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Sustainable school design is becoming increasingly important worldwide,
particularly in the UAE, where schools are significant energy consumers. This
study explores the impact of courtyard orientation on microclimate and energy
consumption in UAE schools, utilizing a standardized template applied across
70 existing schools. By employing advanced simulation tools, ENVI-met and IES-
ve software, the research provides a comprehensive analysis of air temperature
and energy use related to different courtyard orientations, specifically on key
dates of September 21st and March 21st, representing seasonal variations. The
results indicate that North-facing courtyards consistently provide cooler
microclimates compared to other orientations. Specifically, North-facing
courtyards showed temperature reductions of 1.31°C in September and 1.9°C
in March compared to the least favorable orientations. This orientation recorded
the lowest average mass temperatures of 29.36°C in September and 25.13°C in
March, surpassing the West-facing orientation by 0.39°C and 0.45°C, respectively.
The primary factor for this improvement is the reduced solar radiation exposure
on East-West aligned courtyards, which significantly lowers the heat gain.
Additionally, the study assessed Physiologically Equivalent Temperature (PET)
readings and cooling demands, both of which were found to be lower in North-
facing courtyards. Cooling load reductions varied between 1% and 4%, depending
on the day, further emphasizing the efficiency of this orientation. These findings
suggest that strategic courtyard orientation is a critical design consideration for
enhancing thermal comfort and energy efficiency in school buildings. The
implications of this research are significant for sustainable design and
construction practices. By highlighting the benefits of optimal courtyard
orientation, this study offers practical solutions for reducing energy
consumption and improving the indoor and outdoor thermal environments of
schools. These insights contribute to the broader goal of developing greener,
more sustainable educational facilities, particularly in hot climates like the UAE.

Abbreviations: UAE, United Arab Emirates; PET, Physiologically Equivalent Temperature; IESve, The
Integrated Environmental Solutions Virtual Environment software; Tm, The average mass temperature of
the building; S, The case study.
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This research not only informs architects and urban planners but also supports
policymakers in implementing effective sustainability strategies in the educational

sector.
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sustainable school design, courtyard orientation, physiologically equivalent temperature,
energy consumption, hot climate architecture

1 Introduction

As the global emphasis on sustainable and energy-efficient
practices in the built environment continues to grow, educational
institutions, particularly schools, are recognized as significant
contributors to energy consumption (Salameh et al, 2024;
Hernandez, Burke, and Lewis 2008; Dias Pereira et al., 2014; Al-
Sallal, 2010; Emirates Green Building, 2023; Jesse, 2023; Brebbia and
Beriatos, 2011; Salameh, and Touqan, 2023a; Salameh and Touqan,
2023b). This section delves into existing literature, expanding on two
key subsections as the following.

1.1 Schools and high energy consumption in
hot climates

In regions characterized by hot climates, such as the UAE,

schools face distinct challenges associated with elevated
temperatures, leading to substantial energy usage for maintaining
comfortable indoor environments. Various studies have highlighted
the increased energy demands in educational buildings, attributing
this to the necessity for air conditioning and ventilation systems to
counter the effects of extreme heat (Elnazir et al., 2017; Hossin and
AlShehhi, 2024). For instance, research by Al-Naemi (2024)
underscores the heightened energy consumption in schools,
emphasizing the urgency of adopting sustainable measures to
address these challenges.

Recent data from the Emirates Green Building Council shows
that UAE schools have high energy demands, with consumption
of 233 kWh/m2/year and 4,364 kWh/student/year,

highlighting the need for sustainable practices as the number of

rates

educational institutions grows (Emirates Green Building, 2023). The
UAE is home to 639 public and 580 private schools, serving over a
million students, underscoring the importance of energy-efficient
design in educational settings. Classroom design and student
behavior play crucial roles in energy consumption. Research
emphasizes early integration of energy considerations in school
design to reduce heat gain and energy use (Emirates Green
Building, 2023; Jesse, 2023; Brebbia and Beriatos, 2011; Salameh,
and Touqan, 2023a; Salameh and Tougan, 2023b).

Studies highlight various strategies for enhancing sustainability
in schools. Elkhapery et al. (2023) and Salameh et al. (2024) suggest
cost-effective sustainable modifications. Albattah and Bande (2023)
focus on fostering environmental sustainability awareness among
students, while Rahmani et al. (2023) demonstrate that window
shading techniques can significantly reduce energy consumption.
AL-NAEMT’s (2024) study advocates for comprehensive life cycle
assessments in schools, aiming for carbon neutrality through solar
panel installations. This effort aligns with global sustainable goals
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and Qatar’s commitment to environmentally friendly infrastructure,
reflecting a broader push for eco-conscious educational facilities as
emphasized by Al Dakheel et al. (2018), who promote adherence to
Estidama standards and the use of renewable technologies.

Moreover, Salameh (2024) stress the significance of tackling
energy consumption in schools, particularly in hot climates, to
achieve environmental sustainability. The authors advocate for
innovative design strategies and architectural interventions to
mitigate the environmental impact of educational buildings.
Their work underscores the need for a comprehensive approach
that integrates energy-efficient technologies and sustainable design
principles to create environmentally responsible learning
environments.

A study by Diaz-Lépez et al. (2022) further emphasizes the need
for context-specific solutions to address energy consumption in
schools in hot climates. The authors suggest a combination of
passive design strategies, renewable energy integration, and
efficient building materials as crucial elements in achieving
sustainable and energy-efficient school buildings.

Incorporating energy-efficient measures right from the
design stage is crucial for reducing schools’ energy
consumption. Research underscores the impact of architectural
design and occupant behavior on energy demand, advocating for
the use of solar power, efficient layouts, and passive elements like
courtyards and their orientation to improve thermal comfort and
sustainability in educational settings (Emirates Green Building,
2023; Jesse, 2023; Brebbia and Beriatos, 2011; Salameh, and
Tougqan, 2023a; Salameh and Touqan, 2023b), Moreover other
studies have highlighted a range of sustainable strategies for
school buildings beyond the traditional use of courtyards,
aiming to enhance energy efficiency and thermal performance

in various climates.

Al-Khatatbeh & Ma’bdeh (2017) in the UAE focused on
modifying building materials to improve lighting and
thermal conditions.

o In Saudi Arabia, strategies like window and roof shading,
landscaping, night ventilation, controlling infiltration, and
optimizing classroom occupancy were utilized to mitigate
heat gain, as explored by Abanomi and Jones (2005).

o Salameh et al. (2024) in Iran advocated for architectural

adjustments such as strategic space arrangements, optimal

window-to-wall ratios, and effective shading and orientation
to develop sustainable schools.

Harputlugil, Hensen, and Celebi (2011) recommended cluster
design for schools in Turkey across varying climates for its
effectiveness in controlling heat gain and loss.

Gil-Baez, Padura, and Huelva (2019) implemented passive
refurbishment strategies including insulation, shading, and
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glazing in schools within mild Mediterranean and
diverse climates.

« In South Korea, a decision support model to reduce electricity
use in schools was introduced by Hong, Koo, and Jeong
(2012), accommodating the region’s extreme seasonal
variations.

o Ramli et al. (2012) in Malaysia examined the impact of Green
School Guidelines, focusing on lighting and air quality
improvements.

o The importance of landscaping in schoolyards for aesthetic
and cooling benefits in Southeastern Michigan was
emphasized by Matsuoka and Kaplan (2008).

o El-Nwsany et al. (2019) in Egypt discussed sustainable water
management techniques and provided comprehensive
guidelines for more sustainable school designs.

o Heracleous et al. (2021) in Cyprus assessed the effects of solar
shading devices on balancing cooling needs and reducing
unwanted energy gains.

o In the UAE, Salameh et al. (2023a) enhanced student
satisfaction and academic performance through strategic
courtyard design in schools.

Moreover Chen et al. (2024) studied the optimization of energy
use, light, and thermal comfort in teaching atriums using NSGA-II
and machine learning. They found that optimized atrium designs
greatly improved light comfort and reduced energy consumption.
Key factors identified were Window-to-Wall Ratio and Skylight-to-
Roof Ratio.

Leccese et al. (2020) developed a method to assess lighting
quality in educational rooms using the Analytic Hierarchy
Process (AHP). Their approach goes beyond just measuring
illuminance levels, considering various factors affecting visual
comfort. Applied in classrooms at the University of Pisa, the
method was validated by a survey, showing strong alignment
with user perceptions. This highlights the importance of a
comprehensive approach to lighting in educational settings.

Mahmoud and Abdallah (2022) focused on enhancing outdoor
thermal comfort in school courtyards in hot climates. Using the
ENVI-met model, they tested various shading strategies, finding that
hybrid shading with trees significantly reduced PET values,
improving comfort. Their research emphasizes the value of
combining shading and vegetation to create cooler outdoor
spaces in schools.

Babich et al. (2023) compared indoor air quality (IAQ) and
thermal comfort standards in school buildings. They identified
inconsistencies within and across standards like EN16798 and
ASHRAE 55. The study calls for more consistent criteria and
suggests integrating IAQ and thermal comfort considerations to
improve decision-making for school environments.

Zhao et al. (2024) evaluated the effects of sun sails and mist-
spray systems on outdoor thermal comfort in a school courtyard in
Hunan, China. They found that combining these strategies reduced
PET by up to 14.43°C, with sun sails being especially effective. The
study suggests that integrating shading and misting can significantly
enhance outdoor comfort in school settings.

Consequently, even many studies have focused on green school
initiatives, but many have overlooked the role of courtyards as
fundamental passive design elements. Courtyards are essential for
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enhancing thermal comfort and energy efficiency, yet their potential
has not been fully explored in existing research. This research
suggests an opportunity for deeper investigation into how
courtyards orientation can contribute to energy conservation and
support sustainable practices in school architecture. Emphasizing
courtyards in the design of educational facilities could play a crucial
role in reducing energy use and promoting environmental
sustainability.

1.2 The impact of courtyard orientation and
thermal conditions in school buildings

Courtyards, historically integral elements in architectural
design, have been acknowledged for their potential to contribute
to thermal comfort and energy efficiency, especially in hot climates
(Wu, et al., 2023; Cheng and Lin, 2024; Zhu, et al., 2023; Qian, et al.,
2023; Zhao, et al., 2024; Al-Hafith, et al., 2023; Elgheznawy, and
Eltarabily, 2021; Salameh et al., 2022. However, existing literature
often generalizes the impact of courtyards in buildings, overlooking
their specific application in educational institutions like schools.

While studies exploring the orientation of courtyards and their
influence on air temperature and energy consumption in schools are
limited, their importance is increasingly recognized. Salameh, et al.
(2024) investigates the thermal performance of courtyards in school
buildings, emphasizing the influence of orientation on indoor air
temperature. The study employs advanced simulation tools to
analyze microclimate variations and assess the potential for
energy savings through optimized courtyard orientation. Salvati,
et al. (2022) highlight the potential of courtyards as microclimatic
modifiers, reducing the reliance on mechanical cooling systems in
school buildings. However, this research primarily focuses on
residential applications (Abuhussain et al., 2022; Verma, and
Bano, 2023), underscoring the necessity for investigations tailored
specifically to educational infrastructure. Beside that a recent study
by Salameh (2024) contribute to the understanding of courtyard
design in schools, emphasizing its impact on thermal comfort and
energy efficiency. However, a comprehensive exploration of
courtyard orientation within school buildings and its direct
correlation with air temperature and energy consumption
remains a research gap, as most of the research has examined the
thermal effects of courtyards and their orientation in residential and
general building settings (Al-Hemiddi & Megren Al-Saud, 2001;
Zhang et al, 2017; Feroz, 2015; Sun, Luo, and Bai, 2023), less
attention has been given to their specific impact within school
environments, which differ markedly in terms of occupancy,
operational times, and architectural design. This oversight
highlights a significant gap in literature, particularly in the
exploration of courtyard design and orientation in schools
situated in hot arid climates such as the UAE. Schools are
notable for their high energy consumption, and while courtyards
are recognized for their potential to enhance thermal comfort and
energy efficiency, the focus has predominantly been on broader
structural applications rather than tailored approaches for
educational settings.

Research Gap: Despite acknowledging the role of courtyards in
reducing energy consumption, there is a marked scarcity of studies
that specifically investigate the orientation of courtyards within
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FIGURE 1

The flow chart of the research methodology.

school buildings. This research identifies a critical need for detailed
research that not only bridges this gap but also enhances
understanding of how courtyard orientation affects thermal
efficiency in educational settings, providing actionable insights
for architects and planners to design more sustainable schools in
hot climates.

2 Materials and methods

The methodology of this research was meticulously developed to
assess the impact of courtyard orientation on microclimates and energy
consumption in educational buildings in UAE. Employing a

1), the study utilized field
investigations, advanced simulation tools, and extensive quantitative

comprehensive approach (Figure

analyses. This allowed for an in-depth exploration of how different
orientations affect microclimate conditions and energy efficiency.
Detailed statistical methods were applied to analyze data, with a
particular focus on contrasting schools with oriented courtyards with
superior microclimate conditions against those with less optimal
orientations. The study was designed to bridge the gap in existing
research by specifically focusing on the distinct impacts of courtyard
orientations on school microclimates and energy use, thus contributing
significantly to the field of sustainable school architecture in hot
climates. The next section of this research will present the findings
and discuss their broader implications, reinforcing the importance of
courtyard orientation in architectural design for educational settings in
arid regions. This structured approach not only addresses specific
research needs but also enriches the discourse on designing
sustainable educational environments in challenging climates.

2.1 Case study selection, climate and data
collection

This research aims to investigate one of the public-school
prototypes in the UAE, a region known for its hot climate. The
UAE, situated between latitudes 22°50'N and 26°N, and longitudes
51°E to 56°25'E, experiences extreme temperatures with average
highs reaching up to 41°C in August (World Bank Climate, 2024).

Frontiers in Built Environment

The arid conditions and prevalent northwest winds present

significant  challenges for building design and energy
consumption, highlighting the need for sustainable and efficient
architectural solutions to mitigate the intense heat.

The Ministry of Public Works, in collaboration with the
Ministry of Education, has developed several templates for public
school designs since 1963. These templates have undergone
numerous changes and modifications. Table 1 outlines the most
important design stages for public schools. Among these templates,
some designs have been more prevalent, all featuring courtyards as
central areas but in varying proportions and ratios. Some courtyards
are fully or partially covered.

This study will focus on one public school prototype, specifically
the Khateb wa Alami Design (S), to examine the impact of courtyard
orientation on enhancing the thermal conditions of the school
building. The goal is to determine whether the orientation affects
energy consumption, potentially opening the door for further
investigations into the orientation effects of other prototypes.

Justification for Focus.

1. Budget Impact: Public school buildings in the UAE accounted
for approximately 18.5% of the education budget, which was
around 16.43% of the total national budget in 2010 (Ministry of
Education - UAE, 2013). This significant expenditure
highlights the importance of optimizing school designs for
energy efficiency and sustainability.

2. Design Uniformity: Typically, prototypical school designs are
used nationwide without considering orientation or climatic
differences, negatively impacting thermal performance, as
observed in Saudi Arabia (Abanomi and Jones, 2005).

3. Regulatory Framework: Both private and public schools in the
UAE are subject to regulations enforced by the Ministry of
Education (Aboullail, 2016). However, these regulations do not
specify standards for the orientation, shape, type, or

that

playground areas should be double the total area of

proportions of courtyards. They only mandate
classrooms (Ministry of Education, 2015).

4. Standardized Design Template: The selected school case study
(S), identified as KAT, represents a series of public ministry

schools across the UAE. These schools follow a standardized
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TABLE 1 The progression of public school building designs in the UAE (Ministry of Education -UAE 2013; Aboullail, 2016).

Public school type and
date of construction

1.Kuwait design- 1963

Example: The Arabic
Gulf secondary school
—Sharjah

School picture

General description

e OIld model constructed by the
government of Kuwait

e (lassrooms arranged around an
unshaded courtyard

2.The village design
(Al Qarawy)- 1978

Example: Tulaytelah
school —Dubai

e Limited number of classes
e U-shaped building with a semi-closed
courtyard

3-Khateb wa Alami
Design -1975.

Example:
School- Dubai

Qurtoba

e Two-floor building with 24
classrooms and services

e Multiple courtyards, the largest being
a closed courtyard

e Most playgrounds are not covered

4- Ministry of Public
work design —Old -
1979

e Specifically designed for secondary
schools

e U-shaped building with a semi-closed
courtyard

e Two-floor buildings with services
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Example: Al Zahra
secondary Female
School —Sharjah

5-Ministry of Public e Two-floor buildings with 18 or 24

work design 586. classrooms, services, and a theater
e Added small library next to the
1989
courtyard
Example: Al Mualla e Closed courtyard mostly covered with
Secondary Female a canopy

School-Om Al Quwain

6- Ministry of Public
work design 596- 1990

e Two-floor buildings with 24
classrooms, services, and a theater

e Closed courtyard mostly covered with
a canopy and a covered playground

Example: Amenah

Bint Wahab Secondary

School-Dubai

o -, 3 QU
%ﬁy
\?

Sals

FIGURE 2
The school (S) was built in different orientations in reality (Location, 2024).

design template prescribed by the Ministry of Education, orientations (Figure 2), without considering their impact on
replicated in over 70 schools, ensuring uniformity in the school’s microclimate and thermal conditions, provides a
research conditions. This template’s application in various unique opportunity for study. On-site data collection included
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using meters to measure air temperatures, offering essential
insights into the environmental conditions surrounding
these schools.

By investigating the courtyard orientation of the Khateb wa
Alami Design case study (S), this research aims to provide insights
that could lead to more energy-efficient and thermally comfortable
school buildings in the UAE, thereby contributing to more informed
and sustainable architectural practices.

The (S) school, situated on a 5,742 m? plot, integrates a diverse
array of outdoor spaces to enhance its educational environment. It
features eight courtyards, including one semi-opened court, one
closed court, four semi-closed courts, and two additional courts with
varying sizes, totaling 2,331 m” in courtyard space. The built-up
area, after deducting the courtyard spaces, is 3,411 m®. Courtyards
constitute 41% of the total plot area and about 68% of the built-up
area, demonstrating a strategic design emphasis on semi-open and
enclosed outdoor areas for varied educational and recreational
activities.

Regarding the simulation dates, they were chosen to coincide
with the solstice and equinox dates that fall on school days, where
the temperature exceeds the comfort zone of 27°C in schools (Mass.
gov, 2018). According to Khalfan and Sharples (2016) and Salameh,
Abu-Hijleh, and Touqan (2024), the comfort zone range is defined
between 20°C-27°C based on Schnieders’ thermal comfort chart.
Courtyards, being semi-enclosed areas, should offer comfortable
spaces for various student activities outdoors. Therefore, the selected
dates were those with temperatures exceeding the comfort zone:
September 21st (maximum temperature of 39°C) and March 21st
(minimum temperature of 28°C), as shown in Figure 3.
Consequently, the courtyards in the case study will be assessed
on these two dates, which represent the highest and lowest
temperatures above the comfort level during school days. This is
crucial because the primary challenge in hot arid regions like Dubai
is to reduce energy consumption for cooling (Feroz, 2015). Thus,

10.3389/fbuil.2024.1448743

days with temperatures below the comfort level were excluded from
the evaluation.

2.2 Simulation tools: ENVI-met and IES-ve

To assess the thermal impact of courtyard orientation, ENVI-
met software was employed. This sophisticated simulation tool
facilitated the creation of a virtual model replicating for many
researches and succeeded in that (Pass and Schneider, 2016; Lee
et al., 2016; Forouzandeh, 2018; Salata et al., 2017; Salameh et al.,
2023b; Salameh, and Touqan, 2022; Salameh, and Tougqan,
2023a). The simulation considered various variables such as
solar radiation, wind flow, and temperature distribution to
provide an intricate analysis of microclimatic conditions
around the buildings. ENVI-met’s ability to simulate real-time
environmental  dynamics contributed to a nuanced
understanding of the interplay between courtyard orientation
and microclimate (Salameh et al., 2024).

The IES-ve software was employed in many researches to
investigate the thermal conditions and the energy consumption
for buildings such as (Ibrahim, and Hassan, 2023; Alshenaifi,
etal., 2023; Salameh and Touqan, 2023b). Thus it was a good tool
for this research to assess the energy consumption within the case
study school while focusing on the key dates of September 21st
and March 21st—crucial for UAE’s climatic patterns. This
analysis incorporated the school’s HVAC needs, enabling an
evaluation of how different courtyard orientations impact
energy efficiency. The simulation results provided vital
insights into the school’s energy consumption trends on these
significant dates.

This
evaluation of microclimatic conditions and energy efficiency,

dual-software approach offered a comprehensive

highlighting the significant impact of courtyard design on
enhancing school environments in arid regions.
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FIGURE 3
Selected dates for simulation (Salameh, Abu-Hijleh, and Tougan, 2024).
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2.3 ENVI-met and IESve software set up

2.3.1 ENVI-met setup

The research utilized ENVI-met to simulate the case study of
school building in four orientations on significant dates for thermal
analysis in the UAE’s hot arid climate.

Model setup: This advanced tool modeled the schools within its
real boundaries, considering various environmental factors like
wind direction, speed, and site roughness.

Input data: Real-world climate data were integrated to enhance
model accuracy, ensuring a realistic microclimate simulation as in
Table 2, thus hourly weather data such as air temperature and
humidity were inforced into the model. Materials’ thermal properties
(albedo, emissivity, heat capacity) were assigned to different surfaces like
walls, roofs, and pavements. And because the study aimed to assess the
impact of courtyard configurations in the four main orientations on
thermal performance, it maintained consistent parameters across
simulations for the Building Specifications. This approach provided
valuable data on how design choices affect the microclimatic conditions
of school building and courtyard orientation. Building’s Specifications
for simulation.

« Structure Height: The school comprises two floors, each being
4 m in height.

o Materials Used: The simulations utilize hollow block concrete
for both slabs and walls consistently across models.

« Wall Openings: Windows are designed to occupy 20% of the
exterior walls, aligning with Al-Sallal’s (2010) recommendation
for an optimal window-to-wall ratio in classrooms of at least 20%.

Simulation Scenarios: Multiple scenarios were run to simulate
the courtyard’s microclimate with different orientations. The results
were analyzed to determine the best and worst orientations based on
thermal comfort indicators like air temperature, mean radiant
temperature, and PET.

2.3.2 IESve setup

IESve is an integrated suite of building performance simulation
tools used to assess energy efficiency and thermal comfort in buildings.
For this study, IESve software was used to evaluate the reduction in
cooling sensible load achieved through improved courtyard orientation
and to confirm the preferences identified by ENVI-met.

Model Setup: A detailed 3D model of the school building
was created, incorporating architectural and structural
elements including all materials for walls, roofs, ground, and
openings, ensuring uniformity across all scenarios as listed
in Table 3. This uniformity extended to the materials’ thickness
and U-values, treating these aspects as fixed throughout the
simulations. Moreover, the existing HVAC system was modeled,
including cooling capacity, efficiency, and control strategies.

Input Data: Hourly weather files for the UAE were input into the
model, ensuring consistency with the data used in ENVI-met.
Schedules for occupancy, lighting, and equipment use were
defined to reflect actual usage patterns.

Simulation Scenarios: Simulations were run for different
courtyard orientations identified by the ENVI-met analysis. The
cooling load was calculated for each scenario to assess the impact of

courtyard orientation on energy consumption.
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2.3.3 Calibration between ENVI-met and
IESve software

The combined use of ENVI-met and IESve software proved to be
exceptionally successful and useful in this study, offering a
comprehensive approach to optimizing courtyard orientations for
enhancing thermal comfort and reducing energy consumption in
school buildings. ENVI-met, with its sophisticated microclimate
modeling capabilities, allowed for detailed simulations of the school’s
outdoor environment, considering various orientations and their
impact on parameters such as air temperature, mean radiant
temperature, and Physiological Equivalent Temperature (PET). This
enabled the identification of the best and worst courtyard orientations
based on thermal comfort indicators. Complementing this, IESve
provided a robust platform for assessing the energy performance of
the school building under different courtyard configurations. By
simulating the cooling loads associated with each orientation, IESve
quantified the potential energy savings, thereby validating the
preferences identified by ENVI-met. The integration of results from
both tools offered a holistic understanding of the interplay between
microclimate conditions and energy efficiency, ensuring that the
proposed solutions were not only theoretically sound but also
practically viable. This dual-software approach underscored the
importance of leveraging advanced simulation technologies in
architectural and environmental research, demonstrating their
critical role in achieving sustainable design outcomes in hot arid
climates like that of the UAE.

2.4 Validation - field measurements versus
simulation for the school (S)

Despite the comprehensive simulations conducted by
researchers like Salameh et al. (2024) and Narimani et al. (2022),
this research took an additional step to validate the findings. Field
measurements for air temperature were meticulously carried out,
providing empirical data to substantiate the simulation results. This
approach underscores the commitment to precision and reliability
in evaluating the thermal performance of school buildings.

Air temperature readings were systematically collected at a local
school in Ajman, employing the S template design and subsequently
compared with simulations from ENVI-met software for validation
(as illustrated in Figure 4A). Measurements were conducted using an
Extech 45,170 m, a compact device with a large display for humidity,
temperature, and wind speed metrics, capable of measuring
temperatures within a range of -0 to 50°C and an accuracy
of +1.2°C (Extech.com, 2022).

The school’s digital model, reflecting the actual conditions on
September 21st, was created for the simulation. Data points were
strategically selected and readings taken at five distinct locations
within the school premises during operational hours from 7:00 a.m.
to 2:00 p.m. The simulation process was executed using ENVI-
met software.

Subsequent to the collection and simulation processes, a thorough
comparison was conducted between the empirical field measurements
and simulated data for air temperature (Figure 4b.c d.e.fg). Although
discrepancies were noted between the two datasets, a high correlation
with an R-square value of approximately 0.9 was observed, particularly
pointing out that points 4 and 5 recorded lower temperatures in both
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TABLE 2 Simulation data (Salameh et al.,, 2024).

The basic 3D model - data- established in ENVI-met

Location and climate Dubai-UAE - Hot arid climate

The main boundary model area x-Grids = 60, y-Grids = 60, z-Grids = 20

The cell size dx = 3m, dy = 3m, dz = 2m, this specific dimension was selected following multiple trials to optimize performance
Wind Direction is 315° from the North

Wind speed is 3.5 m/s

Roughness Length z at Reference Point [m] is | 0.01

Specific Humidity is 7.0 g Water/kg air

The simulation period The simulation ran for a full day, beginning at midnight on September 20th and concluding at midnight on September 21st, with
the same schedule applied for March 21st

Output interval main files 60 min

Relative humidity and initial temperature Atmosphere forced data

Average air temperature (T) and relative humidity (RH) Average air temperature (T) and relative humidity (RH) 21st

21st Sep March
Time T°C RH (%) Time T°C RH (%)
00:00 3575 64.25 00:00 21.00 76.67
01:00 3531 66.94 01:00 20.20 7733
02:00 34.88 69.63 02:00 19.40 78.00
03:00 34.44 72.31 03:00 18.60 78.67
04:00 34.00 75.00 04:00 17.80 79.33
05:00 34.88 69.63 05:00 17.00 80.00
06:00 3575 64.25 06:00 1833 78.89
07:00 36.63 58.88 07:00 19.67 77.78
08:00 37.50 53.5 08:00 21.00 76.67
09:00 38.38 48.13 09:00 2233 75.56
10:00 39.25 4275 10:00 23.67 7444
11:00 40.13 37.38 11:00 25.00 73.33
12:00 41.00 32.00 12:00 26.33 72.22
13:00 40.56 34.69 13:00 27.67 7111
14:00 40.13 37.38 14:00 29.00 70.00
15:00 39.69 40.06 15:00 2820 70.67
16:00 39.25 42.75 16:00 27.40 71.33
17:00 38.81 45.44 17:00 26.60 72.00
18:00 38.38 48.13 18:00 25.80 72.67
19:00 37.94 50.81 19:00 25.00 73.33
20:00 37.50 53.50 20:00 24.20 74.00
21:00 37.06 56.19 21:00 23.40 74.67
22:00 36.63 58.88 22:00 22.60 75.33
23:00 36.19 61.56 23:00 21.80 76.00
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TABLE 3 Construction materials in IESve (Salameh et al., 2024).

a-Construction materials for the walls

Material Thickness Conductivity Density Specific Heat Resistance Vapour Category

mm W/(m ek) Kg/m3 Capacity m2K/W Resistivity

J/(kgeK) GNes/(kgem)

Cement Plaster - $And 5.0 0.7200 1860.0 800.0 0.0069 140.000 Plaster
Aggregate
Expended Polystyrene 50.0 0.0350 25.0 1400.0 1.4286 200.000 Insulating Materials
Vermiculite Insulating Brick 200.0 0.2700 700.0 837.0 0.7407 38.000 Brick and Blockwork
Vernikmite Plastering 5.0 0.2000 720.0 837.0 0.0250 10.000 Plaster
B-Construction Materials For The Grounds In lesve

Material Thickness Conductivity Density Specific Heat Resistance Vapour Category
mm W/(m ek) Kg/m3 Capacity m2K/W Resistivity
J/(kgeK) GNes/(kgem)
Insulation 98.2 0.0250 700.0 1000.0 3.9280 Insulating Materials
Reinforced Concrete 100.0 2.3000 2,300.0 1000.0 0.0435 Concretes
Concrete Tiles 20.0 1.1000 2,100.0 837.0 0.0182 500.000 Tiles

C-Construction Materials For The Roofs

Material Thickness Conductivity Density Specific Heat Resistance Vapour Category
mm W/(m ek) Kg/m3 Capacity m2K/W Resistivity
J/(kgeK) GNes/(kgem)
Insulation 5.0 0.0300 40.0 1450.0 0.1667 - Insulating Materials
Membrane 0.1 1.0000 1100.0 1000.0 0.0001 - Asphalts & Other
Roofing

Concrete Deck 100.0 2.0000 2,400.0 1000.0 0.0500 - Concrete
Plasterboard 12.5 0.2100 700.0 1000.0 0.0595 0.000 Plaster
D-Construction Materials For The Openings

ateria e ond De pe ea Re 3 e apo atego

g apa Re
g O

Clear Float 6 mm 6.0 1.0600 Fresnel 0.780 0.0057 0.070 1.526
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a- The 5 receptor points on the real existing school (to the left ) and the 5 receptor points on the simulated model ( to
the right) for the school S.
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point 5 temperature for the 5 receptors.

FIGURE 4

Comparison between field measured and simulated air temperature for the 5 receptors for validation. (A) The 5 receptor points on the real existing
school (to the left) and the 5 receptor points on the simulated model (to the right) for the school, (B) Field measured and simulated air temperatures at
point 1, (C) Field measured and simulated air temperatures at point 2, (D) Field measured and simulated air temperatures at point 3, (E) Field measured and
simulated air temperatures at point 4, (F) Field measured and simulated air temperatures at point 5, (G) Average field measured and simulated air
temperature for the 5 receptors.
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the measured and simulated scenarios. The variation in data can be
attributed to ENVI-met’s limitations in factoring sky conditions like
cloud cover and its tendency to underestimate nocturnal temperatures
due to a lack of accounting for heat retention in building surfaces.
Furthermore, the measured temperatures were slightly elevated in
comparison to the simulation, likely due to the buildings’ surfaces
modifying solar radiation and emitting substantial long-wave radiation.
Timing differences in sequential measurements versus ENVI-met’s
hourly average temperature output also contributed to the observed
discrepancies.

2.5 Physiological equivalent
temperature (PET)

It is a recognized index for assessing outdoor thermal comfort.
This index integrates meteorological parameters with personal
factors to derive a temperature value that represents the thermal
sensation an individual would experience in an indoor environment
under similar conditions (A holistic microclimate model, 2024).

2.5.1 Process for Calculating PET

1- Meteorological Data Input: Collect and document the air
temperature, mean radiant temperature, wind speed, and
relative humidity of the outdoor environment.

2- Personal and Body Data Input: Include personal information
such as age, weight, height, gender, and body surface area.
Additionally, input clothing insulation values and metabolic rate.

3- Model Calculation: Use thermal comfort software, like RayMan
or ENVI-met, to simulate the body’s heat balance with the input
parameters. This involves solving energy balance equations that
consider heat exchange between the body and the environment
via conduction, convection, radiation, and evaporation.

4- Output PET Value: The model produces a PET value, indicating
the equivalent temperature felt under the specified conditions.

The main PET Calculation Parameters for the personal
settings include.

o Body Parameters:
- Age: 35 years
- Weight: 75 kg
- Height: 1.75 m
- Gender: Male

10.3389/fbuil.2024.1448743

- Body Surface Area: 1.91 m’ (using the DuBois formula)
(A holistic microclimate model, 2024).
« Clothing Parameters:
- Outdoor static insulation: 0.90 clo
- Indoor static insulation: 0.90 clo
o Metabolism:
- Total metabolic rate: 164.49 W (86.21 W/m?)
- Metabolic rate (met): 1.48 (A holistic microclimate model, 2024).

By inputting these parameters and relevant meteorological data
into a thermal comfort model, the PET value can be accurately
calculated to reflect outdoor thermal comfort conditions (A holistic
microclimate model, 2024). Based on that this research calculates the
PET values based on building orientation for case study of
school buildings.

3 Results and discussion

The study conducted simulations for the case study (S) on the
four main orientations (North, South, East, and West) of the school’s
courtyards on the dates of March 21st and September 21st with the
same original courtyards ratios and configuration of the basic model
(Figure 5). The simulations maintained consistent parameters like
location, building materials, and climate to investigate how different
orientations impact thermal performance and courtyard
temperatures. Various metrics were used to assess the effects on

microclimate and building thermodynamics, including.

1- Outdoor air temperature distribution around the school (S)
and in the courtyards - ENVI-met software

2- The average mass temperature of the building (Tm)- ENVI-
met software

3- The Physiological Equivalent Temperature (PET) for thermal
comfort- ENVI-met software

4- The cooling sensible load during school hours IESve

3.1 Outdoor air temperature distribution
around the school (S) and in the courtyards -
ENVI-met software

Table 4 presents the air temperature distribution at a height of
1.4 m, aligning with the average height of students, captured at 10 a.m.

FIGURE 5
The case study (S) in the four main orientations.
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TABLE 4 Outdoor air temperature distribution around the school (S) and within the courtyards.

S21sepN 1 | S21sepE 4

21 ST
September

2157 March

S21sepS 1

S21sepW 1

below 31.40 °C

31.40 to 31.60 °C
31.60 to 31.80 °C
31.80 to 32.00 °C
32.00 to 32.20 °C
32.20 to 32.40 °C
32.40 to 32.60 °C
32.60 to 32.80 °C
32.80 to 33.00 °C
above 33.00 °C

ENNCOCONOm

>
o
%
H

below 26.40 °C

26.40 to 26.60 °C
26.60 to 26.80 °C
26.80 to 27.00 °C
27.00 to 27.20 °C
27.20 to 27.40 °C
2740 to 27.60 °C
27.60 to 27.80 °C
27.80 to 28.00 °C
above 28.00 °C

JEROCONEN

on the simulation dates. This specific time reflects the students’ break
period. The temperature variations around the school’s periphery and
within its largest courtyard, with an area of 954 m2, are evident across all
orientations. The North-facing orientation (S) notably displayed a more
favorable air temperature distribution. Although differences were slight,
the lower temperature range observed, particularly at 31.60°C in the
courtyard’s lower right corner, suggests a more conducive environment
for student activities. This cooler boundary air temperature could
potentially reduce heat transmission through the building’s walls,
aiding in maintaining a lower average mass temperature (Tm). On
March 21st, the differences were minimal; however, the North
orientation’s courtyard showed pockets of lower temperatures
around 264°C, enhancing comfort for outdoor activities. The
courtyard temperatures in all orientations were within the desired
comfort zone, below 27°C, favorable for the students’ leisure and
socialization.

Moreover, the data indicates that the courtyard’s microclimate was
cooler compared to the overall outdoor conditions simulated. As on the
21st of September at 10 a.m., the courtyard’s microclimate, in the best
scenario facing north, showed temperatures ranging from 31.6°C to
32.2°C, slightly cooler than the external simulated temperature of
32.91°C. On the 21st of March, at the same time, the courtyard’s
microclimate was even more notably cooler, with temperatures between
26.4°C and 27.0°C, compared to the outside temperature of 28.3°C. The
courtyard consistently presented a cooler environment, with
temperature reductions of up to 1.31°C in September and up to
1.9°C in March compared to the surrounding areas. This reduction
emphasizes the courtyard’s effectiveness in mitigating heat, thereby
contributing to a more temperate and comfortable microclimate.

3.2 Orientation and average mass
temperature of the building (Tm)- ENVI-
met software

ENVI-met software calculated the average mass temperature of
the building (Tm), based on factoring in the energy balance and

Frontiers in Built Environment

thermal exchanges between the outdoor temperature affected by the
courtyard’s design and the building’s external wall temperature (T1).
This includes heat transfer from the external walls (T1) to the
internal air (T2) and the temperature of the internal walls (T3).
These dynamics are crucial for determining the overall indoor
temperature and result in an accurate measurement of the
building’s average mass temperature (Tm) (Huttner, 2012) as
shown in Figure 6. Monitoring the average building temperature
is crucial for evaluating the effectiveness of courtyard modifications
on the building’s microclimate throughout various stages of the
research until an optimal courtyard configuration is determined.
This method is supported by multiple studies, including those by
Forouzandeh (2018), Salameh et al. (2023b), Salameh, and Tougan
(2022), Salameh, and Tougan (2023a).

After the simulation was conducted the results illustrated that
the effect of school building orientation appears on Tm within the
schooling time. The bar graph (Figure 7) indicates the average mass
temperature (Tm) of a school building at different times throughout
the day, based on the orientation of the building. From Figure 7A for
the 21st of September, it is observed that the largest differences in
Tm across the four orientations occur during the early afternoon

outside inside

FIGURE 6
ENVI-met three node wall model (Huttner, 2012).
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FIGURE 7

Hourly Tm for S case study on both dates of simulation. (A) Hourly Tm for school S 21st September within schooling time in the four orientations.
(B) Hourly Tm for School S 21st March within schooling time in the four orientations.

hours, specifically around 1:00 PM. On this date, the warmest
temperatures are recorded in the South orientation, while the
coolest are in the North orientation, suggesting that the
building’s orientation influenced the microclimates for each case
thus the masses temperature during the peak heat hours of the day.

In Figure 7B for the 21st of March, a similar trend is evident,
with the largest temperature variances appearing in the early
afternoon, around 1:00 p.m. as well. The temperature ranges are
narrower compared to September, reflecting the generally milder
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conditions of March. The data from both graphs could suggest that
during the critical hours when the sun is at its highest and
temperatures peak, the orientation of the school significantly
affects the internal mass temperature, with the North orientation
generally yielding a cooler internal environment. That can be
concluded by the following.

o North Orientation: With the thickest mass to the south and
prevailing northwest winds, the northern side remains shaded
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Average hourly Tm for School (S) within schooling time in the four orientations.

and cooler. The mass shields against heat, leading to a
comparatively lower Tm during the day. It is important to
note that the courtyard was rectangular, with its long axis
oriented west-east.

« South Orientation: The northern mass acts like shield against
the hot north west wind, beside that the southern smaller
closed courtyard protected the main closed courtyard from the
intense southern sun. However, it might trap warm air,
possibly elevating Tm slightly more than the north
orientation.

East Orientation: Mornings will likely see a quick rise in Tm as
the sun hits the eastern mass. This heat is absorbed and
radiated, potentially leading to higher Tm earlier in the
day, while the southern semi opened courtyards of the
building are exposed to the direct sun radiation which
increase the Tm. Finally the north and west sides are
formed by thinner masses that hit directly by the hot north
west wind, all of these factors raised the Tm to the east
orientation.

o West Orientation: During the afternoon hours, the western
side of the building experiences a marked increase in
temperature as it bears the brunt of the afternoon sun,
leading to the absorption of heat by the western facade.
This absorption significantly elevates the Tm later in the
day. the
courtyards also contribute to the heat increase, as they

Moreover, smaller, semi-enclosed southern

capture and retain heat from the direct southern sunlight.

The symmetry of the school around the main courtyard with
semi-enclosed courtyards on the east and west allows for heat
absorption in these areas. Depending on the time of day,
different orientations experienced varying levels of sunlight
and heat gain. Morning sun heated the eastern courtyards,
affecting the nearby building mass, while afternoon sun
impacted the western side more significantly. This dynamic
can explain the variations in Tm throughout the day for
different orientations.
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As illustrated in Figure 8, the depicted average hourly Tm for the
School (S) across different orientations on September 21st highlights
the North direction as yielding the lowest Tm at approximately
29.36°C during school hours, outperforming the West orientation by
0.39°C. This discrepancy is attributed to variations in solar exposure
on the building’s exterior and the influence of wind patterns relative
to the building’s alignment. On March 21st, the trend persists with
the North orientation maintaining the lowest Tm, at about 25.13°C,
again surpassing the West by 0.45°C. The superior thermal
performance of the North orientation in both instances is linked
to reduced solar radiation on the courtyard grounds when aligned
East-West, corroborating findings from previous studies which
suggest that an East-West courtyard alignment is conducive to
minimizing solar gain.

3.3 The Physiological equivalent
temperature (PET) for thermal comfort-
ENVI-met software

The Physiological Equivalent Temperature (PET), which is
crucial for appraising thermal comfort in outdoor settings, was
employed as a key indicator in this study (Mundra and Kannamma,
2020; Ren et al., 2023). PET serves as a comparative measure to
deduce the equivalent environmental temperature at which the body
would maintain thermal equilibrium, as if it were subjected to
indoor conditions, thus reflecting the thermal sensation one
would experience outdoors (Ulu, 2023). Derived from the
Munich energy balance model for individuals (MEMI), PET
incorporates constant factors like activity levels, clothing
insulation, and established indoor climate variables to calculate
and express the thermal conditions of the body in the form of
PET values. These calculations typically assume a metabolic rate of
80 W and clothing insulation valued at 0.9 clo (Hoppe, 1999;
Matzarakis, 2008). A PET index value of 30°C is considered the
upper threshold of comfort in subtropical climates as UAE, as

indicated by Mouada et al. (2019).
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TABLE 5 PET readings for the school S in the four orientations on the 21st of September.
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The main courtyard in the School (S) under study in the UAE is
designed as a rectangle and, depending on the orientation, lies either
in an east-west or north-south axis, with one side bordered by a
substantial building mass. During the analysis, PET measurements
were taken at 10 a.m., which coincides with the students’ break time,
and were recorded for the school’s courtyard across all four principal
orientations. On September 21st, the results demonstrated that the
north-oriented School (S), with its courtyard aligned east-west,
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achieved the most favorable PET levels despite the values being
high on the PET scale (Table 5).

Specifically, the histograms representing the north-oriented
school’s courtyard on September 21st showed the highest PET
reading peaking at 58.5°C, affecting 2% of the courtyard, and the
lowest at 42.5°C, covering about 4%. The most prevalent PET value
was 53.5°C, spanning 40% of the area. In comparison, the east-
oriented school’s courtyard, where the bulk of the building mass is
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TABLE 6 PET readings for the school S in the four orientations on the 21st of March.

PET-School (S) PET- Main courtyard PET- histogram 10 am -Main courtyard
PET- & i
S21Mar 5
N .
% o . % @ % % s
‘c
PET-
S21 Mar
E i 8
u 3 L. Bl % s
‘c
PET- :
S21 Mar Ij
S
.
Lafh .
# ® B W0 2 # % s * ® M
c
PET- B
S21 Mar :
W :
4% & £l % 5
‘c
PET* PET*
I below 34.50 °C I below 34.50 °C
I 34.50 to 37.00 °C B 34.50 to 37.00 °C
I 37.00 to 39.50 °C [ 37.00 to 39.50 °C
[ 39.50 to 42.00 °C I 39.50 to 42.00 °C
[ 42.00 to 44.50 :C [ 42.00 to 44.50 °C
[ 44.50t047.00 °c [ 44.50t047.00 °C
[ 47.00 to 49.50 = [ 47.00 to 49.50 °C
B 49.50 to 52.00 < B 49.50 to 52.00 °C
B 52.00 to ASDIAC I 52.00 to 54.50 °C
[ above 54.50 °C [ =bove 54.50 °C

situated to the east, recorded a maximum PET of 59.5°C (1%) and a
minimum of 42.5°C (4.5%), with a dominant PET value of 53.5°C
covering 45% of the area. Although the south-oriented school
with PET of 42.0°C, the
53.5°C, of the

showed some areas readings

predominant value was occupying  48%
courtyard space.

On March 21st as in Table 6, the north orientation continued to
showcase the best PET readings, with the highest value at 57.5°C

(1%) and the lowest at 36.0°C (4%), while the predominant PET
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reading was 49.0°C, covering 13% of the courtyard. Conversely, the
east orientation presented a highest PET of 57.5°C (1%) and a lowest
of 37.5°C (2%), with the most common reading being 53.5°C,
affecting 16% of the courtyard. Similarly, the south orientation’s
dominant PET value was 53.5°C, spanning 48% of the courtyard,
despite some lower readings.

These findings elucidate how courtyard orientation can
substantially enhance thermal comfort, an aspect critically
pertinent to school environments where outdoor break times are
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routine. It is evident that even with identical design, materials, and
layout, altering the orientation of the building and courtyards has a
notable effect on the thermal comfort levels within these spaces.
In conclusion, the research underscores the significance of
optimizing courtyard orientation during the design phase to
promote thermal comfort. These insights align with and reinforce
the scholarly consensus that the strategic design of outdoor
thus
augmenting comfort and supporting the educational process
(Hoppe, 1999; Matzarakis A and B, 2008). This substantiates the
notion that, despite uniformity in design and materials, the mere

environments can foster beneficial microclimates,

alteration of orientation can manifest in palpable differences in
thermal comfort, substantiating the pivotal role of orientation in
architectural planning for educational facilities.

3.4 Energy consumption and orientation

The simulation of energy consumption in IESve software
focused on two specific dates: September 21st and March 21st,
aligning with the ENVI-met simulations to ensure consistency in
microclimatic data resulting from changes in building orientation.
These dates were selected due to their distinct environmental
conditions, which influence the thermal performance of the
building’s design and orientation. The energy consumption
calculations for cooling were based on the assumption that the
school buildings were only occupied during school hours, from 7:
00 a.m. to 2:00 PM. This operational timeframe was programmed
into the IESve software to reflect daily usage patterns. The air
conditioning system was set to maintain a comfortable indoor
temperature of 23°C throughout this period, a set point that El-
Deeb, Sherif & El-Zafarany (2014) also utilized in their comparative
studies of energy consumption in buildings with and without
courtyards.

To accurately simulate internal heat gains within the school
buildings, two primary heat sources were considered: fluorescent
lighting and student occupancy. The student population was
estimated based on the capacity of the classrooms, which
typically accommodate 20-30 students, with an average set at
25 students per classroom. For instance, the (S) school, with
24 classrooms, supports around 600 students. These figures were
integral to determining the energy calculations related to occupant-
induced heat gains.

Upon transitioning the models into the IESve environment,
meticulous attention was paid to the uniformity of the building
materials used for walls, roofs, grounds, and openings, as detailed in
(previous table 3). This consistency was crucial to ensuring that
variables such as material thickness and U-values remained constant
across all simulation scenarios, allowing for a precise evaluation of
the impact of orientation on energy consumption.

In the context of optimizing the cooling sensible load for the
investigated school (S), the orientation of the building plays a pivotal
role in thermal management. The west-facing orientation, which
exhibits the least favorable thermal performance, recorded an
average mass temperature (Tm) of 29.75°C on September 21st
and 25.58°C on March 2Ist. In contrast, the north-facing
orientation, identified as the most effective for reducing thermal
load, demonstrated lower Tm values of 29.36°C in September and
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25.13°C in March. This orientation reduces the average Tm by
approximately 0.39°C in September and 0.45°C in March when
compared to the west-facing setup.

These temperature discrepancies underscore the significant
impact of building orientation on the internal thermal conditions
of school environments, with the north orientation yielding cooler
conditions due to more favorable solar exposure and airflow
dynamics. This strategic orientation directly influences the
school’s energy efficiency, particularly in terms of cooling loads.

Simulation results further confirm that adjusting the orientation
of the school’s courtyards significantly influences cooling demands
on critical dates—September 21st and March 21st. For instance, on
September 21st as in Figure 9A, the hourly cooling plant sensible
load for the school oriented to the west (the least favorable scenario)
was observed to decrease between 1% and 4% throughout the school
day. Specifically, at 12:30 p.m., the cooling load for the west-oriented
school was approximately 151.53W/m?, compared to a reduced load
of 148.5 W/m” for the north-oriented school. Similarly, on March
21st as in Figure 9B, cooling load reductions ranged from 1% to 3%
during school hours, illustrating a consistent decrease in energy
demand for the north orientation.

Moreover, daily simulations highlighted a notable improvement
in energy consumption based on the courtyard’s orientation. On
September 21st, the respective Figure 9C were 780.04229 Wh/m” for
the north and 798.72 Wh/m> for the west. This reduction
underscores the benefits of selecting an optimal orientation
without any modifications to the courtyard design. While on
March 21st, the daily cooling plant sensible load for the north
orientation was only about 279.7691 Wh/m?, significantly lower
than the 283.98 Wh/m? for the west orientation (Figure 9D).

The alignment of courtyards to the most suitable orientation is
crucial to minimize hot air ingress and heat gain, enhancing the
school’s overall energy efficiency. This strategic orientation not only
reduces the cooling load but also delays the onset of air conditioning
use, further contributing to energy savings. Such findings justify the
necessity of considering building courtyards orientation during the
design phase to optimize thermal comfort and energy efficiency in
school settings.

3.5 Benefits and strategies for optimizing
school courtyard design for enhanced
thermal comfort and energy efficiency

3.5.1 Recommendations for retrofitting future and
existing schools

For new school buildings in the future, it is recommended to
orient the main courtyard to be rectangular with its long axis
oriented west-east and the thickest mass positioned to the south.
This configuration protects the courtyard from the intense southern
sun, thereby enhancing thermal comfort and reducing energy
consumption.

For existing schools, altering the orientation is challenging
because demolishing and rebuilding them is not a sustainable
option, thus retrofitting efforts should focus on integrating
passive design strategies. These can include the addition of
greenery or shading devices to minimize solar gain and create a
cooler microclimate. For example, planting trees or installing green
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walls along the south and west facades can provide natural shade and
reduce the heat absorbed by the building. Moreover, incorporating
shading structures such as pergolas or canopies over the courtyards
can further mitigate direct solar radiation, thereby lowering the
temperature within these spaces. Retrofitting with reflective or
insulated materials on building exteriors, particularly on walls
exposed to the most sunlight, can also significantly improve
thermal performance. These strategies, based on the study’s
findings, can help enhance energy efficiency and thermal comfort
in existing school buildings.

3.5.2 Improving national standard assumptions

The findings from this study can significantly inform and
improve national standard assumptions for building design and
energy calculations in hot arid regions. The research demonstrated
that the north orientation, with the courtyard’s long axis oriented
west-east and the thickest mass to the south, was the most effective
in enhancing thermal comfort and reducing energy consumption.
This configuration protected the courtyard from the harsh southern
sun while optimizing airflow and shading.
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National standards can integrate these insights to refine
the
importance of courtyard orientation in architectural planning can
ensure that buildings are designed to maximize energy efficiency and
thermal comfort. Additionally, the study’s use of ENVI-met and
IESve for
simulations can be adopted as a best practice for evaluating and

guidelines for school building designs. Emphasizing

detailed microclimate and energy performance
optimizing building designs. This approach can help policymakers
develop standards that promote sustainable and comfortable
educational environments, aligning with broader sustainability
goals for similar climatic regions.

3.5.3 Impact and benefits for various stakeholders
The research offers significant benefits and impacts for various
stakeholders.

o Researchers: This study provides a detailed methodology for
using ENVI-met and IESve simulations to assess the impact of
courtyard orientation on thermal performance. The insights
gained can be used to explore similar studies in different
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climatic conditions and building types, advancing the field of
sustainable architectural design.

Practitioners (Architects and Engineers): The findings
highlight the importance of designing courtyards with their
long axis oriented west-east and the thickest mass to the south.
Practitioners can use these insights to create more energy-
efficient and comfortable school buildings. Incorporating
passive design strategies, such as greenery and shading, can
further enhance the thermal performance of new and existing
structures.

Policymakers: The study underscores the importance of
courtyard orientation and other passive design strategies in
improving energy efficiency and thermal comfort.
Policymakers can leverage these findings to update building
codes and standards, ensuring that new school designs
optimize these factors. This approach can lead to significant
energy savings and improved learning environments, aligning

with national sustainability objectives.

Building Occupants (Students and Staff): Implementing these
recommendations can lead to more comfortable and

conducive learning environments. The north-oriented
courtyards, with their optimized microclimates, provide
cooler spaces for outdoor activities and reduce the need for
air conditioning. This can enhance students’ and staff’s
productivity, better

wellbeing  and supporting

educational outcomes.

Opverall, the research highlights the critical role of thoughtful
design in achieving sustainable and comfortable built environments.
By integrating these findings into practice, stakeholders can make
informed ~ decisions that benefit the environment and
the community.

4 Conclusion

In this study, the effects of building orientation on temperature,
microclimate conditions, and comfort levels within school
courtyards were thoroughly investigated using a case study of
public schools in the UAE. Field studies, advanced simulation
tools (ENVI-met and IES-ve), and quantitative analyses were
integrated to explore the impacts of different orientations. A
literature review underscored the significant energy demands of
schools, particularly in hot climates, emphasizing the need for
sustainable design strategies. The research notably addressed a
critical gap regarding the
orientation on school buildings.

specific influence of courtyard

Air temperature measurements taken at 1.4 m, approximating
the average height of students, revealed temperature variances
around the school’s perimeter and within its largest courtyard of
954 m> Notably, the courtyard’s microclimate consistently
registered cooler than the surrounding outdoor conditions. On
September 21st, North-facing courtyard temperatures ranged
from 31.6°C to 32.2°C, marginally cooler than the outdoor
temperature of 32.91°C. On March 21st, these temperatures were
between 26.4°C and 27.0°C, compared to an outdoor temperature of
28.3°C, demonstrating reductions of up to 1.31°C and 1.9°C,
respectively.
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The study showed the North orientation yielding the lowest
average mass temperature (Tm), at approximately 29.36°C during
school hours on September 21st, bettering the West orientation by
0.39°C. This trend continued on March 21st, with the North
orientation maintaining the lowest Tm at about 25.13°C,
outperforming the West by 0.45°C. The superior thermal
performance of the North orientation is attributed to reduced
solar radiation on the courtyard grounds when aligned East-West.

Physiological Equivalent Temperature (PET) readings, crucial
for assessing thermal comfort in outdoor settings, underscored this
orientation’s effectiveness. The maximum PET reading decreased by
1.0°C on September 21st, with the north orientation showing better
values relative to the east direction as the North-oriented school’s
courtyard displayed the highest PET of 58.5 and the lowest of 42.5,
with the most common value at 53.5, covering 40% of the courtyard.
On March 21st, the best readings from the north-oriented courtyard
were reduced by 1.5°C, and the dominant PET reading showed a
decrease of 4.5°C compared to the east orientation, as the North
orientation again showed the best PET values, with the highest at
57.5 and the lowest at 36, and the predominant value at 49 covering
13% of the courtyard area.

The orientation of the school’s courtyards significantly
influenced cooling demands. On September 21st, the cooling load
for the school oriented to the West was observed to decrease by 1%-
4% throughout the day. On this date, the hourly cooling plant
sensible load for the West-oriented school at 12:30 p.m. was about
151.53W/m? compared to 148.5 W/m> for the North-oriented
school. On March 21st, cooling load reductions ranged from 1%
to 3%, with the daily cooling plant sensible load for the North
orientation notably lower at 279.7691 Wh/m> compared to
283.98 Wh/m” for the West orientation.

This study validates the strategic importance of courtyard
orientation during the design phase to optimize thermal comfort and
energy efficiency. The alignment of courtyards to minimize hot air
ingress and heat gain enhances the overall energy efficiency of schools,
reducing cooling loads and delaying the activation of air conditioning
systems, thus contributing to substantial energy savings. These findings
offer essential insights for architects, educators, and policymakers
involved in school design in hot climates, with broader applications
for similar climates worldwide. This comprehensive approach provides a
robust framework for future research aimed at enhancing sustainable
practices in school design.

5 Limitations and recommendations

The methodology of this study, though thorough, exhibits certain
limitations that are important to consider. Primarily, the research was
confined to a specific type of public ministry school design, which may
not reflect the diversity of educational architectures. Additionally, the
study focused exclusively on the hot arid climate, which may not
represent other climatic conditions. To address these limitations and
enhance the study’s applicability, future research should include a
broader variety of school designs and incorporate empirical data
from multiple geographic locations. Furthermore, it is recommended
to investigate energy consumption based on the orientation for other
types of school buildings. While initial studies have explored the
orientation’s impact on the microclimate, they have not yet
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examined its effect on energy consumption, which will undoubtedly
guide future research directions.
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