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ABSTRACT Updatos

The main objective of this paper is to assess the energy efficiency of residential
buildings in Tunis. To this end, three complementary studies were carried out
at different levels. Initially, a diagnosis of the building’s adaptability to climate
change at urban and architectural scales was established. The methodology
adopted was based on indicators obtained following a cross-reference of
environmental assessment tools. This made it possible to highlight the lacunary
factors related to thermal comfort. According to this finding, the second
research was set up to focus on outdoor thermal comfort. The methodology
adopted is based on numerical simulations and calculations of comfort indices.
The results demonstrated the importance of specific morphological indicators
at the urban scale. Finally, the third research is interested in the architectural
scale to assess the building’s thermal comfort and energy consumption. It was
performed through numerical simulations. The results demonstrated the impact
of specific physical indicators on buildings’ thermal comfort and energy
behavior. Ultimately, this research highlighted the gap factors in urban and
architectural design in Tunis. It detected the most significant physical and
morphological indicators to be considered for sustainable urban design.
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1. Introduction

The climate writes the history of peoples and
civilizations, it influences our way of being, our
way of life, our cities, and our homes (Song & Ye,
C.,2017). Men have always been in harmony with
their climate and ecosystem until the industrial
revolution when this balance was broken, and
nafure was challenged (Goudie, 2018). The
population explosion and pollution have caused
unprecedented global warming. Indeed, during
this decade, all countries recorded exceptionally
high temperatures never experienced before

(Carter, et al., 2015) This global warming is
increasingly felt and threatens the environment in
various aspects: depletion of energy, food,
hydraulic resources, and pollution (Viguié, 2020;
Wang, Chen, & Ren, 2011). In August 2021, the
Infergovernmental Panel on Climate Change
published a report focusing on the state of
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emergency and the increased risk of climate
change in the Mediterranean region. Indeed, this
region is considered a hot spot for climate
change due to its many vulnerability factors
(Climate Change , 2022). Thus, Mediterranean
cities are heavily impacted by this climate
change, and it is time to make the necessary
decisions fo preserve them. These
agglomerations are not only the critical centers
of energy consumption but also the most
important centers of decision-making and the
creation of adaptive solutions. It will thus be
necessary to implement all the efforts to control
energy consumpftion to adapt as much as
possible to the current circumstances.

Tunisia, a country in the south of the
Mediterranean  basin, is classified as an
ecological debtor. The United Nations ranks it
among the 15 African countries most vulnerable
to climate change (UNEP, 2018). The situation is
alarming because the annual temperature will
increase by about 2.1 °C and could reach +3.5
°C in 2050. It has also increased the number of
heatwave days and extreme precipitation
events (M.A.L.E, 2020). Therefore, Tunis, the
capital, does not escape the problem of cifies,
which is to try fo control its energy consumption.
And like any city, the most energy-intensive
sector turns out to be buildings. Thus, the real
estate sector represented 36% of total energy
and 39% of energy consumption and process-
related emissions in 2017 (UNEP, 2018). It then
seems essential for us, as designers, to rethink our

designs, whether on an urban or architectural
scale, in a more resilient way to limit the energy
consumption associated  with buildings.
Unfortunately, the usage of air conditioning
systems to enhance the thermal quality of places
is mostly to blame (Degelman, 2002). These air
conditioning devices release anthropogenic
energy which, in turn, raises temperatures at
street level (Girgis, Elariane, & Abd Elrazik , 2016).
We are therefore facing an infinite loop, a vicious
circle that it is important to break to help
enhance the standard of living in our cities.

In this article, three complementary research
works are presented. They tend toward the same
objective: the mitigation of energy consumption,
and this, through the highlighting of the levers of
action atf the urban and architectural scale. The
research process, explained in Figure 1, follows
three stages. The first stage of this study focuses
on the environmental diagnosis which targets
urban design and architectural conception. The
main objective is to identify the deficient factors
and the actors concerned according to the
environmental diagnosis. Based on the results of
the most lacunary factors, the second step is to
deepen the outdoor thermal comfort at the
urban scale. It studies the influence of urban
morphology on outdoor thermal comfort
condifions. Finally, the third stage is interested in
the architectural scale, by assessing indoor
thermal comfort and how it affects a building's
energy use.

Climate change - IPCC Report 2022 : Alert on the very
vulnerable situation , the Mediterranean basin as a Hot Spot

Case study — The city of Tunis — Tunisia
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Figure 1. The research process.
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2. Materials and Methods

Since the main objective of this study is to
evaluate the energy efficiency of buildings in
Tunis, the methodology adopted begins with a
diagnosis of the adaptability of buildings to
climate change in the city, based on a mix of
environmental assessment tools on the urban and
architectural scales. This diagnosis identifies the
most deficient factors that need to be treated.
Then, the second stage deepens the urban scale
by studying the impact of urban morphology on
outdoor thermal comfort. Finally, the last phase
focuses on the architectural scale in more detail
by studying thermal comfort and its effect on the
energy consumption of buildings. These last two
steps are based on ftwo analyses, a first
comparative followed by a parametric one. They
are performed via numerical simulations,
calculating different indices of thermal comfort
and energy consumption. In the following
sections, the three steps are explained in detail.
2.1 Methodology for a diagnosis of the
environmental quality of neighborhoods and
buildings in Tunis

In the environmental studies of the cities, three
scales are studied: the territory, the district, and
the building. It should be noted that the
interlocking of the scales is essential. The
methodology adopted in this step is a multi-
criteria  approach. It aims fo diagnose
environmental quality at the urban level of the
neighborhood and the architectural level.

The methodology was developed using five
global environmental assessment tools:

e Two ‘“universal” assessment tools: LEED
(Matisoff, Noonan, & Mazzolini, 2014) and HQE
(Madec, 2002)

Table 1. Objectives of the urban scale diagnosis.

e Two climate and region-specific assessment
tools, BDM (Envirobat, 2012) and ECO PASS
(Gauzin-MUller, 2009)

¢ One local assessment tool under development
ECOBAT (A.N.M.E, 2005)

Cross-checking allowed it to retain the objectives
present in at least three tools. These objectives
are consistent  with  the mitigation and
adaptation measures of the national strategy.
Furthermore, two types of indicators are
distinguished:

* Qualitative indicators that will be assessed on
two to three scales (yes, few, no)

e Quantitative indicators that will be calculated
using mathematical formulas and reference
values. Citizen surveys and numerical simulations
on Revit Architecture with the Insight 360° Plugin
will also be used.

2.1.1 Case study applied to the diagnosis

This study is interested in collective housing in
Tunis. To do this, a representative sample of five
residential complexes was chosen: The Ennour -
Jaafer residence, The Pin-Lac Il residence, The
Omrane - El Ghazela residence, and the two
Palmeraie - Aouina residences. The choice was
made so that there is a varied sample to have
buildings of different standings and from public
and private developers.

2.1.2 Environmental diagnosis at the urban scale
of the district

This section presents the objectives selected from
cross-referencing of assessment tools and their
respective indicators in the following table. They
will serve as an analysis grid for the corpus cited
above.

Objectives and Indicators Type of Analysis tool
Indicator

1 Preliminary studies Qualitative Two-scale assessment (yes/no)

2. Context of the site and integration into the natural and urban environment  Qualitative Two-scale assessment (yes/no)

3. Ecological continuity and preservation of plant cover
Respect for the topography of the land and reuse of excavated soil Qualitative Two-scale assessment (yes/no)
Increase in Plant Density Quantitative Calculation of Plant Density
Increased plant density of roofs Quantitative Calculation of Roof Plant Density
Plantations of local species Qualitative Two-scale assessment (yes/no)

4. Preservation of water resources and stormwater management
Increased soil permeability rate Quantitative Calculation of permeability rate
Stormwater collection and reuse system Qualitative Two-scale assessment (yes/no)

5. Reduced car trips
Connection to public transport within 1 km Qualitative Three-scale assessment (yes/few/no)
Vehicle parking Qualitative Two-scale assessment (yes/no)
Soft transport modes (cycle paths and pedestrian streets) Qualitative Three-scale assessment (yes/few/no)
Functional diversity within a perimeter of 1Km Qualitative Three-scale assessment (yes/few/no)

6. Limitation of urban sprawl and optimization of solar gains
Optimization of built urban density Quantitative Calculation of urban density
Optimization of urban roughness Quantitative Calculation of urban roughness
Optimization of solar gains through the envelope and shading of facades  Qualitative Numerical simulation of shading and

and streets

average cumulative insolation
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2.1.3 Environmental
architectural scale

The objectives and indicators are summarized
in the following table by going fo the

diagnosis at the

Table 2. Objectives of the architectural scale diagnosis.

architectural scale, and by the same crossing
of tools. They serve as a grid of analysis on the
buildings of the corpus.

Objectives and Indicators

Type of Indicator

Analysis tool

1. Preliminary architectural and thermal studies

Architectural studies

Qualitative

Two-scale assessment (yes/no)

Thermal studies

Qualitative

Two-scale assessment (yes/no)

2. Propose a bioclimatic architecture

Optimize solar gains by envelope, shape, Qualitative

and orientation of the building

Two-scale assessment (yes/no)

Reduce heat loss by increasing the Quanfitative

compactness of the building

Form Factor Calculation

Optimize the size and orientation of glass  Quantitative

openings

Calculation of overall bay window rates (%)
and relative bay window rates (%)

Prioritize natural ventilation

Qualitative

Two-scale assessment (yes/no)

3. Optimize the thermal quality of the Quantitative

envelope

thermal resistance R
transmission coefficient U
phase shift D

4. Use construction materials with a high  Quantitative

environmental index

environmental index of materials (high,
medium, low)

5. Reducing the use of fossil fuels

Give preference to types of renewable Qualitative

heating, air conditioning, and domestic
hot water systems

Two-scale assessment (yes/no)

Use energy monitoring equipment

Qualitative

Two-scale assessment (yes/no)

6. Building resistance to climatic conditions  Qualitative

and maintenance

Two-scale assessment (yes/no)

7. Water management by shut-off valves  Qualitative

and economical equipment

Two-scale assessment (yes/no)

2.2 Methodology for the assessment of outdoor
thermal comfort conditions in the city of Tunis
This second stage of the study focused on the
urban scale regarding outdoor thermal
comfort, which is the primary impact of the
Urban Heat Island effect (UHI). To do this, it is first
necessary to study the impact of urban
morphology on the urban microclimate (Jin,
Cui, Wong, & Ignatius , 2018; Jansen, Martinez,
& Devillers, 2021). Then, through the urban
microclimate data, the outdoor thermal
comfort can be assessed. Concerning the
urban morphology component, this study is
done on two levels, for each of them, the
indicators which have been deemed to be the
most influential on the urban microclimate
according to the research of (Ait-Ameur, 2002)
are listed below:

- At the district level:

o Built density
o Urban roughness
o Plant density
o Urban porosity
- At street level
o Ratio Height to Width of streets H/W
o Sky View Factor SVF
o Albedo

2.2.1 Case study of the outdoor thermal comfort
This study conducted a comparative analysis of
the three fabrics representative of the city of
Tunis. The first one is a fabric from the Medina of
Tunis, with a dense fabric composed of houses
with patios assembled in clusters and thus
generating narrow and sinuous streetfs. The
second one is a sample of the European
colonial fabric characterized by an orthogonal
grid and buildings aligned with equal heights.
And finally, the third one is a regulated fabric
that is part of a subdivision governed by urban
rules, specifications, and imposed withdrawals.
This differentiation of fabrics will allow us to
highlight the adaptation of new fabrics to
climate change essentially on outdoor thermal
comfort.

2.2.2 Comparative analysis of the fabrics

This first analysis aims to compare the outdoor
thermal comfort conditions in the different
fabrics of Tunis over time. Thus, to begin with, it
was first necessary to carry out an in-situ
measurement campaign to identify the
microclimatic parameters involved in the
evaluation of outdoor thermal comfort, namely,
the «air temperature (Ta), Mean Radiant
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Temperature (Tmrt), relative humidity (RH) and
wind speed (Va).

Then, a numerical simulation via the Envi-met
model (v4.0) (Hutner & Bruse , 2009) was carried
out to obtain the microclimatic data on the
duration necessary for the analysis. The data
thus obtained were compared with those
measured to verify the correct
parameterization of the simulation. Furthermore,
statistical validation was done. Finally, the
output data allowed us to calculate the
comfort indices PMV: Predicted Mean Vote
(A.F.N.O.R, 1995) and the UTCI: Universal
Thermal Climate Index (Brode , et al., 2013).
2.2.3 Parametric analysis of morphological
indicators

After carrying out this first analysis, which
allowed a first reading of the results, and to
confim them, a parametric analysis was
performed, in which a single indicator was
modified each time. This allowed verifying the
influence of each indicator on outdoor thermal
comfort.

2.3 Methodology for the assessment of indoor
thermal comfort in collective buildings and their
energy consumption

This third stage of the research, which is closely
related to the previous one because of the
effect of the Urban Heat Island (UHI) on the
quality of life inside buildings, attempts to assess
the degree of adaptation of the contemporary
“new” building tfo the climate. The
methodological approach is based on several
analyfical technigues resulting in a specific
proftocol. This is deployed on two approaches:
the first comparative and the second
parametric.

2.3.1 Study case of collective buildings

The research step is interested in downfown
Tunis which has undergone many changes.
Indeed, local authorities tend to demolish
dilapidated colonial buildings and replace
them with contemporary ones. Thus, the current
urban landscape of the city centeris composed
of a mix of colonial and contemporary
buildings. The study compares the adaptation
of this new building to climate change. The
corpus of study then contains four buildings; two
colonial and two contemporaries located in the
Lafayette district of Tunis.

2.3.2 Comparative study of colonial and
contemporary buildings

This stage compared the interior spaces’
thermal quality and the buildings' energy
behaviour. A measurement campaign of the
parameters involved in evaluating indoor
thermal comfort was done. Then, a numerical

simulation on the TNSYS model (version 16) was
carried out.

To deal with the physical aspect of thermal
comfort, the buildings were studied according
to the two analytical indices of thermal comfort:
PMV: Predicted Mean Vote and SET: Standard
Effective Temperature (Ye, Yang, Chen, & Li,
2003). First, the PMV index was calculated using
the numerical simulation on the TNSYS model
(Magnier & Haghighat, 2010). Then, for the SET
index, the results collected from the numerical
simulation were entered into the calculation
tool (CBE Thermal Comfort Tool) to calculate
the SET comfort index and validate the PMV
results given by TRNSYS.

To deal with the energy component, the study’s
results were based on adaptive comfort in Tunis,
undertaken by (Bouden & Ghrab , 2005) . From
the two formulas, relating fo the calculation of
the comfort temperature (TC-Griffiths and TC-
Brager), proposed by Bouden and Ghrab and
adapted to Tunisian conditions, the comfort
temperature was calculated from that based
on TC-Brager since it is the most suitable for high
outdoor temperatures. Then, this temperature
was entered in TRNSYS as the setpoint
tfemperature so that the software could
simulate the energy needed by the buildings
studied to reach it.

2.3.3 Parametric analysis of physical indicators
Infending to propose the outline of a design
adapted to the climate of Tunis, an
experimental study on one of the two
contemporary buildings studied was
conducted.

To this end, it was first necessary to recognize
and identify the physical architectural variables
that could influence indoor thermal comfort
and energy consumption. Then, new numerical
simulations were performed, assigning the
characteristics of colonial buildings to one of
the contemporary buildings. Next, the
intervention concerned the envelope
composition by studying four envelope
scenarios (Mourid , El Alami , & Kuznik, 2018)
Then, the impact of the addition of solar
protection on thermal and energy levels was
studied. There were also changes affecting the
glazing rate and type. For the last parameter,
the contemporary building studied was
manipulated by changing its orientation
according to the four cardinal points each time.
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3 Main Results

3.1 Diagnosis of the city of Tunis: a need to
rethink the design of cities at all stages of the
process

At the end of the diagnosis of the residential
complexes, the results demonstrated that, their
environmental potential remains low despite
some differences, especially at the urban scale.
To interpret the results, a rating system was
created. The scoring system assessed the
indicators and classified the objectives into four
categories: achieved, partially achieved,
flawed, and missing.

It has been deduced that the collective
complexes of Tunis are not very respectful of the
environment and are therefore very vulnerable
to the present and future effects of climate
change. Indeed, overall, 100% of the collective
complexes analyzed have a rating below the
average, 50% have arating below the average
for the urban scale and 75% have a rating
below the average for the architectural scale.

Objectives rates

Architectural Scale  m— I
Urban Scale —
0% 20% 40% 60% 80% 100%

W Missing = Flawed = Partially achieved M Achieved

Figure 2. Objectives rates of the environmental diagnosis of
the city of Tunis.

These results were mainly used to detect
deficiencies or missing factors.

Thus, at the urban level of the district, which
furns out to be the most lacking, the missing
objectives are:

- Stormwater management

- Urban morphology

For the architectural component of the
building, the most flawed objectives are:

- The thermal study

- Bioclimatic architecture

- Building materials

This study has also shown that adaptation goes
through all the stages from the studies to the
exploitation and requires the intervention and
the awareness of all the actors of the building
and even the user. Only by working fogether
will it be feasible to redesign the built
environment fo accommodate both the
immediate and long-term implications of global
warming.

Action levers have therefore been identified
and summarized in the table below.

Table 3. Proposals for possible improvements throughout the sustainable design process In Tunis.

Stage Actors Action levers
Urban Planning Authorities - Improve the transport network
Architects - Avoid the isolated housing type and limit urban sprawl

Urban planners
Engineers
Industrial

Thermal study on an urban scale
Rethinking construction and materials

District Planning A public or private

Provide interior courtyards

developer - Increase the revegetation of floors and roofs

Reduce asphalt and provide pedestrian streets and cycle paths
Provide a water management system

Building Architecture Real estate - Use bioclimatic architecture
developer - Prioritize sun protection
Architect - Consider the orientation and reduce the openings
- Integrate renewable energies
- Improve the quality of the envelope
Exploitation Users - Awareness of the use of active systems of air conditioning

- Choose energy-efficient equipment
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3.2 Assessment of outdoor thermal comfort in
Tunis: towards an urban morphology based on
canyons-type streets

The results of the physical aspect of thermal
comfort allowed us to classify the different
fabrics according to their degree of
adaptation to climate change, through the

Table 4. Thermal classification of urban fabrics studied.

thermal comfort indices UTCI and PMYV, as well
as the percentage of comfort zones over a
day. Furthermore, the results show the
morphological characteristics of the medial
fabric classify it as being the best thermally,
followed by the regulated one and to finish the
colonial fabric.

Medina fabric

Regulated fabric Colonial fabric

Indicators at  the gt pensity 0.71 0.19 0.49
Neighborhood scale
Plant Density 0.03 0.22 0.03
Urban Porosity 0.03 0.08 0.05
Urban Roughness (m) 6.87 2.48 9.8
Indicators at street H/W average 3,51 0,49 1,59
level
SVF average 0,16 0,49 0,20
Albedo average 0,54 0,32 0,38
Ovutdoor thermal
comfort Percentage of comfort zones 61 58 53
23.50 26.58 30.06

UTCl average (°C)

Comfortable

Moderate heat

stress High heat stress

PMV average

Comfortable

08 1,6 Slightly

warm

2,7
Warm

Then, the study looked for correlations with
morphological indicators to better understand
these differences in outdoor thermal comfort,
by carrying out new parametric simulations on

the Envi-met model. To confim the first
readings, and at the end of the parametric
analysis, it has been possible to identify the
following results.

Table 5. Correlations between morphological indicators and outdoor thermal comfort components.

Scale of analysis Neighborhood level Street-level
Morphological Built Urban Urban Plant Ratio H/W SVF Albedo
indicators Density Roughness Porosity Density

Outdoor Thermal +++ + + ++++ o+ F+++ +
Comfort

Solar radiation +++ +++ +++ +++

Ta ++ + + +++ +++

Tmrt ++++
HR +++

Va ++ +++ ++ + + +

++++ High impact

+++  Significant impact
++ Moderate impact
+ Low impact
No apparent impact

3.3 Assessment of the thermal quality of indoor
spaces: a deterioration of the situation for new
buildings

At the end of the analysis, the findings
concerning the PMV index demonstrated a

clear distinction between colonial and modern
structures. This difference favors colonial
buildings. The results relating to the SET index,
also show a considerable difference (3°C at 6
pm) between the two types of buildings.
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Number of hours in comfort zones

slightly warm B warm

SET contemporary 33,33%
SET colonial 41,67%
PMV contemporary
PMV colonial

75,00%

66,67%

58,33%
25,00%

87,50% 12,50%

Figure 3. Comparison between thermal comfort in colonial and contemporary buildings.

Energetically, the numerical simulation results
show that the colonial buildings consume
1902.40 kWh, during August 2018, half less than
their contemporary's counterparts (which
consume 4351.36 kWh).

At the end of this comparative study, the results
clearly show differences between the two types
of buildings studied. Whether thermally or
energetically, colonial buildings are widely
favored. Indeed, contemporary buildings of the
colonial fabric of Tunis display a thermal failure
explaining their energy-consuming side. This is
probably due to the very high level of glazed
surfaces present in contemporary buildings

(compared to colonial buildings which have
25% less glazing) regardless of the orientation of
the facade. Indeed, these glazed surfaces
being in direct relation with the outside, and
without the presence of any kind of sun
protection, certainly cause overheating inside
the building and discomfort due to direct
sunlight thus decreasing the thermal quality of
contemporary buildings, thus increasing their
energy bill (by excessive use of cooling systems).
The following results were obtained in a second
step, and after carrying out the experimental
analysis, in which simulations were performed
by changing each parameter.

Table 6. Results of the parametric analysis and the impact of each physical indicator.

Number of

Number of hours in Hot/ Energy
PMV hours in Hot SET (°C) Consumption
zones of PMV Unacceptable (KW.H)
zones of SET
Original situation 1,59 8h30 30,79 13h 2442,87
Composition of the envelope Simulation
Rubble Floor on vaults 1,32 2h 30,05 11h 1672,13
Hollow body floor 1,46 4h 30,47 12h 1808,23
Solid bricks Floor on vaults 1,29 2h 29,95 10h 1577,35
Hollow body floor 1,43 4h 30,38 11h30 1690,18
Solar Protections Simulation
Projections 50 cm 1,49 5h30 30,58 12h30 1911,02
80 cm 1.49 5h30 30,56 12h30 1888,18
Balcony 150 cm 1,48 5h30 30,54 12h 1861,46
Rates and Type of glazing 1,54 7h30 30,72 13h 1909.,59
Orientation
North 1.56 7h 30.79 15h 2290.12
East 1.66 8h 31.07 15h 2596.70
South 1.64 8h 31.01 15h 2791.63
West 1.57 8h 30.81 14h 2227.26

Concerning the first parameter, in relation to the
composition of the envelope, it can be noticed
that it is the most influential parameter both in
the evaluation of interior thermal comfort and in

terms of energy consumption (Chabchoub &
Kharrat, 2020). The second parameter, relatfing
fo the addition of solar protection, strongly
correlates with ambient temperatures (risk of
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overheating) due to the excessive use of glazed
surfaces in contemporary buildings. The results
show that solar protection improves comfort
and reduces energy consumption. The wider
the sun protfection, the less energy the building
consumes. The results of the third parameter
(modification of the rate and type of glazing)
show that even if this parameter weakly
influences interior thermal comfort, it shows an
average impact on the energy level. Finally, it
has been demonstrated that the modification
of orientations does not significantly affect the
thermal quality of the contemporary building
sfudied. However, the East and South
orientations in buildings location increase
energy consumption since they are the two
orientations that are the least advantageous
from a thermal point of view. However, this
parameter remains strongly linked to the
previous ones insofar as the openings (rate and
type of glazing) in addition to the absence of
solar protection can play a major role even in
the best orientations.

4. Discussions

This trilogy of complementary research has the
common objective of adapting Tunis’s built
environment to climate change. Recall that,
initially, a diagnosis of this adaptation for the city
of Tunis was carried out, using a specific
methodology: a cross-referenced five
assessment tools to identify objectives and
indicators used to draw up an inventory. Af the
end of this analysis, it turns out that af the urban
level, only 20% of the objectives are achieved.
This score shows that there are many gaps in
urban planning, which will have to be
considered fo improve urban condifions.
Regarding the architectural scale, and given
the regulations in force in our country, the score
is slightly better with 43% of objectives achieved
(Jouini, Kharrat, & Achour-Younsi, 2019).
However, it is possible, even fundamental, to
correct these shortcomings to improve urban
resilience (Stagrum, Andenaes , Kvande, &
Lohne , 2020).

In a second phase and view of the importance
of energy consumption challenges in cities, the
two other studies complete this work by
deepening the urban and architectural scales.
Indeed, the interlocking of scales is essential to
understanding the phenomenon of global
warming and its impact on comfort within cities
and their buildings. The research is interested in
the degree of adaptation of the new built
environment to this scourge that threatens our
planet.

The more thermally comfortable a city is, the
more its buildings will be, and the less energy
they will consume. For this reason, the first step
was to assess the impact of urban morphology
on the outdoor thermal comfort of cifies.
Indeed, as designers, we have the heavy task of
conditioning the thermal quality of our cities.
Thus, upstream of the architectural design, it is
essential to plan in an environmentally
conscious way.

To do this, this second study was interested in
the impact of various morphological indicators
at the neighborhood and street level on
outdoor thermal comfort. The results showed a
strong correlation between built and plant
densities at the district level. Indeed, by limiting
urban sprawl and opting for a higher built
density, the effect of the urban heat island,
which is an alarming indicator of the poor
thermal quality of our cities, can be reduced. As
far as vegetation is concerned, its role is no
longer to be demonstrated and its impact on
the cooling of the thermal environment. At the
street level, it turns out that the higher the H/W
rafios, the more the street is thermally
comfortable (Achour - Younsi & Kharrat, 2016).
This is due fo the reduction of solar radiation
which affects the surfaces of the streetfs, and
subsequently avoids the radiative trapping
phenomena, which causes the overheating of
space.

Moreover, being that the H/W and SVF have a
high link, the latter is an equally significant
indicator of outdoor thermal comfort (Svensson
, 2004). It is also noted that albedo is a crucial
component of outdoor thermal comfort in that
it determines the mean radiant temperature
value which strongly correlates with comfort
(Schrijvers, Jonker, De Roode, & Kenjeres, 2016).
These main morphological characteristics prove
to be those of the urban planning of yesteryear,
and our new cities, with their urban regulation,
are not efficient from a thermal point of view.
Thus, if designers master outdoor thermal
comfort, the immediate environment of the
buildings will be more lenient for them, who will
not consume a lot of energy.

From this perspective, the third and last part of
this research is to close the problem, by
analyzing the thermal comfort conditions inside
the buildings and by evaluating their energy
consumption. The results showed that the newly
built environment of the city of Tunis is not
adapted to climate change and that the old
buildings are more thermally comfortable. As a
result, the oldest buildings consume less energy
for air conditioning than new buildings.
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Furthermore, it has been shown that energy
consumption is strongly linked to air
conditioning and thermal comfort regulation.

5. Conclusions

Climate change is one of the most worrying
issues of the 2Ist cenfury, given the
environmental, socio-economic, and health
risks it can cause. Adapting to this climate
change in cities has become a necessity or a
priority. Architects, urban planners, and all
stakeholders are responsible for mobilizing to
mitigate the risks associated with the building
sector. From gas emissions to the most
frightening energy consumption, the building is
an essential chapter in the current crisis. To this
end, this research was interested, in the first
stage, in evaluating the situation in the city of
Tunis, with the aim, first, establishing a diagnosis
of the adaptability of buildings to climate
change, then determining the shortcomings
that need to be remedied. The results showed
that more than half of the indicators are
incomplete at urban and architectural scale.
Then it appears that thermal comfort and
energy consumption are the two most deficient
factors in the environmental diagnosis in Tunis.
Moreover, the results showed that at all stages,
there are actors who are responsible for this
poor score. It was, therefore, possible to list
possible action levers to improve the situation.
Thus, avoiding isolated housing types and
limiting urban sprawl, in urban and district
planning is recommended. Furthermore, it is
important to perform thermal studies and
rethink the materials used, like reducing asphalt
and increasing the vegetation of roofs and
floors. Concerning the architectural scale, it
appears essential to consider a bioclimatic
conception using solar protection, integrating
renewable energies, and improving the
envelope quadlity. The following two stages of
the research went deeper into these factors by
looking for the most influential morphological
and physical indicators of thermal comfort first,
then on the impact of energy consumption. It
appeared that at the urban and architectural
scale, it is essential to consider these indicators
which directly impact the quality of life of city
dwellers.

For the specific context of the city of Tunis, and
its climate classified as the subtropical
Mediterranean,

the results showed that it is recommended to
limit urban sprawl by increasing the built density
and the H/W rafio. Furthermore, it is also
recommended to consider the envelope’s

composition by using suitable materials and
installing solar protection.

Thus, these morphological and physical
indicators that are the most significant
indicators in thermal comfort and energy
consumption can be categorized into three
main classes:

- Forms: urban density, building compactness,
shape coefficients, street shapes, orientations,
solar protections, etc.

- Materials: ground surface materials, surface
albedo, building envelope, insulation, etfc.

- Minerality: plant density, bodies of water

This modest work is only the beginning of a
tedious research project that sounds the alarm
and tends fo attract decision-makers attention.
Future research will therefore have to go
deeper into these three categories by including
in-depth analyses concerning the most suitable
urban settlements for the climate and the
construction materials most suited to the local
context. The results will thus be able to draw up
guidelines for designers to consider urban
planning that is more respectful of the
environment and buildings that consume less
energy.
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