 
indicating that the current fenestration system is inadequate.   

The results stress the need for effective shading devices (SDs), 
optimized glazing sizes, and window layouts to better regulate 
natural light penetration and distribution (Figure 13).  
 
 
 

4.3. Selection of SD for Case Study Classroom  
This study employed multi-objective optimization to 
parametrically explore combinations that enhance daylight 
performance, visual comfort, and overall illumination. The goal 
was to strike a balance between adequate daylight availability, 
occupant satisfaction, and energy efficiency. To identify optimal 
solutions for visual comfort, various SDs types were analyzed 
within the SM. The following SDs were selected for application to 
the case study classroom window:  
 

4.3.1. Type of Shading Devices 

In recent years, a variety of SDs have been developed, considering 
factors such as geographic location, building orientation, and 
window configuration.  

While SDs can significantly influence a building's thermal and 
lighting performance, their impact can be either beneficial or 
detrimental depending on design and application. Despite their 
importance, there has been limited effort to systematically 
categorize or classify these devices (Figure 14) [8]. Figure 14 
presents an overview of shading device types [67], while Table 3 
outlines different SD shapes suitable for window installation. Based 
on the flowchart in Figure 14, the study selected a fixed external 
shading device, ultimately opting for a composite SD configuration 
to address the classroom’s daylighting and visual comfort 
challenges.   

The selection of the optimal SD was guided by an iterative 
analysis. In this process, each SD typology was successively 
integrated with the previous one, and the combined configuration 
was evaluated until the performance targets were achieved. The 
final results from this procedure are summarized in Table 3.  

The evaluation of each option against the multi-criteria 
framework established in Table 2 proceeds as follows. For 

sDA/LEED, Options 1 and 2 fail the ≥ 55% pass threshold outright; 

Options 3, 4, and the final combined configuration all pass. For UDI, 
the autonomous/exceeded balance separates Option 3 (52%/48%, 
indicating substantial over-illumination risk) from Option 4 and 
the combined configuration (78%/22%, a materially better 
balance). For UGR, only Option 4 and the combined configuration 
fall clearly within the < 10 imperceptible-glare thresholds 
(achieved range 0-5); Options 1-3 do not. For lighting energy, each 
successive option reduces consumption relative to the previous 
one, with the combined configuration achieving the lowest value 
(961 kWh, 32.97 kWh/m²/year). Only the final combined 
configuration (Option 4/5) satisfies all four criteria 
simultaneously, which is why it is selected as the optimal solution. 

The progression from Option 1 (Full Egg-crate) to Option 4 
(Inclined Multiple Panels) demonstrates a clear optimization 
trajectory. The initial configurations (Options 1 and 2) failed to 
meet the minimum LEED v4.1 threshold for sDA, which requires at 
least 55% of the space to achieve 300 lux for 50% of the year [74]. 
Furthermore, they also not controlled glare effectively (UGR < 10, 
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an imperceptible glare comfort threshold for classrooms [75]) 
(Figure 15A), and had low ASE, their UDI-autonomous values were 
critically low (11-16%), indicating a predominantly dark space.  

A significant performance shift occurred with Option 3 (Inclined 
Double Panels), which achieved a 90% sDA, earning 3 LEED points. 
This configuration also drastically improved the UDI-autonomous 
to 52%, indicating a well-daylit environment for over half the time. 
However, the UDI-exceeded value of 48% suggested a high 
potential for visual discomfort from over-illumination.  

It is worth emphasizing the trade-off this reveals: Option 3 
achieves the single highest sDA of any tested configuration (90%), 
yet this is dominated by its poor UDI-exceeded value, meaning that 
a designer optimizing strictly for LEED sDA compliance alone 
might select Option 3, while a designer prioritizing occupant glare 
comfort, the primary driver of this study, given the observed 
whiteboard glare, would instead favor the marginally lower-sDA 
but better-balanced Option 4. This illustrates how the multi-
criteria table (Table 2) supports different, context-dependent 
project priorities rather than a single universal ranking. 

Option 4 (Inclined Multiple Panels) emerged as the optimal 
solution. It maintained a strong sDA (86%) and 3 LEED points while 
achieving the most balanced UDI profile: a high UDI-autonomous 
value of 78% with a substantially reduced UDI-exceeded value of 
22%. This configuration also achieved the best visual comfort, with 
a UGR range of 0-5 (Figure 15(B)), well below the discomfort 
threshold, and the Annual Interior Lighting Consumption was 
reduced from 1130 kWh to 961 kWh, achieving a 14.95% reduction 
in energy use. Therefore, Option 4 was selected as it successfully 
balanced the competing objectives of daylight sufficiency, visual 
comfort, and energy efficiency.  

Note: sDA = LEED v4.1 pass ≥ 55%; ASE; UDI-a/UDI-exc = UDI, 
autonomous (100-300+ lux useful range, reported here per original 
simulation output bands) and exceeded (300-2000+ lux); UGR = 
comfort threshold <10 per CIE 117-1995 [75]; kWh/m²/yr = Annual 
Interior Lighting Consumption normalized by the 29.15 m² 
classroom net floor area. Option 5 (SDs shape type selected for the 
studied classroom window) is the final combination adopted for the 
case study. 

To contextualize the energy performance results, the annual 
interior lighting consumption values reported in Table 3 have been 
normalized by the classroom net floor area (29.15 m²). This yields 
energy intensity values of 38.77, 38.25, 35.13, and 32.97 
kWh/m²/year for Options 1 through 4, respectively. The optimized 
configuration (Option 4) therefore achieves a normalized energy 
intensity of 32.97 kWh/m²/year, representing a reduction of 5.8 
kWh/m²/year compared to the baseline. These values are 
contextually reasonable given the extreme solar exposure 
associated with the 98% WWR NW-SE oriented facade of the case 
study classroom.  

 
 

4.3.2. The recommended SDs performance for the 
case study classroom 

The analysis concludes that the SD is inadequate, failing to 
effectively block sunlight or prevent visual discomfort during 
teaching and learning activities. A more suitable SD is required, one 
that distributes daylight evenly, reduces glare on the whiteboard, 
and enhances visual comfort without obstructing views. The 
proposed SDs also contribute to energy savings and are positioned 
above average eye level (175 cm) to avoid blocking sightlines. 
White/light-colored finishes were specified because high solar 
reflectance reduces the secondary heat gain re-radiated from the 
shading surface itself into the classroom and toward the façade, 
which is particularly relevant given the device's proximity to the 
glazing (30 cm) in a hot desert climate; aluminum was specified for 
its favorable strength-to-weight ratio, corrosion resistance in an 
arid/Gulf environment, and compatibility with standard curtain-
wall mullion systems (6x14 cm aluminum mullions, Table 1), which 
simplifies retrofit and future replacement, considerations 
supported by the material-performance discussion in the shading-
device review of study [67]. For practicality, the study recommends 
using aluminum components, which are easy to install and 
maintain on existing classroom windows. Table 4 compares the 
current SD performance versus the proposed solution.  

The quantitative winter/summer, before/after comparison 
corresponding to Table 4 is summarized in Table 5.  

The classroom, oriented NW-SE with an azimuth of 152°, 
currently uses a full egg-crate concrete shading device. The 
analysis focuses on 8:00 AM, when sun elevation reaches 
approximately 22° in winter (21/12/2022) and 40° in summer 
(21/6/2023) (Figure 16). These conditions highlight the 
classroom's exposure to direct sunlight, and the existing shading 
fails to prevent solar penetration during this period. Based on the 
findings, the existing shading is ineffective, and a new, more 
suitable SD should be installed. The study selected SD 
configurations from Table 6 during the simulation analysis loop to 
address this issue and improve daylight control. 

The study found that implementing larger glazing areas (WWR of 
98% and WFR of 52.33%) in the case study classroom enabled 
effective use of natural daylight in hot, dry climates. However, 
optimal performance must be adapted to the building’s function 
and other factors, including window layout, shading device 
configuration, room geometry, and external shading. This aligns 
with integrated design approaches demonstrated in other arid-
climate contexts [76,77], where climate-responsive strategies are 
essential for balancing daylighting and energy performance. The 
classroom’s position within the building also affects daylight 
conditions, e.g., lower-floor rooms may differ significantly from 
top-floor spaces. Each scenario requires tailored optimization and 
performance evaluation to achieve balanced daylighting and 
energy efficiency.  
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Table 3. Diverse types of SDs and a comprehensive set of metrics for window installation [67]. 
 O

pt
io

n
s Diverse types of SDs for window 

installation 
Metrics Results 

Green building certification (LEED) 
points 

Useful Daylight Illuminance 
(UDI) 

Unified 
Glare 
Rating 
(UGR) 

Energy 
performance 
[Annual Interior 
Lighting 
Consumption 
(kWh)] 

Normalized 
lighting energy 
(kWh/m²/year) 

 

Shape view of 
the SD and 
detail 

Name of the SD Spatial 
Daylight 
Autonomy 
(sDA) 

Annual 
Sunlight 
Exposure 
(ASE) 

LEED 
points 

UDI-
autonomous 
(100-300 
lux) 

UDI-exceeded 
(300-2000+ 
lux) 

 

1 

 

“Full egg-crate,” 
the original shape 
of the window 

2% 
Fail 

98% above 
threshold 

0 11% 89% 2.5-20 1130 38.77 Not selected 

2 

 

Integration of the 
Vertical fin 

9% 
 Fail 

91% 
above 
threshold 

0 16% 84% 2-19 1115 38.25 

3 

 

Integration of 
Inclined double 
panels 

90% 
Passing 

10% 
below 
threshold 

3 52% 48% 0-12 1024 35.13 

4 

 

Integration of 
Inclined multiple 
panels 

86% 
Passing 

14% below 
threshold 

3 78% 22% 0-5 961 32.97 SDs shape type 
selected for the 
studied 
classroom 
window 

5 

 

Combination of 
the above options 
(1, 2, and 4) of the 
SDs in the 3D 
view of SM 

 

Selected SD 
section detail 

 

 

https://dx.doi.org/10.15627/jd.2026.34


 M. T. Zamani & M. A. Mohammed Journal of Daylighting / Volume 13, Issue 2 / 10 October 2026 639  

https://dx.doi.org/10.15627/jd.2026.34 

 

Table 4. The performance comparison between existing SDs and recommended SDs from the analysis. 

Date/period    Before SD installation     Results   After SD installation    Results 

21/12/2022, 8:00 AM 
(Winter Season) 
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21/06/2023, 8:00 AM  
(Summer Season) 
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The findings of this study offer clear, evidence-based guidance 
for shaping architectural policies and design standards for 
educational buildings in hot climates. The results show that 
strategically designed fixed SDs are not merely aesthetic additions 
but are crucial for meeting performance benchmarks. 
Consequently, building codes and sustainability certification 
systems (such as the Saudi Green Building Code) could be 
strengthened by mandating climate-specific shading performance, 
moving beyond prescriptive WWR limits. For design best practices, 
this study provides a validated, multi-criteria framework that 
architects can adopt during the early design stages. Specifically, the 
recommendation for durable, light-colored aluminum shading 
systems provides a practical and sustainable specification for 
facility managers and designers, ensuring long-term energy 
savings and occupant comfort in university environments across 
similar climatic regions. 

The results of this study demonstrate that fixed external SDs can 
substantially improve daylighting and visual comfort in classrooms 
with high WWRs in hot desert climates, consistent with findings 
reported by [41,44].  
The identified optimal configuration (Option 4, Inclined Multiple 
Panels) achieved an sDA of 86%, UDI-autonomous of 78%, and 
UGR of 0-5, representing a marked improvement over the baseline. 

Compared to study [32], who similarly found that multi-criteria 
optimization of static louvers improves glare, daylight, and energy 
performance concurrently, this study reinforces the value of 
composite SD geometries for complex facade conditions.  

The 14.95% reduction in lighting energy is also broadly 
consistent with the range reported by study [35]. 

To situate these findings relative to closely related shading-
optimization studies already discussed above, Table 7 benchmarks 
the present study's method, climate context, and outcomes.  

Several methodological limitations should be noted. First, the 
analysis is restricted to the morning period (8:00-9:15 AM); 
afternoon and intermediate-season conditions remain 
uncharacterized. Second, the CIE clear sky model, while 
appropriate for Dhahran's predominantly clear climate, does not 
capture variable weather conditions. Finally, the absence of 
empirical post-occupancy validation means the results should be 
interpreted as a robust comparative assessment rather than an 
absolute prediction of in-situ performance. Additionally, because 
the case study classroom has an unusually high WWR (98%) and a 
specific NW-SE orientation (azimuth 152°), the quantitative sDA, 
UDI, UGR, and energy results are most directly applicable to 
similarly high-WWR, similarly oriented classrooms; for moderate 
WWRs (e.g., the 19-25% WFR range noted in Section 2.2 as an 

 
Figure 16. The classroom section after the analysis and installation of SDs and the Sun radiation elevation angles, Source: [66]. 
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architectural design norm) or different orientations, both the 
baseline glare severity and the relative benefit of the optimized SD 
would likely be smaller, since less direct solar penetration would 
occur at baseline. This is noted as a specific direction for follow-up 
parametric studies across a WWR/orientation matrix. The fixed 
22°/40° solstice-based shading angles (Section 2.1.2) similarly 
mean that performance at intermediate solar angles or under a 
dynamic/adaptive shading strategy was not evaluated (see Section 
5.1).  
 

5. CONCLUSION 
This study aimed to identify the most effective window system for 
classrooms in Saudi Arabia's hot climate, optimizing for Green 
Building Certification (LEED) parameters [(sDA), (ASE), and LEED 
points], UDI, UGR for visual comfort, and energy efficiency. Given 
the complexity of these objectives, a parametric optimization 
approach was adopted to ensure reliable and adaptable outcomes. 
The analysis of the case study classroom revealed an imbalance in 
daylight distribution, with direct SR negatively affecting visual 
comfort and student performance. Overreliance on artificial 

lighting and limited daylight penetration across the space further 
highlighted the need for improvement. 

The optimized results demonstrated that integrating fixed SDs 
with the existing window system (WWR of 98% and WFR of 
52.33%) can substantially enhance daylight performance, reduce 
energy consumption, and improve visual comfort across all 
classroom zones. The analysis yielded several key findings that 
demonstrate the critical role of optimized shading devices in 
educational buildings in hot climates: 
• Direct SR was confirmed to be a primary source of visual 

discomfort, necessitating effective solar control to preserve 
learning conditions. 

• The 'Inclined Multiple Panels' shading device (Option 4) was 
identified as the optimal configuration. It successfully balanced 
all performance criteria, achieving a high level of daylight 
sufficiency (sDA 86%), a superior UDI profile (78% 
autonomous), and exceptional visual comfort (UGR 0-5). 

• The optimized design resulted in a significant 14.95% reduction 
in annual lighting energy consumption, decreasing usage from 
1130 kWh to 961 kWh. 

Table 5. Quantitative seasonal comparison of daylight and glare performance before and after the recommended SD installation. 

Season / time UDI  before Glare before UDI / glare after recommended SD 

Winter (21/12/2022, 8:00 
AM) 

300-3000 lux; uneven (50% near window 
2730-3000 lux; only 2% near teacher's 
desk within range) 

Direct glare on whiteboard, 
8:00-9:15 AM 

300-3000 lux, redistributed toward the 300-
3000 lux band across a larger share of the 
plane; direct-beam penetration at the 
whiteboard controlled 

Summer (21/6/2023, 8:00 
AM) 

300 to >3000 lux; highly contrasted (80% 
of plane 2730-3000 lux; 12% below 300 
lux at rear) 

Sunspots >3000 lux near 
window; glare on 
whiteboard 

Sunspots suppressed; illuminance more 
evenly distributed, consistent with the UGR 
reduction to 0-5 (Table 3) 

 
Table 6. The characteristics of the recommended SDs for Windows. 

Parameter Value 

Vertically SD dimensions N x (H x W x T) 4 x (1m x 25 cm x 4 cm) 

Horizontally SD dimensions N x (d1 x d2) x L Ellipse 4 x (25 cm x 4 cm) x 4.7 m 

Horizontally, SD orientation angles  22° 

New SD Installation distance from both sides of the existing SDs 30 cm 

SDs materials  Aluminum 

Steel rad (D x L) 2 cm x 5.3 m 

 
Table 7. Comparison with prior shading-optimization studies. 

Study Climate / building type Method Best-performing option Key reported outcome 

Present study Hot desert (Dhahran, Saudi 
Arabia); university classroom; 
WWR 98% 

BIM parametric (Revit + Insight + 
ElumTools); 4 SD typologies 

Inclined Multiple Panels sDA 86%, UDI-a 78%, UGR 0-
5, -14.95% lighting energy 

De Luca et al. [32] Multiple climates; 
office/generic space 

Multi-objective optimization of 
static louvers (glare, DL, view, 
energy) 

Optimized static louver 
geometry 

Concurrent gains in glare, 
daylight, and energy 
performance 

Muñoz-Viveros et 
al. [41] 

Various; classrooms Comparative evaluation of solar-
protection types 

Type-dependent 
optimum 

Solar-protection type 
strongly affects thermal & 
light performance 

Lee et al. [44] Not specified; classrooms Shading type/orientation study 
(DA, UDI) 

Façade shading, 
orientation-dependent 

Shading type and azimuth 
jointly affect DL performance 

Bernardo et al. [35] Portugal (temperate); school 
building 

IEQ/energy performance 
assessment 

Not shading-specific ≈10% lighting-energy 
reduction range from daylight 
optimization 
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• The study concludes with specific material recommendations, 
advising the use of white-colored, aluminum shading devices to 
maximize solar reflectance, ensure durability, and facilitate 
long-term maintenance. 
These findings collectively provide an evidence-based 

framework for selecting and designing shading devices that 
simultaneously enhance occupant comfort and energy 
performance in classroom environments. It is important to note 
that maximizing UDI may lead to over-illumination near windows, 
a known limitation of UDI-based design. Furthermore, the present 
study's analysis was conducted for the morning period (8:00-9:15 
AM), which, while critical for class schedules, may not fully capture 
daylighting and glare conditions prevalent during afternoon hours. 
Consequently, the performance of the proposed SDs is most 
validated for the morning context. Future work should build upon 
these findings by investigating integrated building envelope 
systems, where SDs are optimized alongside glazing technologies 
and ventilation strategies. Furthermore, validating these 
simulation results through long-term post-occupancy 
evaluations, including physical measurements and occupant 
surveys, would be a critical next step. This empirical validation is 
essential for refining design guidelines and strengthening the 
reliability of simulation-driven design processes for educational 
buildings in hot climates.   
 

5.1. Future work 

Building on the findings and limitations discussed above, future 
work should extend the present framework along 4 directions. 1) 
on-site physical measurement and occupant-survey validation of 
the simulated sDA, UDI, UGR, and energy metrics would confirm 
the absolute (not only comparative) accuracy of the simulation 
results discussed in Section 2.4. 2) the analysis should be extended 
beyond the 8:00-9:15 AM window to midday, afternoon, and 
equinox conditions, to characterize daylighting and glare 
performance across the full class-day and year. 3) the 
daylight/glare model should be coupled with a thermal-comfort 
and cooling-load simulation, so that the whole-building energy 
and comfort impact of the recommended SD, not only its lighting-
energy effect, can be evaluated. 4) adaptive or sensor-controlled 
movable shading should be explored as an alternative to the fixed 
composite SD recommended here, including its performance at the 
intermediate solar angles that the fixed 22°/40° solstice-based 
design does not address, and its performance across a range of 
WWR and orientation combinations beyond the present single, 
high-WWR case study.  
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