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ABSTRACT

The rapid expansion of tourism infrastructure in hot-arid coastal regions exacerbates energy
demands and environmental stress, yet evidence-based urban design guidelines for low-density
resorts remain underdeveloped. This study investigates the influence of urban layout design
(ULD) on facade solar exposure and microclimate regulation, using Egypt's Red Sea coast as a
case study. Its purpose is to identify morphological strategies that reduce solar heat gain, lower
cooling energy demand, and enhance outdoor thermal comfort while facilitating renewable
energy integration.

A systematic parametric approach was employed, using TownScope-3 to generate and simulate
252 urban layout scenarios. Key urban form parameters—including open-space ratios, building
orientation, canyon aspect ratios, and building distribution—were varied to evaluate their
effects on facade-level solar radiation. Statistical analyses established robust correlations
between morphology and solar mitigation outcomes.

Findings demonstrate that urban morphology is a decisive determinant of environmental
performance. East-West linear layouts reduced annual facade solar irradiation by up to 29%,
while compact, vegetated U-shaped clusters achieved reductions of up to 48%. Based on
established correlations reported in the literature, these solar reductions correspond to
estimated cooling energy savings of 23-32% and significant improvements in outdoor thermal
comfort. Furthermore, by lowering ambient thermal loads, these passive strategies enhance the
operational efficiency and feasibility of photovoltaic (PV) systems, positioning urban layout as a
dual passive-active sustainability lever.

This research provides a context-specific, parametric framework for linking urban form
optimization directly to energy and environmental performance in coastal resorts. It offers
evidence-based morphological guidelines for developers and planners to reduce operational
costs and improve climatic habitability. The strategies support climate adaptation and key
Sustainable Development Goals (SDGs 7, 11, and 13), reinforcing the tourism sector’s role in
sustainable development.

©2026 Bahgat et al. Published by Avanti Publishers. This is an open access article licensed under the terms of the Creative Commons
Attribution Non-Commercial License which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided
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1. Introduction

Climate change and rapid tourism growth are intensifying energy demand and carbon emissions in coastal
regions, particularly in hot-arid climates where cooling dominates building energy use [1, 2]. The tourism sector
contributes significantly to greenhouse gas emissions, with coastal resorts emerging as especially vulnerable due
to heavy reliance on energy-intensive cooling and exposure to extreme climatic conditions [3, 4]. As resort
development accelerates globally, sustainable design strategies that integrate passive energy savings and
renewable energy generation are critical to meeting decarbonization goals.

Urban layout design (ULD) is a decisive determinant of solar exposure, shading, and airflow, directly shaping
cooling energy demand and the feasibility of renewable energy integration. Research demonstrates that compact
planning, orientation, and natural ventilation can mitigate urban heat islands and reduce building energy loads [5-
8]. However, this work has largely focused on dense urban morphologies in temperate or humid climates. In
contrast, low-density, waterfront resorts in hot-arid zones remain underexplored, despite their distinctive spatial
characteristics and growing global importance.

Such resorts, exemplified by those along Egypt's Red Sea coast, present unique energy challenges. Dispersed
low-rise structures, extensive open spaces, and reflective surfaces like seawater intensify solar gains and diminish
shading [9-11]. Water bodies can reflect 50-80% of incident solar radiation, amplifying facade-level heat loads [12,
13]. Furthermore, design priorities emphasizing scenic views often result in elongated or radial building patterns
that increase solar exposure [14, 15], reducing the applicability of compact, shade-dense strategies effective in
high-density contexts [16]. Consequently, conventional urban heat mitigation models are not directly transferable
to these low-density, view-oriented settings [4, 17]. Recent research underscores the importance of tailoring solar-
responsive urban form strategies to local climatic and morphological conditions [3, 18], yet systematic evidence
for hot-arid waterfront resorts remains scarce.

This study addresses this gap by systematically evaluating the role of ULD features in mitigating solar radiation
in hot-arid coastal resorts. Through parametric simulation of 252 layout alternatives for Egypt's Red Sea coast, we
pursue the following research questions:

1. How do key urban layout parameters—including building orientation, compactness, open-space ratios,
and canyon geometry—influence facade-level solar exposure in low-density waterfront resorts?

2. Which morphological configurations are most effective in reducing annual solar irradiation, and what is
the magnitude of achievable reduction?

3. What are the indicative implications of these solar mitigation outcomes for cooling energy demand and
renewable energy system performance?

By answering these questions, this research provides evidence-based, context-specific guidelines to inform
climate-responsive resort planning, contributing to sustainable development goals (SDGs 7, 11, and 13).

The structure of this paper is organized as follows: Section 2 provides a review of related work; Section 3 details
the research methodology; Section 4 presents the results; Section 5 offers a discussion of the findings; and Section
6 concludes the study.

2. Review of Related Work
2.1. Urban Morphology and Solar-Energy Performance

Urban morphology is a critical determinant of energy performance by shaping solar exposure, shading, and
natural ventilation [19-22]. In dense urban environments, compact building arrangements can reduce facade
exposure through mutual shading [23, 24]. However, this compactness can also restrict natural ventilation and
promote heat retention [25-30]. Building orientation is central to maximizing solar availability and enhancing
airflow [31-35], and forms like linear and courtyard layouts can effectively reduce solar exposure in hot climates
[36-39]. These interrelationships are well-established in research on temperate, high-density settings [40-42].

2



Urban Layout Optimization for Solar Mitigation in Hot-Arid Resorts Bahgat et al.

A significant limitation is that these insights are derived primarily from studies of high-density, temperate
urban fabrics and may not translate to low-density, hot-arid coastal resorts. Such resorts feature dispersed layouts,
large open vistas, and an emphasis on scenic design, which can increase facade exposure and reduce mutual
shading, leading to higher thermal loads [11, 14]. In these contexts, passive design strategies related to orientation,
clustering, and aspect ratios are crucial for reducing cooling demand [43- 45]. However, current design guidance is
largely derived from high-density urban case studies and lacks actionable strategies for resort-scale developments
[14, 46-48]. Recent computational studies confirm solar access is sensitive to block geometry even in low-rise
settings [1, 4], and the need for context-specific models in hot-arid environments is clear [3, 18].

2.2. Energy Sustainability and Renewable Integration in Resorts

Energy sustainability is a core pillar of the Sustainable Development Goals (SDGs), emphasizing the need for
improved energy efficiency [49]. Urban areas dominate global energy consumption, necessitating strategies that
align energy production and demand reduction with broader sustainability frameworks [15, 50]. Waterfront
resorts in rapidly developing tourist zones present a unique challenge due to their high reliance on cooling and
tourism-driven expansion, making them vulnerable to environmental degradation and energy inefficiency [49, 51].
Enhancing energy efficiency is therefore an operational imperative in hot-arid coastal climates [46, 47, 52].

Climate-sensitive passive design—optimizing orientation, massing, and shading—offers a powerful strategy to
reduce cooling loads [53]. Importantly, reducing facade solar exposure not only minimizes cooling demand but
can also improve photovoltaic (PV) system efficiency by mitigating thermal stress on panels [54, 55]. This highlights
a dual benefit. However, existing research often focuses on the techno-economic feasibility of installed renewable
systems [48] or general passive principles, failing to systematically quantify how upstream urban layout design
(ULD) can synergistically enhance both passive savings and active renewable performance in the specific context
of low-density resorts.

2.3. Microclimate, Urban Geometry, and Passive Cooling

Microclimatic performance is fundamentally influenced by urban geometry, including canyon aspect ratios and
the proportion of open spaces [6, 56]. Urban form significantly affects air temperature, humidity, wind behavior,
and solar radiation, particularly in high-density settings [57-59]. Orientation and courtyard configurations are
effective in controlling solar gain and improving thermal comfort [60, 61], and low-energy design principles like
street orientation optimization and facade shading are recognized for reducing solar radiation [62-67]. Their
effectiveness is greatest when integrated early in design [7, 68].

For hot-arid coastal resorts, a critical and understudied challenge is the trade-off between shading and
ventilation. Compact forms offer solar protection but often compromise wind flow, which is a critical source of
thermal relief in these climates. This underscores the importance of multi-criteria simulation frameworks that
evaluate urban form against competing objectives like radiation control and ventilation efficiency [2, 8]. Most
existing models and studies prioritize dense urban neighborhoods, leaving a gap in tailored frameworks for low-
density, tourism-driven developments where this trade-off is paramount.

2.4. Urban Layout Design (ULD) Features and Research Gaps

ULD features such as spatial patterns (linear, courtyard, wind-oriented) directly impact solar gains and natural
ventilation [32, 33, 69]. Building form and spacing are also influential; compact arrangements can reduce heat
loads through shading and airflow, while dispersed configurations increase solar exposure [70-73]. Orientation
and urban canyon geometry further affect the thermal environment and ventilation efficiency [74, 75], as do
courtyard shapes and their proportions [76, 77].

Advanced modeling approaches are essential to navigate trade-offs between minimizing heat gain and
maximizing solar access for daylighting and renewables [78-83], though they can be computationally intensive [84].
There is a pressing need for more localized, climate-sensitive ULD research, where geometry is tailored to site-
specific conditions to mitigate heat gain effectively [85]. These early design stages are complex, demanding
strategies that address climatic responsiveness and computational feasibility [79, 86].
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Synthesizing these subsections reveals a coherent research gap: While the general influence of urban form
on energy use is well-established [5, 6], systematic, parametric evidence for low-density, hot-arid waterfront
resorts remain scarce. Few studies explicitly test how resort-scale layout variables (open-space ratios, canyon
geometry, distribution patterns) affect both passive energy savings and renewable integration potential. Moreover,
most simulation frameworks prioritize dense urban neighborhoods over dispersed, tourism-driven developments.
This gap is of direct relevance to global sustainability agendas as the resort sector expands in climate-vulnerable
regions [49].

This study applies established parametric simulation not as a novel framework, but as a focused methodology
to address this specific gap. Its contribution lies in conducting a resort-specific morphological analysis that
quantifies how ULD variables influence facade-level solar radiation in low-density, view-oriented layouts, thereby
translating general solar-access principles into evidence-based guidance for sustainable resort planning.

3. Methodology
3.1. Methodological Framework

This study adopts a four-stage research process (as shown in Fig. 1) analysis, synthesis, simulation, and
evaluation—adapted from Isik and Achten [87] and Cross and Roozenburg [88]. The framework enables
systematic exploration of Urban Layout Design (ULD) variables for reducing solar radiation in hot-arid coastal
resorts. By linking radiation reduction to cooling load savings and renewable energy system performance, the
methodology bridges architectural design with energy system integration.

Determination of:

- Dominant urban layout types in existing touristic
resort sites

- Dominant ULD features of urban layout types
(ULD features with associated values)

Phase 1:
Analysis

J

ULD alternatives: 252 combinations of ULD
features and their associated values

Phase 2:
Synthesis

J

Phase 3:
Simulation

Energy simulation of total solar radiation on
inner facades of buildings for 3 reference cases
and 252 ULD alternatives

|

Phase 4- Percentage of solar radiation reduction on
inner facades of buildings for each of the 252
ULD alternatives compared to corresponding
reference case n

Evaluation

Optimal ULD alternatives: Identification of Urban Layout Design (ULD)
parameter values and open space proportions that achieve the greatest
reduction in solar radiation on building fagades of waterfront resorts in
hot-arid climates.

Figure 1: Methodological framework for Urban Layout Design (ULD) optimization in hot-arid coastal resorts.
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3.1.1. Analysis Phase

The analysis phase commenced with a field-based assessment of existing waterfront resorts along Egypt's Red
Sea coast—an area known for its high energy consumption in the tourism sector and limited implementation of
climate-responsive urban planning strategies [89]. This site-based investigation revealed two dominant Urban
Layout Design (ULD) typologies: longitudinal linear layouts (either parallel or tilted to the shoreline) and central
clustered layouts. These recurring spatial patterns provided a foundation for identifying critical ULD variables
relevant to thermal performance in hot-arid coastal resorts.

From these observed configurations, four key ULD parameters were extracted and systematically categorized
according to their influence on solar exposure and cooling demand:

e Open-space proportions (X:Y): These affect solar penetration levels and the depth of shading in open
areas between buildings.

e Orientation: Determines the degree of exposure to direct solar radiation based on building

e Urban canyon aspect ratios (Z:X): Regulate the extent of facade shading and offer mutual protection
between structures.

e Building distribution (compact vs. dispersed): Influences the degree of clustering and natural
ventilation potential across the site.

These parameters were identified as primary drivers of facade-level solar loads and cooling energy
requirements in waterfront resorts situated in hot-arid climates [4, 90]. Their significance lies in their ability to
shape microclimatic behavior and energy efficiency at both the building and site scales. Accordingly, these
features were classified based on the prevailing layout typologies observed in the Red Sea coastal zone, with their
characteristics and spatial patterns summarized in Table 1.

Table 1: Classification of ULD features and their associated values in dominant types of waterfront resort sites.

Longitudinal linear I Central clustered
Type A (parallel) Type A Tilted
A A

Urban layout types of water front
resort sites
(Reference cases)

Features Associated Values
(D pattern shape linear linear clustered
) Open- Shape longitudinal longitudinal central
Space :
Space Proportion 1:1.2,5:1:1.5; 152
P 1:3,1:4,1:5 1:3:,1:4 ,.1:5 ? ?
Shape X:Y) > > > >
A3) E/W , NE/SW 15°, 300, 450,
Open-Space Orientation E/W , NE/SW 30°, 60° E/W , NE/SW 30°, 60° 600, 750
¥ Urbven Comson ésgf)“ RAEG | yoy 9y 38 T 1:3,1:4,1:5, 1:6 1:2,1:25,1:3
(5) . Buildings Attached , Semi- Nitahied Sentcdeiadial Attached , Semi-detached
Buildings Compactness detached
Distribution Bu.11dmg's Parallel Tilted 15° Parallel
Orientation
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3.1.2. Synthesis Phase

To systematically evaluate design options, 252 alternative ULDs were generated by exhaustively combining the
identified variables. For linear resorts, alternatives varied by three open-space ratios, four canyon ratios, three
orientations, and two compactness levels, resulting in 144 scenarios. For clustered resorts, three open-space
ratios, six canyon ratios, three orientations, and two compactness levels yielded 108 scenarios. This parametric
approach ensured coverage of the design space while enabling sensitivity analysis of each factor.

3.1.3. Simulation Phase

The simulation phase was designed to quantify the impact of different Urban Layout Design (ULD)
configurations on one primary, directly simulated variable: solar radiation exposure at the building facade level. To
achieve this, all simulations were conducted using TownScope 3, a specialized tool for urban solar access analysis
selected for its capability to compute direct, diffuse, and reflected radiation with hourly resolution across building
surfaces [91]. The accuracy of TownScope 3 was validated by calibrating its outputs against Heliodon simulation
results, confirming its reliability for this specific solar analysis across multiple urban scenarios [92].

To ensure contextual accuracy, a range of detailed input datasets was used in the simulations:

e 3D urban models were developed in AutoCAD and 3ds Max, then exported as .obj files for TownScope
input.

e C(Climatic data specific to Hurghada—including air temperature, humidity, wind speed, and solar
radiation—were sourced from Meteonorm.

e Surface material properties, such as reflectance, emissivity, and absorption, were incorporated for
commonly used materials in Red Sea resorts, including plaster, interlock paving, glass, and water
surfaces (Table 2).

e \Vegetation properties were also included, specifically for palm tree species
like Washingtonia and Phoenix dactylifera (date palms), which are most common in Hurghada's resorts.
These were modeled based on their physical dimensions and shading performance (Fig. 2).

The direct output of this phase was the annual facade-level solar radiation value (kWh/m?) for each of the 252
design scenarios, as illustrated in Fig. (3). These values were benchmarked against three reference resort
typologies to evaluate relative solar performance.

Methodological Scope and Inferred Implications:

It is critical to emphasize that this study's direct simulation output is limited to solar radiation metrics. The
broader implications for cooling energy demand, outdoor thermal comfort, and photovoltaic (PV) system
performance are not simulated directly but are estimated using correlations established in prior literature. This
constitutes a methodological boundary.

The significance of the solar radiation reduction results is therefore interpreted through these established,
secondary relationships:

e Cooling load reduction: Prior studies have established a correlation between lower facade solar
radiation exposure and reduced cooling energy demand [1, 8]. The cooling energy savings cited in this
study (e.g., 23-32%) are therefore indicative estimates derived by applying these literature-based
correlations to our simulated radiation reduction values.

¢ Photovoltaic (PV) integration potential: Similarly, literature indicates that lower ambient and surface
temperatures—a likely outcome of reduced solar loading—can improve PV module efficiency by
mitigating thermal stress [53, 54]. Furthermore, a reduced baseline cooling demand can increase the
proportional share of energy met by a given PV system. These implications for renewable energy
integration are presented as inferred system-level benefits based on our primary solar data, not as
direct outputs of coupled energy simulations.
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This approach explicitly focuses the simulation work on generating robust, comparable solar exposure data for
diverse ULDs. While the derived implications for energy and comfort are grounded in scientific literature, they
represent indirect inferences. The findings on solar mitigation are presented as direct results; the associated
discussions on cooling demand and PV performance are presented as logically derived, indicative outcomes to
contextualize the solar data within broader sustainability goals.

Table 2: Properties of common outdoor surface materials in Hurghada (Red Sea, Egypt).

Material Op(?/::)lty lef;os)lon RefI(t:/:)tlon Eml(sozl)wty Surfa(coec')l'emp. Material
Wall (White Plaster Acrylic) 100 0 80 90 93 Wall (White Plaster Acrylic)
Roof (Concrete Tiles) 100 0 36 64 25 Roof (Concrete Tiles)
Ground (Interlock) 100 0 36 94 33 Ground (Interlock)
Windows (Glass) 12 77 7 16 60 Windows (Glass)
Vegetation (Lawns) — — 30 90 25 Vegetation (Lawns)
Pool (Water) 10 20 70 90 25 Pool (Water)
Road (Asphalt) 100 0 10 88 38 Road (Asphalt)
Sand 100 0 20 75 38 Sand

Date palms (Phoenix dactylifera) Washingtonia

Figure 2: The most common palm tree types used in Hurghada Resorts.

3.1.4. Evaluation Phase

Results were evaluated through:

o Descriptive statistics (mean, range, standard deviation) to profile performance.
e Regression analysis to quantify correlations between ULD features and radiation reduction.
e ANOVA tests to assess statistical significance (p < 0.05).
e Performance ranking to identify optimal scenarios (>40% radiation reduction).
This analytical framework not only identifies optimal ULD configurations but also establishes quantitative links

between passive design strategies, cooling load mitigation, and renewable energy efficiency — ensuring that
recommendations are robust for both architectural practice and energy policy.



Bahgat et al. International Journal of Architectural Engineering Technology, 13(1), 2026

A > - o~ =
. Y o > N
> ‘« o Ny h,
; ¥ e Ny
1 Type_A: 72 ULD alternatives pe A Tilted: 72 ULD alternatives Type_B: 108 ULD alternatives
+ Towntcope - 30- 10N o
selecting

simulation !

—_—

=

software + 1

)
o —
2y

»

|

2

Modeling
ULD -
alternatives -.

|
i
i
i
i
i
i
i
i
i
calibration |
i
i
i
i
i
i
i
i
i
i

3

Simulation

i
i
i
i
v -
i
i
i
i
i

Process - 2 073631 (c) v P

Townscope 3 interface presenting the model of central/clustered Reference-Case and the input data
v Geographic and climatic data, (b) Materials assignment, and (C) Vegetation assignment

4

Simulation
Results -~

5

Validation !

of obtained
results

'y [ :

Type A: Longitudinal/ Linear/ Parallel Type_A_Tilted: Longitudinal/ Linear/ Type_B: Central/ Clustered/ Parallel
Buildings (Reference-Case) Tilted Buildings (Reference-Case) Buildings (Reference-Case)

Figure 3: Sequential steps for energy simulations of the 252 generated ULD alternatives and results of solar radiation for the
three reference cases of site types.

4. Results
4.1. The Influence of Urban Morphology on Facade Solar Irradiation: A Comparative Analysis

Simulation results demonstrate that urban morphology exerts a strong, statistically significant influence on
facade-level solar irradiation, a primary driver of thermal load in hot-arid environments. Performance varied
substantially across the three analyzed site typologies, with the Central Clustered (Parallel) layout achieving the
greatest solar mitigation, followed by the Longitudinal Linear layouts.

The Central Clustered typology (Type_B) proved most effective for microclimate regulation. Compact U-shaped
configurations were particularly performant. The optimal alternative (Alt_252, with XY = 1:2, Z:X = 1:2, East-West
orientation) achieved a 46% reduction in annual facade solar irradiation. Integrating vegetation—modeled on
common local palm species—provided a synergistic benefit, increasing the reduction to 48%. Within this typology,
ten alternatives demonstrated high performance, with reductions between 40% and 46%, where NE/SW
orientations at 15° and 30° from north were notably effective (Fig. 4).
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Figure 4: Percentage reduction in total solar radiation on building facades across open-spaces of waterfront resorts,
comparing ULD alternatives for Type_A_Tilted (Linear-Tilted) resort site configurations.

In contrast, the Longitudinal Linear layouts showed more moderate but meaningful reductions, with
performance highly dependent on orientation and canyon proportions. For the Linear-Parallel typology (Type_A),
East-West orientation yielded the best outcomes, with the top-performing case (Alt_68) achieving a 29%
reduction (Fig. 5). The Linear-Tilted typology (Type_A_Tilted) demonstrated slightly lower efficacy, with its best
configuration (Alt_144) reaching a 25% reduction (Fig. 6).

XY =1:1.2 ¢ X:Y=1:1.5 5 < XY =1:2

Layout Proportions (X:Y)
Orientation
Aspect Ratio (Z:X)

Building Compactness

<> Reference Case

Highest Percentage of
Reduction

Figure 5: Percentage reduction in total solar radiation on building facades across open-spaces of waterfront resorts,
comparing ULD alternatives for Type_B (Clustered-Parallel) resort site configurations.
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Figure 6: Percentage reduction in total solar radiation on building facades across open-spaces of waterfront resorts,
comparing ULD alternatives for Type_A (Linear-Parallel) resort site configurations.

Collectively, these findings confirm that morphological variables—specifically spatial compactness, building
orientation, and urban canyon aspect ratios—are critical, measurable determinants of facade-level solar
irradiation. The peak reduction percentages for each typology are summarized in Fig. (7), and the performance
ranges are synthesized in Fig. (8).
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Figure 7: Maximum solar radiation reduction on building facades across open-spaces in various waterfront resort site types.
451

401

35

30F

Radiation Reduction (%)

25

201

Linear_Parallel Linear_Tilted Clustered
Layout Type

Figure 8: Ranges of solar radiation reduction on building facades across open-spaces in various waterfront resort site types.
4.2. Classification of High-Performance Morphological Alternatives for Solar Control

Analysis of the 252 scenarios reveals a clear correlation between spatial compactness and solar control efficacy.
High-performing alternatives were grouped by open-space proportion (X:Y ratio):

e The most compact proportion (1:2) yielded the highest solar reductions (39-46%), dominated by
compact clustered layouts.

e Moderate proportions (1:3 and 1:4) corresponded to more modest reductions (22-26%), associated
with specific tilted linear and semi-compact layouts.

e The most elongated proportion (1:5) showed a wider performance range (21-29%), heavily dependent
on specific alignment and canyon geometry.

This confirms that spatial compactness, combined with appropriate orientation and vertical proportions, is a
primary driver for reducing radiant heat loads. To bridge simulation data with design practice, the most effective

configurations within each open-space category are presented as a decision-support tool in Tables 3, 4, and 5,
using a color-coded visualization system.
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Table 3: High-performance Urban Layout Design (ULD) alternatives for facade-level solar radiation reduction in

waterfront resorts (hot-arid climate, open-space proportion X:Y = 1:2).

ULD features and associated values
Pattern
X:Y | Orientation | Z:X | Compactness
Semi- N
1:2 E/W 1:2 Detached l e @
(SD) e
12 Semi- =
Clustered with E/W 1:25 | Detached 5 =
U-shaped (SD)
Buildings 1:2 E/W 1:2.5 | Attached (A) I —
1:2 Semi-
EW 1:2 Detached A
(SD)
1:2 Semi-
NESW | 12 | Detached
(SD)
1:2
Clustered with
U-shaped
Buildings NE7/530W 1.2 | Attached (A)
12 Semi-
N%’OS';W 1:2 Detached
(SD)
1:2
Clustered with
U-shaped
ildi
Buildings NEB’.iW 1:2 | Attached (A)
42 NE/SW
450 1:2 Attached (A)
1:2
Clustered with
U-shaped
Buildings NESY | 12 | Attached (A)
A
1:2 Semi- North
N%/.f,w 1:2 Detached
(SD)
Clustered with 4:2
U-shaped i
sha Semi-
Buildings Ng/gw 1:2 Detached
(SD)
1:2 i
Semi- Porth
Nﬁ’ssow 12 | Detached
(SD)
1:2
Clustered with
U-shaped
Buildings B
Nﬁ’g,w 1:25 | Detached
(SD)

1

Percentage
of reducing
solar
radiation
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Table 4: Urban Layout Design (ULD) alternatives for facade-level solar radiation reduction in waterfront resorts (hot-
arid climate, open-space proportions X:Y = 1:3 and 1:4).

ULD features and associated values Percentag
ULD e of
Pattern reducing
XY | Orientation | Z:X | Compactness solar
radiation
. : 1:4 E/W 1:3 | Attached (A) e (D 26%
Linear with : z . 26
Parallel A
Buildings along Semi- Nosth
with Space 1:4 E/W 1:3 Detached ."’L’."{!’
(SD) Y=y
SD
' North
/\
Linear with Ei / l /’ @
by 15 aong” | 13 | NE/SW30° | 15 |  Detached ) ; ; 4
with Space (SD) R/

SD

4.3. Implications for Cooling Energy Demand and Outdoor Thermal Comfort

The documented reductions in solar irradiation have direct, literature-informed implications for building
energy demand and outdoor space quality. Applying established correlations where a 1% reduction in solar
radiation correlates with a 0.5-0.7% reduction in cooling load [1, 8], the results suggest indicative savings:

e Linear layouts (20-29% solar reduction) may achieve 10-20% cooling energy savings.
e Tilted linear layouts (up to 25% reduction) may yield 12-17% savings.
e C(Clustered layouts (40-48% reduction) may deliver 20-32% savings, the highest among all typologies.
Given that cooling dominates energy use in hot-arid resorts, these inferred savings signify substantial
operational benefits. Furthermore, by reducing the radiant heat load on facades and adjacent spaces, these

morphological strategies contribute directly to improved outdoor thermal comfort, a critical factor for resort
usability.

4.4. Synergies with Renewable Energy Integration and System Performance

The implications of morphological solar control extend to active energy systems. By lowering the baseline
cooling demand, these passive strategies can enhance the integration efficiency of renewable energy, particularly
photovoltaics (PV), based on established principles [53-55]:

¢ Improved PV Performance: Reduced surface and ambient temperatures can create more favorable
operating conditions for PV modules, mitigating efficiency losses due to thermal derating.

¢ Increased Renewable Energy Share: With clustered layouts potentially reducing cooling demand by
up to one-third, the proportion of total electricity demand met by a given PV installation can increase,
improving economic viability.

e Synergies with Hybrid Systems: A lowered and flattened cooling load profile can enhance the
feasibility of solar-assisted cooling and thermal storage systems.

Thus, urban morphology functions not only as a passive cooling strategy but also as a potential performance
multiplier for renewable energy systems, a crucial linkage for sustainable tourism infrastructure.
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Table 5: Urban Layout Design (ULD) alternatives for facade-level solar radiation reduction in waterfront resorts (hot-
arid climate, open-space proportions X:Y = 1:5).

Pattern uLD lmm
Semi-
Iirinar with 15 EW 1:3 Detasghed
Tilted Buildings (SD)
by' 15¢ along
with Space 15 EW 1:3 | Attached (A) 22%
15 EW 1:3 | Attached (A) 9
Linear with
Parallel Semi-
Buildings along 15 EW 1:3 Detached
with Space (SD)
15 EW 1:4 | Attached (A) 21%
Linear with Semi- @
Tited Buildings | 4.5 | NE/SWe0e | 1:3 |  Detached 21%
by 15° along (SD)
with Space
Semi- \
15 | NE/SW60° | 1:3 Detached
(SD)
Linear with
Parallel
Buildings along
with Space
15 NE/SW 60° 1:3 Attached (A)
15 EW 1:3 | Attached (A)
Linear with
Parallel Semi-
Buildings along 15 EW 13 Detached
with Space (SD)
15 EW 1:4 | Attached (A)
Linear with :
Facaliel ie | neswien| 45| Deeted
Buildings along 5 B (SD)
with Space

15 NE/SW 60° | 1:3 Attached (A)

4.5. Statistical Validation of Morphological Influence

Robust statistical analysis confirms a significant relationship between urban morphology and solar irradiation.
A strong positive association exists between layout compactness and solar radiation reduction, evidenced by a
Pearson correlation coefficient of 0.76. The regression slope of 7.70 and a coefficient of determination (R?)
of 0.58 indicate that as urban forms transition from linear to clustered configurations, a substantial and consistent
reduction in solar exposure is achieved (p < 0.001).
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Specifically, each incremental shift toward a more compact urban layout corresponds to an average 7.7%
reduction in solar irradiation. This effect is most pronounced in canyon ratios between 1:2 and 1:3. ANOVA tests
further confirm that both urban orientation and layout compactness have statistically significant individual and
combined effects on radiation outcomes (p < 0.05). This statistical relationship is visualized in Fig. (9), which plots
solar radiation reduction against urban layout type, annotated with key practical thresholds for design trade-offs.
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Figure 9: Regression relationship between urban layout type and solar radiation reduction, annotated with key trade-off zones.

5. Discussion
5.1. Urban Morphology as a Determinant of Microclimate and Energy Demand

This study demonstrates through direct simulation that urban morphology is a measurable and significant
determinant of facade solar exposure in low-density tourism resorts. The primary finding is that clustered U-
shaped configurations with integrated vegetation achieved reductions in annual facade solar irradiation of up
to 48%. This simulated outcome represents a direct moderation of the urban canopy layer’s radiant heat load.

The broader implications for energy demand are derived by applying correlations established in prior research.
Based on literature indicating that reduced solar exposure correlates with lower cooling loads [1, 8], the achieved
radiation reductions suggest potential for substantial cooling energy savings. Similarly, literature indicates that a
lower ambient thermal load can improve the operating environment and effectiveness of photovoltaic (PV)
systems by reducing thermal stress [54, 93]. Therefore, while this study’s simulations are limited to solar radiation,
the results, when contextualized with existing energy models, point toward meaningful synergies between passive
urban form and active system performance. This positions context-specific urban morphology as a foundational
component for climate adaptation strategies in tourism economies.

5.2. Trade-offs Between Shading, Ventilation, and Solar Access

The results highlight a fundamental design tension inherent in optimizing resort layouts. While clustered
layouts maximized shading in our simulations, literature emphasizes that such compactness can compromise
natural ventilation if not carefully aligned with prevailing wind patterns [32, 35]. This points to a critical trade-off in
hot-arid climates between radiative cooling (via shading) and convective cooling (via airflow) that was not directly
simulated in this study but is essential for holistic design.

Furthermore, the strategic addition of vegetation—which increased radiation reduction by 2% in our models—
enhances evapotranspirative cooling. However, literature notes it may also inadvertently shade PV modules,
potentially offsetting gains in renewable generation potential [54]. This illustrates a secondary trade-off between
maximizing passive shading for microclimate regulation and preserving unshaded areas for active solar energy
harvesting.

14



Urban Layout Optimization for Solar Mitigation in Hot-Arid Resorts Bahgat et al.

Consequently, the optimal design solution is not a single configuration but a balanced approach. Hybrid
strategies cited in literature, such as selectively placed deciduous vegetation, optimized canyon aspect ratios, or
adaptive shading systems, offer pathways to navigate these competing objectives [94, 95]. These strategies,
combined with the performance trends identified in this study, can help designers balance scenic, climatic, and
energy goals in resort master planning.

5.3. Seasonal Dynamics and Year-Round Climatic Performance

Design strategies optimized for peak summer solar mitigation may reduce valuable solar access during cooler
winter months, affecting both daylight availability and potential for passive heating [96]. This seasonal dynamic is
particularly relevant for year-round resort operations. Adaptive measures, including the use of deciduous
vegetation, dynamic shading systems, and high-thermal-mass materials, can help mitigate these seasonal
limitations and provide a more balanced performance across the annual cycle [95]. Future research should
therefore extend beyond static annual performance metrics to consider dynamic, diurnal, and seasonal variations
in thermal comfort and energy demand.

5.4. Integrating Solar Control and Wind Flow for Outdoor Comfort

Wind-driven ventilation remains a critical mechanism for improving outdoor thermal comfort in hot-arid
resorts, and urban compactness can conflict with this if not managed carefully [16, 97]. Courtyard-type
arrangements provide extensive shading but may inhibit airflow, whereas linear forms with moderate height-to-
width ratios (e.g., 1.0-1.5) can offer an optimal balance by facilitating both shading and cross-ventilation [35, 97].
The early integration of solar exposure and wind flow analysis into resort master planning is crucial. This enables
designers to refine these trade-offs, shaping building form, spacing, and orientation to maximize both ventilation
and solar control, thereby directly enhancing the quality of outdoor spaces for guests.

5.5. Policy and Planning Implications for Climate-Responsive Resorts

The findings hold direct implications for planning authorities and resort developers in hot-arid regions:

e Tourism Planning Guidelines should integrate climate-responsive urban form criteria, ensuring that
new developments adopt morphological configurations that minimize solar heat gain and moderate
the local microclimate.

e Coastal Zone Management Policies could be updated to include performance-based metrics for urban
canopy layer conditions, moving beyond regulations focused solely on the building envelope.

e Sustainable Tourism Certification frameworks could incentivize developers to adopt compact, climate-
responsive layouts, recognizing their long-term benefits for operational energy savings and guest
comfort.

By embedding these morphological principles into regulatory frameworks, governments and the tourism
industry can support broader climate adaptation strategies while maintaining the economic viability of tourism-
dependent coastal areas.

5.6. Global Relevance and Scalability

Although contextualized within Egypt's Red Sea coast, the morphological insights are transferable to coastal
resorts across hot-arid and semi-arid regions globally—from the Arabian Gulf to North Africa and parts of
Australia and the Americas. These regions share similar climatic stressors of intense solar radiation and are
experiencing rapid tourism expansion. The results contribute to the growing discourse on sustainable tourism by
demonstrating that urban form is a primary mediator between climate stress and human comfort. The findings
align with global sustainability agendas [93, 98] by promoting SDG 11 through the development of sustainable
human settlements and contributing to SDG 13 by implementing climate adaptation measures in vulnerable zones.
The enhanced renewable energy integration facilitated by lower cooling demand further supports SDG 7.
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5.7. Study Limitations and Directions for Future Research

The conclusions of this study must be considered within the boundaries of its simulation-based methodology.
While the modeled scenarios captured key morphological variables, they necessarily simplify complex real-world
dynamics such as transient occupant behavior, material properties, and localized wind patterns that influence
microclimate and energy use.

A critical insight from this research is the nuanced trade-off between passive shading and active energy
generation. For instance, the addition of a single row of palm trees in open courtyards increased solar radiation
reduction from 46% to 48% (Fig. 10), thereby enhancing passive cooling potential. However, this marginal shading
gain came at the cost of reduced solar access for photovoltaic (PV) panels, slightly lowering renewable generation
capacity. This exemplifies the delicate balance required in designing low-carbon resorts.

Future research should advance toward integrated performance modeling that couples urban microclimate
simulations with detailed building energy models and empirical validation through on-site monitoring.
Furthermore, investigations incorporating dynamic shading, hybrid renewable systems, and multi-objective
optimization across different seasonal scenarios would offer deeper insights into achieving year-round energy
resilience and superior outdoor thermal comfort.

=

Reduction of total solar radiation 46% Reduction of total solar radiation 48%

Figure 10: lllustration demonstrates the effect of adding another row of palm trees in front of building facades, resulting in
enhanced solar radiation reduction.

6. Conclusion

This study provides systematic, simulation-based evidence that urban morphology is a critical and quantifiable
factor regulating facade solar exposure in low-density resorts in hot-arid coastal regions. Through the parametric
analysis of 252 layout scenarios for Egypt's Red Sea coast, the research statistically validates that spatial
configuration—specifically building arrangement, orientation, compactness, and vegetation integration—directly
governs solar heat gain.

The key finding is that U-shaped clustered layouts with integrated vegetation achieve the highest reductions in
solar irradiation (up to 48%). Statistically robust correlations confirm that increased compactness and specific
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canyon geometries significantly lower facade-level radiation. While the direct simulation outputs are limited to
solar metrics, applying established correlations from the literature suggests these morphological strategies could
lead to meaningful reductions in cooling energy demand and support improved conditions for renewable energy
integration.

Therefore, the primary contribution of this work is to offer context-specific, evidence-based morphological
guidance for planners and architects designing in similar climatic and developmental contexts. The findings
underscore that a deliberate, solar-responsive urban form should be considered a key element in the early
planning stages of coastal resorts. Future research integrating direct energy and microclimate simulation with the
morphological parameters analyzed here would further strengthen the practical application of these principles for
climate-resilient tourism development.
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