Aswan University Journal of Science and Technology Volume 5, issue 1, March 2025

Quantifying the Influence of Building Rear Setbacks Geometry on Thermal and

Energy Performance of Residential Buildings in Hot Arid Regions

Asmaa Omar ?, Ayman Ragab **

2 Department of Architecture Engineering, Faculty of Engineering, Aswan University, Aswan, Egypt.

Abstract

This study investigates the impact of the aspect ratio of rear setbacks on the microclimate
and energy performance of adjacent residential buildings in Aswan, Egypt's hot, arid
climate. The research employs a two-phase methodology, combining field measurements
and computational simulations using ENVI-met and Design Builder. The study examines
how different aspect ratios (1.5, 1.87, and 2.25) influence local microclimatic conditions in
the rear setback zones and adjacent indoor spaces. The findings reveal that higher height-
to-width ratios reduce solar exposure, improving thermal comfort within the setback areas.
Middle floors particularly benefit from enhanced natural ventilation and lower
temperatures as the aspect ratio increases, with the second floor showing the greatest
temperature reduction of 4.5°C between indoor and outdoor spaces. Conversely, lower
floors face higher temperatures due to increased ground radiation, heat accumulation, and
limited airflow, especially in regions with high solar angles. Regarding energy performance,
increasing the setback ratio has a different effect on each floor level. Lower floors
experience higher energy consumption due to greater heat buildup, while middle floors
benefit from reduced energy demand because of improved ventilation. However, upper
floors face greater solar exposure, increasing cooling needs and energy use. These findings
highlight the importance of considering urban architectural elements in building design to
optimize thermal comfort and energy efficiency, underscoring the connection between
external microclimates and indoor energy consumption.
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Abbreviations:

Name Abbriviation Name Abbriviation
Air temperature Ta Universal Thermal Climate Index uTcCl
Operative temperature To physiologically equivalent temperature PET
Relative humidity RH Mean radiant temperature Tmrt
Predicted Mean Vote PMV Sky view factor SVF
Outdoor thermal OTC Urban Heat Island UHI
comfort
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Introduction

The energy problem has many faces. Many countries feel it is vital to their national security to
have access to clean, affordable energy that is linked to their economic prosperity. Globally,
buildings are responsible for approximately 40% of the world's annual energy consumption. Most
of this energy is used for lighting, heating, cooling, and air conditioning [1]. Energy is becoming
increasingly important globally. Despite growing demand in developing countries, developed
countries still consume large amounts of energy [2]. Growing populations and improvements in
living conditions in many developing countries will increase energy demand. Energy consumption is
highest in the most populous countries [3, 4]. On the local level, energy consumption in buildings
has been receiving increasing attention in Egypt since the repeated nationwide power outages in
2012 [5, 6]. In addition, it represents more than 42% of energy consumption in Egypt [7]. Energy
consumption in residential buildings in Egypt has increased significantly as people's demand for daily
thermal comfort continues to grow.

In this context, it is essential to understand the various factors that influence the energy required
for cooling in buildings. These factors can be broadly categorized into two primary categories. The
first category encompasses the direct factors that influence the energy consumption for heating and
cooling in buildings, such as building orientation [8], building shape [9], and the building envelope
[10-13]. These factors have been extensively studied across various climatic regions [14]. The second
category includes the indirect factors that affect building energy demand, such as the impact of
urban microclimate. Urban geometry characteristics, such as sky view factor (SVF) [15], street
orientation [16], shading [17], and aspect ratio [18, 19], are among the most important factors in
this category. However, there is some ambiguity in this area, as previous research has primarily
focused on the direct effects of the factors in the first category on building energy consumption
[20].

Moreover, addressing thermal comfort is essential for understanding energy consumption in
buildings. The thermal comfort of buildings is a fundamental objective in architectural design. The
thermal environment significantly influences the consumption of cooling energy, particularly in
warm climates, where achieving thermal comfort represents a substantial portion of a building's
overall energy use [21]. The thermal comfort of residential buildings has a significant impact on the
emotional and physical state of residents. For example, high temperatures or excessive heat in your
home can cause various problems (sweating, fatigue, and skin irritations). Therefore, care should be
taken to ensure an acceptable and comfortable indoor climate to improve the occupants' mood,
health, and well-being [22].

Many indices measure external thermal comfort. The Universal Thermal Climate Index (UTCI) is a
thermal comfort index that considers factors such as air temperature, humidity, wind, radiation, and
clothing to describe how the human body experiences ambient conditions. It is used as a measure
of thermal comfort for outdoor conditions [23]. PET serves as an index of the human perception of
temperature in different environments. PET is defined as the temperature that, in a reference
environment, has the same thermal balance and skin and core temperatures as the given
environment [24]. The Predicted Mean Vote (PMV), introduced by Fanger in 1970 and standardized
in 1ISO 7730 (I1SO 1994), is widely recognized as the predominant index for assessing thermal comfort
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in moderate indoor environments. This index is a valuable tool for evaluating and quantifying the
level of thermal comfort experienced by individuals in such settings [25]. The operative temperature
(To) is a key concept in thermal comfort that represents the uniform temperature within a
hypothetical, perfectly black enclosure (i.e., one that absorbs all radiant energy) in which an
occupant would experience the same thermal exchange through both radiation and convection as
they would in the actual environment. In other words, it is an averaged measure that accounts for
the combined effects of air temperature and mean radiant temperature on human comfort,
reflecting the heat transferred between the occupant and their surroundings [26].

Literature review

The aspect ratio (H/W) significantly influences thermal comfort and energy consumption in
buildings by affecting natural ventilation, light distribution, and sun exposure. Research indicates
that optimizing H/W can enhance thermal efficiency across various climates. Abdulsalam and
Hussien [18] investigate the impact of aspect ratio on outdoor thermal comfort in a hot
environment, focusing on a campus in Cairo, Egypt. Using simulation models, the research shows
that an aspect ratio of 3 significantly improves thermal comfort, reducing the Mean Thermal
Sensation Vote (MTSV) from 2.7 to 1.4 due to enhanced shading effects. The findings suggest that
increasing aspect ratios and implementing additional shading strategies effectively improve outdoor
thermal conditions. Abd Elraouf et al. [27] aimed to investigate the impact of urban geometry on
outdoor thermal comfort in a hot-humid climate, specifically focusing on the aspect ratio H/W in
Port Said, Egypt. The ENVI-met simulation model was used to simulate environmental parameters
and Rayman was utilized to convert data into physiologically equivalent temperature PET. The
results showed that an H/W of 2.5 was the most appropriate urban geometry for enhanced thermal
comfort in the hot-humid climate of Port Said, Egypt. The findings further indicate that aspect ratio
is the most effective factor in enhancing thermal comfort, with street orientation and building
typologies also playing significant roles.

Setaih [28] evaluated the effects of multiple asymmetrical street aspect ratios on urban
pedestrian microclimate and outdoor thermal comfort conditions in Madinah, Saudi Arabia. The
findings indicate that a leeward gradual increase in multiple asymmetrical aspect ratios of 1— 1.3—
2.3 reduces the air temperature by 3.43 K and increases wind velocity by 169.2% (i.e., from 0.65m/s
to 1.75m/s), which is recommended for enhancing urban pedestrian microclimates in low wind
speed environments. A small increase in wind speed significantly improves pedestrian thermal
comfort conditions, with an average measurement difference of 4.8°C in PET temperature.
Nasrollahi et al. [29] investigate the impact of urban geometry and shading on pedestrians' thermal
comfort in Ahvaz, Iran, a hot climate region. It uses micrometeorological measurements,
guestionnaire surveys, and simulations to analyze the role of urban canyons, orientation, aspect
ratio, and shading on PET and mean radiant temperature (Tmrt). The aspect ratio of canyons also
affects thermal comfort, with a reduction in aspect ratio leading to an increase in PET.

Abdollahzadeh and Nastaran [30] evaluate the thermal performance of streets in residential
zones of Liverpool, NSW, Australia, and aim to improve their comfort index by investigating urban
design factors affecting outdoor thermal comfort (OTC) using computational simulation techniques.
The findings reveal that street canyon orientation and aspect ratio are the most influential factors
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on OTC, with street canyon orientation having the highest impact. The aspect ratio has a significant
impact on OTC, accounting for 30.59% of the thermal performance of streets. Bakarman [31] found
that the aspect ratios have a stabilizing effect on outdoor thermal comfort, benefiting courtyards in
warm climates more than in winter, concluding that the exposure of urban surfaces to solar
radiation is a function of the H/W ratio and orientation of the canyon. These factors play a dominant
role in determining the quantity of incoming solar radiation received by the canyon's horizontal and
vertical surfaces, thus affecting the ambient air temperature and surface temperature inside the
canyon. The study shows that the H/W ratio is an influential factor that contributes to the formation
of the Urban Heat Island (UHI) phenomenon, which causes outdoor thermal discomfort in hot-arid
climatic zones. The results of the study can be used to inform urban planning and design strategies
to mitigate the UHI effect in hot-arid cities.

Jihad and Tabhiri [32] highlight the significance of outdoor thermal conditions in urban design,
particularly in Morocco, where both indoor and outdoor environments impact comfort levels. The
study presents specific numerical results for aspect ratio in three Moroccan climatic zones: In
Errachidia, the optimal aspect ratio is less than 1.2; in Agadir, the recommended aspect ratio is
between 2.5 and 3.4; and in Fez, a suitable aspect ratio falls between 1.2 and 1.9. The research also
suggests that higher aspect ratio canyons can still achieve comfortable climates if they incorporate
historically thick walls with high thermal capacity to mitigate heat effects. Ali and Mayer [33]
evaluate street design, particularly aspect ratio and solar orientation, which influence pedestrian
thermal comfort in hot and dry climates, using a three-dimensional model to assess comfort via the
PET. The results indicate that increasing the aspect ratio generally enhances thermal comfort, but
this improvement is limited, especially for E-W-oriented streets, where even high aspect ratios still
result in PET values above comfort levels. In contrast, N-S-oriented streets experience less heat
stress. Notably, streets with an aspect ratio of 4 can reach maximum PET values of approximately
54°C, highlighting extreme discomfort.

Cui et al. [34] examine the impact of street design on the Urban Heat Island (UHI) effect and
energy consumption, using Harbin as a case study. It highlights the influence of street ratios and
vegetation on urban temperatures and energy use, emphasizing the role of street design in urban
heat management. The study revealed that areas with higher street aspect ratios (greater than 1:1)
experienced temperature increases of up to 3°C compared to areas with lower aspect ratios (less
than 1:1). Additionally, energy consumption for cooling in these high aspect ratio areas was
approximately 15% higher than in areas with more balanced street designs. Rao et al. [35]
emphasize the importance of analyzing urban geometry impacts across diverse climate zones,
particularly in countries like China, to develop effective climate adaptation policies. The study
reveals that aspect ratio (H/W) significantly affects thermal comfort, especially in high-latitude
cities. For example, Harbin experiences a maximum PET difference of 8.62°C due to H/W, Urumqi
shows a 4.37°C difference, Xining 3.29°C, Xi’'an 1.29°C, Kunming 0.76°C, Changsha 0.61°C, and
Guangzhou 0.63°C. These findings suggest that higher H/W ratios should be adopted in high-latitude
cities for better thermal comfort, while cities below 30° latitude may not need to prioritize H/W
impacts.
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The existing literature emphasizes the critical role of urban geometry and design in influencing
thermal comfort and energy consumption in various climates. Despite the existing body of research
on thermal comfort and energy efficiency, there remains a significant gap in understanding how
specific architectural elements, particularly rear setbacks, influence these factors in hot, arid
climates such as Aswan. This study aims to address the lack of research on the impact of rear
setbacks on thermal comfort and energy performance in hot, arid regions like Aswan. Egyptian Law
No. 119 of 2008, commonly called the Unified Building Law, exclusively governs planning and
construction activities in Egypt. This legislation and its accompanying executive regulations
incorporate various provisions about setbacks delineated using distinct terms and definitions.
Specifically, setbacks are categorized into three types: frontal setback, side setback, and rear
setback, each denoting the prescribed distance between the property line and the construction line
in all spatial orientations [36]. Many studies have investigated how the street width ratio to building
height and the dimensions of other urban spaces impact thermal comfort in the street [30, 34, 37,
38]. There is a significant research gap concerning thermal comfort within rear setbacks and their
influence on indoor thermal comfort. Most existing studies have focused primarily on street ratios,
with limited attention given to the minimum ratios achievable in setback areas. Additionally, these
studies often concentrate solely on the impact of outdoor microclimate on the first floor, neglecting
the effects on other floors of the building. So, this study seeks to examin the accuret microclimate
conditions for each floor that affect the adjacent spaces and residential units in terms of thermal
and energy performance. The main objective of this study is to enhance thermal comfort in rear
setback areas while improving indoor thermal conditions and energy efficiency for buildings
adjacent to these spaces, especially in hot climates like that of Aswan City.

Materials and Methods
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Figure 1. The general study framework.

In more detail, the initial phase of the study involved a comprehensive analysis of the impact of
aspect ratio on external thermal performance within the rear setback across three cases: C1, C2,
and C3, with aspect ratio values of 1.5, 1.87, and 2.25, respectively. To accomplish this, an
experimental approach was adopted, involving field measurements of air temperature and relative
humidity. Additionally, numerical simulations of the urban microclimate within the rear setbacks
were carried out using ENVI-met V5.5.1 software. ENVI-met is a widely utilized computational fluid
dynamics (CFD) modeling software that offers a user-friendly interface and is commonly employed
by various stakeholders and researchers in disciplines related to the urban environment, such as
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urban planning, landscape architecture, civil engineering, and urban climate studies [39]. The
underlying structure of ENVI-met is based on a microclimate fluid dynamics model specifically
designed for urban settings. By leveraging Reynolds-Averaged Navier-Stokes (RANS) equations, this
software facilitates the analysis of atmospheric flow and heat transfer, enabling the evaluation of
crucial meteorological parameters, including air temperature (Ta), relative humidity (RH), wind
speed (V), and mean radiant temperature (Tmrt) [39].

In this study, weather data collected using the Aswan University weather station (Hobo U30) was
inputted into Envi-met. The model was designed to analyze three cases, each with different aspect
ratios of 1.5, 1.87, and 2.25. The results obtained from the simulations included Ta, RH, V, and Tmrt
for each case. The base case study model with H/W=1.5 was validated by conducting a comparison
between the air temperature and relative humidity data obtained from numerical simulations and
the corresponding measurements collected during the experimental phase. This rigorous validation
process served to ensure the accuracy and reliability of the study model. The extraction of PET
results with Rayman facilitated a comprehensive assessment of the thermal comfort conditions
experienced by individuals within the rear setbacks, considering the unique characteristics of the
studied urban microclimate. Rayman is a specialized tool specifically designed for calculating
thermal comfort indices, with PET being one of the most widely employed indices [40]. Through this
scientific approach, the study provides a robust structure for evaluating and understanding the
thermal comfort aspects relevant to rear setback users.

The second phase of the study focused on analyzing the internal thermal conditions and
evaluating the energy efficiency of the building. The primary objective was to estimate and compare
the cooling energy demands with the current case. To achieve this, simulations were conducted
using Design Builder software version 7.02.006, which integrates the EnergyPlus simulation engine
version 9.4. The software relies on standard EnergyPlus Weather (epw) files, which contain hourly
weather data to represent the local climate conditions. Once the model was prepared, additional
data was inputted into Design Builder, including building materials, activities, openings, and HVAC
systems. Design-Builder is a popular energy simulation software among architects and engineers for
its ability to create detailed 3D building models and simulate energy performance under various
conditions. With comprehensive features such as HVAC, lighting, and renewable energy modeling,
it enables accurate assessments of energy consumption and thermal comfort. A University of
Nottingham study found it highly accurate in predicting building energy performance, making it a
reliable tool for optimizing designs and reducing energy use. Its user-friendly interface, pre-built
templates, and intuitive functionality further enhance its value for professionals seeking sustainable
building solutions[41], [42].

By employing parametric simulations and various outputs, such as the energy required for cooling
purposes and indoor thermal conditions, the study provides valuable insights into the internal
thermal dynamics and energy efficiency of the building through this scientific approach. It enables
a comparative analysis of the cooling energy demands and other relevant performance metrics for
each case, contributing to a deeper understanding of the building's energy performance and the
potential impact of different design factors. After measuring the energy for a day, the energy
consumption for a month can be determined by scaling the CDHs observed on a specific day and
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applying it to the rest of the month. This method has also been used to calculate energy
consumption for the entire year. It leads to a more accurate estimation of a building's energy
performance and allows for a better evaluation of proposed cases on energy efficiency. Figure 2
presents the detailed study framework and the adopted phases.

Indoor thermal performance
and energy consumption

Outdoor thermal performance

Aswan university Hourl
ion! ENVI-met - Y cooling degree
Weathe{itatlon building hours (CDHs)
(44 Ta and To energy
(Hobo U30) needed for
cooling Annual

building
energy

Y

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

. 1
Proposed Cases !
! 1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

needed
for
? Design
current case builder
C2(1.87)

Activities,
construction
, openings
and HVAC

o

validation
3
4
nard

Modified

weather

data file
(epw)

weather
data(Ta
,RH, V and
MRT)

Figure 2. The detailed study framework.
Study area and the case study model

The investigated area is Aswan City, located in southern Egypt. Aswan is geographically
positioned at 24.0861° N latitude and 32.8989° E longitude, with an altitude of approximately 194
meters above sea level and is situated on the eastern bank of the Nile River. The region is
characterized by a hot desert climate, with soaring temperatures throughout the year, ranging from
32°CinJanuary to 42°Cin June [43-45]. The area experiences limited precipitation, with an average
of only Imm annually. The area falls under the Képpen climate classification Zone BWh, which
denotes a hot, arid climate, as shown in Figure 3.

In this study, a residential building model is used in the Al-Aqqad district of Aswan. The building
chosen for the study is a five-story building with two flats per floor and an average flat area of 75m2,
with a total area of approximately 160m2 including the staircase space. The height of each floor is
3m, and the window-to-wall ratio is around 10%. The rear setback between the two buildings
measures 8m, with each building leaving a 4-meter space between the property line and the
construction line. The study concentrates on the aspect ratio rather than other factors, such as the
sky view factor, as no difference in its effect is observed due to the regular shape of the rear setback.
The rear setback is a semi-private space that can be used by the residents of the two buildings and
is a suitable place for outdoor activities. The architectural plan of the building under investigation is
illustrated in Figure 4.
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World map of Képpen climate classification for 1901-2010
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Figure 4. The architectural plan of the building under investigation

Proposed cases in terms of aspect ratio

A study is conducted on three cases to analyze the effect of aspect ratio on thermal comfort and
energy demand in a building. The investigation is conducted in the rear setback area between two
buildings, with a previously presented attribute. The variable in the study is the height of each
investigated building, with the first case depicting a height of 12 m and an aspect ratio (H/W) of 1.5.
The current case involved a building height of 15 m with a ratio of 1.87, and the last case depicted
a height of 18 m with a ratio of 2.25. These investigated cases are illustrated in Table 1.
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Table 1. The proposed aspect ratios for the rear setback.

Abbreviations Aspect Ratio (H/W) Section
C1 1.5 @ T ?
—W—
H=12m, W=8m
C2 (current case) 1.87 % T *
—W—
H=15m, W=8m

c3 2.25
» o

H=18m, W

8m

Simulation Procedure Overview
Outdoor Simulation

The case study building was modeled as a 2-dimensional footprint in AutoCAD software,
converted to a bitmap format (.bmp), and imported into the ENVI-met software. The digitization
process was performed, and the meteorological inputs, which were measured using the Aswan
University weather station (Hobo U30), and the building materials were completed before
conducting a simulation. The ENVI-met software has a limit that extends to the extensive time
required to complete simulations, making it unsuitable for year-long applications. So, it was used to
simulate a specific day, namely July 2nd, 2023. By initiating the simulation four hours before the
target day and extending it to a total of 28 hours, the ENVI-met model sought to account for any
potential inaccuracies in the initial phase and to comprehensively analyze the environmental
conditions under investigation [46]. The simulation yielded results for various parameters, including
Ta, RH, V, and Tmrt. The study involved the implementation of simulations for three specific cases
that were under investigation. The results of the measurements were systematically collected at
each floor level to capture the variations and changes resulting from the investigation case.

Table 2 presents a comprehensive summary of the data inputs used in the investigated case
study. The meteorological inputs, derived from the specific weather data for the study location,
formed the foundation of the simulation process. In addition to the weather data, human
biometeorological parameters and information about the building materials were included as
crucial data inputs for the simulations.
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Table 2. Summary of data entry for the case study.

Parameter

Value

Number of main area grid boundary
Soil profile for all grids
Grid-scale
Walls material

40,z =50, y = 50x=
loamy soil and concrete pavement light
Xx=2,y=2,2=2
plaster, Brick wall, plaster

thickness of layers (m) = (0.02, 0.12, 0.02)
Albedo =0.4
Reinforced concrete
thickness = 0.2 m, Albedo =0.3

Roof materials

Simulation date 2nd of July
Start wind speed at 10 m height (m/s) 2
Start wind direction (°) 90 from north
Max air temperature (°C) 42.29
Min air temperature (°C) 25.80
Initial specific humidity of atmosphere (g/Kg) 8
Max relative humidity (%) 36.5
Min relative humidity (%) 14.80

Subsequently, the Rayman software was employed to examine the external thermal comfort
index, specifically the PET, utilizing the results obtained from ENVI-met simulations. The ENVI-met
outputs, including Ta, RH, V, and Tmrt, were utilized as inputs for the Rayman analysis. By employing
Rayman, a comprehensive evaluation of the PET index, which quantifies the thermal comfort
experienced by individuals in the outdoor environment in rear setbacks, was conducted. This
integrated approach utilizing ENVI-met and Rayman enabled a thorough investigation of the
outdoor thermal comfort of rear setbacks through proposed cases.

Indoor Simulation

To assess a building's internal thermal comfort and energy demand, a simulation using Design
Builder was conducted for a single day, specifically on July 2nd, 2023, which marked the hottest day
of the year in Aswan [47]. The building was modeled as a 2-dimensional architecture plan in
AutoCAD software and subsequently imported into Design Builder version 7.02.006. The process
involved developing a simplified building model, which included assigning local properties for walls,
roofs, and windows as shown in Table 3. The model incorporated comprehensive HVAC systems. In
addition to HVAC systems, the model considered internal loads, including equipment, lighting, and
appliances, which emit heat and contribute to the overall thermal conditions of the building. The
specific characteristics and energy consumption profiles of these internal loads were considered to
accurately represent the building's energy dynamics. The model incorporated activities and
schedules that were tailored to the specific building type, as shown in Table 3 (b). Different building
types have varying occupancy patterns, such as working hours, occupancy density, and usage
intensity. By considering these factors, the model was able to simulate realistic cases that reflected
the building's daily operations and occupant behavior.
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Table 3. Summary of data entry for the case study.

ltem Specification
Building type Residential building
Location Aswan City—Hot desert climate (Képpen: BWh)
Floor area (m2) 160
C1: Ground floor and three floors
No of Floor C2: Ground floor and four floors
C3: Ground floor and Five floors
Floor height (m) 3
Window glazing 3 mm single clear glazing
Window-to-wall ratio 10%
Window orientations East and West
. 0.02 m cement plaster, 0.12 m brick, 0.02 m cement
Wall cross-section
plaster
HVAC split air conditioning for each room
Nominal power (kw) 2.23
Cooling setpoint (°C) 25
Heating setpoint (°C) 18

Weather data was entered for each case. The Aswan 2002 epw file, provided with EnergyPlus,
was selected as the baseline weather data for the location. To simulate the impact of different
proposed cases, a customized epw file was generated. This involved a two-step process. Firstly, the
original weather data in the epw file was replaced with synthesized microclimate data. This
microclimate data was obtained from the ENVI-met model results. In the second step, the Element
and EnergyPlus converter software was employed to convert the ENVI-met model results into a
compatible format for EnergyPlus. This conversion process ensured that the synthesized
microclimate data could be incorporated into the customized epw file and used as input for the
EnergyPlus simulations. By integrating the synthesized microclimate data from the ENVI-met model
into the customized epw file, the model could simulate the impact of different proposed cases more
accurately. The study specifically examined the impact of the thermal conditions within the setbacks
on the building, excluding the influence of the street, as Design Builder permits the use of only one
epw file. For each of the investigated cases, a separate simulation was performed for every
individual floor of the building. This approach allowed for a detailed analysis of the impact of the
investigations investigated cases on each floor level. The simulations conducted for each floor
utilized the customized epw file with the EnergyPlus simulation engine.

One of the primary outputs obtained from the simulations was the energy required for cooling
purposes. This metric quantified the amount of energy consumed by the HVAC systems to maintain
comfortable indoor temperatures. In addition to energy consumption, the simulations also provided
data on indoor thermal conditions. Key parameters such as Ta, RH, and operative temperature were
monitored and analyzed. Ta represented the actual temperature within the indoor environment,
while RH indicated the level of moisture in the air. On the other hand, the operative temperature
guantifies the thermal comfort level experienced by occupants.

To determine the energy consumption for the entire month of July, the energy consumption
output obtained through Design Builder is appropriately scaled. This scaling process involves cross-
multiplicating the cooling degree hours (CDHs) observed on the 2nd of July to estimate the energy
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consumption for the remaining days of the month while considering the CDHs of the simulated day.
Similarly, to calculate the energy consumption for the entire year, the cooling degree hours for each
month are considered. Adopting this approach can achieve a more comprehensive assessment of
the influence of proposed cases on the building's energy consumption. This method considers the
variations in energy demand across different months, leading to a more accurate estimation of the
building's overall energy performance. Scaling the energy consumption outputs using CDHs enables
a more precise assessment of how the proposed cases affect energy efficiency.

Field measurements

To validate the simulation model, experimental measurements were conducted in the rear
setback areas at a central location throughout the day. The primary objective was to compare the
results of the outdoor simulation with those of the field measurements. The measurements were
taken on July 2, 2023, at the beginning of each hour. Air temperature and relative humidity were
recorded at a height of 1.5 m in the center of the rear setback space. A"HOBO U12" data logger was
used, positioned inside customized solar radiation shields to ensure accurate readings and minimize
the influence of direct sunlight as shown in Figure 5 [48]. The measuring instrument was
programmed to capture air temperature and relative humidity at one-hour intervals for 24 hours.
The Specifications of the used device "HOBO U12" data logger have been presented in Table 4 [49].

Table 4. Specifications of a "HOBO U12" data logger [49].

Measurement range Temperature: -20° to 70°C (-4° to 158°F) RH: 5% to 95% RH
Accuracy Temperature: + 0.35°C from 0° to 50°C; RH: +/- 2.5% from 10% to 90%.
Resolution Temperature: 0.03°C at 25°C; RH: 0.03% RH
Weight 46 ¢
Dimensions 58 x74 x22 mm
White foam boards

et Shaded cavity
EHobo U2 «rennnnninennennes bee &
Open side for-""
ventilation
-+«Wooden post

\

Figure 5. Installation of the HOBO U12 device in the field.
Verifying the Accuracy of the Study Model

A rigorous verification process was conducted to verify the ENVI-met model in replicating
microclimate conditions by comparing the simulated air temperature and relative humidity values
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with the observed data in the rear setbacks on the previously mentioned day. To ensure robust
validation, the verification spanned a comprehensive timeframe from 12:00 a.m. to 11:00 p.m. the
following day. The agreement between the simulated and recorded values was assessed using
matching coefficients to determine the level of concordance. The coefficient of determination (R2)
was employed as a metric to quantify the strength of the association between the simulated and
observed values. Notably, a high level of agreement was observed for both air temperature and
relative humidity, with R2 values of 0.9299 and 0.9863, respectively. Visual representations of these
results can be seen in Figures 6 (a) and 6 (b). R? value greater than 0.75 indicates a strong correlation.
Additionally, the RMSE value falls within the acceptable range of +30% for hourly data [50]. The
RMSE values for air temperature and relative humidity were observed, with RMSE values of 1.74
and 0.97, respectively.
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Figure 6. Validation of the study model in terms of (a) air temperature; and (b) relative humidity.

In the second phase, the energy model has been validated. The validation of the simulation model
was performed by comparing the measured and simulated monthly energy consumption data, as
presented in Figure 7 (a) and (b). A linear regression analysis yielded the equation (y = 1.2906x -
124.99) with a coefficient of determination R? of 0.989, indicating an excellent correlation between
measured and simulated values. This high R*2 reflects the model's ability to accurately capture
energy consumption patterns, with minimal deviations observed during peak consumption months
(June—August). The regression results demonstrate a strong linear relationship and confirm the
reliability of the simulation model for predicting energy performance. These findings validate the
model’s suitability for evaluating energy efficiency and optimizing building performance in similar
contexts.
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Figure 7. Energy model validation, (a) Comparison between the measured and simulated data,
(b) The linear regression.
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Scope and limitations

The scope and limitations of a study assessing building performance within a defined context.
Spatially, the study focuses on a residential building in Aswan’s hot arid climate, specifically within
the rear setback area. Temporally, the analysis is confined to the year 2023, offering insights into
building performance over a single year. Qualitatively, the study considers the building’s aspect ratio
as a significant variable influencing outcomes. However, there are limitations. The spatial scope
excludes other climatic regions and urban configurations, which may restrict the generalizability of
the results. Temporally, the study does not incorporate future climate change scenarios.
Qualitatively, it does not explore alternative mitigation strategies, focusing solely on the chosen
approach. This clearly defined scope and limitations provide structure to the study while
acknowledging the constraints that may affect the wider applicability of its findings.

Results and discussion
Rear setback thermal performance
Analysis of Air Temperature and Relative Humidity Profiles

Table 5 provides an in-depth analysis of temperature fluctuations in the rear setback area and
adjacent rooms. Temperature and humidity readings for the middle room, collected across various
floors using the Design-Builder, were utilized as a representative measure of the average thermal
conditions on each floor. Temperatures were recorded at different floor levels, capturing external
and internal temperatures and their respective variations. Negative temperature differences (AT)
indicate indoor temperatures exceeding outdoor ones, while positive values suggest the opposite.
The most significant positive AT in terms of maximum temperature, indicating the largest
temperature difference, was recorded on the second floor of C2, showing a notable 4.5°C difference
between indoor and outdoor temperatures. Additionally, the rise in outdoor temperatures with
increased height is due to greater exposure to direct sunlight, reduced shading, and the stack effect,
where warm air rises and accumulates at higher levels. interior temperatures varied across floors,
with a noticeable trend of temperature increases on upper floors across all scenarios, suggesting
that internal temperatures tend to rise with elevation. On the ground floor (GF), there were subtle
temperature discrepancies across the proposed cases. The average outdoor temperature was
consistent across all cases, equal for C2 and C3. At the same time, the highest and lowest values
were closely matched in both C1 and C2, but C3 is the highest at internal temperatures. Moving to
the 1st floor, C1 exhibited the highest recorded temperature, with temperatures relatively close
among the different cases. The 2nd floor showcased the lowest internal temperature and the most
significant improvement between internal and external temperatures in C2, with results similar
across cases. On the 3rd floor, temperatures were comparable among the cases, with C1 recording
the highest temperatures as it represents the topmost floor. For the 4th floor, a comparison was
conducted between C2 and C3, with C2 recording the highest temperature as it is positioned as the
topmost floor within its respective case. Finally, on the fifth floor, only C3 remained, recording the
highest temperature as it represents the topmost floor in this case.
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Table 5. Temperature analysis across different floors and proposed cases

s Proposed Ta min (°C) Ta max (°C) Ta avg (°C)
CaSEs Outdoor | Indoor AT Outdoor | Indoor AT Outdoor | Indoor AT
C1 27.48 35.29 -7.81 41.49 38.45 3.04 35.08 36.98 -1.9
GF Cc2 27.53 35.28 -7.75 41.5 38.42 3.08 35.04 36.95 -1.91
Cc3 27.68 35.67 -7.99 41.34 38.98 2.36 35.04 37.38 -2.34
Cc1 27.52 35.08 -7.56 41.76 38.49 3.27 35.07 36.95 -1.88
1st Cc2 27.75 36.22 -8.47 41.39 39.49 1.9 35.08 38.03 -2.95
Cc3 27.91 36.23 -8.32 41.24 39.44 1.8 35.08 37.99 -2.91
C1 27.98 36.38 -8.40 41.28 39.87 1.41 35.14 38.25 -3.11
2nd Cc2 27.99 33.38 -5.39 41.15 36.64 4.51 35.11 35.19 -0.08
c3 28.03 36.15 -8.12 41.08 39.35 1.72 35.1 37.92 -2.82
C1 28.31 41.08 -12.77 41 46.16 -5.16 35.18 43.51 -8.33
3rd Cc2 28.27 36.33 -8.06 41.01 39.74 1.27 35.13 38.17 -3.04
Cc3 28.32 36.18 -7.86 40.94 39.38 1.56 35.12 37.93 -2.81
4t Cc2 28.47 41.15 -12.68 40.86 46.19 -5.33 35.15 43.55 -8.4
Cc3 28.49 36.3 -7.81 40.78 39.67 1.11 35.14 38.11 -2.97
S Cc3 28.47 41.013 -12.54 40.85 45.95 -5.1 35.15 43.37 -8.22
-12.7°c O] 450
27.4°c LA OO 41.8°C

The simulations revealed significant daily fluctuations in air temperature. Specifically, the air
temperature showed a rise from 6:00 a.m., reaching its peak at 2:00 p.m., and subsequently
undergoing a gradual decline throughout the afternoon and evening. Conversely, indoor
temperatures surpassed outdoor temperatures from 6:00 p.m. to 9:00 a.m., with indoor
temperatures remaining lower than outdoor temperatures for the rest of the day. However, this
trend varied across the upper floors in (C1, C2, and C3); indoor temperatures remained higher than
outdoor temperatures throughout the day, as depicted in Figure 8. The external temperatures
demonstrate convergence, while the internal temperatures exhibit distinct patterns on each floor.
On GF Figure 8 (GF), C3's internal temperature rises steadily throughout the day, converging
between C1 and C2. Moving to the 1st floor (Figure 8 (1)), C1 registers the lowest internal
temperature, while convergence occurs between C2 and C3. On the 2nd floor (Figure 8 (2")), C2
maintains the lowest temperature and shows the most significant improvement. C1's temperature
surpasses that of C3. The 3rd floor (Figure 8 (3™)) sees C1 with the highest temperature throughout
the day. Transitioning to the 4th floor (Figure 8 (4t%)) after C1, the comparison is between C2 and
C3, with C2 recording the higher temperature. On the 5th floor, only C3's temperatures are recorded
(Figure 8 (5™)), with internal temperatures consistently higher than external ones throughout the
day. During the night, the building retains more heat than the surrounding environment, resulting
in indoor temperatures remaining higher than outdoor temperatures until early morning. This
pattern is not uniform across all floors. The upper floors consistently exhibit indoor temperatures
exceeding outdoor temperatures throughout the day. The simulations also highlight a diurnal
pattern in temperature fluctuations, with peaks in the afternoon around 2:00 p.m. and gradual
cooling throughout the evening. This pattern aligns with typical solar heating dynamics, where
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surfaces absorb heat during the day and release it as temperatures drop. Interestingly, the study
notes that indoor temperatures are consistently higher than outdoor temperatures on the upper
floors throughout the day, suggesting that heat retention or solar gain on these floors is a significant
factor. This finding is particularly evident in scenario C1, where the highest temperatures were
recorded on the 3rd and 4th floors, possibly due to less effective insulation or increased solar
exposure.
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Figure 8. Examine the temperature trends throughout the day across various cases.

Table 6 provides a detailed analysis of an in-depth simulation study that meticulously examined
the distribution of microclimatic air temperatures within a rear setback area. Measurements were
taken at a height of 1.4 meters to ensure precision in capturing thermal exposure to meet the
pedestrian level. Temperature data was recorded at specific intervals during peak summertime
conditions, notably at 10 a.m., 12 p.m., 2 p.m., 4 p.m., and 6 p.m., offering a detailed profile of heat
distribution over diurnal cycles, as outlined in Table 4. The simulation outcomes provided a
comprehensive mapping of temperature variations under local solar geometry. The primary aim of
this analysis was to characterize both the fundamental patterns of heat intensity and the alterations
induced by the aspect ratio. Through examination of the simulation results, notable daily fluctuations
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in air temperature within the rear setback area were discerned. Specifically, temperatures exhibited
a trajectory of ascending from 6 a.m. to peak at 2 p.m. This can be attributed to the sun's high angle
during that hour, followed by a gradual decline throughout the afternoon and evening, with
temperatures spanning from 27 °Cto 41.5 °C.

Table 6. Analyzing thermal diagrams in the rear setback

Cases 10:00 a.m. 12:00 p.m. 2:00 p.m. 4:00 p.m. 6:00 p.m.

Cc1

Cc2

c3

Bl teow3s30cc [ 39E0w3RS0°C [ 40.20w4ns0°c [0] 40.80tw41.10°C [ #41.40%=4170°C
B 530w3se0Cc [ 3950w040.20°C [ 40s0wanso-c [ 4.10w4140°C [ sbovediio-C

Table 7 presents an analysis of relative humidity data collected from indoor and outdoor settings
across various floors and proposed scenarios. A significant variation in relative humidity levels
between indoor and outdoor settings across different cases and floors was observed. Most values in
the table are low due to high temperatures. The highest relative humidity value was noted on the
second floor of scenario C2. Additionally, indoor relative humidity varied across floors, with a
significant trend of decreasing relative humidity on higher floors across all scenarios, indicating an
inclination of indoor relative humidity towards decreasing with elevation. On the GF, slight
differences in relative humidity were observed across proposed scenarios. The average outdoor
relative humidity remained close in all cases, while the highest and lowest values closely matched
both C1 and C2, but C3 exhibited the lowest indoor relative humidity. Moving to the 1st floor, C1
showed the highest recorded relative humidity, followed by C2 and C3. The 2nd floor exhibited the
highest relative humidity value and the most significant improvement between indoor and outdoor
relative humidity in C2, followed by C3, and then C1. On the 3rd floor, relative humidity values were
similar in most cases, with C1 recording the lowest indoor relative humidity as it represents the upper
floor. Concerning the 4th floor, a comparison between C2 and C3 revealed that C2 recorded the
lowest relative humidity values as it is located on the upper floor within its enclosure. Finally, on the
5th floor, only C3 remained, recording the lowest relative humidity value as it represents the upper
floor in this scenario. The observed variations in relative humidity levels underscore the influence of
both internal and external factors, including floor elevation and scenario-specific conditions. The
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trend of decreasing indoor relative humidity with increasing elevation aligns with expectations based
on natural ventilation and moisture distribution.

Table 7. Relative Humidity Analysis across Different Floors and Proposed Cases

RH min (%) RH max (%) RH avg (%)
Floors Proposed S
cases ) Indoor AT Outdoor | Indoor | AT | Outdoor | Indoor AT
Cc1 15.06 17.19 -2.13 32.6 23.18 | 9.42 21.77 19.82 | 1.95
GF Cc2 15.1 17.16 -2.06 32.52 23.2 9.32 21.79 19.77 | 2.02
c3 15.19 16.62 -1.43 32.2 22.67 | 9.53 21.75 19.38 | 2.37
Cc1 14.82 17.21 | -2.384 32.5 23.14 | 9.36 21.81 19.76 | 2.05
1st Cc2 15.14 16.1 -0.96 32.03 21.95 | 10.08 | 21.71 18.72 | 2.99
Cc3 15.25 16.14 -0.89 31.69 21.73 | 9.96 21.69 18.67 | 3.02
Cc1 15.19 15.1 0.09 31.49 21.56 | 9.93 21.63 18.48 | 3.15
2nd c2 15.3 18.92 -3.62 31.5 25.15 | 6.35 21.65 21.67 | -0.02
c3 15.33 16.22 -0.89 31.45 21.8 9.65 21.63 18.74 | 2.89
Cc1 15.4 11.68 3.72 30.8 16.87 | 13.93 | 21.55 14.1 | 7.452
3rd Cc2 15.39 16.12 -0.73 30.9 21.87 | 9.03 21.59 18.58 | 3.01
c3 15.44 16.31 -0.87 30.8 22.09 | 8.71 21.59 18.81 | 2.78
4 Cc2 15.52 11.66 3.86 30.48 16.56 | 13.92 | 21.54 14 7.55
Cc3 15.56 16.18 -0.62 30.45 21.63 | 8.82 21.54 18.58 | 2.96
5th Cc3 15.72 11.77 3.95 29.81 16.91 | 12.9 21.48 14.19 | 7.29
-3.70% CIC I ICIC I I 14%
11.6% CICICICICOICICOEOET  32.6%

The simulations revealed significant daily fluctuations in relative humidity. Specifically, relative
humidity decreased starting at 6:00 a.m., reaching its lowest point at 2:00 p.m., then gradually
increased throughout the afternoon and evening. Indoor relative humidity exceeded outdoor relative
humidity from 11:00 a.m. to 5:00 p.m., with indoor relative humidity remaining lower than outdoor
relative humidity for the rest of the day. However, this trend varied across the upper floors in C1, C2,
and C3, where indoor relative humidity remained lower than outdoor relative humidity throughout
the day, as illustrated in Figure 9. External relative humidity demonstrated convergence, while
internal relative humidity exhibited distinct patterns on each floor. On GF (Figure 9 (GF)), the internal
relative humidity in C3 decreased consistently throughout the day, converging between C1 and C2.
Moving to the 1st floor (Figure 9 (1%!)), C1 recorded the highest internal relative humidity, while
convergence occurred between C2 and C3. On the 2nd floor (Figure 9 (2")), C2 maintained the
highest relative humidity and showed the most significant improvement. The relative humidity in C3
surpassed that of C1. The 3rd floor (Figure 9 (3™)) showed C1 with the lowest relative humidity
throughout the day. Transitioning to the 4th floor (Figure 9 (4t%)), after C1, the comparison was
between C2 and C3, with C2 recording lower relative humidity. On the 5% floor, only relative humidity
of C3 was recorded (Figure 9 (5t)), with internal relative humidity consistently lower than external
relative humidity throughout the day. RH levels decreased with elevation, likely due to the reduction
in moisture content as air rises and heats up. The highest RH was on the second floor of scenario C2,
which also showed the largest temperature difference, suggesting that scenario C2 might have higher
moisture retention or less effective moisture dispersion. The consistent decrease in RH on higher
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floors reflects natural ventilation patterns where warm, moisture-laden air rises and disperses,
leaving lower RH at upper elevations. Scenario C3, which had the lowest indoor RH, may benefit from
better ventilation or reduced moisture intrusion. Overall, the observed RH trends highlight the
influence of building design and temperature on internal moisture levels.
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Figure 9. Examine the Relative Humidity trends throughout the day across various cases.

Analysis of Mean Radiant Temperature Tmrt

The study describes the Tmrt values obtained from the different cases: C1, C2, and C3. The mean
radiant temperature ranges and average values for each case are provided. The Tmrt value
experienced an increase from 6:00 a.m. to 6:00 p.m. across all cases. This rise can be attributed to
the elevated position of the sun during the summer solstice, coupled with the intense and prolonged
duration of solar radiation. Results indicate variations in Tmrt values among the cases. Between 6:00
a.m. and 12:00 p.m., all three cases exhibit a marked increase in temperature, peaking at 80°C. After
noon, temperatures decline for all three cases. At the beginning and end of the day, the temperatures
for all three cases converge at approximately 20°C. The behavior of the three cases is very similar
overall; however, the difference between them becomes more pronounced as C1's temperature rises
from 7:00 a.m. to 12:00 p.m., while the behavior of C2 and C3 remains Close during this period. C1
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shows the widest Tmrt range, ranging from 16.50°C to 78.82°C, and the highest average Tmrt value
of 40.32°C. This indicates that C1 experiences slightly higher radiative temperatures on average
compared to C2 and C3. On the other hand, C2 has a slightly narrower temperature range, ranging
from 16.70°C to 80.19°C, and a lower average Tmrt value of 36.93°C. This means that C2 generally
experiences lower radiative temperatures compared to C1, but higher temperatures compared to
C3. The C3 temperature ranges from 16.69 °Cto 79.66 °C and the lowest average Tmrt value of 36.23
°C among the three cases. This indicates that C3 experiences the lowest radiant temperatures on
average, as shown in Figure 10. These findings are significant as the aspect ratio inversely affects
Tmrt due to higher buildings casting longer shadows, thereby diminishing direct solar radiation.
Additionally, the diminished sky view factor lowers exposure to cooler skies, impeding radiant
energy. Elevated aspect ratios impede radiative heat exchange, while factors such as thermal mass
and the urban heat island phenomenon further contribute to the reduction in Tmrt [51-54].

90

w B U O N
o o O o O o

Mean Radiant Temp. (°C)

N
o

=
o o

0:00 6:00 12:00 18:00 23:00
Time
e (] - (2 contess C3

Figure 10. Results of Tmr for processed cases
The Effect of Proposed Cases on the PET

As previously mentioned, PET has emerged as a highly suitable indicator for quantifying thermal
comfort levels in outdoor environments and investigating the variations in the PET index in different
cases investigated. To accomplish this, Data collected throughout the day using the ENVI-met and
Rayman software tools were utilized to compare the output results. PET exhibited a rise from 6:00
a.m. to 6:00 p.m., with the peak value consistently recorded at 1:00 p.m. across all instances. The
higher PET values during the daytime are attributed to the exposure to solar radiation. In C1, the PET
values ranged from 21.60 °Cto 61.70 °C, with an average PET value of 38.24 °C. Moving on to C2, the
PET values ranged from 21.80 °C to 62.50 °C, with an average PET value of 36.53 °C. Lastly, in C3, the
PET values ranged from 21.90 °C to 62.20 °C, with an average PET value of 36.18 °C, as depicted in
Figure 11. All cases begin with PET values between 10 and 20°C, indicating conditions ranging from
moderately cold to rest until 6:00 a.m. Between 6:00 a.m. and 12:00 p.m., PET values increase
sharply, reaching a peak around 65 °C for the C1 case, indicating strong to intense heat, while C2 and
C3 remain close together with peaks around 60 °C. After noon, values begin to gradually decline back
to around 20°C by the end of the day, again reflecting comfortable conditions. It is observed that the
behavior of C1 shows a faster and larger temperature rise compared to C2 and C3 but follows the
same general trend of afternoon decrease. These findings indicate that an increase in the aspect ratio
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leads to a reduction in PET values. This relationship is attributed to the taller buildings casting larger
shadows, resulting in a greater shaded area. Consequently, this phenomenon contributes to an
enhancement of thermal comfort within the vicinity [51].
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Figure 11. Results of PET for processed cases
Assessing the internal thermal conditions and associate energy
Thermal comfort for the investigated building

Table 8 presents the operative temperature values for various floors and proposed cases (C1, C2,
and C3). The temperatures vary across floors and cases, showing a trend of increasing operative
temperatures on higher floors. On the GF, the temperatures are relatively stable across all three
cases, with C1 showing a minimum temperature of 35.66°C, a maximum of 38.22°C, and an average
of 37.00°C. C2 has nearly identical values, while C3 shows slightly higher values, with an average of
37.43°C, suggesting a marginal increase in thermal load. Moving to the 1st floor, there is a moderate
rise in operative temperatures, especially in Cases C2 and C3, where averages reach 38.13°C and
38.10°C, respectively. C1 remains the most stable with an average of 37.01°C. On the 2nd floor,
significant variation occurs, particularly in C2, which exhibits the lowest values across all floors, with
a minimum of 33.63°C and an average of 35.17°C, indicating improved thermal performance. In
contrast, C1 records higher temperatures with an average of 38.37°C, while C3 follows closely at
38.02°C. The 3rd floor experiences a sharp increase in temperatures, particularly in C1, where the
average temperature rises to 43.83°C, reflecting a considerable deterioration in thermal comfort. In
contrast, Cases C2 and C3 maintain significantly lower averages of 38.28°C and 38.03°C, respectively,
suggesting better thermal regulation. On the 4th floor, the trend continues with C2 showing high
temperatures, averaging 43.87°C, while C3 maintains a lower average of 38.22°C. Finally, on the 5th
floor, C3 records its highest values, with an average of 43.68°C, highlighting the increased thermal
discomfort on upper floors due to higher solar exposure and reduced cooling efficiency, as depicted
in Figure 12. These variations across cases and floors suggest that design and operational
modifications significantly influence thermal comfort, with C2 performing better on certain floors,
particularly the second floor. At the same time, C1 consistently shows higher temperatures on the
upper levels. The observed increase in operative temperature values with floor height suggests that
internal thermal conditions worsen as one ascends through the building, potentially leading to
discomfort. This trend can be attributed to several factors, such as increased exposure to direct solar
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radiation on higher floors, which leads to higher heat gains. Additionally, the effectiveness of passive
cooling strategies, such as natural ventilation or shading, may diminish on upper levels, exacerbating
temperature increases. Furthermore, the performance of HVAC systems may vary, with the upper
floors experiencing greater difficulty maintaining consistent cooling due to factors like heat
stratification or reduced system efficiency at those heights.

Analysis of Cooling Energy Consumption

Figure 13 presents an analysis designed to identify patterns and relationships between floor levels,
cooling requirements, and the impact of different aspect ratios on energy consumption, with a focus
on the energy consumption of the residential unit across different floors. As presented in Figure (12),
energy consumption for the GF increases progressively with higher ratios. Specifically, energy
consumption starts at 15,428.88 kWh for an aspect ratio of 1.5 (C1) and reaches 16,857.97 kWh at
an aspect ratio of 2.25 (C3). In contrast, the 1st floor exhibits a different trend. Energy consumption
peaks at an aspect ratio of 1.87 (C2) with a value of 19,685.34 kWh, before decreasing to 17,688.34
kWh at an aspect ratio of 2.25 (C3). 2nd floor shows relatively stable energy usage across all three
aspect ratios, with values of 18,374.87 kWh (C1), 18,070.75 kWh (C2), and 18,286.65 kWh (C3),
indicating minor fluctuations.

Table 8. Operative Temperature Analysis Across Different Floors and Proposed Cases

Operative Temperature
Floors Proposed cases -
Min Max Av.
Cc1 35.66 38.22 37.00
GF C2 35.65 38.20 36.98
c3 36.05 38.75 37.43
c1 35.43 38.39 37.01
1st C2 36.60 39.42 38.13
c3 36.61 39.37 38.10
c1 36.76 39.82 38.37
2 2 33.63 36.50 35.17
c3 36.53 39.28 38.02
c1 41.65 46.35 43.83
31 C2 36.71 39.70 38.28
c3 36.56 39.31 38.03
2 C2 41.71 46.39 43.87
c3 36.67 39.62 38.22
5th c3 41.57 46.15 43.68
10 o |
33.63 46.4
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Figure 12. Examine the Operative Temperature trends throughout the day across various cases.

The 3rd floor presents significant variation in energy consumption. The highest value is observed
at an aspect ratio of 1.5 (C1), with 29,396.92 kWh. This consumption then drops considerably to
higher aspect ratios, with values of 17,248.86 kWh (C2) and 18,067.39 kWh (C3). 4th floor, the data
is incomplete for aspect ratio 1.5 (C1). However, the available data shows an increase in energy
consumption from 29,441.22 kWh at an aspect ratio of 1.87 (C2) to 18,208.33 kWh at an aspect ratio
of 2.25 (C3). Finally, the 5th floor only has data for aspect ratio 2.25 (C3), with a recorded value of
29,304.14 kWh. This value is comparable to the lower energy consumption levels observed on other
floors at the same ratio.

To interpret these results, the study categorizes the floor levels into three main tiers. The GF,
representing the lower level, shows that the rear setback aspect ratio has a significant effect on
energy consumption. Specifically, higher aspect ratios are associated with increased cooling
demands. This trend can be attributed to the solar altitude angle at solar noon in Aswan during July,
which is approximately 89.5 degrees. This angle results in significant heat accumulation without
adequate dissipation due to limited airflow at the base of the rear setback, particularly at elevated
aspect ratios. In the middle floors, energy consumption increases with a small rear setback aspect

(ASWJST 2021/ printed ISSN: 2735-3087 and on-line ISSN: 2735-3095) https://journals.aswu.edu.eg/stjournal



https://journals.aswu.edu.eg/stjournal

(ASWIST/ Volume 05, Issue 01/ March 2025 Page |35

ratio and decreases with a higher aspect ratio for several reasons. Small rear setback ratios limit
vertical space, restricting airflow and reducing natural ventilation. This restriction leads to higher
indoor temperatures due to increased heat accumulation, necessitating more energy for cooling
systems to maintain comfortable conditions, thereby resulting in higher energy consumption.

Conversely, a higher rear setback aspect ratio enhances airflow and natural ventilation, facilitating
heat dissipation. The increased vertical space allows hot air to rise and escape, creating a cooler
environment in the middle floors. Consequently, cooling systems require less energy to maintain
comfortable temperatures, leading to reduced energy consumption. In contrast, the upper floors
experience heightened exposure to direct solar radiation, resulting in increased energy requirements
for cooling. This exposure highlights the importance of implementing strategies to mitigate solar gain
in upper-level spaces to optimize energy efficiency in cooling systems.
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Figure 13. Analysis of Cooling Energy Consumption

Analysis of the Relationship Between Aspect Ratios and Energy Performance

As illustrated in Figure 13, the analysis of the relationship between aspect ratios and energy
performance metrics across various scenarios highlights a strong linear correlation. This correlation
is particularly pronounced in the case of the lower floors, where the aspect ratio emerges as a critical
factor influencing energy consumption. The analysis of the relationship on the fifth floor is influenced
by the absence of comparable floors in the other cases and their termination. The data reveals a
coefficient of determination (R?) value of 0.88, indicating that 88% of the variations in energy
consumption can be attributed to changes in the aspect ratio. Such a high R? value is a strong
indicator of the predictive strength of the aspect ratio in determining energy efficiency outcomes. As
the aspect ratio adjusts, there is a corresponding and predictable impact on energy usage. This
linearity emphasizes that the geometric proportions of a building—represented by its aspect ratio—
play a pivotal role in shaping its energy performance. For lower floors, this relationship might be
influenced by specific factors such as exposure to external environmental conditions (e.g., sunlight,
wind, and shading), ventilation dynamics, and thermal heat gains or losses. These factors are more
pronounced on lower floors due to proximity to ground-level thermal mass, urban heat effects, and
interaction with surrounding structures or landscaping. The strong linear correlation shown in the
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data underscores the importance of considering aspect ratio as a fundamental design parameter
during the early stages of building planning.
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Figure 13. Examine relationships between aspect ratios and energy performance metrics,
across various cases.

Conclusions

The study addresses improving external and internal thermal comfort and energy efficiency in
buildings near setback areas, especially in hot arid climates such as Aswan. As the study mentioned,
despite the research on street dimensions and thermal comfort, there is a gap regarding setback
areas and their impact on interior comfort. Despite the regular shape of the setback area adherence
to the building law during the case studies, changes in aspect ratio were observed to impact external
thermal conditions, which in turn affect indoor thermal comfort and energy efficiency in adjacent
spaces. The aspect ratio impacts different building floors in varying ways across the three cases
studied. As the aspect ratio increases, thermal conditions improve on the middle floors. In contrast,
the lower floors experience higher temperatures due to greater heat retention from ground
radiation, heat accumulation, and reduced airflow. This effect is especially pronounced in Aswan’s
hot climate, where the sun’s angle is high. Therefore, insulation methods must be considered
throughout the lower floors of the building, and a combination of solar design and thermal design
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strategies should be implemented, rather than relying solely on solar design. The findings of the study
can be generally discussed concerning two key issues: the microclimate created by rear setbacks and
the energy dynamics in adjacent buildings, as follows:

e A consistent trend was observed in which Ta increased, and RH decreased with elevation.
The second floor of the C2 case exhibited the most favorable internal thermal conditions,
with the lowest temperature differences (AT) between indoor and outdoor environments.
This suggests that the aspect ratio in C2 enhances insulation and shading effects through
this floor, improving thermal comfort.

e As for energy efficiency, increasing the rear setback ratio affects energy consumption
differently depending on the floor level. In the lower floors, energy consumption increases
with a higher setback ratio due to heat accumulation and reduced airflow when the sun's
angle is high. In contrast, the middle floors benefit from the increased setback ratio, which
enhances natural ventilation and reduces temperatures, thereby lowering energy
demand. As for the upper floors, they experience greater exposure to direct sunlight,
which increases energy consumption for cooling, highlighting the importance of strategies
to reduce heat gain on those floors.

The study underscores the importance of setback design in enhancing thermal comfort and energy
efficiency in buildings, particularly in hot arid climates like Aswan. It reveals that setback aspect ratios
significantly impact thermal conditions across different floor levels, affecting indoor comfort and
energy consumption. The findings advocate for an integrated design approach that combines solar
and thermal strategies, including adaptive HVAC systems, insulation, and natural ventilation, tailored
to specific floor conditions. To validate these findings, a comparison with previous studies reveals
consistency in several aspects. Research on urban canyons and street dimensions also supports the
observation that increased aspect ratios enhance ventilation and shading effects, thereby improving
thermal comfort in middle-level spaces. Similarly, studies in hot-arid climates, such as Riyadh and
Dubai, confirm that lower floors often face significant heat retention challenges due to ground
radiation and limited airflow [4, 55-60]. These comparative insights reinforce the reliability of this
study’s outcomes. The research highlights the need for climate-responsive building regulations,
urban planning considerations to reduce heat stress, and retrofitting strategies for existing
structures. This holistic approach can guide sustainable development in similar hot climates,
optimizing thermal environments and reducing energy use. Future work could focus on optimizing
the decision-making process to assist stakeholders in selecting the most effective solutions regarding
the aspect ratios of rear setbacks and window-to-wall ratios.
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