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Abstract 

Traditional dependence on Daylight Factor (DF) and 

thermal charts in daylighting and thermal simulation is 

challenged by holistic Building Information Modelling 

(BIM) tools. Nevertheless, BIM-enabled performance 

simulation for schools is scarce in literature, especially in 

hot arid zones. This research proposes a daylighting and 

thermal comfort optimization model for school buildings 

in hot arid climate. Considering Window-to-Wall Ratio 

(WWR) and building orientation angle as the decision 

variables, optimum designs are identified based on 

multiple criteria, ranked using the Analytical Hierarchy 

Process (AHO), and expressed using a holistic Criteria 

Combined Score (CCS). Three case studies are presented, 

criteria AHP weights are verified arithmetically, and 

results are validated using questionnaires. Increasing 

WWR from 5% to 29%, irrespective of orientation, 

increased CCS by almost 30%. 

Key Innovations 

 Proposing a novel Analytical Hierarchy Process 

Module (AHPM) for estimating Relative Criteria 

Weights (RCW’s) 

 Combining the following daylighting and thermal 

comfort measures under a single CCS metric: Day Lit 

Area % (DLA), Mean Daylight Factor (µDF), 

Daylight Autonomy (DA), Useful Daylight Index 

(UDI). Unmet Temperature Hours (UTH) and Unmet 

Humidity Hours (UHH) 

 Proposing a region and culture-specfic rating scale for 

various daylighting and thermal comfort performance 

criteria for school buildings, verified by expert panel 

workshop 

 Disucssing daylighting and thermal comfort 

optimization for schools in scarcely-discussed hot arid 

climates 

Practical Implications 

While the proposed model is useful in early-design of 

school buildings in hot arid climates, you can also use it 

to accommodate other performance metrics: energy, cost 

and other new measures such as Annual Sunlight 

Exposure (AE), Spatial Daylight Autonomy (sDA) and 

subjective thermal metrics. You could also apply the same 

concept with other prototypical designs, such as 

residential, administrative, service, retail and 

congregational buildings. 

Introduction 

General Background 

Improvement of daylighting and thermal comfort 

minimum acceptable standards in classrooms in 

particular, and school buildings in general, has witnessed 

significant improvement over the course of the 20th and 

21st centuries. Table 1 illustrates this gradual 

improvement in daylighting standards classrooms. It 

starts by the London Building Act of 1984, then –among 

other regulations- the Illuminating Engineering Society 

(IES) Lighting Code of 1955, and the Chartered Institute 

of Building Services Engineers (CISBE) codes of 1977, 

1984 and 1994 (Wu & Ng, 2003).  

Table 1: Improvement of classroom daylighting 

requirements in codes and standards (1894-1994). 

Code / Standard 
Recommended daylighting in 

classrooms 

The London 

Building Act, 

1894 

1/5 of the floor space for vertical 

lights. Recommended illuminance 9 

foot candles (91 lux) 

British Standards 

Code of Practice, 

1945 

Min 2% daylight “sky factor” and %5 

where possible 

IES Lighting 

Code, 1955 

Min level of maintained illuminance 

10 lumen / sq. ft, (100 lux) and Min 

DF 2% 

CIBSE Lighting 

Code 1977 

Min 300 lux illuminance on working 

plane 

The Education 

Regulations, 

1981 

Min 300 lux illuminance for 

daylighting, and Min 350 lux 

illuminance in case of combined 

daylight and artificial lighting 

CIBSE Code for 

Interior Lighting, 

1984 

Min 300 lux illuminance on working 

plane 

CIBSE Code for 

Interior Lighting, 

1994 

Min 300 lux illuminance on working 

plane 

Guidelines for 

environmental 

design in schools 

Min 300 lux illuminance on working 

plane 

µDF 4-5% 

Over the past quarter-century, several research 

publications tackled improvement of interior environment 
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in school buildings. Tables 2 and 3, respectively, list such 

publications discussing improvement of daylighting and 

thermal comfort in school buildings, respectively.  

Table 2: Previous work on school building daylighting 

improvement techniques. 

Reference Topic 

Heschong, et al. 

(1999) 

Daylighting and human performance in 

classrooms 

Antoniou & 

Meresi (2005) 

Forms of classrooms and daylight 

performance 

Winterbottom & 

Wilkins (2009) 

Lighting and discomfort in the 

classroom 

Houck (2015) Daylight access assessment in schools 

Delvaeye, et al. 

(2016) 

Energy saving of daylight control 

systems in schools 

Katsaprakakis & 

Zidianakis (2017) 

Upgrading energy efficiency of 

schools 

Tskira & 

Andreou 

(2017) 

Investigation of energy savings 

potential using shading and daylighting 

in schools 

Table 3: Previous work on school building thermal 

performance and comfort improvement techniques. 

Reference Topic 

Da Graça et al. 

(2007) 

Environmental comfort optimisation in 

early design 

Santamouris, et 

al. (2007) 

Intelligent clustering to classify energy 

performance 

Mors et al. (2011) 
Adaptive thermal comfort: Predicted 

Mean Value (PMV) comfort charts 

Teli et al. (2012) Prediction of thermal sensation 

Teli et al. (2014) 
Role of building thermal properties in 

thermal comfort 

Trebilock & 

Figueroa (2014) 

Field study on thermal comfort in 

primary schools 

Teli et al. (2017) 
Thermal evaluation of school buildings 

using child-based adaptive model 

However, such previous literature dealt with both aspects 

(i.e. daylighting and thermal comfort) as being two 

separate issues. It was only in the beginning of the 21st 

century that both issues began to be simultaneously 

considered in literature under the broader topic of 

Building Performance Simulation (BPS). It was then that 

BIM-enables BPS software tools and techniques emerged 

and gradually replaced traditional daylighting and thermal 

performance metrics, namely DF and thermal charts.  

In fact, Nguyen et al. (2014) and Zhai et al. (2019) cited a 

handful of research publications addressing the issue of 

multi-objective optimization of building performance, 

including daylighting and thermal comfort improvement. 

Concepts such as heuristic / meta-heuristic optimization, 

conventional Genetic Algorithms (GA’s), evolutionary 

algorithms, Non-Dominated Sorting Genetic Algorithms 

(NSGA’s), Leadership in Energy and Environmental 

Design (LEED)-enabled software tools and design-of-

experiments were mentioned in both reference, as listed 

in Table 4, in chronological order. Optimization of 

building performance was majorly carried out by 

considering either of WWR, window design, building 

shape and façade building materials as being the model 

variables (Suh et al., 2011; Evins et al., 2012; Hamdy et al., 

2012; Ochoa et al., 2012; Rathi, 2012; Salminen et al., 2012; 

Goia et al., 2013; Wright et al., 2013; Mahmoud et al., 2016; 

Zhang et al., 2016; Zhang et al., 2017; Zhai et al., 2019). 

Table 4: Previous work on daylighting and thermal 

optimization in the last ten years. 

Reference Topic 

Suh et al. (2011) 

Heuristic vs. meta-heuristic 

optimization for energy performance in 

a post office 

Evins et al. 

(2012) 

Design-of-experiments and multi-

objective optimization for energy use 

in domestic buildings 

Hamdy et al. 

(2012) 

Use of NSGA-II algorithms in nearly 

zero-energy building optimization 

Ochoa et al. 

(2012) 

Considerations on design optimization 

criteria for window for low energy 

consumption and high visual comfort 

Rathi (2012) 
Optimization of energy efficient 

windows in office buildings  

Salminen et al. 

(2012) 

Simulation and multi-objective 

optimization of a LEED-certified 

building 

Goia et al. (2013) 
Optimizing of façade module for office 

buildings 

Wright et al. 

(2013) 

Multi-objective optimization of 

cellular windows using evolutionary 

algorithms 

Mahmoud et al. 

(2016) 

Climate-based optimization 

methodology for WWR optimization 

in relation to daylighting and thermal 

comfort 

Zhang et al. 

(2016) 

Multi-objective GA-based optimisation 

of thermal and daylight performance  

Zhang et al. 

(2017) 

Multi-objective GA-based shape 

optimisation of free-form buildings 

based on solar radiation gain and space 

efficiency  

Zhai et al. (2019) 

Multi-objective optimisation for 

window design considering energy 

consumption, thermal comfort and 

visual performance 

Problem Statement 

While there was ample literature discussing either 

daylighting improvement or thermal comfort 

enhancement in classrooms and school buildings, there 

was an evident scarcity in multi-objective optimization 

and simulation involving both performance metrics for 

educational buildings. Nevertheless, none of the previous 

work single-handedly tackling any of the two metrics 

considered the hot arid climate of the Middle East – North 

Africa region.  

Goal and Objectives 

In view of the research gap discussed in the previous sub-

section of this paper, the goal of this work it to propose a 

multi-objective optimisation methodology for school 

buildings in hot arid climates. Such methodology is to 

consider the WWR and building orientation as the model 

variables, while its objectives are: (1) attain the optimum 

level of daylighting metrics (DLA, DA, µDF and UDI); 

and (2) attain the optimum level of thermal comfort 

metrics (UTH and UHH). 
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To this end, the objectives of the research are: (1) develop 

a comprehensive Design Database; (2) construct a 

Performance Criteria (PCD), where users can choose their 

desired simulation criteria, assign their preliminary 

weights and set their rating scale; (3) develop the AHPM 

which enables users to estimate and verify CRW’s; (4) 

build a Scenario Analysis Engine (SAE), where users can 

create all possible WWR and building orientation 

scenarios, and get them validated and analysed for their 

CCS values; and (5) devise an output module 

recommending the optimum scenarios among all possible 

valid options.  

Methods 

Research Framework 

The research methodology framework is illustrated in the 

diagram shown in Figure 1.  

 

Figure 1: Research framework. 

Data Input 

The model starts by the user defining the project data. In 

doing so, the user reverts back to the Design Database, 

where the project’s information is available, such as: Site 

layout, accessibility requirements, neighbouring plots, 

local building codes and regulations, zoning and space 

allocation, building materials for interior design and 

façades, windows and doors attributes, weather historical 

data, occupancy schedules and occupant behaviour. 

Moreover, users can make use at this stage of the baseline 

WWR and building orientation being the base scenario.  

Performance Criteria Database (PCD) 

Next, users need to define their desired simulation 

performance criteria, which are daylighting and thermal 

performance metrics as far as this research is concerned. 

Such information is hence made available by virtue of the 

PCD. The performance criteria considered are: 

 DLA 

 DA 

 µDF 

 UDI 

 UTH 

 UHH 

Further, users may set their own preference on their 

desired performance criteria threshold, reflected in 

performance score adjustable ranges. Examples of 

performance rating scores are provided in Tables 4, 5, 6, 

7 and 8, for DLA, DA, µDF, UDI, UTH and UHH, 

respectively. The presented figures were nevertheless 

used in this research for simulation purposes, and were 

obtained through a panel workshop comprising 16 experts 

of the architectural design and BIM field. 

Table 4: DLA performance score ranges. 

DLA Performance Score 

0% ≤ DLA < 10% 1 

10% ≤ DLA < 20% 2 

20% ≤ DLA < 30% 3 

30% ≤ DLA < 40% 4 

40% ≤ DLA < 60% 5 

60% ≤ DLA < 70% 4 

70% ≤ DLA < 80% 3 

80% ≤ DLA < 90% 2 

90% ≤ DLA 1 

Table 5: µDF performance score ranges. 

μDF Performance Score 

0% ≤ μDF < 2% 0 

2% ≤ μDF 5 

Table 6: DA performance score ranges. 

DA Performance Score 

0% ≤ DA < 50 % 0 

50% ≤  DA 5 

Table 6: UDI performance score ranges. 

UDI Performance Score 

0% ≤ UDI < 50 % 0 

50% ≤  UDI 5 

Table 7: UTH performance score ranges. 

UTH Performance Score 

0% ≤ UTH < 30% 5 

30% ≤ UTH < 40% 4 

40% ≤ UTH < 50% 3 

50% ≤ UTH < 60% 2 

60% ≤ UTH < 70% 1 

70% ≤ UTH 0 

Table 8: UHH performance score ranges. 

UHH Performance Score 

0% ≤ URHH < 30% 5 

30% ≤ URHH < 40% 4 

40% ≤ URHH < 50% 3 

50% ≤ URHH < 60% 2 

60% ≤ URHH < 70% 1 

70% ≤ URHH 0 
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Analytical Hierarchy Process Module (AHPM) 

After choosing the desired performance score thresholds 

using the PCD, users can then make use of the AHPM tool 

to set the scale of importance between the various criteria. 

The AHP is a linear programming problem solving 

method that was developed by Thomas L. Saaty for the 

aim of solving complex multi-objective decision making 

problems. This method rests on the decision maker ‘s 

input and judgment with regard to inter-criteria relative 

importance. In doing so, the user needs to “specify a 

preference for each decision alternative using each 

criterion”(Anderson et al., 2014). Using this concept, 

Table 9 indicates the standard scale of relative 

importance, after the Analytical Hierarchy Process (AHP) 

explanation as provided in Anderson et al. (2014): 

Table 9: Scale of criteria relative importance. 

Scale of Importance Description 

1 Equally important 

3 Moderately Important 

5 Strongly Important 

7 Very Strongly Important 

9 Extremely Important 

2, 4, 6, 8 Intermediate Values 

1/3, 1/5, 1/7, 1/9 Values of inverse comparison 

Such criteria are inserted by the user into a Pairwise 

Comparison Matrix (PCM), such as the one shown in 

Table 10. In Table 10, if we DLA on the left column as an 

example, was chosen by the expert panel to be 

“Moderately Important” than μDF, hence the value 

indicated is 3, based upon Table 9 rating for “Moderately 

Important”. Hence, starting by the left column criteria, the 

PCM is populated as shown in Table 10. Nevertheless, 

diagonal values are normally equal to 1. 

 It is to be noted that for the purpose of the scope of this 

research, which is peculiar to the climatic and cultural 

considerations of the hot arid region of the Middle East 

and North Africa, the PCM values were determined by 

virtue of an expert panel comprising 16 experts in, with 

an average experience of 17 years in architectural design 

and practice in the Middle East and North Africa region. 

Nevertheless, the AHPM then computes the Normalized 

PCM by dividing the values in the original PCM by their 

respective column summation. The Normalized PCM is 

displayed in Table 12. Criteria Weights (CW’s) are then 

calculated by averaging each row of the Normalized 

PCM. 

Table 10: Populating the Pairwise Comparison Matrix 

(PCM). 

 
DLA 

(1) 

μDF 

(2) 

DA 

(3) 

UDI 

(4) 

UTH 

(5) 

UHH 

(6) 

(1) 1 3     

(2)  1 1    

(3) 3 1 1    

(4) 5 2 2 1   

(5) 9 5 3 2 1 1 

(6) 7 5 3 2 1 1 

After that, entries for the remaining cells are to 

be populated. For instance, consider the 

numerical rating of 9 for the UTH-DLA 

pairwise comparison. This rating implies that 

the DLA-UTH pairwise comparison becomes 

1⁄9. Since the expert panel had indicated that 

UTH is extremely more important than DLA, it 

is inferred that the inverse comparison value is 

1⁄9. The populated PCM is thus shown in Table 

11: 

Table 11: Complete PCM. 

 
DLA 

(1) 

μDF 

(2) 

DA 

(3) 

UDI 

(4) 

UTH 

(5) 

UHH 

(6) 

(1) 1 3 1/3 1/5 1/9 1/7 

(2) 1/3 1 1 1/2 1/5 1/5 

(3) 3 1 1 1/2 1/3 1/3 

(4) 5 2 2 1 1/2 1/2 

(5) 9 5 3 2 1 1 

(6) 7 5 3 2 1 1 

Total 25.3 17.0 10.3 6.2 3.1 3.2 

Table 12: Normalized PCM. 

 
DLA 

(1) 

μDF 

(2) 

DA 

(3) 

UDI 

(4) 

UTH 

(5) 

UHH 

(6) 
CW 

(1) 0.039 0.176 0.032 0.032 0.035 0.045 0.04 

(2) 0.013 0.059 0.097 0.081 0.064 0.064 0.06 

(3) 0.118 0.059 0.097 0.081 0.106 0.106 0.09 

(4) 0.197 0.118 0.194 0.161 0.159 0.159 0.17 

(5) 0.355 0.294 0.290 0.323 0.318 0.318 0.32 

(6) 0.276 0.294 0.290 0.323 0.318 0.318 0.30 

Then, each value in each column in the original PCM is 

multiplied by its own CW obtained from the Normalised 

CPM. At this stage, as shown in Table 13, the sum of each 

row is denoted by the Weighted Sum Value (WSV) 

column, such that, the quotient of dividing the WSV by 

the CW, is in fact the RCW value. 

Table 13: WSV and RCW values. 

 
DLA 

(1) 

μDF 

(2) 

DA 

(3) 

UDI 

(4) 

UTH 

(5) 

UHH 

(6) 
WSV RCW 

(1) 0.06 0.18 0.03 0.03 0.04 0.04 0.39 6.50 

(2) 0.02 0.06 0.09 0.08 0.06 0.06 0.38 6.11 

(3) 0.18 0.03 0.09 0.08 0.11 0.10 0.63 6.64 

(4) 0.30 0.13 0.19 0.17 0.16 0.15 1.10 6.62 

(5) 0.54 0.31 0.28 0.33 0.32 0.30 2.09 6.60 

(6) 0.42 0.31 0.28 0.33 0.32 0.30 1.97 6.49 

Thus, for the purpose of this research simulation, the 

obtained values of RCW’s indicated in Table 13 are 

considered. Nonetheless, Anderson et al. (2014) described 

the arithmetic verification method for RCW values, 

depending on checking the consistency of the PCM in the 

first place. To explain this concept, the average RCW is 

denoted by Equation (1): 

𝜆𝑚𝑎𝑥 =
∑

𝑊𝑆𝑉

𝐶𝑊
  

𝑁
   (1) 

Where “λmax” is the summation of WSV’s divided by 

CW’s, divided in its turn by the number of criteria “N”. 

Applying Equation (1) on the example provided in Tables 

10 through 12, we have λmax equal to 6.492. Now the 

Consistency Index (CI) is calculated using Equation (2): 
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𝐶𝐼 =
(𝜆𝑚𝑎𝑥 −𝑁)

(𝑁−1)
   (2) 

Thus, upon substituting λmax with 6.492 and N with 6 IN 

Equation (2), we get CI = 0.098. This value is hence 

substituted in Equation (3) in order to obtain the 

Consistency Ratio (CR) of the AHP PCM: 

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
   (3) 

Where RI is a Random Index, whose typical values are 

provided in Anderson et al. (2014), and are used for 

calculating the consistency of randomly-generated 

PCM’s, as per Table 14, for standard numbers of criteria 

(In this case N=6 and RI=1.24). 

Table 14: Number of criteria vs. Random Indices. 

N 1 2 3 4 5 6 7 8 

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 

Hence, when this RI value is considered in Equation (3), 

we get CR=0.079, and since CR<0.10. then, the PCM is 

deemed to be reasonably consistent, and subsequently the 

obtained RCW values. 

Scenario Analysis Engine (SAE) 

The first mission of the SAE is to generate a set of all 

possible scenarios, analyse the validity of each, dismiss 

invalid scenarios and considers valid scenarios for the 

subsequent simulation. In doing so, the SAE takes into 

account site constraints, access and egress requirements, 

surrounding buildings and land plots, as well as local 

building codes. These parameters had already been 

defined at an earlier stage by the user using the Design 

Database module. Taking such parameters into 

consideration, the SAE analyses and defines the 

acceptable ranges of maximum and minimum WWR, 

while attempting possible orientation scenarios in 

increments of 45º angles, and only considers the valid 

options.  

After having singled out those WWR and building 

orientation scenarios that are eligible for the simulation 

stage, daylighting and thermal simulations are done, yet 

separately, using different software packages. For 

daylighting, the authors opted for Rhinoceros® software 

package for data input, and DIVA® for the BIM-enabled 

simulation part. As for thermal comfort, OpenStudio® 

package was used for data input, and EnergyPlus® for 

thermal comfort simulation. The temperature and 

humidity ranges provided in ASHRAE (2010) were 

considered to identify the UTH and UHH ranges. The 

reason behind carrying out both simulations separately, is 

in fact peculiar to the relation between daylighting and 

thermal comfort in hot arid sunny climate, where thermal 

comfort is sharply affected when the DF exceeds 10,000 

lux (Reinhart, 2014; Mahmoud et al., 2016). 

Next, the SAE computes the CCS for each scenario, such 

that the maximum CCS value corresponds with the 

optimum WWR and building orientation scenario. The 

CCS is denoted by Equation (4): 

CSS = ∏ 𝑅𝐶𝑊𝑘 𝐶𝑖𝑗𝑘𝑛   (4) 

Where RCWk is the relative weight of criterion k; and Cijk 

is the Performance Score of criterion k for WWR i and 

orientation angle j. 

Case Studies  

For the purpose of demonstrating the model, three case 

studies of educational buildings are considered in this 

research. The basic details of the case studies are shown 

in Table 15. All three case studies are located in hot arid 

climates of Qatar, Saudi Arabia and Egypt, respectively. 

In the order of location, the case studies are: (1) Edison 

International Academy (EIA); (2) Mesmack Boys’ 

Elementary School (MBES); and (3) Wise International 

School (WIS).  

Table 15: General information on case studies. 

Case 

Study 
Owner Coordinates Location 

EIA Edison Schools 
25°23'15.2"N 

51°31'32.0"E 

Lusail, 

Qatar 

MBES 

Royal Commission 

for Jubail and 

Yanbu (RCJY) 

27°11'08.1"N 

49°50'56.5"E 

Yanbu, 

Saudi 

Arabia 

WIS Dr. M. Rezk & Co. 
30°03'15.8"N 

30°97'36.9"E 

Sheikh 

Zayed 

City, 

Egypt 

A sample 3D screenshots of EIA BIM model is also 

provided in Figure 2 (Courtesy of EGEC Qatar for 

Engineering Consultations WLL). 

 

Figure 2: Extract of EIA BIM model. 

Other important details such as the Built-Up Area (BUA), 

Foot Print Area (FPA), number of floors, and occupancy 

attributes, are shown in Table 16. The case study BIM 

models were provided by EGEC Qatar for Engineering 

Consultations WLL.  

Table 16: Case studies’ space and occupancy attributes. 

Case 

Study 

BUA 

(m2) 

FPA 

(m2) 

Number 

of Floors 

Number of 

Occupants 

Yearly 

Occupied 

Hours 

EIA 8,028 3,117 2Bs., Gr. +2 2,109 3,650 

MBES 3,795 3,396 Gr. +2 700 3,650 

WIS 15,440 4,170 Gr. +4 4,500 3,650 

Results 

The simulation was performed on all three case studies 

considering four orientation angles: 0º, 90º, 180º and 
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270º. Each of these building orientation had four 

scenarios of WWR’s. Yet, the WWR scenarios differed 

between Qatar, Saudi Arabia and Egypt, given the design 

limits imposed by local building regulations. Thus, each 

case studies possessed 16 valid scenarios. For EIA, a 

screenshot of the thermal simulation is provided in Figure 

3, while the simulation results are shown in Table 17. 

Nevertheless, Figures 5 and Table 18 show, respectively, 

a 3D screenshot of DIVA® daylighting simulation for 

MEBS, followed by a plot of WWR vs. Orientation vs. 

CCS values. Similarly, Figures 6 and Table 19, 

subsequently, display the same information, yet for WIS. 

 

Figure 3: Extract of EIA DA simulation using DIVA®. 

 

Figure 4. Extract of MBES DA simulation using DIVA®. 

Table 17: Simulation results for EIA. 

Orientation WWR CCS 

0º 6% 59 

45º 6% 52 

135º 6% 83 

225º 6% 89 

0º 8% 135 

45º 8% 59 

135º 8% 89 

225º 8% 96 

0º 15% 59 

45º 15% 129 

135º 15% 135 

225º 15% 135 

0º 29% 109 

45º 29% 182 

Orientation WWR CCS 

135º 29% 182 

225º 29% 182 

Table 18: DA simulation for MBES, using DIVA®. 

Orientation WWR CCS 

0º 6% 96 

45º 6% 96 

135º 6% 65 

225º 6% 72 

0º 8% 102 

45º 8% 72 

135º 8% 102 

225º 8% 65 

0º 15% 78 

45º 15% 72 

135º 15% 65 

225º 15% 109 

0º 29% 182 

45º 29% 182 

135º 29% 162 

225º 29% 175 

 

Figure 6: DA simulation screenshot for WIS. 

 Table 18: DA simulation for WIS, using DIVA®. 

Orientation WWR CCS 

0º 6% 92 

45º 6% 92 

135º 6% 162 

225º 6% 52 

0º 8% 162 

45º 8% 169 

135º 8% 83 

225º 8% 92 

0º 15% 162 

45º 15% 175 

135º 15% 175 

225º 15% 175 

0º 29% 135 

45º 29% 135 

135º 29% 175 

225º 29% 175 
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The interpretation of these results reveals that in the case 

of EIA, the WWR of 29% was the decisive factor in 

determining the best CCS score, with little regard to the 

orientation angle. On the contrary, in the case of WIS, the 

orientation range between 135º and. 225º corresponded 

with the highest CCS scores, for various WWR values. 

Moreover, the MBES case demonstrated a special case 

where only two combinations of WWR and orientation 

angle corresponded to the maximum holistic performance 

indicator. From another perspective, increasing the WWR 

from 5% to 29% resulted in increasing CCS value by 

almost 100% in case of MBES. Nevertheless, the same 

trial resulted in a CCS increase by almost 400% in the EIA 

case.  

Results were verified using an expert validation 

questionnaire, completed by a group of 15 industry 

experts totalling 297 years of professional experience, and 

comprising design consultants, architectural engineering 

professors, BIM specialists and architectural engineering 

working in the field of construction. 91% of the experts 

on average either agreed or strongly agreed with the 

model’s significance, rationale and validity of its output. 

The survey template is provided in Figure 7. 

Conclusion 

The proposed multi-objective optimisation framework 

was used to estimate the optimum WWR and building 

orientation for three school case studies, all located in hot 

arid climate. While one case study demonstrating that 

WWR is the dominant factor in determining the best CCS 

performance score, another cases revealed that building 

orientation is the dominant optimization variable. 

Nevertheless, the third case demonstrated that only two 

out of 16 combinations of design variables corresponded 

to the best CCS score. 

From another perspective, some areas were identified as 

major contributions to the body of knowledge: This work 

thus: (1) Combines a multitude of building performance 

metrics under  a single CCS holistic metric; (2) Attempts 

to fill the literature gap surrounding school performance 

simulation in hot arid climate; (4) Features region and 

culture-specific user-defined performance criteria range 

rating scales; and (5) Presents a simple AHP-based 

methodology for the estimation of daylighting and 

thermal comfort performance RCW’s; and (6) Offers a 

systemic platform for further work  involving other types 

of prototypical designs, such as residential, commercial, 

administrative and congregational buildings, while using 

a wider ranges of BPS metrics under a single holistic 

performance indicator. 

As for the research limitations and recommendations for 

future work, first, while the verification of the AHP PCM 

depended on mathematical consistency indices and ratios, 

there could be a need to verify these findings against other 

Artificial Intelligence (AI) techniques. Among these 

suggested methods come non-linear heuristic, stochastic 

and statistical multi-objective optimization tools. Another 

limitation of this work is a key assumption, which is the 

negligence of mechanical HVAC systems in the 

considered case studies, making the methodology more 

suited to naturally-ventilated buildings. As such, further 

studies are suggested for similar situations involving 

mechanical acclimatisation, but this time taken into 

account in thermal modelling.  In addition, pretty recent 

research such as Attia el al. (2012) and Wang et al. (2020) 

recommend the use of ASE, sDA, and subjective thermal 

metrics in lieu of DF, DA, UTH and UHH. Nevertheless, 

according to ASÉ (1989), Darula & Kittler (2002), CEN 

(2011) and Reinhart (2014), DF was primarily developed 

as a daylighting metric for overcast skies, and is thus 

calculated for standard CIE overcast sky as well as 20 

different CIE clear skies. On the contrary, sDA and ASE 

have gained significant momentum in assessing the 

performance of daylit spaces by numerous illuminating 

engineering societies (Wang et al, 2020). 
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Figure 7: Expert validation questionnaire template.  
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