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Abstract

Urban areas in hot-arid regions face extreme temperatures, water scarcity, and deteriorat-
ing air quality, intensified by rapid urbanization and climate change. In the Greater Cairo
Region, road-network redevelopment has reduced street greenery, increasing the need for
strategies that compensate for lost shade, cooling, and ecosystem services. This study eval-
uates nature-based solution (NBS) configurations in a road-widened street corridor in
Zahraa El Maadi, Cairo, Egypt. Seven ENVI-met 5.9.0 scenarios, varying in tree-canopy,
grass, green-roof, and water coverage, were compared over a 24 h peak-summer period.
Air temperature (Ta), wind speed (WS), relative humidity (RH), and physiological equiv-
alent temperature (PET) were assessed at three pedestrian-level receptors at 12:00, 16:00,
and 20:00, and i-Tree MyTree was used to estimate complementary carbon, runoff, and
air-quality co-benefits for a representative Ficus microcarpa tree. Scenarios with greater
tree-canopy cover generally produced lower pedestrian-level Ta, with reductions of ap-
proximately 0.4-1.6 °C depending on receptor location and time of day. A one-at-a-time
sensitivity analysis of air-temperature forcing (+2 °C) and inflow wind speed (3.0 and 6.0
m/s) showed that the higher-tree-canopy scenario was cooler than the no-vegetation ref-
erence in only 21 of 36 comparisons, so its advantage depended on forcing condition, lo-
cation, and time. The maximum-NBS scenario was not consistently the best performer,
highlighting the influence of urban morphology and NBS placement. Water features in-
creased RH but did not consistently reduce PET, while green roofs and grass provided
limited direct pedestrian-level benefits. Overall, NBS reduced but did not eliminate heat
stress. The study proposes a decision matrix that links site assets, microclimate simulation,
ecosystem-service assessment, and water demand, including greywater reuse and effi-
cient irrigation, to support NBS planning in hot-arid urban redevelopment.

Keywords: nature-based solutions; urban microclimate; green infrastructure; hot-arid
regions; urban heat island; climate resilience and adaptation; ENVI-met simulation

1. Introduction

With increasing population density and urbanization rates, extreme weather events
have become more frequent, leading to numerous negative environmental effects [1]. Ac-
cording to climate projections, cities are expected to face greater effects of climate change
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due to ecosystem destruction, lack of vegetation, densification of built-up areas, and the
resulting prevalence of impermeable surfaces [1]. The impact of climate change has at-
tracted the attention of numerous urban planners due to the recognized rise in atmos-
pheric temperatures in urban areas, especially in hot-arid climatic zones [2]. Hot-arid cit-
ies are especially vulnerable to the urban heat island (UHI) phenomenon because high
solar exposure, elevated carbon dioxide concentrations compared with surrounding rural
areas, extensive impervious surfaces, low vegetation coverage, and water scarcity interact
with dense development and transport infrastructure [2]. These conditions increase heat
storage and pedestrian exposure, making the spatial distribution of shade and evapotran-
spiration a central concern for urban planning and design [3,4].

Accordingly, many cities are implementing, researching, and piloting nature-based
solutions (NBSs), which incorporate nature and related ecosystem services, as an alterna-
tive to grey or technology-based infrastructure to respond to these challenges. The most
widely used NBS definitions are those of the International Union for Conservation of Na-
ture IUCN) and the European Commission. The IUCN defines NBSs as actions to protect,
sustainably manage, and restore natural or modified ecosystems that address societal
challenges effectively and adaptively, simultaneously providing human well-being and
biodiversity benefits. The European Commission, in turn, defines NBSs as actions that are
inspired by, supported by, or copied from nature, which aim to help societies address a
variety of environmental, social, and economic challenges in sustainable ways [5]. These
two definitions share the same understanding of NBSs as actions taken to address societal
challenges through ecosystem processes [6]. NBSs vary in effectiveness depending on the
scale at which they are implemented. At the street scale, trees can reduce radiant exposure
through direct shade and support evaporative cooling. Grass, green roofs, and water sur-
faces operate through different mechanisms and at different heights, so their benefits at
the pedestrian level are not necessarily equivalent [7]. NBSs can provide sustainable, re-
silient, cost-effective, and multifunctional solutions to many problems related to sustain-
able urban development [8].

With a focus on hot-arid regions, scholars have actively investigated NBSs and their
impacts on urban environments since 2008 [9]. A systematic review by Meerow et al. [10]
found that NBSs can reduce air temperature by up to 7 °C depending on the vegetation
type, its physical characteristics, and its spatial distribution. Soltanifard and Amani-Beni
[11] highlighted that during peak summer periods, green infrastructure provides greater
temperature reductions and lower building cooling loads than blue infrastructure. Fur-
thermore, Elnabawi et al. [12] noted that NBS implementation, depending on contextual
conditions and urban morphology, can substantially mitigate urban heat-island effects,
runoff, and air pollution.

Although the integration of NBS in hot-arid regions offers benefits, it also faces vari-
ous challenges that may hinder its application and implementation in this context [13].
These challenges include extreme heat and water scarcity, which may directly affect plant
survival and lead to high maintenance costs. In terms of governance, there are significant
gaps: limited knowledge of NBS implementation, a strong reliance on grey infrastructure,
and a focus on short-term actions driven by financial constraints rather than on long-term
NBS strategies. Moreover, comprehensive implementation guidelines and performance-
evaluation metrics that integrate NBSs into a cohesive framework linked to urban devel-
opment pathways are still lacking, especially in developing and arid contexts.
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Egypt, especially the Greater Cairo Region, is currently undergoing redevelopment
of its urban vehicular network, which is expected to alter the local microclimate because
part of the green fabric has been removed from certain streets. Cairo, known for its hot
and dry climate, is being affected by rising temperatures and increasing greenhouse gas
emissions due to rapid population growth, expanding road networks, and increased land
use [14]. These pressures are expected to escalate, influencing not only the city’s environ-
mental performance but also the functionality of public spaces, infrastructure efficiency,
and overall urban livability [15]. In Zahraa El Maadi, for example, the roadway was wid-
ened, and the central green island was reduced, creating a practical need to test compen-
satory interventions within the remaining street geometry.

Thus, a clear research gap remains: the literature and case studies on NBSs predom-
inantly emphasize their effects while giving limited attention to their integration into ur-
ban development, particularly in mobility-led redevelopment, where the loss of pedes-
trian shade and ecosystem services is often treated as a secondary effect. This presents a
significant opportunity to incorporate NBSs tailored to specific hot-arid contexts. This pa-
per therefore addresses two research questions: (1) How, and to what extent, can NBS
contribute to transformational change in space-limited urban development in arid re-
gions? (2) What performance-evaluation metrics could support decisions on implement-
ing NBSs in arid regions?

To address these questions, this study aims to identify feasible combinations of NBSs
(trees, grass, green roofs, and water surfaces) that provide the most beneficial pedestrian-
scale microclimatic response in transport-led redevelopment, using the case study of Zah-
raa El Maadi Street, and to translate simulation outputs into urban-planning priorities.
The objectives are to (1) compare the microclimatic performance of seven NBS scenarios;
(2) explain the mechanisms and spatial differences behind scenario performance; (3) con-
nect the tree-based scenario results with complementary ecosystem-service estimates
from i-Tree; and (4) develop a quantitative decision matrix for hot-arid street redevelop-
ment that links post-development site conditions to water demand, microclimate simula-
tion, and tree ecosystem-service potential.

Accordingly, the contribution of this study lies not in demonstrating the general cool-
ing effect of urban vegetation, which is already well established, but in linking mobility-
led green-space loss with site-specific NBS scenario assessment and translating the result-
ing microclimatic and ecosystem-service evidence into an integrated planning framework
for hot-arid urban redevelopment.

2. Materials and Methods

To achieve these objectives, comparative numerical modeling using ENVI-met was
conducted to examine how alternative NBS configurations influence the pedestrian-level
microclimate of a road-widened street corridor in a hot-arid urban context. The workflow
comprised five main steps: (1) defining the study area and collecting spatial and climatic
data; (2) constructing the ENVI-met simulation models; (3) running the simulations and
analyzing the resulting microclimatic outputs; (4) evaluating thermal-comfort conditions
using BIO-met and LEONARDO; and (5) assessing the ecosystem-service performance of
the selected tree using i-Tree, including carbon sequestration and related co-benefits. The
scenario results, together with the literature and current development plans, were then
synthesized into an integrated planning framework for NBS implementation (see Figure
1).
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Figure 1. Research workflow.

2.1. Study Area and Planning Context

El Maadi, a green suburban district south of central Cairo, Egypt, was selected as the
case-study context (see Figure 2). It is one of Cairo’s well-known residential districts and
is characterized by extensive green spaces, tree-lined streets, and a relatively peaceful,
pedestrian-friendly environment. These open green spaces contribute significantly to
Maadi’s distinctive urban character and environmental quality compared with many

denser parts of Cairo.
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The study area lies along Zahraa El Maadi Street, at latitude 29°57'42.51” N and lon-
gitude 31°18'14.32” E. The street is oriented west-east. Beyond its relevance to mobility-
led urban redevelopment, Zahraa El Maadi was selected because of its proximity to Shaq
El Tho'ban, one of the largest marble and granite industrial zones in the region and a major
source of air pollution. According to the IQAir index, air quality in the study area is cate-
gorized as “unhealthy for sensitive groups” owing to continuous dust and particulate
emissions from stone-cutting and processing operations, which can also contaminate wa-
ter and soil and affect public health in the surrounding urban areas [16].

2.2. Urban Character and Road-Widening Change

In 2025, Zahraa El Maadi Street underwent a mobility-oriented redevelopment that
altered both the street geometry and land-cover composition. The asphalt roadway was
widened from approximately 10 m to 14 m, representing a 40% increase in roadway width.
At the same time, the central green island was reduced from approximately 17 m to 9 m,
corresponding to an approximately 47% reduction in its width. In terms of the total street-
area composition shown in Figure 3, the road-surface area increased from approximately
25% to 30%, representing an increase of 5 percentage points, while the green-space surface
area decreased from approximately 20% to 5%, representing a reduction of 15 percentage
points. Part of the former green area was also converted into a sand-surfaced roundabout.
These existing site conditions were used as the physical basis for constructing the baseline
ENVI-met model and for defining the subsequent NBS scenarios.
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Figure 3. Comparison of street-area composition before and after redevelopment (percentage of to-

tal study-area surface).

Most buildings are mid-rise residential blocks of four to five floors. The total length
of the street is 620 m. The street section in Figure 4 illustrates the current surface materials
(asphalt, green, and concrete surfaces) of the redeveloped street. The green area in the
middle of the street covers approximately 6527 m?, accounting for 5% of the total street
area. The existing trees and palms cover approximately 2% of the total area and are located
within the central green island and along the sidewalks adjacent to the buildings (Figure
5).
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Figure 4. Current street section and surface configuration after redevelopment.
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Figure 5. Current conditions of the Zahraa El Maadi study corridor, showing the widened roadway,
reduced central green island, existing vegetation, and surrounding residential morphology (cap-
tured on 23 October 2025).

2.3. Numerical Simulation

ENVI-met was selected because it resolves interactions among buildings, vegetation,
surfaces, radiation, and near-ground atmospheric conditions at the neighborhood and
street scales. General computational fluid dynamics (CFD) tools provide detailed simula-
tions of airflow, ventilation, and pollutant dispersion and are considered to offer highly
accurate airflow modeling and flexible physics [17]. However, these tools involve complex
setups, incur high computational costs, and require separate calculations for thermal com-
fort [18]. PALM-4U is a district- to city-scale urban climate model suitable for urban heat-
island and large-scale climate simulations, but it requires substantial computational re-
sources and is less detailed at the pedestrian scale [19]. RayMan focuses on radiation and
thermal-comfort analysis using rapid calculations and is useful for shading and comfort
studies, but it has limited representation of airflow and vegetation interactions [20]. SOL-
WEIG similarly resolves spatial variations in radiant fluxes and mean radiant temperature
but does not simulate airflow [21].

ENVI-met, by contrast, is a comprehensive 3D model based on the principles of fluid
and heat dynamics, specifically built to examine small-scale thermal behavior in urban
settings. With a typical spatial resolution of approximately 0.5-10 m and a temporal reso-
lution ranging from 1 to 5 s, it can simulate the interactions between buildings, vegetation,
and the atmosphere [22]. This capability makes it especially useful for assessing how mi-
nor changes in urban design can influence the local microclimate [23].

Modeling with ENVI-met allows different building materials, surface types, and veg-
etation to be integrated to study their impact on the local microclimate and to design strat-
egies that reduce urban heat stress. As a predictive numerical model, ENVI-met also sup-
ports the planning of future urban spaces that aim for more sustainable living conditions.
The simulations generate a wide range of output data, including meteorological variables
such as air temperature, wind speed, and relative humidity, as well as thermal-comfort
indices such as the predicted mean vote (PMV), predicted percentage dissatisfied (PPD),
physiological equivalent temperature (PET), universal thermal climate index (UTCI), and
standard effective temperature (SET) [24].

The 3D models were created using the SPACES tool of the ENVI-met suite, starting
with a base model representing the existing conditions of the study area. From this base,
the seven scenarios were developed by modifying the NBS elements (Section 2.8). The
model input data and simulation settings are summarized in Tables 1 and 2.

2.4. Microclimate and Boundary Conditions

According to the K&ppen climate classification, Cairo has a hot-arid (BWh) climate.
The analysis used the weather file recorded at Cairo International Airport [25]. In a typical
summer week, daytime temperatures range from 38 °C to 42 °C, with a relative humidity
of approximately 20%, whereas in a typical winter week, they range from 18 °C to 23 °C,
with a relative humidity of approximately 45%. During intense heatwaves, temperatures
can rise further, while wind speeds remain relatively steady with only slight changes
throughout the year. In a typical winter week, the wind speed fluctuates from 4.0 m/s to
5.5 m/s, while in a typical summer week, the average wind speed ranges from 4.5 m/s to
6.5 m/s. The prevailing wind blows from the north, followed by the northeast and north-
west. The values above describe typical daytime summer conditions in Cairo, while Table
2 summarizes the 24 h forcing used for the selected simulation day, including cooler
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nighttime and early-morning conditions. Boundary conditions and simulation settings are
further discussed in Section 2.6.

Table 1. Input data and initial settings for the ENVI-met model.

Model Location Value(s) Used
Name of location Zahraa El Maadi
Position Latitude 29°57'42.51” N
Longitude 31°18'14.32” E
Model Geometry
Domain size 620 m x 276 m
Model dimension X-Grids = 155 Y-Grids = 69 Z-Grids = 30
Size of grid cell dX=4mdY=4mdZ=1m
Model rotation out of the
. 0°
grid from the north
Height of 3D model top 30 m
Table 2. Settings of the ENVI-met simulation.
Simulation Setting Value(s) Used
Start day 20 July 2024
Start time 07:00
Total simulation time
) 24h
Air temperature (°C) Min. =26.4 °C, Max. =40 °C (simple forcing)
Relative humidity (%) Min. = 27%, Max. =59%
Wind speed (m/s) 45 m/s
Wind direction (°) 0 (north)
Roughness length (m) 0.01
Cloud cover Default settings in ENVI-met
Building wall and roof L
. Default settings in ENVI-met
materials
Soil Sandy soil (physical properties based on the ENVI-met database)
Comparability Building geometry and meteorology were held constant across

scenarios; only the specified NBS elements were changed.

The model assumes that the represented geometry and land-cover categories are ad-
equate for cross-scenario comparison during the selected 24 h period. Building wall and
roof materials, soil properties, cloud cover, and meteorological forcing were held constant.
These assumptions reduce the number of variable parameters but also limit the ability to
generalize absolute values beyond the modeled day and site.

2.5. Assessed Parameters

Air temperature (Ta) is the temperature of the ambient air, typically measured at 1.5
2 m above ground; it represents the local thermal state of the atmosphere [26]. It strongly
influences perceived heat stress (unit: °C) [27]. Wind speed (WS) is the horizontal speed
of airflow measured at a standard height (usually 1.5-2 m); it governs convective heat
transfer and ventilation in outdoor spaces (unit: m/s) [28]. Relative humidity (RH) is the
amount of water vapor in the air expressed as a percentage of the saturation amount at
the same temperature. It affects evaporation and thermal comfort; higher RH reduces
evaporative cooling (unit: %) [4]. Physiological equivalent temperature (PET) was selected
as the principal thermal-comfort index because it combines air temperature, humidity,

https://doi.org/10.3390/architecture6040201
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Temperature [°C]
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wind speed, and radiation-related thermal load in a single equivalent temperature ex-
pressed in degrees Celsius. This makes it interpretable for planners and allows for com-
parison with previous outdoor-comfort studies in Cairo and other hot-arid contexts. PET
is used here as a comparative indicator among scenarios, not as a substitute for direct
observation of individual thermal perception [28].

The PET classification relates physiological equivalent temperature values to thermal
perception and the corresponding level of physiological stress. PET values below 18 °C
indicate various degrees of cold stress, from slight cold stress to extreme cold stress; 18—
23 °C is considered thermally comfortable with no thermal stress. Values of 23-29 °C in-
dicate slightly warm conditions and slight heat stress. Values of 29-35 °C denote warm
conditions and moderate heat stress. PET values of 3541 °C are considered hot and linked
to strong heat stress, and values above 41 °C indicate very hot conditions and extreme
heat stress. This classification provides a clear framework for interpreting pedestrian ther-
mal comfort and comparing heat-stress severity between scenarios and receptor locations
[29].

i-Tree is a free, peer-reviewed software suite developed by the United States Depart-
ment of Agriculture (USDA) Forest Service and partners. It evaluates the structure, eco-
system services, and economic value of trees and urban forests and can be applied to in-
dividual trees, neighborhoods, and entire cities. The software calculates benefits such as
carbon storage, air-pollution removal, and stormwater reduction, and can also evaluate
energy impacts and their economic value. Therefore, i-Tree supports evidence-based tree
planting, canopy management, urban forest planning, and long-term environmental plan-
ning [30].

2.6. Simulation Settings

The simulation was conducted over a 24 h period, beginning at 07:00 on 20 July 2024
and ending at 07:00 on 21 July 2024. The selected date represents peak-summer conditions
(see Figure 6) and was used to provide a controlled basis for comparing the relative mi-
croclimatic performance of the seven NBS configurations. Accordingly, the study was de-
signed as a single-day comparative assessment rather than as an evaluation of prolonged
heatwave behavior or cumulative thermal processes across consecutive days. Meteonorm,
which uses global climate data (e.g., temperature, precipitation, and solar radiation) to
generate realistic hourly weather records exportable in formats such as EnergyPlus
Weather (EPW), was used to identify this day [31]. Simple forcing was applied to define
the meteorological boundary conditions (air temperature, relative humidity, wind speed,
and wind direction) [25]. The results are therefore interpreted as relative differences
among scenarios under the selected meteorological conditions and are not intended to
represent multi-day heatwave dynamics or cumulative thermal carry-over.
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Figure 6. Monthly (left) and daily (right) temperature data used to select the simulation period,

generated using Meteonorm and visualized using Ecotect.

The simulation started at 07:00; ENVI-met recommends initialization at night or near
sunrise, and sufficient model spin-up before simulation outputs are interpreted [25]. The
reporting times of 12:00, 16:00, and 20:00 correspond to 5, 9, and 13 h after initialization,
respectively. Because the 12:00 output occurs earlier in the simulation, it is interpreted
with greater caution than the later outputs. All scenarios were initialized using identical
soil, surface, and atmospheric conditions; therefore, initialization effects are expected to
influence absolute values more strongly than the relative differences among scenarios.
Comparable single-day ENVI-met approaches have been used for comparative greening
assessments in hot-arid environments; for example, Benlahbib et al. [28] simulated a single
24 h extreme summer day, while Gomaa et al. [32] used 24 h forcing to compare vegetation
scenarios.

2.7. Model Reliability and Contextual Validation Evidence

ENVI-met has been widely applied in urban microclimate studies, including in hot-
arid environments [14,33]. However, site-specific field validation of the present Zahraa El
Maadi model was not possible because of site-security constraints and limited availability
of measurement equipment. Therefore, the current model was not directly validated
against on-site measurements.

A previous Cairo study [14] is cited only as contextual evidence of ENVI-met perfor-
mance under comparable climatic conditions. In that study, the coefficient of determina-
tion (R?) and index of agreement (IA) values were 0.8946 and 0.50 for air temperature,
0.971 and 0.839 for relative humidity, and R?=0.6957 for wind speed. The moderate IA for
air temperature (0.50), despite a high R?, indicates that the earlier model reproduced the
temporal pattern of air temperature more closely than its absolute values. These results
do not constitute validation of the present model configuration. Accordingly, absolute
simulated values remain subject to uncertainty. Because all seven scenarios were simu-
lated using identical building geometry, meteorological forcing, materials, and model set-
tings, the controlled setup provides a consistent basis for interpreting relative scenario-to-
scenario differences, although it does not eliminate uncertainty in the absolute simulated
values.

Additional contextual evidence is provided by the hot-arid ENVI-met validation and
sensitivity study of Ayyad and Sharples [33]. Their analysis examined variations in wind
speed, relative humidity, albedo, and grid size and reported stronger agreement for air
temperature and wind speed than for relative humidity. This evidence reinforces the need
for cautious interpretation of RH-based results. To address uncertainty in the present
model directly, a targeted one-at-a-time (OAT) sensitivity analysis was conducted for SC1
and SC5 by perturbing air-temperature forcing by +2 °C and changing the inflow wind
speed from the 4.5 m/s baseline to 3.0 m/s and 6.0 m/s. Details are provided in Section
Sensitivity Analysis.

The cited Cairo studies provide contextual evidence regarding ENVI-met perfor-
mance under comparable climatic conditions but do not constitute direct validation of the
present Zahraa El Maadi model. Accordingly, the results of this study are interpreted pri-
marily as relative differences among scenarios simulated under identical model settings,
while absolute values remain subject to uncertainty.

https://doi.org/10.3390/architecture6040201
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Sensitivity Analysis

A targeted one-at-a-time (OAT) sensitivity analysis was conducted to examine the
dependence of the relative microclimatic response of SC1 and SC5 on selected meteoro-
logical boundary conditions. SC1 represents the reference condition without vegetation,
whereas SC5 represents the higher-tree-canopy configuration (10% tree-canopy cover and
5% grass; Section 2.8). Air-temperature forcing and inflow wind speed were selected be-
cause they directly influence pedestrian-level thermal conditions and airflow.

The baseline air-temperature forcing of 26.4-40.0 °C was perturbed by +2 °C, produc-
ing low-temperature forcing of 24.4-38.0 °C and high-temperature forcing of 28.4—42.0 °C.
The baseline inflow wind speed of 4.5 m/s was changed to 3.0 m/s and 6.0 m/s for the low-
and high-wind conditions, respectively. Following the OAT approach, only one meteoro-
logical parameter was modified at a time, while model geometry, land cover, materials,
wind direction, relative-humidity forcing, and all other simulation settings were held con-
stant (Table 3).

Table 3. Input conditions for the OAT sensitivity analysis.

Condition Air-Temperature Forcing Wind Speed Scenarios
Baseline 26.4-40.0 °C 45m/s SC1, SC5
Low temperature 24.4-38.0 °C 4.5 m/s SC1, SC5
High temperature 28.4-42.0 °C 45m/s SC1, SC5
Low wind 26.4-40.0 °C 3.0m/s SC1, SC5
High wind 26.4-40.0 °C 6.0 m/s SC1, SC5

Eight additional ENVI-met simulations were performed, comprising low- and high-
temperature and low- and high-wind conditions for both SC1 and SC5. Air temperature
(Ta), relative humidity (RH), wind speed (WS), and physiological equivalent temperature
(PET) were extracted from the ENVI-met outputs at the same three pedestrian-level re-
ceptors and reporting times (12:00, 16:00, and 20:00) used in the principal scenario analy-
sis.

For each perturbed condition, sensitivity was quantified from the SC5-SC1 difference
at the same receptor and reporting time:

AXi = XSC5,i—-XSC1,;, X € {Ta, RH, WS, PET}

where i denotes each receptor-time combination. Negative ATa and APET indicate lower
Ta and PET in SC5, respectively. Negative ARH and AWS indicate lower RH and local WS
in SC5, whereas positive values indicate higher values.

For each condition, the mean response across the nine receptor-time combinations
was calculated as:

&

Il
S
D1

&

where n =9 represents three receptors x three reporting times.

The robustness of the scenario ranking used for planning decisions was examined
separately in the decision matrix by varying the weighting profile (Sections 2.11 and 3.6).
The sensitivity analysis was intended to assess the dependence of the relative SC1-5C5
response on meteorological forcing.

For the overall sensitivity summary, the four perturbed conditions were pooled,
yielding 36 receptor-time—condition comparisons (4 conditions x 3 receptors x 3 reporting
times). Results were interpreted from the overall response pattern rather than from iso-
lated small differences.
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2.8. NBS Scenarios

The seven scenarios were designed as a structured comparison rather than an ex-
haustive optimization. The selected percentages reflect three considerations: (1) the ap-
proximate magnitude of green-space loss associated with the redevelopment; (2) the lim-
ited residual space available in the roundabout, park, central island, sidewalks, and roofs;
and (3) the need to distinguish the main cooling mechanisms. Tree-canopy cover was var-
ied to test pedestrian shading; grass was retained as a low-height permeable surface; green
roofs were tested as a roof-level intervention with limited direct pedestrian shade; and
water was included to test evaporative effects while recognizing the water-scarcity con-
text. The same average tree crown size was assumed for all proposed scenarios; therefore,
5% canopy was represented by 70 trees and 10% canopy by 140 trees, while SC2 retained
the observed existing condition of 54 trees and palms. Alternative percentages and species
combinations remain possible and should be examined in future parametric work.

All NBS coverage percentages were calculated relative to the total modeled study
area of 130,457.81 m?2. The 5% increment was selected because it represents the remaining
green coverage in the existing condition after the redevelopment-related reduction in
green space, and it also provides a consistent basis for testing the additional contribution
of each NBS element across the scenarios. Accordingly, 5% coverage represents approxi-
mately 6527 m? in the modeled geometry. Tree coverage refers to projected canopy area,
whereas grass, green-roof, and water coverage refer to their respective horizontal surface
areas. The scenarios are summarized in Table 4.

Table 4. Scenario descriptions.

NBS Elements (Share %)
Trees

Design .. Green Roof  Grass Water
. Description Canopy Purpose
Scenarios Coverase Coverage Coverage Coverage
A CO (%) (%)
()
No vegetation
SC1 o o o o Reference condition
No NBS 0% 0% 0% 0% without vegetation.
Current NBS pattern on the
street
SC2 Represent the current
20 o, (o) [0}
Existing case & 0% 3% 0% vegetation pattern.
Adds 5% tree canopy and
5% grass
Test additional tree
SC3 5% 0% 5% 0% shade and evapotranspi-

ration.
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Includes 5% tree canopy
and 5% grass and intro-
duces a 5% green roof

Test whether roof green-

SC4 5% 5% 5% 0%  ingadds pedestrian-level
benefits.
Increases tree canopy to
10% with 5% grass
SC5 10% 0% 50, 0% Test higher tree-canopy
coverage.
Retains 5% trees and 5%
grass and adds 5% water
f
surtace Test the evaporative con-
SCe 5% 0% 5% 5% tribution of a water sur-
face.
Combines all elements: 10%
trees, 5% green roof, 5%
grass, and 5% water
SC7 10% 59 59 59 Test the combined maxi-

mum NBS configuration.

2.9. Receptor Selection

Three receptors were placed at 1.5 m above ground to approximate the breathing and
head height of standing pedestrians. Receptor 1 represents the roundabout, where the
scenarios directly modify the balance of vegetation, water, and hard surfaces. Receptor 2
represents the park area, where existing greenery and open-space exposure influence the
response. Receptor 3 represents the central island beside the building edge, where street-
canyon geometry and sheltering can modify shade and airflow. The three locations there-
fore represent distinct planning conditions rather than randomly sampled points. Values
were extracted at 12:00, 16:00, and 20:00 to compare midday, late-afternoon peak heat, and
evening conditions (see Figure 7).
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Fis | Interlock .
Asphalt roads siewalks ‘:I Sandy loam soil - Green areas
| |:] Buildings . Existing trees @ Receptor locations (R1-R3)

R1: Roundabout ¢ R2: Park * R3: Street canyon
Figure 7. Placement of the three pedestrian-level receptors.

2.10. Complementary i-Tree Ecosystem-Service Assessment

The complementary ecosystem-service assessment was conducted using i-Tree
MyTree version 2.30.2, powered by i-Tree Eco Engine 0.22.1 and Location Species Data-
base 13.1.10. A representative Ficus microcarpa tree was modeled with a diameter at breast
height (DBH) of 14.00 in (approximately 35.6 cm) and a condition classified as “Good.”
Ficus microcarpa was selected because it is commonly used in Cairo streetscapes and is
adapted to harsh urban climatic conditions [34], making it a realistic candidate for shade-
oriented planting and evapotranspirative cooling in the case-study context. The location
setting used in MyTree was Maadi As Sarayat Al Gharbeyah, Cairo Governorate, Egypt.
These inputs were used to generate the reported 20-year estimates of carbon, stormwater,
and air-pollution-removal benefits (Table 5).

Table 5. Input parameters used in the i-Tree MyTree assessment.

MyTree Input Value(s) Used
Tool i-Tree MyTree
Version 2.30.2

Engine i-Tree Eco Engine 0.22.1
Location Species Database 13.1.10

Species Ficus microcarpa
I(?Dlgnl_lgter at breast height 14.00 in (35.6 cm)
Tree condition Good
Location entered Maadi As Sarayat Al Gharbeyah, Cairo Governorate, Egypt
Projection period 20 years
Estimation basis U.S. national averages

The MyTree report indicates that the selected Egyptian location is not currently sup-
ported by the i-Tree location database; therefore, the tool used U.S. national averages to
estimate the tree benefits. Consequently, the reported carbon, stormwater, air-pollution-
removal, and monetary values should be interpreted as indicative estimates for the spec-
ified representative tree rather than as locally calibrated values for Cairo.
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The assessment was used as a complementary planning tool rather than as a valida-
tion of ENVI-met. ENVI-met evaluates short-term pedestrian-level microclimatic effects,
whereas MyTree provides longer-term estimates of tree-related ecosystem services [30].
Because the projected benefits depend on the initial tree size, condition, species, and loca-
tion assumptions, the 20-year estimates are specific to the modeled input conditions and
should not be generalized to all Ficus microcarpa trees or other street-tree conditions in
Cairo.

2.11. Decision-Matrix Calculation and Normalization

The assessment followed a sequential calculation process linking NBS configuration,
water demand, microclimatic performance, and ecosystem services. First, the quantities
of trees, grass, green roofs, and water features were defined for each scenario. Annual
irrigation demand was then estimated using the adopted requirements for trees, grass,
and green roofs, while household greywater availability was calculated from the number
of residential units, occupancy, an assumed greywater recovery rate of 140 L/capita/day,
and 365 days per year [35]. Water-feature demand was estimated from open-water evap-
oration. A mean open-water evaporation rate of 2.8 mm/day for Cairo and its surround-
ings [36], equivalent to 1.022 m/year, resulted in an annual evaporation replacement de-
mand of approximately 6.671 ML/year for the 6527 m? water surface. Total NBS water
demand was compared with available greywater to determine the percentage utilized and
the remaining surplus. Microclimatic performance was subsequently evaluated using the
average PET across the three receptor locations and reporting times. To avoid using non-
locally calibrated MyTree monetary values as a quantitative decision criterion, tree eco-
system-service performance was represented by a dimensionless proxy based on modeled
tree quantity. With the same representative crown size assumed across scenarios, 70 trees
corresponded to 50% of the maximum tree ecosystem-service potential and 140 trees to
100%. Because all trees were represented using the same species, size, and condition, the
MyTree physical ecosystem-service estimates scale linearly with the number of trees in
each scenario. Accordingly, tree number was used as a proxy for relative tree ecosystem-
service potential in the decision matrix. Under the applied normalization procedure, this
produces the same relative scenario scores as normalizing the corresponding non-mone-
tary MyTree physical outputs, while avoiding reliance on U.S.-based monetary valuations
that are not calibrated for Cairo. This proxy represents tree-related ecosystem services
only; potential services provided by grass, green roofs, and water features were not in-
cluded.

MyTree monetary outputs were retained only as illustrative co-benefit estimates and
were excluded from the quantitative decision-matrix calculation. The underlying calcula-
tions used in the decision matrix are provided in Supplementary File S1.

The three components were linked through the same scenarios. ENVI-met provided
thermal-comfort results, MyTree provided tree ecosystem-service estimates, and the wa-
ter-balance analysis provided NBS water demand and greywater availability. Irrigation
volume was not dynamically coupled with ENVI-met. Therefore, the matrix is a multi-
criteria decision-support tool rather than a fully coupled model.

SC3-SC7 were ranked, while SC1 and SC2 were retained as reference conditions. An-
nual NBS water demand was calculated as the sum of tree, grass, green-roof, and water-
feature requirements:

Dnis = Direes + Dagrass + Droof + Dwater
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Tree irrigation demand was estimated at 2200 L/tree/year (=6 L/tree/day), corre-
sponding to the upper end of the 1500-2200 L/tree/year range reported for Ficus microcarpa
under drip irrigation [34]. Grass and green-roof irrigation demands were represented us-
ing planning-level assumptions of 2500 and 1500 L/m?/year, respectively, consistent with
published irrigation requirements for comparable grass and green-roof systems [37,38]:
Water-feature evaporation demand was calculated as:

Dwater = Awater X Eannuat x 1000

where Awater is the water-surface area (m?), Eannual is the annual evaporation depth (m/year),
and the factor of 1000 converts cubic meters to liters. A mean evaporation rate of 2.8
mm/day for Cairo, equivalent to 1.022 m/year, was applied [36].

Using the adopted recoverable greywater rate of 140 L per capita per day, annual
greywater availability was calculated as:

GWoannual = Noccupants x 140 x 365
and the remaining greywater surplus was calculated as
GWsurplus = GWannual — Dnss

Thermal-comfort performance was represented by mean PET across the selected re-
ceptors and reporting times. PET was used as the sole weighted thermal-comfort indicator
to avoid double-counting air temperature, wind speed, and relative humidity. Tree eco-
system-service performance was represented by modeled tree quantity rather than
MyTree monetary values; Xi denotes the number of modeled trees in scenario i and Xmax
the maximum modeled tree quantity among SC3-SC7.

To combine indicators with different units, annual water demand and PET were nor-
malized using a lower-is-better min-max equation:

S:M x100

' Xmax - Xmin
Tree ecosystem-service potential was normalized relative to the maximum modeled
tree quantity:
X;
Seco=o—x100

Xmax
where Xiis the modeled tree quantity for scenario i, and Xmax is the maximum modeled

tree quantity. Ratio normalization was used for the tree ecosystem-service domain so that
zero trees correspond to zero tree ecosystem-service potential and scenarios with 70 trees
retain 50% of the potential assigned to scenarios with 140 trees.

The final composite score was calculated as:

Ci= (SWater,i X WWater) + (SMicroclimate,i X WMicroclimate) + (SEcosystem,i X WEcosystem)

where Wwater, WMicroclimate, and Wecosystem are the weights assigned to water balance, PET,
and tree ecosystem services, respectively. Four weighting profiles were tested: Equal
Weighting (33.3%/33.3%/33.3%), Water Balance Priority (60%/20%/20%), Microclimate
and Comfort Priority (20%/60%/20%), and Tree Ecosystem Services Priority
(20%/20%/60%). Scenarios were ranked from highest to lowest composite score. The over-
all structure of the decision matrix is shown in Figure 8.
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1. Assessment Indicators

Water Balance

Indicator:
« Total annual NBS water requirement
(Lyear)

Lower values are better

Indicator:
¢ Mean PET

weighted

2. Data Normalization (0-100 Scale)

For indicators where lower values are better
(Water demand, PET)

X =X X; = value for scenario i
SCOre,- N e x 100 Xmin = minimum value (SC3-SC7)
Xmax = Xmin Xmax = maximum value (SC3-SC7)

Score; = normalized score (0-100)
3. Domain Scores
‘Water Balance Score
Normalized annual NBS water
requirement (0-100)

4. Weighting Method

Equal Weighting
Water: 33.3%
Microclimate: 33.3%

Ecosystem Services: 33.3%

¥

‘Water-Balance Priority
Water: 60%
Microclimate: 20%
Ecosystem Services: 20%

5. Composite Performance Score
€, = composite score for scenario i
Ci = (Wyp X Syp) + (W x Syc) + (Wes X Sgs) | W = weight for each domain
S = normalized domain score (0-100)

(0-100)

Microclimate & Thermal Comfort

Air temperature (Ta), relative humidity (RH), and wind
speed (WS) are supporting variables only and are not

Lower values are better

\ 4

Microclimate & Thermal Comfort Score
Scorey: = Scorepgr
(0-100)

PET is the sole weighted thermal-comfort indicator

Three performance domains used in the decision matrix

Tree Ecosystem-Service Potential
Indicator:
« Modeled tree quantity (trees)
(proxy for ecosystem-service potential)

Higher values are better

Normalization is applied to SC3-SC7 only (SC1 and SC2 are reference conditions)

For indicators where higher values are better
(Tree ecosystem-service potential: modeled tree quantity)
X X; = number of modeled trees for
Score; = i x 100 scenario i
i X, Xmax = maximum number of trees
max (SC3-5C7)
Score; = normalized score (0-100)
This preserves positive ecosystem-service contributions for higher tree quantities.

Tree Ecosystem-Service Potential Score
Normalized modeled tree quantity

(0-100)

Four weighting profiles to reflect different planning priorities

Microclimate & Comfort Priority Tree Ecosystem-Services Priority
Water: 20% Water: 20%
Microclimate: 60% Microclimate: 20%

Ecosystem Services: 20% Ecosystem Services: 60%

6. Scenario Ranking
SC3-SC7 are ranked from highest to lowest composite score
under each weighting profile.
‘ . I I I SC1 and SC2 remain reference conditions and are not included
in the ranking. _
( Monetary values from i-Tree MyTree (e.g., total ecosystem service value in $/year) are |
:9 presented only as illustrative co-benefit estimates and are not used in the quantitative J

decision matrix.

Figure 8. Integrative NBS decision matrix.

The greywater and irrigation calculations are planning-level estimates based on the

adopted assumptions and were not derived from site-specific greywater measurements

or a detailed treatment-system design.

3. Results

This section begins with a detailed analysis of the simulated microclimatic conditions
(air temperature, wind speed, and relative humidity) across the seven NBS scenarios, in-
cluding a baseline case with no vegetation, to assess and quantify the cooling and shading
effects of the NBS configurations. Evaluations were conducted at 12:00, 16:00, and 20:00 at
three receptor points located 1.5 m above ground to quantify the direct impact of the pro-
posed scenarios. A comparative analysis was then performed across the different NBS
scenarios to identify performance patterns at each receptor. Overall, scenarios with greater
vegetation coverage generally showed lower air temperature, whereas PET differences
were smaller and less consistent, with SC7 generally showing comparatively lower PET
during the afternoon and evening. Scenarios with more water and vegetation tended to

increase average relative humidity. Differences in average wind speed among scenarios
were moderate. These results suggest that the overall effectiveness of NBS is determined
by the combined influence of vegetation and moisture and their interaction with local ur-
ban settings (see Figure 9). The spatial distributions of Ta, WS, and RH for each scenario

at the three reporting times are provided in Appendices A-G.
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Figure 9. Thermal comfort and overall microclimatic performance across the seven NBS scenarios.

Values represent means across the three pedestrian-level receptors (R1-R3) at each reporting time.

Because the 12:00 output occurs only five hours after model initialization and is there-
fore interpreted with greater caution (Section 2.6), the air-temperature comparison was
repeated using only the 16:00 and 20:00 outputs at the three receptors (six receptor—time
points per scenario). Relative to SC1, SC2 remained cooler on average (mean ATa =-0.47
°C; lower at 6 of 6 points), followed by SC7 (-0.35 °C; 4 of 6), SC6 (-0.28 °C; 4 of 6), and
SC5 (-0.18 °C; 3 of 6). In contrast, SC3 (-0.02 °C; 1 of 6) and SC4 (+0.18 °C; 0 of 6) showed
no consistent reduction. The largest later-time reductions were approximately 1.0 °C, oc-
curring for SC2 at Receptor 3 at 16:00 and SC3 at Receptor 1 at 20:00. These results indicate
that the broad scenario grouping was not dependent on the 12:00 output. An interactive
dashboard visualization was created with the assistance of Claude Sonnet 5 (Anthropic)
for exploratory presentation of the descriptive results; it is provided as Supplementary
Material.

3.1. Receptor 1 (Location: Roundabout)
3.1.1. Air Temperature

At Receptor 1, the baseline scenario (5C1) recorded the highest midday temperature,
approximately 37.6 °C at 12:00. The introduction of vegetation (SC2-SC7) reduced these
peak temperatures; for example, SC5 (10% tree canopy) reached only 36.0 °C at noon, ap-
proximately 1.6 °C cooler than SC1. Afternoon (16:00) temperatures were similar across
scenarios (~39-40 °C), but scenarios with more vegetation (SC5-SC7) tended to be slightly
cooler (around 39.2-39.4 °C vs. 40.0 °C in SC1). By evening (20:00), temperatures dropped
to approximately 34-35 °C; SC1 and SC4 were the warmest (~35.0 °C), whereas SC3 (34.0
°C) and SC7 (34.2 °C) were the coolest, followed by SC2 and SC6 (34.5 °C) and SC5 (34.7
°C). These patterns reflect the cooling influence of urban greenery, whereby tree-canopy
shading and evapotranspiration reduce near-surface air temperature (see Figure 10).
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Figure 10. Air temperature at Receptor 1 across the different scenarios.

The numerical differences are modest but consistent. For example, at 12:00, the high-
est temperature (37.6 °C in SC1) exceeded the lowest (36.0 °C in SC5) by 1.6 °C, while
afternoon differences shrank to approximately 0.9 °C across scenarios. These patterns
align with the scenario descriptions: SC5 combines the highest tree cover (10%) with no
green roof, so its cooling derives mainly from shade. In contrast, SC4 includes a green roof
but only 5% tree cover; its higher temperatures suggest that tree canopy is the dominant
cooling factor at street level, with green roofs and grass playing secondary roles. In sum-
mary, greater tree canopy lowered local air temperature, while adding water (SC6, SC7)
provided additional cooling, although to a lesser extent than tree canopy.

3.1.2. Wind Speed

Wind speeds at Receptor 1 were highest at 20:00 and lowest at 12:00. At noon (12:00),
wind speeds ranged from approximately 2.7 to 3.21 m/s. The highest wind speed (about
3.21 m/s) occurred in SC1 (baseline), whereas scenarios with more vegetation (SC3-SC7)
were slightly lower (around 2.7-3.1 m/s). By 16:00, speeds increased to about 2.79-3.33
m/s across all scenarios; SC1 (baseline) was highest at 3.33 m/s, while SC7 was lowest at
2.79 m/s, likely because of its denser vegetation. At 20:00, wind speeds rose to 2.7-3.46
m/s, with SC6, SC1, and SC2 highest (~3.1-3.46 m/s) and SC7 lowest (~2.7 m/s). The overall
differences were moderate (~0.5-0.78 m/s) and indicate a consistent pattern: scenarios with
dense vegetation (trees) can slightly impede airflow, whereas more open scenarios (e.g.,
SC4 with a green roof but limited trees) had marginally higher wind speeds. However, all
scenarios remained within a similar range (see Figure 11).

Wind speed at Receptor 1

Sc_02 Sc_03 Sc_04 Sc_05 Sc_06 Sc_07

W 12:00 (m/s) m16:00 (m/s) 20:00 (m/s)

Figure 11. Wind speed at Receptor 1 across the different scenarios.

https://doi.org/10.3390/architecture6040201



Architecture 2026, 6, 201

20 of 44

40
35
30
25
20
15
10

(9]

Sc_01

Vegetation can slightly reduce wind speed by obstructing airflow. At 12:00, SC5 (10%
tree canopy) recorded 2.70 m/s, and SC7 (trees + water) recorded 2.90 m/s, both lower than
scenarios with less greenery. At 20:00, SC5 remained relatively low at 2.90 m/s and SC7 at
2.70 m/s, whereas SC4, with fewer trees and a green roof, had a higher speed (3.00 m/s),
indicating reduced airflow obstruction. These small changes suggest that trees increase
surface roughness, which slightly slows air movement, a phenomenon frequently ob-
served in urban green-infrastructure studies [32]. Although the wind pattern did not sub-
stantially alter the cooling effect of the scenarios, it remains a factor in outdoor thermal
comfort.

3.1.3. Relative Humidity

RH at Receptor 1 followed an inverse pattern to temperature. In the mid-afternoon
(16:00), RH was lowest (mid-20% range), as the hot air was drier. At 12:00, RH was in the
low-30% range, and by evening (20:00), it increased to the mid-30% range. Scenarios with
more moisture sources showed higher RH. For example, at 12:00, SC7 (water + trees)
reached about 36% RH, versus only 30% in SC4 (trees + green roof, no water). At 16:00,
SC7 reached 29%, the highest among the scenarios, while SC2 was as low as 25%. By 20:00,
SC6 (with water) had the highest RH (~37%), SC7 was 36.5%, and the vegetation-poor SC2
was lowest (~34%). These differences (~3-6 percentage points) reflect evapotranspiration
and evaporation: trees, grass, and especially water bodies add moisture to the air, thereby
increasing humidity. The effect of water is evident, as SC6 and SC7 consistently showed
higher RH (see Figure 12).

Relative humidity at Receptor 1

Sc_02 Sc_03 Sc_04 Sc_05 Sc_06 Sc_07

W 12:00 (%RH) W 16:00 (%RH) m20:00 (%RH )

Figure 12. Relative humidity at Receptor 1 across the different scenarios.

In summary, SC6 and SC7 (with water) consistently produced higher RH, reflecting
the humidifying role of water features. In contrast, SC1 and SC2, with limited vegetation
and no water features, recorded the lowest RH values, indicating only modest humidity
gains from existing greenery. These patterns reflect the combined effects of evapotranspi-
ration, shading, and added moisture from trees, grass, and water. Overall, Receptor 1 ex-
perienced cooler and more humid conditions in scenarios with denser vegetation and wa-
ter, which may improve thermal comfort.

3.2. Receptor 2 (Location: Park)
3.2.1. Air Temperature

At Receptor 2, temperatures were slightly higher than at Receptor 1. Midday (12:00)
peaks reached 38-38.4 °C in the least-green scenario (5C1) and dropped to about 37.5-37.8
°C in SC2, SC5, SC6, and SC7, but remained at 38.0-38.2 °C in SC3 and SC4. Afternoon
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values (16:00) all remained close to 40 °C, but again, the vegetation-rich scenarios were
marginally lower: SC4 peaked at 40.1 °C, while SC5 and SC6 remained around 39.6 °C.
Evening (20:00) values fell to approximately 34 °C: SC2 recorded about 33.8 °C (lowest)
and SC4 about 34.2 °C (highest); most scenarios clustered at approximately 34.0 °C. These
differences (about 0.4-1.0 °C) underscore effects similar to those at Receptor 1: greater tree
cover (5C5) and the presence of water (SC6) tended to mitigate the highest temperatures
(see Figure 13).

Air temperature at Receptor 2
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m12:00 (°C) m16:00(°C) m20:00 (°C)

Figure 13. Air temperature at Receptor 2 across the different scenarios.

Numerically, the difference between SC1 (38.4 °C) and SC2 (37.5 °C) at noon repre-
sents a reduction of approximately 0.9 °C. At 16:00, the difference between SC4 and SC6
was only 0.5 °C. These small differences are interpreted as comparative variations within
the modeled conditions rather than as distinct design effects. Nevertheless, scenarios with
greater greenery, including SC5 and SC7, generally showed lower temperatures. SC5 (10%
trees) was slightly cooler than SC4, while SC6 and SC7 showed similar cooling levels.

3.2.2. Wind Speed

Wind speeds at Receptor 2 were lower than at Receptor 1. At 12:00, wind speeds
ranged from about 2.65 to 2.73 m/s. The strongest winds (=2.73 m/s) occurred in SC1 and
SC4, while SC2 and SC7 were lowest (~2.65 m/s). At 16:00, speeds increased to 2.77-2.82
m/s: SC5 and SC7 were about 2.77-2.79 m/s, while SC3 and SC6 were around 2.8 m/s. By
20:00, wind speeds increased to 2.87-2.91 m/s; SC1 was highest (~2.91 m/s) and SC7 was
lowest (~2.87 m/s). Overall, wind-speed differences among scenarios were small, gener-
ally around 0.04-0.08 m/s. These minor variations are therefore interpreted cautiously ra-
ther than as evidence of a distinct NBS-induced airflow effect (see Figure 14).

Wind speed at Receptor 2
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Figure 14. Wind speed at Receptor 2 across the different scenarios.
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These minor wind differences indicate that airflow was broadly similar across sce-
narios. Trees and grass in SC5, SC6, and SC7 slightly reduced wind speed at midday and
in the evening. SC4, which has fewer trees and a green roof, allowed slightly higher wind
speeds. The influence of wind on temperature and humidity at this location was second-
ary; microclimate differences were dominated by vegetation effects rather than by venti-
lation changes.

3.2.3. Relative Humidity

RH at Receptor 2 showed the least variation among the receptors. At 12:00, SC2
reached the highest RH (33%) and SC3 the lowest (30%), while the others were approxi-
mately 31-32%. At 16:00, values ranged from 26% to 27%, with SC3 and SC7 highest
(~27%) and SC2 and SC6 lowest (~26%). By 20:00, all scenarios converged at approximately
35% RH, reflecting cooler evening conditions. Daytime RH differences across scenarios
were minimal (1-2 percentage points); the presence of a water feature (5C6, SC7) or more
trees increased RH by only 1-2 percentage points. These minor changes align with the
lower absolute humidity at this receptor point. Nevertheless, scenarios with vegetation
maintained humidity levels slightly above baseline, which can be attributed to transpira-
tion and surface moisture (see Figure 15).

Relative Humidity at Receptor 2
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Figure 15. Relative humidity at Receptor 2 across the different scenarios.

At Receptor 2, the existing low humidity meant that additional greening had only a
slight humidifying effect. The scenario with the highest tree canopy (SC5) and the water
scenarios (SC6, SC7) showed higher RH at midday, reflecting modest evapotranspiration.
However, after sunset, all scenarios converged, indicating that the major RH differences
occurred only under strong solar radiation. The thermal-comfort implications of these
small RH differences should be considered together with concurrent changes in air tem-
perature, wind speed, and PET.

3.3. Receptor 3 (Location: Central Island)
3.3.1. Air Temperature

Receptor 3 generally experienced slightly lower daytime air temperatures than the
other locations. At 12:00, SC5 recorded the lowest air temperature (~35.4 °C), closely fol-
lowed by SC2 (existing case, ~35.5 °C), while SC1 recorded the highest (~36.5 °C), followed
by SC7 (all NBS, ~36.2 °C) and SC4 (~36.0 °C). At 16:00, temperatures ranged from about
38.3 °C in SC2 to 39.7 °C in SC3, while by 20:00, all scenarios ranged between approxi-
mately 34.9 and 35.5 °C. These results indicate that R3 responded more to local spatial
conditions than to total NBS coverage. R3 was located along the central island beside the
building edge, within a deeper and more sheltered street-canyon section (Section 4.5),

https://doi.org/10.3390/architecture6040201



Architecture 2026, 6, 201

23 of 44

Sc_01

where building shade lowered daytime air temperature, whereas its 20:00 values were
slightly higher than those at R1 and R2 (approximately 34-35 °C), consistent with heat
retention and reduced airflow in the canyon. This local setting helps explain why the sce-
nario with the greatest overall NBS coverage did not produce the lowest temperature at
this receptor and highlights the importance of canopy placement, local shading, and
street-canyon geometry. Nonetheless, SC5 recorded the lowest value at 12:00, and SC5
and SC6 remained within about 0.1 °C of the lowest value at 20:00, indicating that higher
tree coverage and associated NBS effects remained beneficial at certain times of day (see
Figure 16).

Air Temperature at Receptor 3

Sc_02 Sc_03 Sc_04 Sc_05 Sc_06 Sc_07

m12:00 (°C) m16:00 (°C) m20:00 (°C)

Figure 16. Air temperature at Receptor 3 across the different scenarios.

At 16:00, SC2 was approximately 1.4 °C cooler than SC3 despite SC3 having greater
nominal vegetation coverage. SC5 (with 10% trees) and SC6 (which includes water) were
1.2 °C and 0.9 °C warmer than SC2, respectively, but 0.1-0.5 °C cooler than SC3 and SC4.
SC1 and SC3 tended to be the hottest. This further suggests that the local microclimatic
response at R3 was influenced by NBS placement, shading, and surrounding urban ge-
ometry rather than by vegetation percentage alone.

3.3.2. Wind Speed

Receptor 3 had the lowest wind speeds of the three receptor points, likely because of
its more sheltered location. At 12:00, wind speeds at Receptor 3 ranged from 0.9 to 1.1 m/s;
SC1 was the lowest (0.9 m/s) and SC4 the highest (1.1 m/s), reflecting the influence of the
urban canyon. At 16:00, speeds increased to about 1.1-1.2 m/s, with SC7 the highest (~1.19
m/s) and SC2 the lowest (~1.10 m/s). By 20:00, wind speeds fell back to 1.0-1.1 m/s, with
SC3 and SC7 at around 1.1 m/s and SC1 and SC6 at 1.0 m/s. Overall, wind speeds were
nearly uniform across scenarios, with minor fluctuations. Vegetation had only subtle ef-
fects: SC7 recorded the highest afternoon wind speed at R3 (~1.19 m/s), although differ-
ences among scenarios remained small (see Figure 17).

https://doi.org/10.3390/architecture6040201



Architecture 2026, 6, 201

24 of 44

1.4
1.2

[ERN

0.8
0.6
0.4
0.2

0

40
35
3
2
2
1
1

o U1 O U1 O Uun O

Sc_01

Sc_01

Wind Speed at Receptor 3

Sc_02 Sc_03 Sc_04 Sc_05 Sc_06 Sc_07

W 12:00 (m/s) m16:00(m/s) 20:00 (m/s)

Figure 17. Wind speed at Receptor 3 across the different scenarios.

The presence of taller trees or a green roof did not substantially alter the light breezes
at R3. All scenarios experienced calm conditions, so wind played little role in comfort; the
observed microclimate differences were therefore associated mainly with shading and hu-
midity rather than with ventilation.

3.3.3. Relative Humidity

At Receptor 3, RH rose sharply by evening. At 12:00, SC2 and SC7 showed the highest
RH (~37%), whereas SC1 and SC3 were lowest (~34%). Afternoon values (16:00) were in
the mid-20% range: SC7 was highest at 28% and SC6 lowest at 26%, a difference of two
percentage points. The spatial RH map (Appendix F) indicates that the humidifying effect
in SC6 was not uniformly distributed and did not extend strongly to R3, showing that the
local RH response depended on receptor position relative to the water feature, vegetation,
and surrounding airflow. By 20:00, RH was in the mid-30% range for all scenarios: SC2
rose to 36.5% (highest), and SC1 and SC6 remained around 34.5% (lowest). Scenarios with
water or more vegetation showed the largest midday RH gain; for instance, at 12:00, RH
in SC7 was 37% vs. 34% in SC1, a 3-percentage-point increase (see Figure 18).

Relative humidity at Receptor 3

Sc_02 Sc_03 Sc_04 Sc_05 Sc_06 Sc_07
B 12:00 (%RH) ®16:00 (%RH) m20:00 (%RH )
Figure 18. Relative humidity at Receptor 3 across the different scenarios.

In summary, SC2 and SC7 showed the highest RH at Receptor 3 at noon, reaching
approximately 37%, compared with 34% in SC1. However, the response was not con-
sistent across all water-containing scenarios, as SC6 recorded the lowest RH at 16:00. By
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evening, humidity differences between scenarios became smaller. Overall, the results in-
dicate that vegetation and water can increase RH, but the humidifying effect is spatially
and temporally variable and depends on receptor location and local airflow.

3.4. Physiological Equivalent Temperature

The PET index was evaluated separately from air temperature and relative humidity
to assess the combined thermal-comfort response of the tested scenarios. PET differences
among scenarios were small, and the response was mixed: SC7 and SC3 produced the
lowest mean PET, whereas SC4-SC6 did not consistently improve on the no-vegetation
baseline, particularly at 16:00 (Figure 19). Averaged across the three receptors and report-
ing times, mean PET was 37.2 °C in SC1, compared with 36.1 °C in SC7, 36.7 °C in SC3,
36.8 °C in SC2, and 37.1-37.4 °C in SC4-SC6. At 12:00 and 16:00, PET remained within the
warm-to-hot (moderate-to-strong heat-stress) ranges in most scenarios. Some evening val-
ues shifted toward the warm or slightly warm categories, particularly at Receptor 3. Even
in SC5 and SC7, evening PET remained in the warm or slightly warm category. Overall,
the NBS scenarios reduced PET only modestly and not uniformly relative to the baseline,
and heat stress remained present during the modeled summer period (see Figure 19).

A Summary comparison of baseline-relative changes in Ta, PET, RH, and WS for all
scenarios and receptors, together with summary graphs, is provided in Supplementary
File S2.

3.5. Sensitivity Analysis Results

The targeted one-at-a-time (OAT) sensitivity analysis showed that the relative re-
sponse of SC5 and SC1 varied with meteorological forcing, receptor location, and time of
day. Across the four perturbed conditions, comprising 36 receptor-time—condition com-
parisons (Table 6), SC5 produced lower air temperature (Ta) than SC1 in 21 cases (58.3%),
with an overall mean ATa of approximately —0.01 °C. This near-zero overall mean reflects
offsetting responses among the individual forcing conditions. Under low-temperature
forcing, SC5 was cooler in 7 of 9 comparisons (mean ATa = -0.23 °C). Under high-temper-
ature forcing, the response reversed, with SC5 warmer than SC1 in all 9 comparisons
(mean ATa = +1.03 °C). Under low-wind and high-wind forcing, SC5 was cooler in 6 of 9
and 8 of 9 comparisons, with mean ATa values of —0.72 °C and —0.11 °C, respectively.

PET also showed a forcing-dependent response. Across all 36 comparisons, SC5 had
lower PET than SC1 in 20 cases (55.6%), with an overall mean APET of —-0.81 °C. Mean
APET values were —1.30 °C under low-temperature forcing, +0.59 °C under high-temper-
ature forcing, —1.27 °C under low-wind forcing, and -1.25 °C under high-wind forcing.
The corresponding numbers of comparisons in which SC5 had lower PET were 5 of 9, 3 of
9,7 of 9, and 5 of 9, respectively. Thus, the high-temperature perturbation differed from
the other three conditions by producing, on average, both higher Ta and higher PET in
SC5 relative to SC1.

Relative humidity (RH) and local wind speed (WS) also varied between SC5 and SC1.
Mean ARH was +1.24 percentage points (pp) under low-temperature forcing, -2.11 pp un-
der high-temperature forcing, +3.26 pp under low-wind forcing, and +0.60 pp under high-
wind forcing; the overall mean across the four conditions was +0.75 pp. Mean AWS was
-0.05, -0.13, -0.04, and -0.07 m/s under the same four conditions, respectively, with an
overall mean of -0.07 m/s. Overall, the sensitivity analysis does not indicate a uniform
thermal advantage for SC5 under every boundary condition. Instead, the magnitude and,
in some cases, the direction of the SC5-5C1 response depended on meteorological forcing,
receptor location, and time of day. Detailed receptor-level values and calculations are pro-
vided in Supplementary File S5.
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Figure 19. PET results across the seven scenarios.
Table 6. Summary of the OAT sensitivity analysis for SC5 relative to SC1 (SC5 - SC1).
. Mean ATa Mean AWS
Condition SC5 Lower Ta Mean ARH (pp) Mean APET (°C) SC5 Lower PET

Q)

(m/s)

Low temperature
High temperature
Low wind
High wind
Overall

-0.23
+1.03
-0.72
-0.11
-0.01

7/9 (77.8%)
0/9 (0.0%)
6/9 (66.7%)
8/9 (88.9%)
21/36 (58.3%)

+1.24
-2.11
+3.26
+0.60
+0.75

-0.05
-0.13
-0.04
-0.07
-0.07

-1.30
+0.59
-1.27
-1.25
-0.81

5/9 (55.6%)
3/9 (33.3%)
7/9 (77.8%)
5/9 (55.6%)
20/36 (55.6%)
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Note: A =SC5 - SC1. Negative ATa and APET indicate lower Ta and PET in SC5, respectively. Posi-
tive ARH indicates higher RH in SC5 and is reported in percentage points (pp). Negative AWS in-
dicates lower local wind speed in SC5. The overall row represents 36 receptor—time—condition com-

parisons.

3.6. Decision-Matrix Results and Weighting Analysis

The decision matrix compares SC3-SC7 across three domains: annual NBS water de-
mand, pedestrian thermal comfort represented by mean PET, and tree ecosystem-service
potential represented by modeled tree quantity. SC1 and SC2 were retained as reference
conditions and were not included in the scenario ranking. Four weighting profiles were
applied to examine how changes in planning priorities affect scenario performance. The
resulting composite scores and ranks are summarized in Table 7, and detailed calculations
are provided in Supplementary File S1.

Under Equal Weighting, SC5 achieved the highest composite score (72.19), followed
by SC3 (67.49), SC7 (66.67), SC4 (37.58), and SC6 (36.62). Under Water Balance Priority,
SC5 remained the highest-ranked scenario (82.94), followed by SC3 (80.50), SC6 (45.91),
SC7 (40.00), and SC4 (38.98). When Microclimate and Comfort was prioritized, SC7 ranked
first (80.00), followed by SC3 (61.49), SC5 (50.31), SC4 (31.22), and SC6 (21.97). Under Tree
Ecosystem Services Priority, SC5 ranked first (83.31), followed by SC7 (80.00), SC3 (60.50),
SC4 (42.55), and SC6 (41.97). The weighting analysis demonstrates that no single scenario
performs best under every planning objective. SC5 performs most strongly when water
efficiency, balanced performance, or tree ecosystem services are given greater weight,
whereas SC7 becomes the highest-ranked option when pedestrian thermal comfort is pri-
oritized. The results therefore indicate that scenario preference depends on the relative
importance assigned to water demand, thermal comfort, and tree ecosystem-service ben-
efits.

For example, under Equal Weighting, SC5 received normalized scores of 99.07 for
water balance, 17.49 for PET, and 100 for tree ecosystem services. With equal weights as-
signed to the three domains, the composite score was calculated as (99.07 + 17.49 + 100)/3
=72.19.

Table 7. Decision-matrix composite scores and ranks for SC3-SC7 under the four weighting profiles.

Scenario Equal Weighting Wate1: Ba.llance Microclimate and Comfort Priority Tree Ecosy‘s te.m Services
Priority Priority
5C3 67.49 (2) 80.50 (2) 61.49 (2) 60.50 (3)
SC4 37.58 (4) 38.98 (5) 31.22 (4) 42.55 (4)
SC5 7219 (1) 82.94 (1) 50.31 (3) 83.31 (1)
SC6 36.62 (5) 4591 (3) 21.97 (5) 41.97 (5)
SC7 66.67 (3) 40.00 (4) 80.00 (1) 80.00 (2)

Values in parentheses indicate rank within SC3-SC7. SC1 and SC2 are reference con-
ditions and are not ranked. Higher normalized and composite scores indicate stronger
performance under the specified decision criteria and weighting profile.

4. Discussion
4.1. Performance of Tree-Based Scenarios

The ENVI-met simulation results indicate that NBS can play an important role in im-
proving the outdoor microclimate in hot-arid cities such as Cairo. Analysis of the seven
scenarios indicates that increased vegetation cover, particularly tree canopy, contributes
to measurable reductions in air temperature and to modest, location-dependent changes
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in outdoor thermal comfort [39,40]. These findings are consistent with previous studies
highlighting the cooling potential of urban vegetation in mitigating the UHI effect [41,42].

At midday (12:00), scenarios with greater vegetation, especially SC5 with 10% tree
cover, generally showed lower air temperatures than scenarios with less vegetation, such
as SC1 and SC2; averaged across the three receptors, SC5 recorded the lowest midday
value (36.4 °C, compared with 37.5 °C in SC1 and 36.7 °C in SC2). At 16:00 and 20:00,
however, SC2 remained cooler on average than SC5 (Section 3). At Receptor 1, the midday
difference between the baseline scenario without vegetation (5C1) and the higher-tree-
cover scenario (SC5) was about 1.6 °C. This finding indicates that tree shading and evap-
otranspiration play an important role in cooling the urban microclimate. This agrees with
earlier studies showing that tree canopies enhance evaporative cooling processes and re-
duce pedestrian exposure to solar radiation [43].

The findings also indicate that grass surfaces and green roofs provide additional cool-
ing benefits; however, their effects appear smaller than those of tree-canopy cover. Green
roofs can help reduce heat storage at the building and surface levels; however, their cool-
ing effect is concentrated primarily at the roof level. Grass can enhance surface permea-
bility and evapotranspiration but provides little direct shade, so both interventions gen-
erally have a more limited and less immediate influence on pedestrian-level thermal con-
ditions [44].

Overall, the results indicate that within the modeled scenarios, greater tree canopy
generally lowered pedestrian-level air temperature, most clearly at midday, while addi-
tional elements such as green roofs and grass contributed supplementary benefits [45].

4.2. Contextual Comparison with Selected ENVI-Met/NBS Studies

The results of the present study are generally consistent with prior ENVI-met and
NBS studies, and they also highlight the importance of local urban context. In a case study
of El-Nozha, Cairo, Elbardisy et al. [14] found that optimized urban tree placement can
reduce air temperature and PET, particularly when solar radiation exposure is reduced.
Similarly, Gomaa et al. [32] investigated enhanced tree coverage combined with grass in
a low-density hot-arid residential area and reported reductions in air temperature of
roughly 0.2-0.92 °C. These values are within the range of the lower and intermediate cool-
ing effects obtained in the present study. Kagmaz Akkurt and Semsiyeci [8] examined
trees and other NBS scenarios in the Mediterranean climate of {zmir and reported temper-
ature decreases of about 0.08-1.90 °C, depending on the scenario and receptor placement.
The broad range identified in their study emphasizes that the effectiveness of NBS is
strongly spatially dependent and influenced by the surrounding urban configuration. The
NBS configurations (trees, grass, green roofs, and water) modeled for the road-widened
Zahraa El Maadi Street in this study resulted in reductions in air temperature of roughly
0.4-1.6 °C, depending on receptor location and time of day (up to about 1.0 °C when only
the 16:00 and 20:00 outputs, which lie beyond the initialization period, are considered).
This range is therefore consistent with the magnitude of cooling reported in comparable
simulation studies. However, the key contribution of the current research is not only to
show the possible cooling effects but also to assess NBSs as a design response to green-
space loss associated with road widening. Comparison with prior studies suggests that
NBS efficacy should not be judged by a single maximum cooling value; rather, the inter-
vention type, site, urban morphology, and receptor-specific exposure substantially influ-
ence the resulting microclimatic response.
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4.3. Thermal Comfort and Planning Implications

PET is a widely used indicator of outdoor thermal comfort because it integrates mul-
tiple environmental factors, such as air temperature, wind speed, humidity, and radiation,
into a single index [29].

However, within the modeled summer day, site geometry, and receptor locations,
the cooling effects of the tested NBS interventions remained limited. Even in the better-
performing scenarios, including SC3 and SC7, daytime PET remained within elevated
heat-stress categories.

This indicates that although NBS are important mitigation measures, substantial im-
provement in thermal comfort may require integration with additional urban-design
measures, such as shading devices, high-reflectivity materials, and improved urban ven-
tilation. Overall, the NBS scenarios reduced thermal stress incrementally but did not elim-
inate heat stress during the modeled severe-summer period [39].

4.4. Integration of ENVI-Met and i-Tree

The i-Tree analysis supports the planning argument by identifying co-benefits of the
tree-based intervention. For the representative Ficus microcarpa tree, MyTree estimated the
environmental benefits provided over 20 years. The tree was estimated to provide a total
monetary value of approximately USD 101.16 over this period. These benefits included
carbon dioxide uptake, with the monetary value associated with carbon removal esti-
mated at USD 80.45, corresponding to approximately 168.7 kg of carbon sequestered
(equivalent to 618.4 kg of COz) [30].

The tree was also estimated to provide stormwater benefits valued at USD 8.62, in-
cluding approximately 964.34 gallons (<3650 L) of avoided runoff and 17,104.1 gallons
(64,750 L) of intercepted rainfall. Because these stormwater estimates were generated us-
ing U.S. national-average conditions rather than Cairo precipitation, they should not be
interpreted as expected stormwater performance for the case-study site. In addition, air-
pollution-removal benefits were estimated at USD 12.09, including the removal of carbon
monoxide, ozone, nitrogen dioxide, sulfur dioxide, and PM2s. Overall, these estimates
suggest that a single established tree can provide long-term carbon, stormwater-manage-
ment, and air-quality benefits in an urban environment (see Figure 20).

$101.16

Estimated value (US$)

Total value Carbon removal value Stormwater value Air-pollution removal value
Benefit category

Figure 20. Illustrative 20-year MyTree ecosystem-service estimates for the modeled Ficus microcarpa

tree, based on U.S. national averages and not locally calibrated for Cairo.

However, the MyTree estimates should be interpreted cautiously because the se-
lected Cairo location is not currently supported by the MyTree location database, and U.S.
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national averages were therefore used to estimate the benefits. Accordingly, the reported
ecosystem-service and monetary values are illustrative rather than locally calibrated for
Cairo and depend on the assumed tree size, condition, species, and location settings. The
integration of ENVI-met and MyTree therefore provides complementary rather than di-
rectly comparable information: ENVI-met evaluates short-term effects on air temperature,
wind speed, relative humidity, and PET, while MyTree provides an indication of longer-
term carbon, stormwater, and air-quality co-benefits. These MyTree monetary outputs
were retained only as illustrative co-benefit estimates and were excluded from the quan-
titative decision-matrix calculation.

Ficus microcarpa was used because it is a realistic and commonly planted streetscape
species in Cairo. Nevertheless, species selection should be expanded in future research to
compare canopy sizes, leaf-area density, irrigation demand, rooting space, drought toler-
ance, maintenance requirements, biodiversity value, and potential conflicts with urban
infrastructure [34].

4.5. Wind and Humidity Trade-Offs

Vegetation can reduce beneficial airflow by increasing surface roughness, especially
in areas where rows of trees are dense or not aligned with the prevailing wind direction
[32]. The three receptors correspond to different microclimatic conditions affecting the
wind-humidity response. Receptor 1, located in an open roundabout with no existing
trees, experienced greater exposure to solar radiation and unobstructed airflow. Receptor
2, located in a park with only a few trees, showed limited vegetation-induced modification
of wind conditions.

In contrast, Receptor 3 is situated within an urban fabric characterized by a higher
aspect ratio and, consequently, deeper street canyons. This configuration reduces solar
penetration, so R3 generally experienced slightly lower daytime air temperatures than the
other receptors, while its more sheltered form also limited airflow. This suggests that ur-
ban morphology and spatial layout play a critical role in determining the effectiveness of
NBS strategies, as building geometry influences shading patterns, airflow distribution,
and heat storage within urban environments.

Water-based NBSs can provide evaporative cooling but simultaneously increase RH,
creating a temperature-humidity trade-off [41]. In this study, the water scenarios raised
RH but did not consistently produce the lowest PET, suggesting that humidity partly lim-
ited the thermal-comfort benefit. However, the humidifying effect was spatially non-uni-
form; at R3, SC6 recorded the lowest RH at 16:00 despite including a water feature, indi-
cating that evaporative effects depend on receptor location and local airflow.

Overall, RH varied only slightly among the scenarios: the addition of water features
increased humidity levels through evaporation and surface moisture, but these increases
were small, typically 1-2 percentage points at R2 and R3 and up to ~6 percentage points
at R1, reflecting the generally dry atmospheric conditions characteristic of Cairo’s hot-arid
climate. The thermal effect of this modest RH increase depends on concurrent changes in
air temperature, radiation, and airflow; in the present study, the water scenarios did not
consistently produce lower PET. Their effectiveness therefore depends on local airflow
and urban morphology [21]. Accordingly, water features are better considered a supple-
mentary, site-specific strategy rather than a primary large-scale cooling intervention.

4.6. NBS and Greywater Reuse

In major urban developments in hot-arid regions such as Egypt, planners have tradi-
tionally focused on street and mobility networks while giving limited attention to broader
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environmental impacts. Given this harsh climate, it is critical to move beyond conven-
tional functionality and integrate NBS that act as environmental remedies within residen-
tial areas.

The integration of NBS with greywater treatment provides an opportunity to address
one of the main limitations of greening strategies in hot-arid cities: water scarcity. Treated
household greywater can provide an alternative irrigation source for trees, grass, and
green roofs, reducing dependence on potable water while supporting the evapotranspira-
tion and shading functions required for microclimatic cooling [35]. In this way, greywater
reuse can transform NBS from a water-consuming intervention into part of a more circular
urban water-management system (see Figure 21). However, its application requires ap-
propriate treatment, water-quality control, efficient irrigation, and consideration of
maintenance requirements [46].

The study does not include detailed sizing or design of greywater collection, storage,
treatment, pumping, or distribution infrastructure; therefore, the proposed system should
be interpreted as a conceptual resource-circularity strategy.

i . | S|
Pump  Septic Pump
Tank

Figure 21. Conceptual cross-section showing how the proposed greywater-NBS system could be

implemented.

4.7. Urban Planning and Design Implications: An Integrative NBS Framework for Hot-Arid
Regions

The study area lies in a hot-arid region with specific characteristics driven by climatic
variables, such as high temperatures and intense heat exposure [9]. NBSs are important
elements to consider in urban design, and many studies in hot-arid regions illustrate their
usefulness and importance in this context [12]. However, there are various obstacles, most
notably water scarcity and excessive heat, which negatively affect the existing landscape
and may entail higher maintenance costs or substantial water use, making such solutions
difficult to accommodate. The proposed framework was therefore developed in two
phases.

The first phase involved the use of simulation tools, which support decision-making
at the initial stage and help ensure that the design performs effectively under harsh envi-
ronmental conditions. In this phase, we considered urban redevelopment scenarios, such
as road widening or green-space reduction, that may adversely impact land-surface tem-
perature and pedestrian-level comfort. Based on street attributes and the surrounding
landscape, we then developed a set of scenarios combining different NBS elements, in-
cluding street trees, grass, green roofs, and water features. Subsequently, simulations
were performed to assess the effects on thermal comfort and meteorological variables,
such as air temperature, humidity, and wind. The i-Tree MyTree tool was then used to
estimate the air-pollution-removal and other ecosystem-service co-benefits of the tree-
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based scenarios, complementing the microclimatic assessment undertaken with ENVI-
met.

The second phase addressed resource feasibility, particularly the water requirements
of NBS interventions under hot-arid conditions. Water-containing scenarios provided mi-
croclimatic benefits but also required additional water to compensate for evaporation;
therefore, their overall suitability depends on the planning priority and the availability of
non-potable water resources. Given the water scarcity associated with these harsh climatic
conditions, the framework draws on local contextual assets, making contextualization cru-
cial. When water features are implemented in residential communities, a greywater col-
lection system can be established using water from washbasins, sinks, showers, and other
household sources.

This water can be treated using simple techniques such as constructed wetlands,
which can serve as water features while simultaneously improving air quality, increasing
humidity, and enhancing overall environmental quality [46]. The treated water can then
be used for green-roof and tree irrigation with a drip irrigation system to minimize water
use [34]. Finally, the technical and economic feasibility of such a system would require a
project-specific assessment of collection, treatment, storage, pumping, distribution, oper-
ation, and maintenance requirements (see Figure 22).

To address this challenge, an integrative decision matrix was developed to guide
planners in incorporating these solutions within the urban environment. The framework
includes a thematic weighting analysis that demonstrates how existing site assets can be
used to enhance overall living conditions. Specifically, a decision-support toolkit was for-
mulated, structured around three core thematic dimensions:

¢  Microclimate and Comfort Performance: Enhancing outdoor microclimates and hu-
man thermal comfort in pedestrian spaces.

e  Ecosystem Enhancement: Improving the urban ecosystem by reducing air pollution,
sequestering carbon, and optimizing stormwater management and runoff control.

e Resource Circularity: Capturing excess household greywater for reuse in urban irri-
gation systems—a vital strategy for water-scarce, hot-arid regions such as Egypt.

To operationalize this framework for different planning priorities, the model is struc-
tured into four distinct thematic weighting profiles:

1. Microclimate and Comfort Priority: Emphasizes enhancing the outdoor microclimate
and human thermal comfort as the primary objective, with the other two factors
weighted equally.

2. Tree Ecosystem Services Priority: Assigns the largest weight to urban ecosystem en-
hancement, with the other two factors weighted equally.

3. Water Balance Priority: Prioritizes lower annual NBS water demand and reduced use
of the available greywater supply as the core objective, with equal weight given to
the other two factors.

4. Equal Weighting: Applies a balanced approach, assigning equal weight to all three
core dimensions.

The weighting analysis indicates that scenario preference changes according to the
selected planning priority. SC5 ranked first under Equal Weighting, Water Balance Prior-
ity, and Tree Ecosystem Services Priority, whereas SC7 ranked first when Microclimate
and Comfort was prioritized. Therefore, the decision matrix should be interpreted as a
decision-support tool rather than as a means of identifying a universally optimal NBS
configuration.
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Figure 22. Conceptual framework linking road-induced green-space loss, NBS mechanisms,
microclimate assessment, ecosystem-service co-benefits, and planning decisions (top), and the

study-area boundary for the greywater treatment system (bottom).

The decision matrix provides a structured decision-support framework for the mod-
eled case study context; however, its applicability to other hot-arid urban environments
requires further validation across different urban densities, green-infrastructure configu-
rations, and environmental conditions. These constraints present valuable opportunities
for future research, which could investigate the application of the decision matrix across
diverse urban typologies and varying environmental contexts. The complete decision ma-
trix is provided in Supplementary File S1 (see Figure 22).

4.8. Sensitivity Analysis and Robustness

The sensitivity analysis reinforces the interpretation that the microclimatic effect of
additional tree canopy is conditional rather than uniform. Although SC5 generally
showed favorable thermal responses under several perturbations, the direction and mag-
nitude of the SC5-SC1 difference changed with the imposed meteorological forcing, re-
ceptor location, and time of day. This indicates that tree-canopy performance should not
be interpreted as an intrinsic property of canopy percentage alone; rather, it emerges from
the interaction among vegetation, local urban form, and the prevailing atmospheric con-
ditions [45].

The contrasting responses under the temperature and wind perturbations are partic-
ularly relevant to hot-arid street design. Changes in wind forcing alter local ventilation
and the interaction between vegetation and airflow [33,45], while changes in temperature
forcing modify the thermal background within which shading and evapotranspirative ef-
fects operate. The reversal observed under the high-temperature perturbation therefore
cautions against assuming that a configuration that performs well under one meteorolog-
ical condition will necessarily retain the same advantage under more severe thermal forc-
ing. Similarly, the different responses under low- and high-wind conditions show that
preserving beneficial airflow can be as important as increasing shade [32].

The distinction between air-temperature and PET responses also has an important
planning implication. A reduction in air temperature does not necessarily produce an
equivalent improvement in thermal comfort because PET reflects the combined influence
of air temperature, humidity, wind speed, and radiation-related thermal load. The sensi-
tivity results therefore support the broader findings of this study that NBS performance
should be evaluated using more than one microclimatic indicator and that maximum tree-
canopy coverage is not, by itself, a sufficient criterion for selecting the preferred design
[33,45].

These findings provide evidence of conditional robustness rather than proof that SC5
is uniformly superior. The OAT analysis strengthens the controlled comparison by show-
ing how the relative SC1-SC5 response changes when key meteorological inputs are per-
turbed. From a planning perspective, the results support a context-sensitive approach in
which tree placement, canopy coverage, urban geometry, ventilation pathways, and water
requirements are considered together [33,45]. This interpretation is consistent with the
decision-matrix results, which likewise show that the preferred NBS configuration de-
pends on the planning objective and the assumptions applied.

5. Limitations and Future Research

The main limitation of this research is its reliance on ENVI-met simulation without
site-specific field validation. This approach may not fully capture the dynamic and com-
plex nature of real urban microclimate conditions, particularly given the use of a single
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simulation day and a limited number of receptor points. In addition, the 12:00 output was
obtained five hours after model initialization and is therefore interpreted with greater
caution than the 16:00 and 20:00 outputs. To address uncertainty in the meteorological
boundary conditions, a targeted one-at-a-time (OAT) sensitivity analysis was conducted
for SC1 and SC5 by perturbing air-temperature forcing by +2 °C and changing the baseline
inflow wind speed of 4.5 m/s to 3.0 and 6.0 m/s. However, the analysis was limited to two
representative scenarios and two meteorological parameters and therefore does not con-
stitute a comprehensive uncertainty analysis of all ENVI-met inputs. Accordingly, the re-
sults should be interpreted primarily as comparative scenario-based evidence rather than
as site-calibrated predictions of absolute microclimatic conditions.

Vegetation was modeled using a fixed canopy representation based mainly on Ficus
microcarpa, without accounting for differences in tree-species characteristics. Factors such
as leaf-area density, canopy structure, and evapotranspiration rates can vary considerably
among species and may strongly influence cooling performance, particularly in hot-arid
climates. The water-feature demand was also estimated using a published mean open-
water evaporation rate for Cairo rather than site-specific evaporation measurements and
should therefore be regarded as a planning-level estimate. Tree, grass, and green-roof ir-
rigation demands were likewise represented using planning-level rates, and the Water
Balance Priority ranking may be sensitive to the assumed irrigation demands. Site-specific
irrigation data should therefore be used when applying the decision matrix in practice.

Future research should combine site-specific field measurements with broader multi-
parameter sensitivity testing (including relative humidity, vegetation characteristics, sur-
face properties, and model-resolution settings), continuous multi-day and multi-season
simulations, and species-specific vegetation analyses to improve model reliability and
evaluate performance under different wind, seasonal, and heatwave conditions. Future
work should also explore dynamically coupling irrigation-dependent vegetation perfor-
mance with ENVI-met simulations to better represent the interactions between water
availability and microclimatic response.

Additionally, for the present MyTree assessment, Cairo was not supported by the i-
Tree location database; consequently, U.S. national averages were used to estimate the
ecosystem-service and monetary benefits. These outputs are therefore not locally cali-
brated for Egyptian conditions. The monetary outputs were retained only as illustrative
co-benefit estimates and were excluded from the quantitative decision-matrix scoring.
This limitation is particularly important for the stormwater estimates, which reflect U.S.-
average climatic assumptions and should not be interpreted as representative of rainfall
interception or runoff reduction in Cairo. Future research should recalculate these services
using locally calibrated precipitation, pollution, and economic data.

Finally, ENVI-met represented a one-day microclimatic condition with fixed canopy
geometry, whereas i-Tree estimated longer-term tree benefits. The two tools therefore op-
erate at different temporal scales and were integrated only as complementary planning
indicators rather than as directly equivalent measures.

6. Conclusions

This study compared seven simulated NBS configurations for a road-widened street
in Zahraa El Maadi over a single 24 h period under hot summer conditions. Within the
modeled conditions, scenarios with greater tree canopy generally produced lower pedes-
trian-level air temperatures, although the differences were small and varied by receptor
and time of day. At 16:00 and 20:00, however, these reductions were no larger than those
of the existing vegetation pattern (SC2). Water-containing scenarios tended to increase
RH, and green roofs showed limited direct influence at street level. The response varied
by receptor, and the maximum-NBS scenario was not uniformly the highest-performing
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configuration among the tested scenarios, emphasizing the importance of local geometry
and placement. Across the three pedestrian receptors and the reporting times of 12:00,
16:00, and 20:00, the simulated air-temperature reductions associated with the cooler NBS
configurations were approximately 0.4-1.6 °C, depending on location and time of day.
The upper value (approximately 1.6 °C at Receptor 1) occurred at 12:00, five hours after
model initialization; when only the 16:00 and 20:00 outputs were considered, the maxi-
mum reduction was approximately 1.0 °C. This range refers to Ta only; PET was evaluated
separately and remained high during the hottest hours.

A targeted one-at-a-time (OAT) sensitivity analysis of air-temperature forcing (+2 °C)
and inflow wind speed (3.0 and 6.0 m/s) showed that the relative SC1-SC5 response de-
pended on forcing condition, receptor location, and time of day. Across the four perturbed
conditions, SC5 was cooler than SC1 in 21 of 36 receptor-time—condition comparisons
(68.3%) and had lower PET in 20 of 36 comparisons (55.6%), indicating that the higher-
tree-canopy configuration did not provide a uniform thermal advantage under all condi-
tions. These NBS measures should also be integrated with built shading, appropriate sur-
face materials, and ventilation-sensitive urban design to achieve greater thermal-comfort
improvements. The complementary MyTree assessment illustrates the potential for tree
planting to provide longer-term carbon, stormwater, and air-quality co-benefits beyond
short-term microclimatic performance. However, because the Cairo location was not sup-
ported by MyTree and U.S. national averages were used for this run, the ecosystem-ser-
vice outputs—particularly the stormwater estimates—should be regarded as illustrative
rather than locally calibrated values for Cairo; MyTree monetary outputs were not used
in the decision-matrix scoring. The main contribution of this study lies in connecting mo-
bility-led green-space loss with site-specific NBS scenario assessment and an integrated
planning framework for the case-study context. The framework links redevelopment-in-
duced land-cover change, microclimatic simulation, ecosystem-service assessment, water-
resource considerations, and planning priorities. The decision-matrix weighting analysis
showed that SC5 ranked first under Equal Weighting, Water Balance Priority, and Tree
Ecosystem Services Priority, whereas SC7 ranked first when Microclimate and Comfort
were prioritized. This indicates that the preferred NBS configuration depends on the plan-
ning objective rather than on maximizing a single intervention. Overall, the study high-
lights that NBS should be applied as a context-sensitive planning strategy rather than
through maximum greening alone. However, the findings are specific to the modeled site,
scenarios, assumptions, meteorological forcing, and 24 h simulation period and should
therefore be interpreted as comparative scenario-based evidence rather than site-cali-
brated predictions.
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Appendix A

ENVI-met BIO-met thermal-comfort module
United States Department of Agriculture
Smart and Future Cities Laboratory
Particulate Matter <2.5 um

Hot Desert Climate (Képpen Climate Classification)
Megaliter

Liter

Kilogram

Millimeter

Centimeter

Computational Fluid Dynamics

United States dollar

Ecosystem services

One-at-a-time

Percentage points

Table A1. SC1 (no vegetation).

At 12:00

Air Temperature

Wind Speed Relative Humidity

At 16:00

At 20:00
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Appendix B

Table A2. SC2 (existing NBS).

At 12:00
Air Temperature Wind Speed Relative Humidity

At 16:00

At 20:00
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[ xem -

Appendix C

Table A3. SC3 (5% trees and 5% grass).

At 12:00
Air Temperature Wind Speed Relative Humidity

At 16:00
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At 20:00

Appendix D

Table A4. SC4 (5% trees, 5% grass, and 5% green roof).

At 12:00
Air Temperature Wind Speed Relative Humidity

At 16:00

At 20:00

5 3 3 8 s
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Appendix E

Table A5. SC5 (10% tree canopy and 5% grass).

At 12:00
Air Temperature Wind Speed Relative Humidity

At 16:00

At 20:00

Appendix F

Table A6. SC6 (5% tree, 5% grass, and 5% water surface).

At 12:00
Air Temperature Wind Speed Relative Humidity

s 3 3 3 %

At 16:00
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s 3 3 8 %

At 20:00

Appendix G

Table A7. SC7 (all elements: 10% trees, 5% green roof, 5% grass, and 5% water).

At 12:00
Air Temperature Wind Speed Relative Humidity

At 16:00

At 20:00
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