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Abstract: Climate change and expected weather patterns in the long-term threaten the livelihood
inside oases settlements in arid lands, particularly under the recurring heat waves during the harsh
months. This paper investigates the impact of climate change on the outdoor thermal comfort within
a multifamily housing neighborhood that is considered the most common residential archetype in
Algerian Sahara, under extreme weather conditions in the summer season, in the long-term. It fo-
cuses on assessing the outdoor thermal comfort in the long-term, based on the Perceived Tempera-
ture index (PT), using simulation software ENVI-met and calculation model RayMan. Three differ-
ent stations in situ were conducted and combined with TMY weather datasets for 2020 and the IPCC
future projections: A1B, A2, B1 for 2050, and 2080. The results are performed from two different
perspectives: to investigate how heat stress evolution undergoes climate change from 2020 till 2080;
and for the development of a mathematical algorithm to predict the outdoor thermal comfort values
in short-term, medium-term and long-term durations. The results indicate a gradual increase in PT
index values, starting from 2020 and progressively elevated to 2080 during the summer season,
which refers to an extreme thermal heat-stress level with differences in PT index averages between
2020 and 2050 (+5.9 °C), and 2080 (+7.7 °C), meaning no comfortable thermal stress zone expected
during 2080. This study gives urban climate researchers, architects, designers and urban planners
several insights into predicted climate circumstances and their impacts on outdoor thermal comfort
for the long-term under extreme weather conditions, in order to take preventive measures for the
cities” planning in the arid regions.

Keywords: residential sector; desert region; IPCC scenarios; urban climate prediction; Perceived
Temperature; algorithm

1. Introduction

Due to rapid urbanization, the global population is migrating from rural to urban
areas. This change is meanly observed during the previous few decades [1]. Therefore,
city-induced climate change has serious repercussions on public outdoor activities, health
and tourism. Researchers have been increasingly interested in studying the negative
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effects of urbanization on thermal sensation and conditions inside cities [2,3]. The oases
settlements that are the most common urban patterns in the Saharan region in North Af-
rica face an enormous urban sprawl, especially in the last few decades. These regions
showed a high reclamation on thermal qualities throughout the cities, especially during
summer. Many centuries ago, urban know-how was adapted to the local conditions found
in the vernacular and traditional architecture and their resilience over time [4,5]. On the
contrary, in recent summer days, a large human lethargy is made due to the thermal en-
vironment and people prefer to remain indoors and only venture outside for key activities
such as economic activities and commuting. Simultaneously, non-obligatory activities
such as walking, sightseeing or socializing become less favorable [6]. Despite the use of
developed building’s means and new materials’ generation, the current urban strategies
implemented within local authorities are mainly unadaptable to climate change. The sit-
uation increases thermal discomfort inside the oases settlements, and occupants claim
more thermal stress during the hot season. Consequently, thermal adaptation patterns
look at the climate change fluctuations for short-term, medium-term and long-term vari-
ations and adapt cities to the weather and weather conditions, specifically in the arid re-
gions. Moreover, to envisage future climate change for impact and adaptation assessment,
several probable future anthropogenic greenhouse-gas-emissions-based socioeconomic
storylines were established by the Intergovernmental Panel for Climate Change (IPCC)
[7,8].

Therefore, this study aims to promote long-term predictions for outdoor thermal
comfort through a unique urban multifamily residential typology, specifically inside the
oases settlements in Southern Algeria, that can yield valuable insights for various urban
planning strategies. We used state-of-the-art urban climate modelling tools to assess out-
door thermal comfort levels through the study context. Moreover, the findings of this re-
search can allow architects and urban planners, authorities and programmers to benefit
from environmental and urban strategies. In the Saharan urban environments, outdoor
thermal comfort assessment is imperative to understand people’s well-being and reduce
negative impacts during extreme events, such as heatwaves and heat stress. Therefore,
this paper aimed to quantify outdoor thermal comfort under current and future weather
projections from 2020 until 2080 and generate an algorithm for thermal stress predictions.
More specifically, the following questions are answered:

e What are the outdoor thermal comfort levels inside a multifamily residential neigh-
borhood concerning IPCC emission scenarios?

e  How severe will be the impact of climate change on outdoor thermal comfort during
summer by 2080?

e  How to generate an algorithm for hourly and yearly predictions of outdoor thermal
comfort thresholds through similar spatial-climate conditions?

The main objectives are to quantify the outdoor thermal comfort inside a most com-
mon urban archetype across the oases territories following an empirical approach and
investigate the long-term heat stress patterns under the climate change conditions. A
background, as well as an introduction of the study context, highlights the objectives and
the obtained results which were presented through the study. Moreover, numerical mod-
eling, measurements in site, a literature review and a reference case excerpt are presented.
A comparison of seven different weather data projections was made to stand by the future
patterns of outdoor thermal comfort in Algerian arid lands settlements. Levels of heat
stress were analyzed, and the results were used to generate an algorithm for the outdoor
thermal comfort predictions. Finally, recommendations for future work are outlined.

2. Literature Review

Our literature review covers more than 100 publications found on Scopus and the
Web of Science that are relevant to the field of thermal comfort levels and their predictions
in the long-term. Therefore, we selected the most relevant publications to our research
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topic aiming towards a new scientific re-thinking about the outdoor thermal comfort var-
iations and their long-term patterns under climate change conditions.

The current article presents a definition framework based on reviewing various stud-
ies, including climate change scenarios [9], outdoor thermal comfort evaluation [10] and
urban climate modeling [11]. One of the challenges of this study is to provide predictions
of thermal comfort on an urban scale beyond what is taken in the literature, which mainly
addresses the definition of thermal comfort predictions on a building scale. We reviewed
most studies investigating relationships among “climate change” and “thermal heat
stress” through urban livability [12] for short-term and long-term durations. Most of the
future weather files used to predict the impacts of climate change are performed on build-
ing performance; we cited the most relevant works on this that have been published [8,13—
20].

The adaptive comfort model [21-24] considers that people’s thermal sensation
mainly depends on microclimatic parameters, i.e., air temperature, humidity, radiant tem-
perature, wind and solar radiation. It further includes individuals” characteristics and sit-
uations, such as age, gender, clothing, activity and subjective issues, such as behaviors,
expectations and acclimatization [11]. Accordingly, outdoor thermal comfort studies were
performed for long years. They developed several methods and human thermal indices
[25,26], to quantify the thermal comfort levels against climate change and urban phenom-
ena such as Urban Heat Island (UHI). In the foregoing research, Yaglou and Minard., 1957,
developed the “wet-bulb globe thermometer” index based on the total heat stress intro-
duced by physical exercise, radiation and temperature, humidity and wind on human
bodies through three military camps [27]. Their work was followed by developing the
“Discomfort index” (DI) by Thom, 1959 [28]. More recently, the outdoor thermal comfort
is investigated based on newly developed thermal indices performed basically through
multi-criteria related to the close environment and persons, such as the “Physiologically
Equivalent Temperature” (PET) which was developed by Hoppe in 1999 [29]. PET is de-
fined as an air temperature in a specific indoor environment no submitted to wind and
solar radiation influences, in which the human body’s heat budget could be balanced ba-
sically with similar skin and core temperature under the evaluated outdoor conditions.
Moreover, the “Perceived Temperature” (PT) is defined as a constant state model that de-
scribes the thermal perception of an individual considering the air temperature of a refer-
ence environment, where the thermal perception would be similar as in the actual condi-
tions [10,30-34]. The thermo-physiological modelling of (PT) index is based on the Klima
Michel Model (KMM) [35-37]. In another context, Jae-Young et al., 2008 [38] examined the
outdoor thermal comfort in the Korean Peninsula in 2007 using (PT) index. The distribu-
tion of (PT) showed that it might be a useful thermal index for assessing thermal comfort
and thermal stress through the Korean Peninsula. In their study, Dae-Guen et al. (2010)
[39] investigated the relationship between (PT) index variations and the daily excess mor-
tality in Seoul, South Korea, between 1991 and 2005. In another study, Wang and Zhu
(2020) [40] explored the impact of global warming on the perceived temperature (PT),
which the authors consider as the most relevant thermal index for the outdoor thermal
comfort quantification under extreme climate change.

On the other hand, only limited studies were investigated considering climate change
and its long-term impacts on outdoor heat stress levels, such as the study conducted by
Fang et al. 2021 [41] in Guangzhou, China. The air temperature has the most significant
effect on thermal sensation, according to the results. In colder or warmer conditions, the
mean thermal sensation vote with an increase in clothing insulation. With different ther-
mal indices, Cheung and Hart, 2014 [42] utilized the universal thermal comfort index
(UTCI) to evaluate the outdoor thermal comfort in Hong Kong for the long-term duration
from 1971 to 2100, based on two emissions scenarios (A1B and B1) developed by the IPCC
reports. Comparing the early calculated UTCI (based on observation data) and forthcom-
ing UTCI, the results showed that the future climate projections have elevated behavior
and greater peak value. Taking a different approach, Liu et al. (2018) [43] demonstrated
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that CFD simulation of wind conditions could be used to assess outdoor thermal comfort
in the future planning stage without being coupled with thermal simulation. Additionally,
in the study of Nazarian et al. (2017) [44], researchers tried to introduce an improved
methodology of predicting outdoor thermal comfort and its spatial variability in urban
streets. Kariminia et al. (2011) [45] searched on the basis of PET index to formulate the
suitable thermal comfort range relevant for an urban context in temperate and dry climate
zones to ensure human activities throughout the outdoor spaces.

Eventually, the added value of this work is not only to address long-term thermal
issues in arid regions but also to extend results to several climate zones in Algeria for
further studies.

3. Methodology

The research methodology resulted in the calculation and prediction approach of the
outdoor thermal comfort among multifamily residential housing in the arid region of
Southern Algeria. The used calculation method is based on the simulations” approach ap-
plied to the validated model of the multifamily residential housing. On the other hand,
the purpose of calculations is to generate a mathematical algorithm for future outdoor
thermal comfort in long-term patterns. Figure 1 illustrates the detailed conceptual frame-
work of the study describing the steps of the research methodology.

[ Climate change effect on long-term outdoor thermal comfort in arid climate ]
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Figure 1. Conceptual study framework.
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3.1. Multifamily Residential Archetype

According to Semahi et al., 2020 [46], the residential sector presents the large build-
ings’ category in Algeria. Even more, the Algerian residential sector comprises two main
typologies: (i) multifamily housing, which presents 51% of the total residential buildings,
and (ii) single-family houses, which presents 49% of the residential buildings. Several
apartment buildings’ types concerning the multifamily housing typologies depend on the
contract type that reflects the inhabitants” income (free promotional housing, rental own-
ership housing, participatory public housing and public rental housing) [46]. The social
residential buildings category (public rental housing) represents a significant part of (31%)
multifamily housing. The number of apartments in the social housing building category
has increased every year. In 2008, the Algerian Ministry of Housing, Urbanism and the
City launched a program to construct 800,000 apartments between 2009 and 2014 and
800,000 apartments between 2015 and 2019. This study evaluates the outdoor thermal
comfort levels’ evolution depending on climate change within a multifamily housing
neighborhood, which presents the most common archetype residential typology in Alge-
ria.

3.2. IPCC Scenarios and Weather Files Criteria

Following several studies looking into climate change, this study focuses on methods
and approaches related to the long-term pattern in climate change. The Intergovernmental
Panel on Climate Change (IPCC) is an intergovernmental organization of the United Na-
tions, which was established in 1988 by the World Meteorological Organization (WMO).
IPCC provides the world with objective, scientific information to understand the scientific
factors of the risk of human-induced climate change, its economic and natural political
impacts and risks, and potential response options [47,48]. Furthermore, IPCC established
long-term emission scenarios which have been widely adopted in the study of potential
climate change, its impacts and opportunities to reduce climate change [7]. The methods
estimating the evolution of climate change within the Global Climate Models (GCMs) are
numerical models of the physical processes that characterise the global climate system,
comprising the atmosphere, oceans, cryosphere and land surface. Conferring to the
Fourth Assessment Report of the IPCC (AR4) [49], the buildings sector has the most sig-
nificant potential for climate change mitigation, and the development of mitigation when
the adaptation strategies become a key challenge for building professionals [20,23,50,51].
The current work explores the IPCC emission based on the Meteonorm database [52],
which presents a stochastic weather data generator and a spatial interpolation tool. There-
fore, the study is based on EPW files for representing the Typical Meteorological Year
(TMY) [53], and three IPCC emission scenarios, which are A1B, A2, and B1, reveal the
three projection’s weather files available on Meteonorm 7.2 and used in the current study.
Among several climate change studies, Calvin Cheung and Hart, 2014 [42]; Richter, 2016
[54]; Carter, 2018 [55]; Moazami et al., 2019 [8]; Nematchoua et al., 2019 [15]; and other
researchers used in their work the emission scenarios for the climate-change adaptation
models.

Based on the literature review, it is identified that a limited number of studies inves-
tigated the impact of climate change on outdoor thermal comfort based on future weather
projections. On the other hand, many similar studies were carried based on the building
scale extreme weather adaptation. Meteonorm as a weather generator tool, applies the
GCMs of the IPCC Fourth Assessment Report (AR4) and the climate data recorded in typ-
ical weather files (TMY). Moreover, it generates different formats of future weather files
for a ten-year time period between 2010 and 2100. The three used projections were gener-
ated for the years 2050 and 2080, depending on the study area’s context and geographical
coordinates. These scenarios are based on a specific storyline highlighting the main rela-
tionships, characteristics and dynamics, between the key driving forces: population, land
use, agriculture, economy, energy and technology.
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The storylines represent various demographic, social, economic, technological and
environmental developments [7,20]. The main characteristics of all different scenarios and
storylines are explained in Table 1.

Table 1. IPCC climate change scenarios and storylines.

Storyline Characteristics
o An accelerated economic development;
o Important rise of the world population which reaches its peak in mid-century
Al and relapses after that;

AIF1 o Fast establishment of developed strategies and more effective technologies;
ALT ’ . The principal themes are convergence towards regional actions, building ca-
A lBI pacity, and enhanced cultural and social interactions;

. A1l family scenario occurs into three groups that describe alternative trends of
technological development in the energy system: A1F1 (fossil intensive), A1T (non-
fossil sources) and A1B (balanced across all energy sources).
. Very heterogeneous world;
. The principal theme is self-sustenance and maintenance of local identities;
. Regional fertility patterns converge very slowly;
A2 o World population is continuously increasing;
o The economic development is strongly aligned towards regional actions;
. The economic development and technological change are more dispersed and
slower compared to other storylines.
o Converging world;
. Rise of the global population which peaks in mid-century and lower after
that;
o A significant economic orientation towards a service and information econ-
Bl omy;
o The use of clean and resource-efficient technologies versus the decrease in
material intensity;
o Worldwide solutions to economic, social and environmental sustainability
contributing improved equity, without adaptation of climate strategies.
. World in which the fundamental focus is on local economic, social and envi-
ronmental sustainability solutions;
o The global population is continuously augmented at a rate lower than A2
storyline;
B2 . Economic development at medium level;
o Slower and more diverse technological development compared to the B1 and
Al scenarios;
. Oriented toward social equity and environmental control and management;
o Special attention toward regional and local level development.

Firstly, the work aimed to compare the current thermal levels (2020) based on (TMY)
versus the future projections in 2050 and 2080 (A1B, A2 and B1). The study was performed
exclusively in the summer season, and the assessed days were 15th, 16th and 17th July
during each evaluated period. The chosen days of the study represent the hot season, and
July is considered the warmest month of the year in Algeria [56-58]. Hence, we tried to
spread the simulation time over 72 h of running simulation for the accuracy of the results.

Furthermore, the evaluation of the outdoor thermal comfort was performed based on
the perceived temperature index (PT) defined by VDI (2008) [59], Staiger et al. (2012) [30]
and Jendritzky et al. (2000) [32]. Table 2 shows the PT index values and the thermo-phys-
iological meaning.
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Table 2. The physiological meaning of PT index [32].
Perceived Temperature (°C)  Thermal Perception Physiological Stress
<39 Very cold Extreme cold stress
-39 to 26 Cold Heavy cold stress
26 to -13 Cool Moderate cold stress
-13to 0 Slightly cool Low cold stress
0to+20 Comfortable Comfort possible
+20 to +26 Slightly warm Low heat load
+26 to + 32 Warm Moderate heat load
+32 to +38 Hot Heavy heat load
>+38 Very Hot Extreme heat load

S
s X

\
\r (/\\ /
/
\, /
C\/

Source: Agence Nationale de I’Aménagement du Territoire ANAT 1 w % -t
Author: Mohamed Elhadi MATALLAH -
Date: 31/7/2020

The purpose is to formulate a mathematical equation (algorithm) for the future yearly
predictions of PT index values for (BWh) climate conditions. As identified by Guan, 2009
[19], the projections of temperatures have the highest confidence among all the climatic
variables. In contrast, the level of uncertainty is higher for humidity, wind and solar radi-
ation.

Neighborhood Context

The study context is located in the Tolga Oases Complex, considered as one of the
largest livable oases territories in North Africa (Figure 2).

¥
’ .

3 Nt

(b) (©

Figure 2. Location of the study area: (a) Biskra Province, (b) Tolga Oases Complex and (c) Tolga city.

The work is conducted throughout the Tolga Oases Complex territory (34°43'00” N
and 5°23'00" E) located in Biskra Province, Southern Algeria [58,60]. Moreover, the chosen
multifamily housing neighborhood represents a typical social residential building which
was taken as a representative model for this study (Table 3). The selected apartment build-
ing consists of four stories of this archetype building. Each level is subdivided into two
dwellings with an area of 64 m? approximately for a single-family dwelling. The
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neighborhood includes 150 dwellings divided into 11 separate building blocks. The neigh-
borhood is located in the centre of Tolga city. It has a unified geometry design with frag-
mented blocks, built with identical height (H = 12.50 m), moderate urban compactness
and a very low built occupancy: 18% [61]. It is essential to indicate that the site is missing
urban vegetation arrangements, where only very limited green areas, “grass”, and few
trees, Ficus rubiginosa, are spontaneously planted. The building design has a rectangular
form with a close similarity in design proprieties throughout the dwellings’ blocks.

Table 3. Selected multifamily housing neighborhood and urban pattern.

Multifamily building’s configuration

Ground plan and 3D
view

Buildings are composed of three floors, with a similar height of 12.50

m
Multlfarrrrlllzli}sfshousmg 20 % of the building’s mass presents the open surfaces ‘windows and
doors’
- Built-up occupancy is equal to 18% compared to total unbuilt surface
Wall Hollow brick, mortar, plaster Concrete, mortar
Building materials Roof Concrete slab, mortar, polystyrene, plaster
properties Thermal conductivity

(W/m-K) Hollow brick: 0.48; Concrete: 1.75; plaster: 0.35; mortar: 1.15

SVF =0.78 SVF = 0.64

SVF =0.87

- H/W-=1 H/W =0.89
SDmax = oy j SDmax = & SDmax =
15:30 h 15:30 h \ 15:30 h
: Building Brick wall (aerated), lightweight concrete
) 01 sphalt, Pavement: concrete pavement grey, Natural surface: loamy soi
ENVI :;:;r:toefsumg Soil Asphalt, P P grey, Natural surface: loamy soil
P Vegetation spherical (small trunk. sparse. small (5 m)); Grass: 50 cm aver. dense
I A Ve l
Q. ) > 'q / >
3D model N )
g

Block model Architectural model Simulation model
(ArchiCAD 22 software) (ArchiCAD 22 software) (ENVI-met 4.4.5 software)




Energies 2021, 14, 4730

9 of 26

M : presents the Module
of the residentiel
buildings

M2 =01 dwelling /
3 stroyes
04 - 05 buildings "“/

—

shape, H shape

Buildings grouping are in
different patterns: linear, L

However, it is necessary to state that the current study focuses specifically on the
neighborhood’s spatial configuration as opposed to the parametric characteristics and
building materials.

The selected site comprises several building forms (Figure 3). The building is equiv-
alent to 06 residential blocks (M1) (including two dwellings in each level). Overall, the
multifamily housing neighborhood includes several adjacent modules that lead to other
modules” composition (M2) (two adjacent buildings). The (M)’s items are only illustrated
to clarify the spatial configuration throughout the investigated site. The site represents a
common urban geometry for the residential sector, specifically for the multifamily hous-
ing design in Algeria.

Furthermore, the construction strategies, materials, shading, and technical systems
used depend strongly on the national or local context, availability and prices of materials,
climate, traditions and national building legislation [20].

‘ '
[T R— L F'EFM—%
M1 = 01 dwelling / 3 stroyes . hj‘l=|&£’§'f~g§l
02 buildings - o§ = ¢

1000 m

Source: Agence Nationale de I’ Aménagement du Territoire ANAT

/ Author: Mohamed Elhadi MATALLAH
5 "2 Date: 4/15/2020

Figure 3. The multifamily housing neighborhood building’s shapes and configuration.

3.3. Simulation Model and Outdoor Thermal Comfort Assessment

Possibly, the choice of weather data is considered the most important input for urban
climate simulation in the context of climate change. The current research is based on EPW-
files generated by Meteonorm 7.2 database (https://meteonorm.com/en/; accessed on 15
March 2021) [60] for TMY weather files and future projections to the year 2080, which
were taken from the World Meteorological Organization (WMO) [8]. Meteonorm 7.2 da-
tabase uses the IPCC Fourth Assessment Report (AR4) as a model to allow the climate
change projections. Meteonorm is limited only to three scenarios: A1B, A2 and B1. Mete-
onorm tool is universally used for climate change studies. Instead of climate values, the
IPCC results (AR4) are utilized as input. The deviations of parameters global radiation,
temperature and precipitation and the three scenarios (A1B, A2 and B1) were included.
With the combination of Meteonorm’s current database 1961-1990, the stochastic genera-
tion and the typical years’ interpolation algorithms can be calculated for any location for
different scenarios between 2010 and 2100 [52]. Furthermore, based on the analysis of var-
iations of temperature, precipitations and global radiation of year to year, month to month
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and the ten past years, as well as climate model forecasts by Meteonorm, an autoregres-
sive model was synthesized to generate a realistic monthly time series of future projec-
tions. The study outputs are determined using a simulation model created in ENVI-met
4.4.5 software (https://www.envi-met.com/; accessed on 10 October 2020) [62-64] and Ray-
Man 3.1 Beta [33,34] calculation model to calculate the PT index.

The simulated model is calibrated based on monitored data. Root mean square error
(RMSE) and mean bias error (MBE) indices were used to confirm the calibration [65]. The
validated model focused on how closely the simulated results match the monitored data.
The monitoring was performed on 15 and 16 July 2014. Moreover, to validate the numer-
ical model, we needed 48 h of running simulation as sufficient time for the three moni-
tored points of the conducted site (Table 4). The validation was performed based on the
hourly datasets. The following equations were applied to check the calibration of the sim-
ulated model.

n
1
RMSE = |~ Z(Simi — Obs;)? (1)
n i=1
1 n
MBE = —- Z(Simi — Obs)) 2)
i=1

In the above equations, Equations (1) and (2), Sim and Obs are the simulated and
observed (measured) data, respectively, and “n” represents the number of the data values
used for the calculation. As defined in ASHRAE Guideline 14-2014 [66], the simulation
model is considered validated if the following conditions are met:

The hourly (MBE) values are within +10%, and hourly (RMSE) values are below 30%.
In this research, hourly data were used for the validation of the numerical model.

We coupled ENVI-met 4.4.5 and RayMan 3.1 Beta to have an accurate calculation of
the PT thermal index. The requested microclimatic outputs are air temperature (Tair), rel-
ative humidity (RH), air velocity (Vair) and the mean radiant temperature (Tmrt) of the
three investigated days 15th, 16th and 17th July. Therefore, only microclimatic outputs of
future scenarios were taken, while the TMY outputs were performed in the study of
Matallah et al. (2021) and mentioned in Matallah’s study report, 2020 [65].

Table 4. Summary of validation of the simulated model in ENVI-met software.

Neighborhood Indices Point 1 Point 2 Point 3
RMSE 2.92 8.75% 2.98 8.96% 3.75 10.70%
Multifamily housing
MBE -0.36 1.08% -0.44 1.31% -1.99 5.67%

On the other hand, using the future weather data projections can induce limitations
regarding the confidence level in predicting different microclimatic parameters applied in
building simulation. We are required to state that the current study seeks to develop an
algorithm (greedy algorithm) [67,68] for PT index predictions. Additionally, the applied
algorithm refers only to similar housing typologies, similar climate conditions, same lands
(Tolga Oases Complex or Biskra Province) and summer season, which makes other neigh-
borhoods’ typologies or climate zones different study area’s context not adequate for the
algorithm application. Accordingly, the algorithm could be used to improve urban design
management under extreme weather conditions due to global climate change, notably
during the summer season through the arid lands. Moreover, the algorithm presents a
simple equation of variables such as the predictions’ years and hours. The algorithm could
be applied under the programming method in climate software such as ENVI-met and
EnergyPlus databases.
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4. Results

This section combines two parts of the analyzed datasets between results and their
interpretations. Moreover, results include, in particular, the elaboration process of the PT
index prediction algorithm when the data analysis in these sections shows the three points
results (Tables 5-7). The final equation of the algorithm is based on all data throughout
the three monitored points in the site and covers the total simulated time. Therefore, the
results and discussion section are divided into two parts: Section 3.1 presents the data
analysis according to the simulations running and describes all the data obtained within
different studied weather scenarios. Section 3.2 focuses on developing the PT index pre-
diction algorithm through a variety of steps: PT index averages analysis, PT index trends’
forms, validation of equations and elaboration of the final model of the algorithm.

Table 5. PT index values in point 1 among three periods: 2020, 2050 and 2080.

T™Y A1B Scenario  A1B Scenario A2 Scenario A2 Scenario B1 Scenario B1 Scenario
Time 2020 2050 2080 2050 2080 2050 2080
15th 16th 17th 15th 16th 17th 15th 16th 17th 15th 16th 17th 15th 16th 17th 15th 16th 17th 15th 16th 17th
00:00 [19.2 21.1 212 257 26.8 303 28 284 334 249 26.6 29.7 275 289 342 233 255 293 249 263 30.6
01:00 18.6 20.5 20.1 243 275 299 262 29.6 33 238 271 279 261 299 323 225 259 271 23.6 26.8 283
02:00 18.6 20.1 199 232 268 265 27.1 286 28 228 26 262 249 294 287 215 249 252 226 26 259
03:00 182 20.0 19.1 234 259 27 234 281 29.7 227 25.6 252 255 283 295 21.7 242 248 228 253 263
04:00 175 194 19.0 229 255 261 247 273 29 224 252 251 251 275 284 215 24 242 225 251 256
05:00 [17.5 19.2 185 213 26.7 252 22.6 294 27.8 21.1 268 244 23 29 278 201 249 236 21 26.1 249
06:00 17.8 19.1 185 21.8 274 248 23 294 272 21 268 242 231 301 272 201 257 235 21 27 245
07:00 | 19.4 20.7 20.3 219 284 257 227 31 275 21.6 278 249 232 31.8 281 20.8 269 242 21.6 284 252
08:00 22.8 234 23.1 252 29.7 276 267 32 292 249 29.6 272 267 324 296 24 283 26.7 247 294 275
09:00 29.5 281 283 29.2 338 36.6 30.7 357 37.6 294 33 356 309 356 285 31.5 349 292 328 36
10:00 29.7 30.1 30.5 33.9 34.1 36.7 326 345 371 345 368 31.7 33 36,5 32.5 339 373
11:00 31.0 30.7 31.4 344 36.8 343 36 379 36 327 34 375 335 36.5 -
12:00 32.0 31.1 322 373 37.8 37 377 36.2 35.7 36.6 36.3 36.6 37.4
13:00 ' 32.6 31.6 328 37.9 373 36.2 375 37.1
14:00 342 322 33.6 37.2 35.1 37.3
15:00 ' 34.6 33.5 343 38 36.8 36.6 36.8
16:00 34.6 33.6 352 354 b 34.9 33.5 34.2
17:00 334 329 345 37 H36.5 35.1 36.2r
18:00 28.4 32.6 333 345 37.7 352 32.1 37 338 379 30.6 35.2 30.8 37.9
19:00 269 26.8 27.1 319 354 328 345 35.6 343 31 341 326 334 369 334 294 333 309 30.6 344 31.6
20:00 23.6 24.0 247 291 357 30.8 295 36.1 313 28.6 339 308 30 371 32 268 328 294 279 33.7 30
21:00 225 233 241 282 344 326 29.7 349 35 282 335 319 30 373 339 26.7 324 305 278 339 314
22:00 22.1 223 235 304 314 31.1 327 333 319 30.1 304 30.7 333 333 315 285 294 292 29.8 29.8 30.2
23:00 21.6 213 227 295 314 28.1 312 342 294 285 30.1 278 314 332 29 273 289 265 284 30 272
PT (°C) 0-20 20-26 26-32 32-38 =88
Thermal perception Comfortable Slightly warm Warm Hot Very Hot
Thermo-physiological

36.7 35.9

37.4

38

36.7

stress Comfort possible Slight heat stress ~ Moderate heat stress Great heat stress Extreme heat stress

4.1. Perceived Temperature (PT) Index for Points 1, 2 and 3

PT index values during 2050 showed five different thermal zones depending on the
human’s body thermal perception, which are presented from the lowest thermal stress to
highest, respectively: comfortable, slightly warm, warm, hot and very hot zones. The three
2050 scenarios (Table 5) presented a close similarity in PT index values averages with
PT2050.ave = 31.6 °C; when PTa1s-2050ave= 32.6 °C, PTa22050ave= 31.8 °C, PTs1-2050.ave = 30.4 °C, hot
and warm thermal zones, respectively. On the other hand, 2020 average: PTao0ave=25.7 °C
in the slightly warm thermal zone. PT index values maximums through all scenarios were
PT2020max= 35.2 °C, PTa1B-2050.max= 49 °C, PT a2-2050.max= 46.5 °C, PTB1-2050.max = 45.8 °C. All of the
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PT index maximums were registered in point 1, while PTmax2050 was in the hot thermal
zone, and PTmax20s0 was in the very hot thermal zone.

Table 6. PT index values in point 2 among three periods: 2020, 2050 and 2080.

Time

TMY
2020

A1B Scenario A1B Scenario A2 Scenario A2 Scenario B1 Scenario B1 Scenario
2050 2080 2050 2080 2050 2080

15th

16th

17th

15th 16th 17th 15th 16th 17th 15th 16th 17th 15th 16th 17th 15th 16th 17th 15th 16th 17th

00:00
01:00
02:00
03:00
04:00
05:00
06:00
07:00
08:00
09:00
10:00
11:00
12:00
13:00
14:00
15:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00
23:00

19.2
18.5
18.4
17.8
17.3
16.8
17.9
18.9
22.5
253
26.4
27.7
29.2
32.8
33.9
34.1
30.3
29.8
28.2
27.3
242
22.9
22.6
21.8

20.9
20.2
20.0
19.5
19.4
19.2
19.0
20.7
23.2
25.4
27.1
28.2
29.1
31.7
32.7
33.6
30.0
29.8
28.5
26.8
243
23.5
22.3
21.7

21.0
20.9
20.1
19.3
19.2
18.6
18.5
20.0
23.1
25.5
27.3
28.8
32.5
32.7
33.7
344
32.3
30.6
29.4
27.8
25.3
249
245
23.3

251 266 309 27.3 285 339 244 263 293 269 286 33.6 229 252 287 243 267 30
244 273 304 258 295 335 24 266 279 263 294 327 226 254 275 238 266 292
232 265 274 254 29.1 298 227 26 277 249 287 297 215 249 252 226 259 264
233 264 272 256 292 292 23 26 272 258 292 291 219 246 247 231 261 26
233 256 268 257 269 28.6 227 251 27.1 255 275 291 21.6 24 245 229 251 257
213 263 258 229 286 279 209 257 261 231 288 281 199 245 24 209 257 252
217 264 253 235 288 27.8 212 26 251 235 291 281 203 247 236 213 262 249
216 286 265 229 314 287 212 279 255 233 311 29 203 267 247 212 283 26
251 31 282 262 32 301 25 29.6 279 265 324 305 241 282 269 249 294 28
296 32.3 375 31.1 343 89N 292 321 346 309 349 W8N 281 311 352 29 321
33 351 34.9 345 38 312 338 36 321 348
34 374 35,5 35.8 321 348 338 36.1
37.6 36.7 337 351 348 36
358 374 37
37.3 364 37.8
34.9

345 33.7
37 337 364 348 37.3
316 293 35.1 302 36.1
327 346 34 36 362 342 32 331 34 348 345 339 302 313 313 314 323 321
301 36 319 32.3-%29.6 348 318 31.5.32.6 278 336 298 294 347 305
292 335 35 315 35.6 286 345 347 30.7 375 271 33.6 331 282 356 344
31 31 324 333 325 343 299 302 333 332 323 325 287 286 301 30 29.8 312
293 317 29.6 31.1 33.3 31.3 283 30.8 30 312 341 303 271 293 274 282 30.7 282

34.5

PT (°C)
Thermal perception
Thermo-physiological
stress

0-20 20-26 26-32 32-38
Comfortable Slightly warm Warm Hot Very Hot

Comfort possible  Slight heat stress Moderate heat stress ~ Great heat stress ~ Extreme heat stress

PT index values minimums during all scenarios (Table 6) were PT2020min=16.8 °C in
point 2, PTaiB-2050.min=21.2 °C, PTa22050.min=20.9 °C and PTs1-2050.min=19.9 °C in point 3. While
PTmin2020and PTmin1-20s0 presented a comfortable thermal zone. On the other hand, PTmin-
2050 for A1B and A2 scenarios are slightly warm thermal zones. The variation in thermal
zones’ duration was significant, apparently between 2020 and 2050 scenarios, where the
comfortable thermal was between 0:00 a.m. and 7:00 a.m. in 2020. However, 2050 showed
one hour of the comfort zone at 5:00 a.m. for one day exclusively in the B1 scenario. Fur-
thermore, the heat stress zones occupied all conducted days” hours in 2050, which are
balanced between slightly warm, warm, hot and very hot thermal zones. The very hot
thermal zone was registered among daytime hours between 10:00 a.m. and 6:00 p.m.;
however, 2020 did not have a very hot thermal zone.
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Table 7. PT index values in point 3 among three periods: 2020, 2050 and 2080.

TMY A1B Scenario  A1B Scenario A2 Scenario A2 Scenario B1 Scenario B1 Scenario

Time 2020 2050 2080 2050 2080 2050 2080

15th 16th 17th 15th 16th 17th 15th 16th 17th 15th 16th 17th 15th 16th 17th 15th 16th 17th 15th 16th 17th
00:00 1189 20.7 20.8 271 27 299 288 295 324 256 266 293 288 292 324 236 253 28 254 264 292
01:00 182 202 212 261 269 284 29 288 312 257 263 279 291 291 307 24 252 264 255 262 277
02:00 [ 183 196 195 241 276 287 265 305 319 235 273 277 263 307 321 222 261 265 23 272 281
03:00 [18.1 192 194 247 272 286 267 30 313 242 267 272 27 304 316 228 251 26 242 267 28
04:00 [18.0 194 19.0 239 254 282 259 269 30.7 234 251 271 263 274 318 225 239 26 233 251 272
05:00 ' 17.0 19.1 187 212 259 273 228 281 298 209 253 261 231 282 30.7 199 241 252 209 252 266
06:00 [18.1 188 185 221 262 255 239 286 272 219 256 251 24 287 274 211 246 241 22 258 249
07:00 {189 199 203 216 29.7 26 228 335 276 213 293 255 232 34 278 204 28 245 213 292 255
08:00 22.0 232 23.0 251 31 278 269 346 294 251 306 279 272 35 297 24 296 269 249 305 277
09:00 24.8 254 256 29.7 3385 32.8 34.6 274 31 322 283 323 35
10:00 264 27.7 277 37 32.6 36.2
11:00 279 282 294 34.9
12:00 31.7 31.0 327 329
13:00 32.8 315 334 34.7
14:00 33.6 32.6 34.1 37.6
15:00 303 30.7 323 37.5
16:00 303 302 31.8 B8
17:00 29.8 298 313 33.1 36.8
18:00 28.7 285 30.0 34 37 322 351 36.1
19:00 272 274 283 344 336 343 373 352 346 332 331 34 36 345 349 314 313 322 326 323 33
20:00 244 247 258 311 - 321 324 304 369 318 33.1 335 286 355 302 292 369 309
21:00 23.0 239 252 297 373 364 319 29.1 361 347 315 275 352 339 289 359 351
22:00 223 228 247 292 317 339 32 339 359 285 314 333 315 345 354 272 298 315 287 303 33
23:.00 21.7 223 230 28 34 304 302 37 323 274 33 30 299 374 316 259 313 283 273 324 292

PT (°C) 0-20 20-26 26-32 32-38 _
Thermal perception Comfortable Slightly warm Warm Hot Very Hot
Thermo-physiological
Comfort possible Slight heat stress Moderate heat stress Great heat stress ~ Extreme heat stress

stress

Results showed a significant elevation on PT averages between 2020 and 2050 with a
difference of +5.9 °C. Apparently, A1B presented the hottest period across all scenarios,
where point 1 was all time the thermal stressful place. In comparison to all PT index values
in the previous periods, 2080 scenarios showed four different thermal zones, which were
slightly warm, warm, hot and very hot thermal zones. PT index averages were more ele-
vated versus 2050 scenarios, when PT20s0.ave= 33.4 °C, PTa1B-2080.ave= 34.5 °C, PTa2-2080.ave= 34.2
°C in the hot thermal zone and PTs1-2080.ave= 31.5 °C in the warm thermal zone. On the other
hand, the PT index maximums of the 2080s three scenarios presented a slight elevation
comparing to 2050 scenarios (+1.9 °C) and a significant elevation to 2020 (+15.7 °C), while
PTaiB2080.max = 50.9 °C, PTa22080.max = 49.8 °C and PTsi-2080max = 46.7 °C, all the values were
registered in the three points included in the very hot thermal zone. Otherwise, PT index
minimums were PTaiB20s0.min=22.6 °C in point 1, PTa22080.min = 23 °C in point 1 and PTsi-
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2080.min= 20.9 °C in points 2 and 3, which were in the slightly warm thermal stress. Thus,
PT2080.min does not show any comfort thermal’s zone. The elevation of the thermal heat
stress levels was significant through the 2080 scenarios. It appeared with a long duration
of warm, hot and very hot thermal zones among the day hours, while this last was con-
centrated in the large duration of midday hours between 9:00 a.m. and 6:00 p.m. Moreo-
ver, A1B and A2 scenarios showed stressful heat periods compared to the Bl scenario
(Tables 5-7).

On the other hand, Figure 4 shows the evolution of PT values during hours and days
over the three selected periods. The most outstanding is the significant differences in PT
values between 2020 and the future scenarios of 2050 and 2080.

an 34
) 2 35
a8 £
7

—PI2020pt  ——PFTAIB208D 1 —— PT-AZ 2060 p1 PIE19050p1  ——PI-AIB2080p]  ——PTA23040p1  ——RT.81 2080 pd

Figure 4. PT index values evolution during all the studied periods.

Therefore, the difference in the PT index averages obtained in 2080 significantly en-
larged comparably to the 2020 period (+7.7 °C) and slightly to 2050 (+1.8 °C), where point
3 was the elevated heat stressful place presented the highest PT values differences over
time. Precisely, PT differences from 2020 to 2080 rose progressively when point 3 during
the third simulated day (17th July) showed the highest PT index differences, reaching 8.7
and 10.6 °C in 2050 and 2080, compared to 2020 (Figure 5).

4.2. Algorithm Process Datasets

In these insights, we were able to formulate a type of hourly/yearly predictions’ equa-
tion (P-eq) of PT index according to the specific measured days and performed on simu-
lated results. Thus, mainly based on PT index averages in all periods’ scenarios 2020, 2050
and 2080 within the three points, the equation is built within several stages deeply ex-
plained in the recurring sections’ steps (Figure 6):
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Figure 5. PT index averages’ differences from 2020 to 2080.

l Points: 1,2 & 3 I

Day 1 Day 2 Day 3

Validation of the numerical
model, and running
simulations

2020 2020 2020 2050 2050 2050 2080 2080 2080

Equations of measured days;
Eql Eq2 Eq3 Eq4 Eq5 Eqé Fq7 Eq8 Eq9

one day contains three
equations (2020, 2050, 2080)

Validation of PT index
] equations based on RMSE

[ Validation of equations based on RMSE

Prediction equation (P — eq)
PT= A*X5- B*X4+ C*X? - D*X2 - E*X + F

Figure 6. Workflow steps of the PT thermal index predictions algorithm.

Firstly, we calculated PT averages for 2020, 2050 and 2080 of all scenarios (A1B, A2
and B1) based on the data simulation process (Table 8). Otherwise, the following present-
ing data are only for the first point (15th, 16th and 17th July) related to previous data.
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Figure 7 presents the PT averages’” curves of each period separately in point 1, namely
2020: S1, 2050: S2 and 2080: S3.

Table 8. PT index averages in point 01 for three days among three periods: 2020, 2050 and 2080.

2020 2050 2080 2020 2050 2080 2020 2050 2080
July 15th July 15th July 15th July 16th July 16th July 16th July 17th July 17th July 17th

0:00 19.2 24.6 26.8 21.1 26.3 27.9 21.2 29.8 32.7
1:00 18.6 23.5 253 20.5 26.8 28.8 20.1 28.3 31.2
2:00 18.6 22.5 24.9 20.1 25.9 28.0 19.9 26.0 27.5
3:00 18.2 22.6 23.9 20.0 25.2 27.2 19.1 25.7 28.5
4:00 17.5 22.3 24.1 19.4 249 26.6 19.0 25.1 27.7
5:00 17.5 20.8 22.2 19.2 26.1 28.2 18.5 24.4 26.8
6:00 17.8 21.0 224 19.1 26.6 28.8 18.5 242 26.3
7:00 194 214 22.5 20.7 27.7 30.4 20.3 249 26.9
8:00 22.8 24.7 26.0 234 29.2 31.3 23.1 27.2 28.8
9:00 29.5 29.0 30.3 28.1 32.8 34.7 28.3 35.7 373
10:00 29.7 327 33.6 30.1 339 35.8 30.5 373 387
11:00 31.0 33.8 352 30.7 35.6 377 314 382 39.8
12:00 32.0 36.8 38.1 31.1 37.1 383 322 37.7 39.0
13:00 32.6 38.5 40.1 31.6 37.6 39.1 32.8 39.0 39.7
14:00 34.2 36.6 38.1 32.2 37.4 39.4 33.6 40.2 41.1
15:00 34.6 377 39.1 335 37.0 38.8 34.3 47.1 49.1
16:00 34.6 34.6 35.3 33.6 40.3 41.3 35.2 43.6 44.4
17:00 33.4 36.2 38.7 32.9 38.1 39.9 34.5 40.7 40.8
18:00 28.4 324 33.3 32.6 39.3 40.6 33.3 36.6 387
19:00 269 30.8 32.8 26.8 343 35.6 27.1 32.1 33.1
20:00 23.6 28.2 29.1 24.0 34.1 35.6 24.7 30.3 31.1
21:00 22.5 27.7 29.2 23.3 33.4 35.4 24.1 31.7 33.4
22:00 22.1 29.7 319 22.3 30.4 321 23.5 30.3 31.2
23:00 21.6 28.4 30.3 21.3 30.1 32.5 22.7 27.5 28.5

Time

The trend curves of each period (Figure 7) indicated a significant increase in PT index
averages during time; however, the early morning hours showed a common resemblance
to PT values. Based on the trend curves of the first day, the regression’s equation (R?) of
periods was extracted separately, which defined a long duration time enlarged between
9:00 a.m. and 7:00 p.m.

15th July 2020- eq:
Y =999.15- X% — 2003.6 - X* + 1123.3 - X3 — 90.65

X2 —21.334-X + 19.641 ®)
R% = 0.9657
16th July 2020-eq:
Y = 781.83- X5 — 1611 - X* + 931.71- X3 — 81.63 - X? — 18.888 - X + 21.387 (4)
R? = 0.9554
17th July 2020-eq:
=922.78- X5 — 1886.9 - X* + 1085 - X3 — 91.511 - X2 — 24.719 - X + 21.427  (5)
R? = 0.9608

where (Y) are the PT index values, and (X) is the assessed hour. This operation proceeded
similarly for all the measured days (July 15th, 16th and 17th) and the other monitored points.
Trends for 2020 in the three days showed a complex diurnal increase between 9:00 a.m. and
7:00 p.m. (Equations (3)-(5)), where the highest regression was obtained on day 1 (Figure 7).
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values comparing to the previous period of 2020 (Equations (6)—(11)).

Perceived temperature PT (°C) Perceived temperature PT (°C)

Perceived temperature PT (°C)

Furthermore, trends for 2050 and 2080 scenarios for the three assessed days differed
marginally depending on the day and hour (Figure 7). They indicated an increase in PT

60

55

50 y = 1233.15° - 2504 35 + 1486 25 — 172 86x? - 30.009x + 27.179
R?=0.9388

45 y=1165.1x" — 2340, 1x* + 1368.2x3 — 141.06x — 20.46x + 25.073
R?=09532

40

35

y =989.15x%  2003.6x* + 1123.3x® — 90.65x7 — 21.334x + 19.641
R?*=10.9857

712 9:36 12:00 14:24 16:48 19:12 2136 0:00
Time (h)
@ Scenario 2020 e Scenario 2050 @ Scenario 2080

(@)

50
y = 407.82x5 — 812.85x! + 398.23:3 + 29.54x7 — 18.748x + 28.565
R? = 0.9665
45 ¥=781.83x5 - 1611x¢ + 931.71x — 81.63x7 — 18.888x + 21.387
R?=0.9554
40

30
25
20
¥ = 410.33¢ — B27.41x" + 406.8x* + 35.955x% — 22.699x + 26,911
R?=0.9656
15
0:00 224 4:48 712 9:36 12:00 1424 16:48 1912 21:38 0:00
Time (h)
@ Scenario 2020 @ Scenario 2050 @ Scenario 2080
50

L]
¥=1173.3x° - 2400.2x" + 1386.4x° — 111.04x% - 44.936x + 30.068
R®=0.9078

y=1102.7x% — 2245 2x% + 1273 1¢ — 78 3137 — 51 214x + 32941 _
R*=0.8784 =

~-0__ 9 g7 o y = 922.78%% - 1886.9x" + 1085x% — 91.511x% ~ 24.719x + 21.427
R* = 0.9608
15
0:00 224 4:48 7:12 %36 12:00 1224 16:48 18:12 21:36 0:00
Time (h)

@ Scenario 2020  # Scenario 2050 @ Scenario 2080

©)

Figure 7. PT index averages’ variations during three days among: 2020, 2050 and 2080 in point 1: (a)
15th July, (b) 16th July, and (c) 17th July.
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15th July 2050-eq:

Y = 1165.1- X5 — 2349.1 - X* + 1366.2 - X3 — 141.06 - X2 — 29.46 - X + 25.073 (6)
R? = 0.9532
16th July 2050-eq:
Y =410.33- X5 — 827.41- X* + 406.8 - X3 + 35.955 - X2 — 22,699 - X + 26.911 (7)
R? = 0.9656
17th July 2050-eq:
Y =1173.3- X% —2400.2- X* + 1386.4 - X3 — 111.04

- X? —44.936- X + 30.068
R? = 0.9078

15th July 2080-eq:

8)

Y =1233.1- X% —2504.3 - X* + 1486.2 - X3 — 172.89
+X%—-30.009-X +27.179
R? =0.9368
16th July 2080-eq:

©)

Y =407.82-X5—812.85-X*+398.23 - X3 +

(10)
29.54-X% — 18.748 - X + 28.565
R? = 0.9665
17th July 2080-eq:
Y =1102.7 - X° — 22452 - X* + 1273.1 - X* — 78.313 (1)

+X? —51.214- X + 32.941
R? = 0.8784

Based on equations from the precedent section of all scenarios, we needed to search
about equations that include a new form of variables (correction factors) and gathered all
the previous equations’ scenarios, so far to create a unique equation for the total equations
of the prediction’s formula. Therefore, we are presenting only the first day (15th July) as
an example in this study. However, the final prediction equation is enlarged within the
three studied days that are typical days for the summer season. Furthermore, the imple-
mented correction factors, A, B, C, D, E and F, are named for the regression equation of
the prediction’s equation. All the previous regression equations need to be formulated,
such as Equations (12)—(17). Thus, the formulas of the correction factors were extracted

below:
A =23395-y—3663.5 12)
B =5.007 -y —7978.7 (13)
C=36291-y—6114.2 (14)
D =0.8221-y —1550.4 (15)
E =0.0867 -y —150.9 (16)
F =0.0754-y — 130.56 17)

where (y) presents the prediction’s year.
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Accordingly, the prediction equation of the PT index for the first day (15th July)
through point 1 was formulated within the following equation:

PT=A-X5—B-X>+C-X*—D-X>?—-E-X'+F (18)

where (X) presents the predictions hour. We needed, in total, 27 prediction equations for
three days throughout three points for all different scenarios 2020, 2050 and 2080. We val-
idated the accurate prediction equation based on RMSE, which presents the first equa-
tion’s scenarios for point 1 as the favorite formula for the total predictions within different
emission scenarios (Table 9). Therefore, the algorithm is mathematically generated based
on the selected predictions” equation among the validation method.

Table 9. Summary of the validation of PT index equations based on RMSE.

Points and Days RMSE
P1-Dayl 1.423
P1-Day2 1.457
P2-Dayl 1.475
P2-Day2 1.579
P3-Dayl 1.680
P3-Day2 2.092
P2-Day3 2.108
P1-Day3 2.111
P3-Day3 3.001

Accordingly, an accurate validation equation that presents the lowest RMSE value
was taken from the first prediction’s equation in point 1 during the first day (15th July)
(Table 9). It is necessary to refer that the PT index prediction’s algorithm is generated for
specific boundary conditions: climate zone (BWh), summer period (July: extreme heat
month), when the general weather boundaries are limited between minimum and maxi-
mum of air temperature among 0 and 50 °C, and humidity among 5% and 70%, respec-
tively. Moreover, the typical housing neighborhood (multifamily housing) provides a
close hourly/yearly prediction of the PT index in the study area (Figure 8).
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Prediction of PT for the priod 2020 — 2080
(valid for arid lands)

v

Input Y (year) T (time)

calculation of prediction data

A=2.3395*Y — 3663.5

B =5.007* Y — 7978.7

C =3.6291* Y — 6114.2

D =0.8221* Y — 1550.4

Y

Output
A,B,C,D,EF

E =0.0867* Y — 150.9

F=0.0754* Y — 130.56

calculation of PT index -

PT=A*TS — B*T4+ C*T3 — D*T2 — E*T + F

Output PT

Figure 8. A framework of PT index predictions algorithm from inputs to outputs.

5. Discussion

In this study, the outdoor thermal comfort variations inside multifamily housing
neighborhoods in Saharan lands of Algeria and their long-term predictions were investi-
gated on the basis of the TMY datasets and IPCC future scenarios. With the support of
numerical simulations supported by ENVI-met software and thermal calculations under
RayMan model, a new mathematic algorithm reliable for future patterns of outdoor ther-
mal comfort in arid regions across Algerian oases territories was generated. The following
discussion presents the key study findings, describes the study’s strengths and limitations
explains the implications for the practice and suggests future research.

5.1. Findings and Recommendations

The study shows a gradual increase in PT index values, beginning from 2020 and
progressively elevated to 2080 during the hot season, and refers to an extreme thermal
heat stress level. The difference in PT index averages at the hot season between 2020 and
2050 was (+5.9 °C), and 2080 (+7.7 °C), which means a change from the slightly warm
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thermal stress zone to warm and hot thermal stress zones, respectively, due notably to the
predicted climate change according to (AR4).

Surprisingly, no comfortable thermal stress zone was found during the 2080 period.
However, only one comfortable hour was found at 2050 within two points, namely 02 and
03. On the other hand, the comfortable thermal zone represented 25% of the daily thermal
stress level during the hot season in 2020. The thermal stress elevation is likely due to
climate changes and their significant impact on arid lands.

As expected, climate change has an important effect on thermal stress through out-
door places without shading arrangements or spaces with significant SVF degrees. Most
unfavorable places are exposed for a long time to the sun. Otherwise, multifamily housing
represents a vulnerable urban form against climate changes in the long-term. Interest-
ingly, the highest increase in future thermal heat stress was found by the A1B scenario
characterized by rapid demography and a balance on the energy sources use. This increase
has occurred inside different spatial configurations of the multifamily housing categories.
Moreover, in the summer season, the hot thermal stress zone is enlarged during the day,
from 8:00 a.m. to midnight, while the very hot thermal stress zone is more enlarged during
the daytime hours, for 9h, from between 9:00 a.m. to 6:00 p.m.

Otherwise, no very hot thermal stress zone was shown in the first period of 2020,
whereas the hot thermal stress zone presented 5 h in the daytime, from 12:00 p.m. to 5:00
p.m. It is also interesting to develop a greedy algorithm for the PT thermal index predic-
tions, typically for the multifamily housing sector, whereas the outputs related to the al-
gorithm are required hourly/yearly values at the same time.

5.2. Strength and Limitations

The strength of this study is firmly due to its crossover of empirical and numerical
approaches to quantify the outdoor thermal comfort within an oasis territory in the arid
lands. Furthermore, the current study provides new findings of outdoor thermal comfort
predictions in the arid climate, basically on long-term evaluation within current and fu-
ture climate change scenarios.

None of the previous studies has investigated the predictions of outdoor thermal
comfort or long-term weather patterns, specifically inside the oases settlements in arid
climate, using TMY and (AR4) datasets. Consequentially, the study outcomes are consid-
ered key findings for outdoor thermal comfort predictions and redevelop them to cover
all climate zones in the country. The findings are related to the study context but could be
strongly enlarged by following the same methods and approaches for different climate
and urban forms.

Long-term overheating in arid lands is unsafe to the human body and significantly
impacts residents’ well-being, satisfaction and productivity. Despite climate change and
the continuous heatwaves, human health in oases settlements can be critical and reveals
a subject of rising in morbidity and mortality rates.

The evaluation of the human heat budget by monitoring and modeling urban ther-
mal comfort during extreme weather conditions in the summer was an essential objective
of the current study. Further, results can be used to assess the impact of thermal discom-
fort increases on the oases settlements’ livelihood, tourism activities and health situations.
The outcomes illustrate the big necessity of developing a set of urban design procedures
and policies to be integrated with arid lands for the long-term.

The algorithm allows numerical software used for urban climate studies in several
thermal stress scenarios based on the PT index for short- and long-term patterns. Thus, it
is necessary to indicate that the generated algorithm is mathematically able to be applied
in different software’s databases, such as ENVI-met, Grasshopper and EnergyPlus.

Otherwise, our research has few limitations. The most significant limitation is the use
of one urban housing typology. Even though the used multifamily housing archetype rep-
resents Algeria’s major household typologies, single-family households represent a con-
siderable part of the residential building stock. Moreover, the study focused only on the
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hot period. The monitoring for an extended period (one year or more) may assist in as-
sessing the thermal comfort changes throughout the year and predict the heat stress in all
seasons. The predictions are limited only to one climate zone (BWh), one geographical
context (Tolga Oases Complex, Biskra province) or a similar area, which means that the
generated algorithm cannot be applied for other climate zones, as well as different re-
gions. However, it could be more valuable to utilize the Fifth Assessment Report (AR5)
anomalies of IPCC reports based on RCPs rather than SRES set of the Fourth Assessment
Report (AR4) to provide more relevant future predictions. It is still limited in Meteonorm
7.2, the only available weather generator tool for our study.

On the other hand, for further development of a generated algorithm, it will be more
reliable to perform a complete probabilistic treatment for the algorithm’s stability. In our
case, we validated the algorithm-developed data merely based on RMSE.

It is necessary to indicate that building materials’ characteristics are mandatory for
the assessment of the thermal fluctuations, specifically through the building scale. In our
case study, it should be taken into consideration the thermal efficiency of building mate-
rials, such as the hollow bricks; their orientation; porosity; and the heat capacity to have
their impact on thermal comfort [69,70]. However, our numerical modeling on ENVI-met
software is very close to the existent investigated area, endowed with all the neighbor-
hood’s constructive characteristics.

5.3. Implication on Practice and Research

This study allows urban climate researchers, architects, designers and urban plan-
ners several insights into predicted climate circumstances and their impacts on outdoor
thermal comfort for the long-term under extreme weather conditions. Furthermore, the
predicted results should be considered according to the large value on thermal stress
changes within the following years. Natural ventilation or increasing the airflow, and im-
proving outdoor shading are essential in the oasis urban fabric. Thermal predictions allow
future designers to react to climate change better and think the best fit for climate adapta-
tions, strategies and solutions to design and implement comfortable and efficient urban
planning designs.

We believe that numerous solutions attempt for heat stress reduction and cooling
energy savings were developed through the worldwide arid regions, such as the incorpo-
ration of PCMs in the built environment, especially among the residential sector [71,72].
This method can reduce the indoor temperature during the summer months by up to 2.04
°C and cooling energy savings up to 40.43 kWh [73], which could be beneficial for the
external spaces as well. Hence, the utilization of PCM must be supported by dense exter-
nal shading to benefit from the outdoor thermal heat stress balance and the cooling energy
savings as well [74]. In this case, for future urban projects, the buildings” orientation is
crucial, and representative buildings” shells composition should be chosen to reach the
optimum PCM [72].

The human thermal indices need to be improved and applied in microclimatic pre-
dictions. This study highlights the biometeorological studies to promote a new process of
outdoor thermal comfort long-term predictions among the worldwide climate zones and
inside different urban contexts.

The Algerian government, especially the Ministry of Urban Planning and Housing,
as well as the Ministry of Environment, may do an in-depth review regarding the built
environment and the future strategies in urban housing against extreme weather condi-
tions changing, notably in the arid lands, which became more and more vulnerable during
the time. Additionally, we believe that not only architects or urban experts should be con-
cerned with this study, but also climate scientists, especially in the meteorological field.
We can enormously benefit from our key findings to see beyond the climate change im-
pacts and predict the short and long-term conditions.
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6. Conclusions

In this study, the predictions of the outdoor thermal comfort through an urban hous-
ing archetype in the Tolga Oases Complex were investigated during different weather
conditions (TMY) and (AR4) scenarios. These were used to understand better predicting
the impact of urban housing archetypes on the outdoor thermal comfort in an arid climate
for the long-term. The researchers analyzed the evolution of the heat stress levels in the
middle of an urban housing neighborhood which is representative of the most urban res-
idential typology in Algeria. The outdoor thermal comfort assessment was performed
over a long-term period (60 years) and basically by using the PT thermal index. According
to the results, climate change has a significant impact on the outdoor thermal quality for
upcoming years, and PT index values show a high elevation on heat stress during the hot
season when the comfortable thermal zone is decreasing from 25% in 2020 to 1% in 2050
and 0% in 2080. The study suite was the generation of an algorithm for the PT index pre-
dictions in the short-term, medium-term and long-term future under extreme conditions
related to the investigated climate zone, urban housing archetype and the conducted pe-
riod. Accordingly, the algorithm could be enlarged to cover several climate zones during
all seasons and multi-urban forms. This paper aimed to evaluate the impact of future long-
term weather conditions on outdoor thermal comfort within a multifamily residential
neighborhood. Future work should be performed by using different climate zones in Al-
geria during all the seasons to assess the thermal comfort fluctuations covering major cit-
ies in all the country over the year.

Our research further reflects that proper weather datasets based on reliable data from
climate models and future emissions scenarios are required to help urban planners and
architects to check their design solutions under future climate forecasting, especially in
the arid climate. Furthermore, the outcomes present guidelines for landscape and urban
designers who want to design thermally comfortable outdoor environments for these spe-
cific lands. Moreover, our findings suggest that architects, urban planners and climatolo-
gists should take into account the climate-change effects in the long-term concerning ur-
ban growth. In addition, the urban strategies should involve an urban model adapted to
oases territories, proper to a sustainable green area and arid climate, and moderating the
potential increase in air humidity.

Author Contributions: Conceptualization, M.E.M., W.A.M., D.A. and A.A.; methodology, M.E.M.,
W.AM., MB,, D.A. and A.A.; software, M.E.M, D.A., A.A., S.B.; validation, M.E.M., W.A.M. and
A.A.; formal analysis, M.EM., W.AM., M.B. and A.A,; investigation, M.E.M.; resources, M.E.M.,
D.A., A.A. and S.B.; data curation, M.EM., W.A.M, M.B. and A.A.; writing—Original draft prepa-
ration, M.E.M.; writing—Review and editing, M.EM., W.AM., M.B. and A.A.; visualization,
M.EM,, and A.A; supervision, W.AM., D.A. and A.A.; project administration, M.E.M., D.A. and
S.B. All authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge the Ministry of Higher Education of Algeria for providing nec-
essary funds and resources to complete the PhD studies of the first author under the PNE program
with reference no. 19/enseignant/Belgique/2018-2019.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this article can be obtained from the corre-
sponding author upon request.

Acknowledgments: We acknowledge the Algerian Ministry of Higher Education for providing a
funded internship to the first author at the University of Liege through the “Programme National
Exceptionnel (PNE) under file no. 19/enseignant/Belgique/2018-2019. We want to acknowledge the
LACOMOFA Laboratory, University of Biskra, and the Sustainable Building Design (SBD) Lab at
the University of Liege to use the monitoring equipment in this research and valuable support dur-
ing the experiments and data analysis. The authors would also like to thank the University of Biskra,
Algeria, and the University of Lieége, Belgium, for assisting in administrative procedures.



Energies 2021, 14, 4730 24 of 26

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
study’s design; in the collection, in the analysis or interpretation of data; in the writing of the man-
uscript; or in the decision to publish the results.

Nomenclature

The following abbreviations are used in this paper:
ASHRAE  American Society of Heating, Refrigerating, and Air-Conditioning Engineers

™Y Typical Meteorological Year
IPCC Intergovernmental Panel on Climate Change
AR4 Fourth Assessment Report
MBE Mean Bias Error
RMSE root mean square error
EPW EnergyPlus Weather file
PCM Phase Change Materials
PT Perceived Temperature
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