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Abstract: Climate change patterns and expected extreme weather conditions drive urban design
practices toward more effective adaptation strategies for the built environment. Biskra City, one of
the largest urban areas in the Algerian Sahara territory, has suffered from unprecedented extreme
weather patterns, specifically during the summer. This paper examined outdoor thermal comfort in
the arid climates of Biskra, Algeria, during summer extreme conditions by investigating the impact
of the height-to-width (H/W) ratio aspect and the north–south (N-S) and east–west (E-W) street
orientations on pedestrian thermal comfort with the parameterization of external building envelopes
using brick, concrete, adobe, and limestone materials. This study was conducted with ENVI-met 5.1.1
software, based on 24 parametric scenarios, to identify the most effective composition for outdoor
thermal stress mitigation using the physiological equivalent temperature (PET) thermal index. Across
all scenarios, the PET index values fluctuated between PETmin = 32.2 ◦C and PETmax = 60.6 ◦C
at different hours. The coupling between the H/W ratio and street orientation as geometry factors
and building envelope characteristics reveals six distinct categories of building materials, each with
an impact on outdoor thermal comfort: (1) high cooling (60–100%), (2) medium cooling (40–60%),
(3) low cooling (<40%), (4) high heating (60–100%), (5) medium heating (40–60%), and (6) low heating
material (<40%). Therefore, in the N-S orientation, limestone walls can provide a cooling efficiency
range from 85% to 100% throughout deep and shallow canyons. Contrary to this, brick walls can
cause a heat retention range varying from 70% to 93% within the same canyons. When considering
extreme summer conditions in arid climates, the results show that the most effective bioclimatic
passive strategy that could be achieved is the E-W orientation, within H/W < 1, characterized by a
high albedo building material.

Keywords: heat stress; BWh; street canyon; physiological equivalent temperature; ENVI-met;
parameterization

1. Introduction

In the present day, rapid urbanization underscores the urgent necessity to build
suitable living environments, infrastructures, and various facilities to meet the essential

Sustainability 2024, 16, 221. https://doi.org/10.3390/su16010221 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su16010221
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-5891-0275
https://orcid.org/0000-0001-7410-4900
https://orcid.org/0000-0003-1478-6246
https://orcid.org/0000-0002-2089-8044
https://doi.org/10.3390/su16010221
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16010221?type=check_update&version=1


Sustainability 2024, 16, 221 2 of 25

requirements of the growing population. Faced with global warming, the human comfort
thresholds inside urban areas have become increasingly vulnerable, leading to various
health issues, such as cardiovascular diseases with heat stroke and cardiorespiratory dis-
eases [1,2]. Additionally, there has been a significant surge in energy consumption for
cooling purposes [3,4]. In this context, there is a compelling demand for more effective and
adaptive urban planning and development practices to enhance quality of life.

Several studies have started to explore the impact of urban fabrics with their building
materials characteristics on outdoor human thermal comfort and urban heat island (UHI)
effects [5–12]. Additionally, many previous studies have also focused on a one-factor
group to evaluate the thermal comfort levels within different scales without investigating a
combination of factors, particularly with building material characteristics. In this regard,
the elaboration of urban design strategies related to outdoor thermal comfort has been
conducted in diverse contexts and under various approaches. In a study by Deng and
Wong [13], conducted in 2020, the researchers investigated the impact of the H/W aspect
ratio, the sky view factor (SVF), and urban canyon orientation as critical street geometry
factors influencing microclimate variables at the pedestrian levels in Nanjing, China. Their
results revealed that outdoor thermal comfort is significantly driven by solar access, which
is determined by the canyon aspect ratio and orientation. In a different context, the research
conducted by Johansson [14] in Fez, Morrocco, in 2006 was in a hot dry climate. The study
concluded that a climate-conscious urban design should incorporate a compact urban
form and deep street canyons to enhance outdoor thermal comfort. However, cities with
cold winters in the same climates should include wider streets for greater solar access.
Furthermore, in research by Ali-Toudert and Mayer conducted in 2006 [15], in the similar
climate of Ghardaïa, Algeria, observed that the duration of high thermal stress within a
street canyon strongly depends on its aspect ratio and street orientation. A study in tropical
climates (Muniz-Gaal et al., 2020) [16] found that canyons with a higher H/W aspect ratio
increase wind speed and shading by buildings, consequently improving thermal comfort
at the pedestrian level, especially during the summer.

To the best of our knowledge, the combination of street geometry aspects and building
envelopes for outdoor thermal comfort is very limited. Studies by Ali-Toudert, 2021 [6],
Wonorahardjo et al., 2020 [17], Rosso et al., 2018 [18], and Schrijvers et al., 2017 [19]
explored the impact of street canyons linked with the building materials of external walls
on the outdoor thermal environment. As their main results, Ali-Toudert, 2021 [6] found
that differences in heat stress magnitudes depend on the aspect ratio due to different
road and wall fractions. On the other hand, thermal inertia and thermal insulation lead
to different shares of sensible versus storage heat during the day. Wonorahardjo et al.,
2020 [17] referred to high-density walls, such as those of brick and concrete storing heat,
as causing a significant increase in heat island intensity (HII) during the afternoon hours.
Rosso et al., 2018 [18] showed that cool materials can improve the microclimate without
neglecting preservation constraints. These materials set the best thermal comfort scenarios
by enhancing albedo on urban canyon surfaces. However, their application on the vertical
surfaces of deep canyons can lead to increased effects of thermal discomfort. Moreover, in
2017, Schrijvers et al. [19] found that the most effective strategy to minimize thermal stress
inside urban canyons with an aspect ratio H/W = 0.5 is a uniform albedo of 0.2. For H/W
= 1, an albedo gradient from high at the bottom part to low at the top of the vertical walls
of building envelopes showed the lowest thermal stress.

In this regard, this paper aims to investigate the impact of the coupling between street
canyon spatial configuration and external building envelopes on outdoor thermal comfort.
The focus is on determining adaptive urban design outlines specifically for arid climates,
fostering a sustainable built environment over the long term. Therefore, it is crucial to
ensure the sustainability of the vulnerable Saharan urban ecosystem for the benefit of
future generations.

Consequently, this research is conducted in Biskra City, southern Algeria, which is
one of the largest arid regions of North Africa. Biskra City is currently undergoing a
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remarkable change in its microclimate, particularly during the summer season. Therefore,
the succession of heat waves causes extreme heat stress and limits human activities for
extended periods.

In this regard, this study relies mainly on an empirical approach and numerical
modeling based on continuous field measurements, in which the research outcomes can
be applied to large arid cities worldwide, specifically in North African arid lands. The
emphasis is based on street geometry and external building materials parametrization. Two
research questions were asked to address the problem of this study:

(1) How do variations in the H/W aspect ratio, street canyon orientation, and building
external materials interact to impact outdoor thermal comfort at different levels in
arid climates?

(2) What spatial configurations and parametric details should be considered to achieve
appropriate thermal comfort ranges within urban canyons?

To answer the research questions, this paper demonstrates 24 designed scenarios
that combined H/W aspect ratios, canyons orientations, and external building materi-
als concerning outdoor thermal comfort using the physiological equivalent temperature
(PET) index [20–23] and supported with numerical modeling and simulations using CFD
ENVI-met 5.1.1 software [24,25]. This paper’s originality lies in determining urban design
practices related to various canyons’ geometries, orientations, and external envelopes to
effectively adapt to extreme weather conditions in arid environments. The findings of this
study show that urban guidelines can be readily applied to enhance walkability [26–28]
and meet outdoor activity requirements during the summer period.

2. Materials and Methods

The current study used three methods: field measurements, numerical modeling, and
simulations. We followed an empirical approach to determine urban design guidelines that
couple urban canyon geometry with a building’s external envelope in relation to human out-
door thermal comfort. Figure 1 illustrates this study’s conceptual framework, outlining the
main steps from site data collection to numerical modeling and simulation data processing.
The following subsections provide a detailed explanation of the research methodology.
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2.1. Site Fields

This study was conducted in Biskra City, the capital of the ‘Ziban’ region, one of the
largest oasis territories in the southeast of Algeria. The region is named the ‘Gateway of
Sahara’ due to its location at the northern frontier of the Algerian Sahara and takes the name
of Biskra as the largest city [29,30]. The city is situated at a latitude of 34.793 north and a
longitude of 5.738 east and has an elevation of 88 m above sea level, as shown in Figure 2. As
of 2022, Biskra City had 730,000 inhabitants, making it the region’s most densely populated
city. The territory is known for date palm cultivation, with over 4,000,000 million palm
trees implantations of diverse varieties, most notably, the worldwide high-quality ‘Deglet
Nour’ variety [31]. The Ziban region is considered the primary agricultural pivot in local
food exchanges and one of the favorable export resources contributing to the Algerian
economy [32].
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Figure 2. Location of Biskra City in the territory of the country.

According to the Koppen−Geiger classification, the region’s climate is classified as
a hot and dry climate (BWh). Therefore, between 1958 and 2021, the yearly recorded
average air temperature was 22.4 ◦C, with a maximum value of 41.9 ◦C versus a minimum
value of 6.4 ◦C (Figure 3) (Center for the Built Environment (CBE), 2021) [33]. July is the
hottest month, with maximum temperatures reaching 45 ◦C. Conversely, January is the
coldest period, with minimum temperatures equal to 1 ◦C. The average relative humidity
is consistently low, hovering around 47%, with a maximum value of 65% recorded in
December and a minimum of 28.3% in July and August.

Rainfall in the Ziban region is characterized by irregularity and scarcity, with an annual
average of 126 mm. During the last decade, the region has endured extended periods of
drought, sometimes lasting throughout the year.
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Characterization of the Biskra City Housing Sector

Biskra holds a significant strategic position and is also known as a gateway to the
Algerian Sahara due to its vital geographical location. Therefore, it has been home to
many civilizations. The city of Biskra has evolved through four main vital periods: the pre-
colonial (Ottoman) period and the colonial, post-colonial, and contemporary periods [34].
These transformations have brought about crucial urban changes over centuries, affecting
all aspects of its development, including different urban fabrics and housing typologies
over centuries (Figure 4) [34].

The housing typology in Biskra presents several forms that differ from one neighbor-
hood to another. Generally, Biskra housing comprises two main typologies: individual and
collective multi-family housing [35]. Therefore, Figure 5, which presents a city building
block, shows that the new individual block is the dominant type within the city with a
rate of 76% versus 11% of the collective and semi-collective multi-family housing and the
individual traditional housing, respectively, followed by only 2% of precarious individ-
ual housing. It is further divided into rural and self-constructed housing throughout the
city borders.

The city’s varied history offers a unique context with contrasting urban characteristics,
including both old oasis settlements and new urban fabrics. The influence of culture and
adaptation to the local environment has resulted in a wide diversity of building materials,
blending traditional and modern construction materials. The old oasis settlement, which
presented the first urban core within the palm groves south of the current city (Figure 4),
was built using traditional local materials and methods, such as mud adobe, palm wood,
and stone [36].
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On the other hand, new urban fabrics use modern building materials that correspond
to contemporary construction needs, including concrete, steel, glass, and hollow brick.

2.2. Site and Sample Selection Criteria

The selected urban canyon of this study is located within an individual housing
neighborhood in the southeast of the city of Biskra. The canyon’s length is around 90 m,
with a mean building height of 10 m.

The canyon has an aspect ratio of H/W = 1 and is oriented along the east–west
direction (Figure 6). All the external walls are summed to have 30 cm thick walls made with
hollow brick laid with a 20 mm layer of plaster and finished with a 30 mm layer of mortar.

The study area selection is mainly related to the characteristics of the most common
housing types in Biskra City. These criteria are housing type, building materials, street
aspect ratio, and orientation.
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2.3. In Situ Measurement

The current study uses hourly continuous measurements within the selected canyon
between 10 April and 25 November 2021 to characterize the effect of the thermal behavior
of external walls during a long period (Figure 7). This time frame represents the heat stress
period, particularly during the summer season within this study’s context. Table 1 reveals
the monitoring data logger Testo 175 H1 characteristics that measure the air temperature
(Ta) and relative humidity (RH). The data logger’s memory capacity was sufficient for one
million data points when the recording was configured at 10-minute intervals. To manage
the recorded datasets, it was essential to utilize the complementary numerical tool ‘Comfort
Software Basic’. It is necessary to indicate that the data logger was installed 30 cm away
from a building’s external wall, at a height of 1.4 m from the ground, to avoid any heat
exchange from external lighting during the night or humidity generated by the nearby
trees and grass. Harrison, 2014, has further discussed the measurement and data logger
installation protocols [37].
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Table 1. The details of the monitoring device used for this study.

Variable Device Dimensions Unit Accuracy Range

Air temperature (Ta) Testo 175 H1
0572 1754

149 × 53 × 27 mm
◦C ±0.4 ◦C −20 to + 55 ◦C

Relative humidity (RH) % ±1.0% 0 to 100%

2.4. Model Creation and Simulation

The numerical models, named scenarios, were designed using the latest version of
CFD ENVI-met software [24]. These scenarios encompass a range of various parameters,
including the built environment and microclimatic conditions. The modeling encompasses
24 distinct scenarios, mainly focusing on the characteristics of building materials such as
external walls, soils, and pavements.

Most studies use the ENVI-met software suite to assess the impacts of various urban
geometries on outdoor thermal comfort and to predict the thermal effects of different
mitigation scenarios [38,39]. ENVI-met is a prognostic, three-dimensional, grid-based
microclimate model designed to simulate complex surface–vegetation–air interactions
in the urban environment [40]. Thus, the software provides many tools to simulate and
analyze an area’s microclimate and thermal comfort.

The initial scenario modeled is the baseline model, which serves as a reference for the
study area. The baseline scenario ensures that all forms of the current urban geometry and
building material characteristics specific to the study area are precisely represented. The
streets’ initial orientation is east–west, while the walls and external pavements consist of
brick, asphalt, and concrete.

Table 2 provides an overview of the building materials utilized in this study, which
comprise several layers and different thermo-physical characteristics such as thermal
conductivity, specific heat capacity, emissivity albedo, etc. All the building materials
used in this study adhere to the Algerian thermal guidelines of the Algerian Centre for
Building Integrated Studies and Research (CNERIB) 2016. These guidelines ensure that the
materials meet the required thermal standards, promoting energy efficiency and sustainable
building practices.

For modeling purposes, the scenarios’ compositions are established into four types,
each featuring different wall construction: wall 1 (BR), which refers to hollow brick and
presents the baseline scenario; wall 2 (CN) refers to concrete hollow block; wall 3 (AD)
refers to adobe brick; and wall 4 (ST) refers to limestone.

The parameters of the surfaces and building materials are performed using the ENVI-
met database manager tool to ensure accurate simulations and analysis regarding outdoor
thermal comfort. These comprehensive data were then compiled and saved as a software
library, enabling easy access and future reference for modeling and further research.

Furthermore, the street scenarios (canyons) were initially designed based on the H/W
ratio, which allows for the classification of three distinct types of street geometries: deep
canyon (H/W = 1.25), normal canyon (H/W = 1), and shallow canyon (H/W = 0.62). These
ratios were carefully derived, considering the actual height of buildings with adjustments
made to the street width. Moreover, special attention was given to the orientation to design
a series of canyons. They are strategically oriented in two principal directions: north–south
and east–west. This thoughtful arrangement ensures comprehensive coverage of solar
radiation from the sun’s path, effectively addressing different building façades and their
solar exposure throughout the day (Figure 8).

In order to quantitatively evaluate the impact of building materials on outdoor thermal
comfort, this study is based on the physiological equivalent temperature (PET) index,
widely used as a thermal comfort measure. It is derived from the Munich Physiological
Heat Balance (MEMI) model. Therefore, there are several advantages to using the PET
index for urban climate studies: (1) it is universally applicable and remains unaffected by
factors such as clothing values and metabolic activity values; (2) it is based on the principles
of thermo-physiology, providing an accurate representation of how humans experience
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climate sensations; (3) it operates without the necessity for subjective evaluations, relying
solely on objective measures; and (4) it demonstrates sensitivity to windy environmental
conditions. As a thermal measure, the PET index uses a specific scale depending on a set
of criteria related to the direct physical environment and the human body. Accordingly,
in this study, outdoor thermal comfort assessment follows the adapted PET scale for arid
climate (BWh), as established by Cohen et al. (2019) [41].

Table 2. Thermal properties of the building materials.

Construction
Materials

Layers
(Outside to

Inside)
Composition Thickness

(m)

Thermal
Conductivity

(W/m-K)

Specific Heat
Capacity (J/kg K)

Density
(kg/m3) Albedo Emissivity Absorption

Wall 1
(Reference)

Layer 1
Layer 2
Layer 3
Layer 4
Layer 5

Mortar
Hollow brick

Air cavity
Hollow brick

Plaster

0.02
0.15
0.05
0.10
0.02

1.40
0.48
0.024
0.48
0.35

1080
936

1000
936
936

2200
900
1.22
900
800

0.30
0.34

-
0.34
0.93

0.84
0.9

0.9
0.91

0.50
0.66

-
0.66
0.07

Wall 2

Layer 1
Layer 2

Layer 3

Mortar
Concrete

hollow block
Plaster

0.02
0.20

0.02

1.40
1.10

0.35

1080
1080

936

2200
1300

800

0.30
0.30

0.93

0.94
0.92

0.91

0.50
0.80

0.07

Wall 3

Layer 1
Layer 2

Layer 3

Mortar
Mud brick

(adobe)
Plaster

0.02
0.50

0.02

1.40
0.81

0.35

1080
1075

936

2200
2500

800

0.30
0.33

0.93

0.94
0.85

0.91

0.50
0.69

0.07

Wall 4
Layer 1
Layer 2
Layer 3

Mortar
Lime stone

Plaster

0.02
0.60
0.02

1.40
2.40
0.35

1080
936
936

2200
2400
800

0.3
0.4

0.93

0.94
0.95
0.91

0.50
0.50
0.07

Roof

Layer 1
Layer 2

Layer 3

Concrete
Concrete

slab
(hollow
block)
Mortar

0.05
0.16

0.02

0.46
1.45

1.40

1080
1080

1080

1200
1450

2200

0.30
0.30

0.30

0.94
0.92

0.94

0.50
0.80

0.50

Street floor

Concrete
pavement

Asphalte
Loamy soil

0.01

0.10
-

-

-
-

-

-
-

-

-
-

0.50

0.20
-

0.90

0.90
0.90

-

-
-

Further, the holistic modeling process using ENVI-met software involves field mea-
surements conducted within the street canyon over eight months (from 10 April to 25
November 2021). In addition, the software implements the field measurement datasets
using the full forcing method and converts all these input weather data into CSV files.
Therefore, the chosen summer typical days were the 10–12 July 2021, representing the
extreme weather period during the year within North African arid lands.

In many previous studies, numerical model results have been validated by comparing
the results of simulations to in situ measurement data. According to Liu et al. (2021) [42],
92.59% of the previous studies used air temperature (Ta) as the primary variable for
validation, followed by relative humidity (RH) and mean radiant temperature (Tmrt) with
27.78% and 12.96%, respectively. On the other hand, surface temperature (Ts), air velocity
(Vair), solar radiation (SR), and longwave radiation (LR) were chosen as less than 10%
for the validation. In this regard, the validation step was performed with (Ta) using the
root-mean-square error (RMSE), mean bias error (MBE), and linear regression (R2) as
statistical metrics methods. Basically, (RMSE), (MBE), and (R2) are widely used statistical
estimators that quantify the differences between observed and predicted data within
mathematical approaches.

The evaluation of outdoor thermal comfort primarily relies on two meteorological
variables: Tmrt, which is significantly impacted by various factors, including spatial
configuration, shading effects, and the exposure of the human body to shortwave and
longwave radiation fluxes [43]. Moreover, this study also considers surface temperature
(Ts) concerning the direct and indirect effects of the surrounding building materials.
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On the other hand, the PET index was determined utilizing BIO-met, which refers to
a specific post-processing tool designed for human thermal comfort computation indices
using simulated datasets generated with the ENVI-met model. BIO-met adheres to the
specifications outlined in ISO 7730 [44], which define the ‘Standard Human’, ensuring
its dependability and precision when evaluating individuals’ thermal comfort levels [45].
BIO-met can calculate various thermal indices based on the simulation data. It provides
an assessment of dynamic thermal comfort (dPET) and a range of classic static indices
such as the physiological equivalent temperature (PET), the standard effective temperature
(SET), and the universal thermal climate index (UTCI). It should be noted that the adopted
settings for the subject with BIO-met were a 35-year-old male person with a weight of 75 kg,
a height of 1.75 m, a static clothing insulation outdoor (clo) of 0.90, and a total metabolic
rate of about 86.21 W/m2 in a standing position.

The simulation inputs process was based on various spatial characteristics, including
location coordinates, model geometry, and construction material (Table 4). The simulation
runtime was carried out to 48 h starting from 10 July 2021 to consider more valuable
stability throughout the simulation process. The simulated output variables were also set
at the pedestrian height (1.4 m).

2.5. Calibration with ENVI-Met

The RMSE and MBE were used for different comparisons between measured and
simulated data with ENVI-met software. Table 3 outlines the RMSE and MBE calibration
results, along with the validation of the numerical model, as shown in Equations (1) and (2).

Table 3. Statistical metrics for the validation of the numerical models.

Street Indices Reference Station

Baseline
RMSE 1.34 5.08%

MBE 0.76 2.88%



Sustainability 2024, 16, 221 11 of 25

Table 4. ENVI-met modeling inputs parameters.

Space Geometry

Street orientation E-W
N-S

E-W
N-S

E-W
N-S

E-W
N-S

Longitude (◦) 5.73 5.73 5.73 5.73

Latitude (◦) 34.85 34.85 34.85 34.85

Aspect Ratio
(H/W)
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Concrete pavement   

Asphalt Road 

Loamy soil 

Concrete pavement   

Asphalt Road 

Loamy soil 

Concrete pavement   

Asphalt Road 

Loamy soil 

A=1.2  B=1.00   C=0.62  

Roofs:
Created roof:

Concrete; concrete slab
(hollow block); mortar
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Table 3. ENVI‐met modeling inputs parameters. 

Space Geometry 

Street 

orientation 

E‐W 

N‐S 

E‐W 

N‐S 

E‐W 

N‐S 

E‐W 

N‐S 

Longitude (°)  5.73  5.73  5.73  5.73 

Latitude (°)  34.85  34.85  34.85  34.85 

Aspect Ratio 

(H/W) 

     

Model geometry 

Grid size  100 m × 70 m × 20 m    100 m × 70 m × 20 m    100 m × 70 m × 20 m    100 m × 70 m × 20 m 

dx = size of X 

grid 
dx = 2.00  dx = 2.00  dx = 2.00  dx = 2.00 

dy = size of Y 

grid 
dy = 2.00  dy = 2.00  dy = 2.00  dy = 2.00 

dz = size of Z 

grid 
dz = 2.00  dz = 2.00  dz = 2.00  dz = 2.00 

Construction material 

Building 

material 

       

       

Soil 

Concrete pavement   

Asphalt Road 

Loamy soil 

Concrete pavement   

Asphalt Road 

Loamy soil 

Concrete pavement   

Asphalt Road 

Loamy soil 

Concrete pavement   

Asphalt Road 

Loamy soil 

A=1.2  B=1.00   C=0.62  

Soil
Concrete pavement

Asphalt Road
Loamy soil

Concrete pavement
Asphalt Road

Loamy soil

Concrete pavement
Asphalt Road

Loamy soil

Concrete pavement
Asphalt Road

Loamy soil

Simulation

Start date 10 July 2021 10 July 2021 10 July 2021 10 July 2021

Start time 23 h 00 23 h 00 23 h 00 23 h 00

Total simulation time 48 h 48 h 48 h 48 h

Type of
meteorological

boundary conditions
Full forcing—CSV Full forcing—CSV Full forcing—CSV Full forcing—CSV
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Figure 9 shows a comparison between the measured and simulated air temperatures
(Ta) for the conducted days. In the monitored period, the RMSE was 5.08%, and the MBE
was 2.88%, while the admitted limit was ± 30% and ± 10%, respectively. The model RMSE
and MBE values for the hourly data were within ASHRAE-recommended hourly values as
mentioned in the ASHRAE Standard 14-2002 [46].

RMSE =

√
1
n
·∑n

i=1(Simi − Obsi)
2 (1)

MBE =
1
n
·∑n

i=1(Simi − Obsi) (2)
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3. Results

As explained, the 24 designed scenarios were simulated during the 10 and 11 July
2021, which refer to typical summer days within the studied context. The analysis of the
microclimatic parameters was based on three main variables: Tmrt, Ts, and the PET index.
It should be noted that all the values are representative of the measurement reference point.

3.1. Mean Radiant Temperature (Tmrt)

Figure 9 displays a profile of the hourly average, maximum, and minimum Tmrt
values obtained from the measuring point in the representational scenarios. Overall, the
Tmrt values were roughly similar within the different street orientations, ratio aspects,
and building materials effects, with a daily average of 48.1 ◦C in E-W and 44.2 ◦C in
N-S orientations. The elevation of the variable was well observed during 12 continuous
hours from 6:00 and started to decline gradually after 18:00, which is relatively related to
solar radiation and insolation impacts. Therefore, in the E-W orientation, Tmrt maximums
reached 77.1 ◦C in both scenarios’ groups A (H/W = 1) and B (H/W = 1.25), and 75.7 ◦C
in group C (H/W = 0.62) at 15:00. On the other hand, the north–south orientation values
varied between: 75.9 ◦C in group A at 14:00 and 76.5 ◦C and 75.5 ◦C at 15:00 in groups B
and C, respectively.
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Exceptionally, the limestone (ST) within the N-S orientation, in both the A and C
configuration groups, showed cooler Tmrt average values at peak hours (14:00). However,
this same material displayed a more rapid increase in Tmrt values than the other materials
at daytime hours, typically starting from 9:00 to 10:00, across all street geometries.

Although, in the E-W street orientation within the B aspect ratio, both brick (BR) and
limestone (ST) scenarios were found to be the coolest materials with Tmrt values: 41.4 ◦C
and 39.3 ◦C at 8:00 and 54.7 ◦C and 54.3 ◦C at 17:00, respectively. It should be noted that
the differences between these two materials compared with concrete (CN) and adobe (AD)
walls were approximately equal to ∆Tmrt = 19.2 ◦C at 8:00 and ∆Tmrt = 16.6 ◦C at 17:00.

As a result, the minimum Tmrt records were observed at nighttime hours with nearly
similar values of 25.2 ◦C in the E-W orientation and 25.1 ◦C in the N-S orientation across
all scenarios. Therefore, Tmrt gradually decreases after 19:00 to a minimum at 5:00 the
following day.

Various reasons cause the elevation and differences in Tmrt during specific hours
among all scenarios. The deep canyons (A and B) within the N-S orientation tend to be the
coolest areas, where the brick and limestone walls are less hot. This was possible because
the aspect ratios provide more shading and light materials that absorb less solar radiation.

Additionally, the E-W street orientation fronts solar radiation during the daytime
cycle, causing higher Tmrt, contrary to the N-S orientation, which is less exposed to solar
radiation and provides more shaded surfaces.

3.2. Surface Temperature (Ts)

The simulation results for the Ts of walls in both street façades at the height of 1.4 m
within all modeled scenarios are reported as box plots (Figures 10 and 11). As a result, there
is a substantial similarity in the walls’ thermal behavior during different measured periods.
The median Ts obtained during 24 h is between 37.3 ◦C in the E-W street orientation and
39.9 ◦C in the N-S street orientation, respectively. It should be noted that the sides of
the façades are opposite to the street orientations, i.e., in the E-W street orientation, the
buildings’ façades face the north and south sides, and vice versa (Appendix A).
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Among all E-W street orientation scenarios, on the north side façade, 50% of the Ts
averages over 12 h fell within the range of 34 ◦C to 47 ◦C, whereas the median value
remained below 25%. On the south side façade, the ranges were slightly higher, and 50% of
the Ts results varied between 34 ◦C and 49 ◦C, whereas the median was below the mean
value of 41 ◦C. Accordingly, the Ts averages across all wall models were quite similar on
both façades sides, with a very slight difference observed in the limestone (ST) scenario,
which was slightly cooler compared with the other materials.

On the other hand, the N-S street orientation scenarios revealed higher Ts averages
compared with the E-W orientation, with maximum values reaching 62 ◦C. On the east
side, 50% of the values were between 35 ◦C and 49 ◦C, whereas the median was below
42 ◦C. Therefore, on the west side, 50% of the obtained Ts averages fell into the range of
35 ◦C to 47 ◦C, and 25% occurred from 47 ◦C to 62 ◦C.

Similar to the E-W orientation, the limestone (ST) remains the cooler material with a
slight difference of 1 ◦C compared with the other building materials.

In this regard, deep (H/W = 1.25 and 1) and shallow (H/W = 0.62) canyons displayed
similar Ts averages during the 24-hour daily cycle. Surprisingly, there was no significant
cooling effect from the light materials (BR, AD, and ST) that can absorb less solar radiation,
and the surface temperature of the walls was greatly influenced by short-wave radiation.
In this case, orientation can play a critical factor in either increasing or slightly decreasing
the thermal behavior of the materials, depending on the material absorption and the
albedo properties.

Moreover, without an important and essential shading profile on the street, the thermal
behavior of walls may remain unchanged. The thermal properties of the building materials
within deep or shallow canyons cannot influence it. Furthermore, continuous exposure to
solar radiation during the day reduces the thermal cool-down of the building material and
elevates the urban heat island inside effects within the streets.
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3.3. The Physiological Equivalent Temperature Index (PET)

The assessment of the PET index showed high values during the studied period fea-
turing three different thermal stress zones (Figure 12): warm, hot, and very hot. The PET
ranges were based on the study by (Cohen et al., 2019) [41] in arid climates (BWh). In this re-
gard, the present PET results are related to 11 July 2021. Thus, the results showed increased
PET values during the daytime hours from sunrise until sunset within all scenarios.
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the (D–F) ratio.

Therefore, among the E-W street orientation through the deep canyons (A ‘H/W = 1.25′,
and B ‘H/W= 1′) and the shallow canyon C (H/W = 0.62), all the modeled materials
experienced warm thermal stress during the period between 00:00 and 6:00, except the
reference brick wall (BR) within H/W= 1, which experienced hot thermal stress during the
same time. Accordingly, these street cases revealed a near similarity within all materials on
the PET values with a difference equal to ∆PETE-W = 0.3 ◦C. The highest PET value was
obtained at 15:00 with a PETmaxE-W = 60.6 ◦C when the period between 9:00 and 19:00 was
extremely heat stress. The average values of PET were 47.7 ◦C with extreme hot stress.
Afterward, PET values gradually decreased and reached 37 ◦C after midnight of the next
day. Otherwise, the thermal stress hours’ rates varied between warm, hot, and extreme
heat stress with 20.3%, 30.6%, and 49.1% respectively, during the day. Some exceptions on
the thermal stress experienced between street orientations, ratios, and materials’ thermal
behavior include 8% of warm stress in scenario ‘E-W, B, BR’ and 27.1% of hot stress in
scenario ‘E-W, A, CN’. Further, similar results occurred on 12 July 2021 (Figure 13). It should
be indicated that no significant cooling effect or optimal situation was observed from the
building materials along all streets’ ratios in the E-W orientation. This lack of a cooling
effect can be attributed to the high solar exposure quantity and highlights the necessity of
shading canopies. Even during nighttime hours, the minimum average value recorded was
PETminE-W = 35.1%, indicating warm thermal stress. In such cases, an unshaded deep or
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shallow canyon oriented to the E-W direction may not benefit from the cooling effect of
building properties. It could contribute to a warming effect during a summer day.
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On the other hand, the N-S street orientation displayed high PET values within the
A, B, and C canyons geometries. It also revealed hot thermal stress between 00:00 and
08:00, except for the limestone wall (ST) scenario, which experienced warm stress during
the same time along the deep and shallow canyons. The results varied from a maximum
PETmaxN-S = 59.2 ◦C at 13:00 and a minimum PETminN-S = 32.2 ◦C at 6:00, whereas the
daily average value through all scenarios was PETaverageN-S = 44.6 ◦C. Furthermore, the
PET values within the different ratios and wall materials were near each other during the
daily cycle.

Regarding human-perceived sensation, the thermal stress variation ranged from the
warm to cooler range, hot, and extreme heat stress with daily average rates of 10.9%, 43.9%,
and 45.1%, respectively.

Remarkably, the limestone wall (ST) scenario showed the highest rates of the warm
thermal range, with 37.5% in the A canyon group and 41.7% in the C canyon group.
Conversely, the same wall scenario featured the lowest rates of the hot thermal range, with
20.8% in the A canyon group and 16.7% in the C canyon group similarly, the lowest rate of
extreme heat stress with 41.7% within both A and C canyons. Surprisingly, with a H/W = 1,
the B deep canyon did not contribute to patterns similar to those of the other canyon forms.

In this context, the N-S street orientation had cooler thermal sensations than the E-
W orientation. The thermal performance of the building materials was more efficient in
responding to the N-S than the E-W orientation. This latter result can be related to the
influence of solar exposure and shade advantages provided by the street orientation. These
factors can protect the building façade and the street sidewalks from direct radiation.

Furthermore, limestone remains an effective material for mitigating heat stress inside
urban canyons. While the observed effect was minimal, it did result in an approximate
improvement in human thermal comfort within the canyons, even in the absence of shad-
ing devices.

As observed in the current study, the variation in the thermal behavior of walls
strongly influenced the outdoor thermal comfort within a typical urban canyon. The results
indicated two distinct categories of materials: cold materials with a slow response to heat
diffusing from the nearby environment and hot materials that rapidly absorb and retain
heat (Figure 14). This distinction depended highly on the street orientation and the canyon
ratio aspect, classifying materials into different cool and hot categories.
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Accordingly, this gradation of scenarios thermal behavior characterized six different
categories as follows:

a. High cooling category: [above 60–100%] of cooling efficiency, obtained predomi-
nantly in the N-S orientation in the A (H/W = 1.25) and C (H/W = 0.62) canyon
groups and the E-W orientation in the B (H/W = 1) canyon group. Limestone (ST)
was a prominent material in this category.

b. Medium cooling category: [40–60%] of cooling efficiency, observed in both orienta-
tions in the deep canyons A and B for limestone (ST) and adobe (AD) walls.

c. Low cooling category: [below 40%] of cooling efficiency, notably observed in the E-W
orientation in the shallow canyon, with brick (BR) and concrete (CN) being the most
affected materials.

d. Extreme heating category: [above 60–100%] of heat retention predominantly occurred
in the N-S orientation within all canyon forms. The most affected materials were
brick (BR), concrete (CN), and slightly, adobe (AD).

e. Medium heating category: [40–60%] of heat retention, obtained solely with the
concrete (CN) wall in the N-S orientation in B canyon.

f. Low heating category: [below 40%] of heat retention, varied between the E-W and
N-S orientations across different canyon forms and walls.

4. Discussion

This section offers a concise overview of the key research findings, emphasizing
recommendations, strengths, limitations, and implications for both practical application
and future research.

The current study provides an original methodology for calculating the correlation
between street geometries and the thermal performance of building materials under extreme
weather conditions to assess outdoor thermal comfort, utilizing multiple designed scenarios.

4.1. Findings and Recommendations

The study findings indicate that outdoor thermal comfort is strongly affected by the
urban geometry of a canyon undergoing specific thermal proprieties of external materials
of the surrounding buildings.

As a key result, the materials’ thermal characteristics play a primary factor in control-
ling the spatial and temporal thermal behavior inside urban canyons. They may generate
cooling and overheating during important periods of the day. For instance, limestone can
provide a cooling efficiency range of 85% to 100% in deep and shallow canyons in the N-S
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orientation. In contrast, brick walls can cause a heat retention range varying from 70% to
93% in the same canyons (Table 5).

Table 5. Building materials’ external thermal efficiency related to the H/W ratio and street orientation.

Categories
Canyon A (H/W = 1.25) Canyon B (H/W = 1) Canyon C (H/W = 0.62)

BR CN AD ST BR CN AD ST BR CN AD ST

Cooling
efficiency E-W

∇12.5% ∇8.3% ∇50.0% ∇41.7% ∇2.1% ∇66.7% ∇31.3% ∇33.3% ∇35.4% ∇39.6% ∇18.8% ∇35.4%

Heat retention ∆25.5% ∆64.6% ∆2.1% ∆29.2% ∆77.1% ∆8.3% ∆25.0% ∆25.0% ∆37.5% ∆29.2% ∆37.5% ∆18.8%

Cooling
efficiency N-S

∇4.2% ∇8.3% ∇8.3% ∇85.4% ∇12.5% ∇25.0% ∇50.0% ∇50.0% ∇0.0% ∇0.0% ∇0.0% ∇100.0%

Heat retention ∆70.8% ∆70.8% ∆66.7% ∆10.4% ∆39.6% ∆54.2% ∆27.1% ∆12.5% ∆93.8% ∆93.8% ∆93.8% ∆0.0%

Thermal perception

Warm
E-W 22.9% 22.9% 22.9% 22.9% 8.3% 22.9% 20.8% 20.8% 22.9% 16.7% 20.8% 18.8%

N-S 6.3% 6.3% 6.3% 37.5% 4.2% 4.2% 6.3% 6.3% 4.2% 4.2% 4.2% 41.7%

Hot
E-W 29.2% 27.1% 29.2% 29.2% 41.7% 29.2% 29.2% 29.2% 29.2% 33.3% 50.0% 31.3%

N-S 47.9% 47.9% 47.9% 20.8% 50.0% 50.0% 47.9% 47.9% 50.0% 50.0% 50.0% 16.7%

Extreme heat
E-W 47.9% 50% 47.9% 47.9% 50% 47.9% 50% 50% 47.9% 50% 50% 50%

N-S 45.8% 45.8% 45.8% 41.7% 45.8% 45.8% 45.8% 45.8% 45.8% 45.8% 45.8% 41.7%
PET (◦C) 17–26 26–28 28–37 37–42 >42

Thermal comfort stress level

Neutral Slightly warm Warm Hot Very hot

No thermal
stress Slight heat stress Moderate heat

stress
Strong heat

stress
Extreme heat

stress

Albedo and absorption are crucial parameters influencing surface temperatures and
outdoor thermal comfort within urban canyons. A high albedo value with a low absorption
value can help to reduce 50% of outdoor human thermal discomfort in extreme weather
conditions, and vice versa.

In similar cases, the differences between maximum and minimum thermal stress levels
can reach 16 ◦C during the same hours, notably, during sunrise and sunset phases.

The effectiveness of building materials in influencing outdoor thermal comfort cannot
be solely attributed to specific light or cool materials. Instead, it depends on a canyon’s
geometry and orientation. Notably, the orientation that is most susceptible to overheating
is the N-S when building façades face east and west. This latter result is primarily due to
the daily cycle of solar radiation.

In relation to the H/W ratio and canyon orientation, there are six distinct categories
of building materials, each with its impact on outdoor thermal comfort: (i) high cooling,
(ii) medium cooling, (iii) low cooling, (iv) high heating, (v) medium heating, and (vi) low
heating material.

Without shading canopies, the thermal efficiency of building material is strongly
limited and undergoes solar radiation intensity within deep and shallow canyons. Accord-
ingly, a shallow canyon can benefit from rapid cooling of the stored heat retention versus a
deep canyon during nighttime hours. However, they face large exposure to direct solar
radiation during daytime hours. For example, using limestone with H/W = 1.25 in the N-S
orientation can result in hot stress levels of 20.8% compared with 16.7% with H/W = 0.62.

Increasing the H/W aspect ratio can significantly improve thermal comfort in the
summer due to shading. However, the effectiveness of this strategy may vary depending
on canyon orientation and the type of external building envelope.

Over all the designed scenarios, the most effective bioclimatic passive strategy that
could result is the E-W orientation, with H/W < 1, characterized by high albedo building
material, similar to the E-W C scenario, within limestone.
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4.2. Strength and Limitations

This study’s strength relates to the novel categorization of the outdoor thermal impact
of building materials concerning urban canyon geometries. It was very limited before a
study brought together the correlation between street orientation, aspect ratio, and building
thermal proprieties, which was rarely gathered as three key factors that affect human
thermal comfort in outdoor areas, specifically in arid environments. This multi-variable
formula enables a comprehensive analysis of building architecture and urban planning.

Determining design rules of streets for pedestrian comfort relies on the three-variable
formula comprising street orientation, aspect ratio, and thermal properties of building
materials to achieve optimal or nearly optimal human thermal comfort, particularly in
extreme weather conditions. To the best of our knowledge, few studies have explored the
coupling of two of the three variables to improve the outdoor thermal environment.

This study used a coupled methodology between field measurements and 24 numerical
calibrated models using ENVI-met software. Consequently, this series of scenarios enables a
comprehensive understanding of the spatial and temporal thermal behavior of pedestrians
throughout various canyon forms in the city. The applied approach helps characterize
optimal pedestrian walkability strategies and promote outdoor human interactions.

However, it is essential to note that this study has several limitations. For instance, this
study could not obtain solar radiation requirements due to the unavailability of suitable
measurement instruments. Solar radiation levels could be incorporated into the model’s
calibration steps to enhance the accuracy of the obtained data. Moreover, a more exhaustive
approach could involve measuring RGB color texture temperatures for uncertainty analysis,
providing a more accurate understanding of the impact of the thermal properties of building
materials. Determining whether the color texture is cool or warm could identify the
most effective materials in terms of color for optimal thermal properties. This study
did not include wall finishes, which could strongly affect outdoor thermal comfort by
influencing the elevation of the external surface temperature and radiant heat during
daytime hours. Furthermore, conducting an annual analysis throughout the year would
allow us to determine optimal design solutions for the three studied variables. Long-term
analysis enhances the understanding of the thermal behavior of building materials under
various weather conditions.

4.3. Implication for Practice and Research

This study’s outcomes help to identify the most effective street configuration for ex-
treme weather conditions. We believe architects, urban planners, and decision-makers can
apply these findings to enhance outdoor thermal comfort in the early design and planning
stages. This can be achieved by coupling street geometry with building envelope solutions.

The presented tables and figures enable architects and urban planners to apply ade-
quate geometric and parametric aspects for street configurations and assess the need for
specific methods using an adaptive model suitable for arid climates. Another significant
implication of this study is the necessity for revised categorization of building materials,
mainly focusing on their thermal properties. The National Building Efficiency Standard
of Algeria (CNERIB) must be updated to reflect these findings. Therefore, we believe it
is crucial to engage with code officials, specifically on the Building Energy Regulations
document (DTR), to encourage the adoption and implementation of our recommendations,
which will have a significant impact on the professional practice of urban design adapta-
tion. Future research should prioritize continuously measuring the thermal behavior of
building materials in each climatic zone of Algeria and developing climate-specific design
parameters. A new categorization of effective building materials should be adapted to
diverse climate zones and their characteristics for the long term.

5. Conclusions

The outdoor thermal comfort in diverse street canyon configurations during summer
typical days was investigated in the case of Biskra City, Algeria. Current urban design in
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Algeria does not account for pedestrian outdoor thermal comfort. Therefore, various urban
design and landscape architecture practices are necessary to address the urban heat island
effect and the impact of climate change.

Continuous data from the measurement station within an urban canyon in Biskra City
were used as inputs to the ENVI-met software modeling. The PET index was computed
as an outdoor thermal comfort parameter. Additionally, 24 H/W aspect ratio canyon
orientation scenarios with building material characteristics were simulated.

Achieving an optimal outdoor thermal comfort threshold is challenging due to various
factors, including building materials and street geometry properties, such as albedo, the
H/W ratio, and street orientation. These factors all play significant roles in increasing or
decreasing outdoor thermal comfort.

Comparing the different scenarios shows that thermal stress mitigation is not solely
dependent on whether a canyon is deep or shallow. It significantly hinges on the street
orientation and the nature of the building materials. Therefore, in similar arid climates, the
coupling of the H/W ratio and street orientation reveals six distinct categories of building
materials, each of which has a unique impact on outdoor thermal comfort and can be
applied in urban design practices: (i) high cooling, (ii) medium cooling, (iii) low cooling,
(iv) high heating, (v) medium heating, and (vi) low heating material.

Utilizing cool materials such as limestone or adobe to reduce thermal stress within
urban canyons may not be an effective passive strategy without considering the H/W
ratio and orientation aspects. Shading can be an effective element in arid climates to
ensure neutral thermal ranges for pedestrians. This is why the H/W aspect ratio and street
orientation strongly influence the thermal behavior of building envelopes.

The findings also demonstrate that, due to the extreme weather conditions being
far from what is deemed a comfortable range in summer, it is impossible to consistently
achieve optimal outdoor thermal comfort using only passive techniques at all times, even
with a combination of short-term and long-term strategies. However, the urban strategies
suggested in this study would help mitigate the severity of the thermal discomfort that
people might experience due to extreme heat. Given Algerian considerations, providing a
neutral range of outdoor thermal comfort is important.

This research has contributed to urban design and policy and provided guidelines for
strategies under extreme summer weather conditions. Future research could investigate
the external effects of different building material characteristics in diverse climate zones
with varying urban design regulations. Furthermore, investigating the effects of various
scenarios coverages and building envelopes could help define more precise and effective
strategies. The inclusion of various shading canopies and tree plantings should also be
considered in future studies.
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Nomenclature
The following abbreviations are used in this paper:

ASHRAE American Society of Heating, Refrigerating, and Air-Conditioning Engineers
CBE Berkeley Center for the Built Environment
CNERIB Algerian Centre for Building Integrated Studies and Research
BR hollow brick wall
CN concrete hollow block wall
AD adobe brick wall
ST limestone wall
PET physiological equivalent temperature
Tmrt mean radiant temperature
Ts surface temperature
Ta air temperature
CFD computational fluid dynamics
MBE mean bias error
RMSE root mean square error
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