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Abstract: Modern building materials using reinforced concrete are considered the most popular in
the production of housing in Algeria, specifically in desert areas such as the city of Ouargla, which is
characterized by its hot and arid climate. These dwellings must be more adaptable to this difficult
climate. An example is the Ouargla Ksar, which contains traditional dwellings that have proven their
effectiveness in terms of the heat problem, as has been revealed in several previously conducted
studies, but these dwellings have decreased in demand as they are not suitable for contemporary
urban life. Therefore, the aim of this study is to improve the performance of the most recognized
house typologies in the city of Ouargla in terms of thermal comfort and energy consumption by using
passive strategies. In this regard, we used a research methodology based on field measurements
and model simulations wherein we adopted TRNSYS 17 to determine the most often encountered
problems. The simulated model was validated by statistical correlation; afterward, a simulation of
a full year was run, during which many aspects of construction were studied and compared, such
as insulation, the mass of the roof and walls, dimensions and types of windows, orientation, and
solar shading. The results show that the studied modern house can be considered inappropriate for a
desert climate, and the use of solar shading combined with insulated walls and roof allows for an
increase of 35% in annual thermal comfort hours (−0.5 ≤ PMV ≤0.5) and for a 22.73% reduction
in the energy consumption. We then compared the simulated scenarios with a traditional house
characterized by a bioclimatic architectural design that we used as a reference building. The obtained
results may be useful in guiding both refurbishment interventions on existing buildings and the
design of new ones. Although the simulated interventions have been widely studied in the literature,
it is very important to determine their impact on the perception of the indoor environment and on
the energy consumption in this specific geographic area.

Keywords: residential buildings; desert climate; traditional house; improvement interventions;
thermal comfort; energy consumption; Ouargla Ksar

1. Introduction

Climate is a very relevant factor because it has an impact on health, energy, agricul-
ture, biodiversity, and socio-economic factors [1]. For these reasons, nowadays, climate
change represents one of the most complicated challenges. Specifically, the effects of global
warming will be felt most severely through the increase in extreme air temperatures and
the intensification of the occurrence of extreme events and heat stress conditions [2]. The
predicted extremely hot climatic conditions, in addition to rapid urban expansion, will
complicate socioeconomic and environmental factors. The energy sector is at the center
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of this challenge, since energy resources play a crucial role in economic and social devel-
opment and, at the same time, constitute the primary source of greenhouse gas emissions
(energy production, transport, and building). In order to fight against global warming, to
limit the production of greenhouse gases produced by fossil fuels, and to move towards
clean and green energy, a profound and gradual transformation is necessary [3].

In Algeria, the negative environmental effects associated with climate change include
droughts, forest fires, land degradation and desertification, and the loss of marine ecosys-
tems and biodiversity-sensitive sectors, which could have an impact on the socio-economic
level [4]. Furthermore, another very relevant aspect in this area is represented by the evo-
lution of the population, which has shown a remarkable increase from 30,879,000 people
in 2001 to 43,900,000 people in 2020 [5]. In this critical condition, the housing and health
systems are still facing major problems. Poor infrastructure and the continued flow of
people from rural areas to cities are placing increased pressure on both systems. According
to the United Nations Development Program, Algeria has one of the highest occupancy
rates in the world, and the government has announced a housing shortage of 1.5 million
units [6]. The distribution of energy consumption by sector shows that the consumption
rates of single buildings are very high. Globally, these rates vary between 30% and 40%.
In addition, according to the energy balance sheet for the year 2017, published by the
Algerian Ministry of Energy in 2018, the residential household sector represents a rate
of 44.4%, compared to 33.3% for transport and 22.3% for industry and construction. The
evolution of final energy consumption in 2017 shows that the consumption of residential
households increased by 1% compared to 2016 [7]. Unfortunately, this growth in energy
consumption, particularly electrical energy, weakened the country’s energy and social
security [8]. Algeria still relies heavily on natural gas energy for power generation, and
the contribution of renewable energy is now modest considering the immense natural
resources at its disposal. This reflects the low efficiency of energy policies in Algeria, but at
the same time, it represents great potential [9].

The south of Algeria represents the region most affected by an extreme climate and
population growth as well as the development of cities, which has led to an urban fabric
without identity. Ouargla City is considered one of the most important cities in south-
ern Algeria because of its strategic and economic location. Its climate is Saharan, with
intensely cold winters and dry, hot summers. This region often has the greatest total annual
technological potential for solar energy. Ouargla is rich in natural resources, including
hydrocarbon, represented in the Bar Kawi basin 30 km west of the city; “Ain Mousssa”,
15 km north; and Hassi Messaoud, 80 km southeast [10]. The intensive growth of the
population in Algeria, in general, and that of Ouargla City in particular, has induced
socio-economic challenges, such as the need to speed up the construction process while
reducing production costs. This is particularly the case of social housing as a project
designed in a standardized model and distributed across the country, without worrying
about regional specificities and local conditions with regard to climatic conditions and
building materials. The results have led to poor-quality buildings that do not meet the
needs of users in many respects, including thermal comfort and energy performance [11].
The old Ksar, or the first core of the city of Ouargla, occupies an area of 30 hectares and
contains more than 2300 buildings, which are classified in national heritage as a safe-
guarded sector, and habitants occupy these traditional houses even today [12]. In terms of
the ancient and vernacular housing construction techniques in Ouargla, most of the built
houses have thick and massive load-bearing materials, especially the walls that support
the structure. These thick walls provide more comfort through surface mass and solar
heat gain [13].

The research conducted in [14,15] explored the adaptation of Ouargla Ksar to the
local climate. It was found that traditional houses and vernacular architecture can pro-
vide better indoor thermal comfort in comparison with modern buildings. According
to [16–20], new houses in Ouargla are unsuitable for the desert climate [17,21–24]. The
use of some passive strategies, including the wind tower, the geothermal potential
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of the underground, and solar chimneys, can improve thermal comfort and energy
consumption. Moreover, in some other cities in the south of Algeria, such as Biskra
City [25–27] and Bousaada City [28], the impact of horizontal shading devices and materials
on indoor comfort has been studied. In other countries, various studies on this topic
have shown that thermal comfort may be improved by using passive building design.
In [1,29–33] the effects of various parameters and their contributions to the envelope’s
energy consumption were investigated. In [34,35], the relation between a building’s
form and its related energy consumption was studied. Other researchers [36–38]
reviewed more common strategies for the improvement of energy performance and
thermal comfort in buildings, while in [39,40], new strategies for the desert area
were proposed.

Although numerous studies have been published on the impact of passive strate-
gies on thermal comfort and energy consumption, the impact of these strategies on the
characteristic climatic conditions of desert areas and on the buildings most present in
the North Saharan area have still hardly been investigated. The main aim of this pa-
per was to study how the introduction of refurbishment strategies can improve ther-
mal comfort and reduce energy consumption in the dwellings of Ouargla. The goal of
this paper was reached using investigation and comparative study on the most repre-
sentative typology of houses in the city of Ouargla. We considered the elements that
contributed to the different passive design strategies, followed by assessing the levels
of thermal comfort of the two types of houses by means of site measurements, using
objective and subjective approaches. Then, a dynamic simulation by the TRNSYS 17
software was carried out to improve the level of thermal comfort and to ensure the
energy efficiency of a base case (modern house) by means of passive design strategies.
The simulated model was validated by monitoring the indoor temperature in both the
summer and winter periods, and comparing the results. The tested improvements in-
volve different building aspects, such as envelope thermal properties, orientation, type of
windows, glazing, and solar protection. The obtained results may be useful for both
supporting the design of new buildings and for guiding refurbishment interventions on
existing buildings.

The following sections of the paper are organized into: (i) “Methodology”, where
the building selection criteria, the creation and the validation of the model, and the
different selected improvement strategies are described; (ii) “Results”, where the sim-
ulation outcomes in terms of indoor air temperature, thermal comfort hours, and en-
ergy consumption are shown; (iii) “Discussion”, where the results are compared and
commented on with reference to traditional houses; (iv) “Limitations and Future De-
velopment”, where criticisms of the present study and possible research developments
are highlighted; and (v) “Conclusions and Recomendations”, where the main results
are summarized.

2. Methodology

The methodology followed in this study to assess the impact of passive stra-
tegies on thermal comfort and energy consumption in the selected houses was
divided into three stages: (1) modeling stage; (2) simulation stage; and (3) assessment
stage (Figure 1).

In Figure 1, we represent the conceptual study framework. Each stage is described in
the following sections.
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Figure 1. Conceptual framework of the study.

2.1. Modeling Stage

The modeling stage represents the first step in the methodology followed in this
study. It consists of three phases: selection of building typologies, on-site survey, and
model creation.

• Selection of building typologies: In the preliminary stage, a topological survey of the
habitats within the urban fabric of Ouargla City was conducted. The study of the
urban fabric indicated that there were two distinct types of habitat: the traditional
and the modern. For this study, a modern reference house that constituted a large
portion of the arid region’s residential housing stock, particularly in the city of Ouargla,
was selected. Furthermore, we also selected a traditional reference house in order to
compare their thermal and energy performances.

In a previous study [17], throughout a housing survey including thermal comfort
measurement campaigns of traditional and modern houses (Ouargla, Algeria), it was
found that traditional houses are more adaptive in summer due to their character-
istics, construction techniques, and building materials; therefore, traditional houses
are more effective in palliating issues with overheating. The most important feature
of traditional housing is the building envelope. The use of locally sourced materials
is another feature of the envelope. In the case of Ouargla Ksar, the inhabitants used
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both Temchemt and stone for their walls, floors, and foundations. These materials
provide thermal mass, which is essential to the passive cooling strategy. The differ-
ences between modern and traditional external houses can be observed in Tables 1–3,
where the main thermal characteristics are shown. Specifically, concerning its sum-
mer performance, the external walls of the traditional house have very low values
of periodic thermal transmittance and the decrement factor. Still, considering the
house’s summer performance, the frequent use of a nearly blind façade, except for
a few small openings, reduces heat gain and guarantees privacy; this can be also
observed in the lower window-to-wall ratio (WWR) of the traditional house (Table 2).
Furthermore, the district layout of traditional house is characterized by a high level of
compactness, with the rooms opening onto a central courtyard. This layout makes use
of natural ventilation through the courtyard and minimizes exposed exterior surfaces,
contributing to the passive cooling strategy. The compact urban fabric of the traditional
houses affects their energy use, which is due to the shading from adjacent houses that
minimizes the annual solar irradiation, especially in the summertime. This makes
these houses comfortable without the need for a cooling system; consequently energy
consumption is decreased in this urban environment. On the contrary, the modern
houses are unsuitable for a desert climate, and they often create dissatisfaction among
their inhabitants. For these reasons, in this paper, we studied a modern house in order
to improve its thermal and energy performances with passive design strategies.

Table 1. Planimetric views, plans, and photos with measurement points (red dots) of the two
buildings used as case studies.

Typology Modern House Traditional House

Urban context
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Table 2. Main characteristics of the studied modern houses (base case) and the traditional house.

Input Data Modern House
(Base Case) Traditional House

Geometry

Orientation East–West East–West
Floor height 3.00 m 2.70 m
Total floors 1 1
Built area 430 m2 131.36 m2
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Table 2. Cont.

Input Data Modern House
(Base Case) Traditional House

Envelope

Window-to-wall ratio 6.35% 2.83%
Exterior walls S = 12.60 m2, U = 0.86 W/m2·K S = 10.61 m2, U = 0.45 W/m2·K
Adjacent wall S = 11.70 m2, U = 1.66 W/m2·K S = 13.37 m2, U = 0.45 W/m2·K
Exterior roof S = 16.38 m2, U = 1.46 W/m2·K S = 19.45 m2, U = 0.74 W/m2·K
Ground floor S = 16.38 m2, U = 2.92 W/m2·K S = 19.45 m2, U = 2.92 W/m2·K
Finish color Beige-yellow Beige

Glazing Simple glazed,
S = 16.38 m2, U = 5.74 W/m2·K

Simple glazed,
S = 16.38 m2, U = 5.74 W/m2·K

Shading None None

Systems and
occupation profile

HVAC None None
Heating system generator Gas boiler Gas boiler

Heating set point 17 ◦C 17 ◦C
Cooling system generator Air to air heat pump None

Cooling set point 27 ◦C None
Infiltration 1 ach 1 ach
Occupants 6 people 5 people

Other internal gain 5 W/m2

(TV and electric lighting)
5 W/m2

(TV and electric lighting)
Clothing 1.5 clo 1.5 clo

Metabolic rate 1.2 met 1.2 met

Table 3. Thermal characteristics of the external walls of the modern and traditional houses.

Modern House
(Base Case) Traditional House

Thermal transmittance (W/m2 K) 0.862 0.446
Periodic thermal transmittance (W/m2·K) 0.332 0.001
Decrement factor 0.491 0.002
Time lag (hour) 7.7 8.8

• The two selected houses were located in the northwest of the city of Ouargla; five
people occupied the modern house, whereas six people occupied the traditional one.
The areas of the selected houses, as well as their plans and a description of each of
them, are shown in Tables 1 and 2. More information related to the two houses is
included in [17].

• On-site survey: In order to assess thermal comfort in the modern house, two mea-
surement campaigns were carried out during the summer and winter periods of
2019. The measured microclimatic parameters were air temperature, relative humidity,
and air velocity. All the measurements were carried out in the living room using a
Testo 480 multifunction thermometer (Testo SE & Co. KGaA Manufacturer, Lenzkirch,
Germany) model AG 501 1ST, 0563 4800 (Figure 2). The relative humidity and air
temperature probe was set at a height of 1.20 m, and the air speed probe was set at a
height of 1.70 m (locations of the measured points are shown in Table 1). Specifically,
the measurement campaigns were carried out from 1 January to 3 January (winter
period) and from 28 July to 30 July (summer period). Each measurement started at
7:00 a.m. and ended at 8:00 p.m. To obtain adequate results, the data were acquired
with the presence of the whole family at home. The occupancy profiles (number of
occupants during typical days) were obtained through a survey with homeowners in
order to obtain useful information for inclusion in the creation of the model.
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• Model creation: The analysis of the improvement in thermal comfort and energy con-
sumption by dynamic simulations was performed using TRNSYS17 software. TRNSYS
2017 is a software program originally developed by the University of Wisconsin in
the 1970s for the numerical analysis of solar energy for heating and hot water [41].
The geometry of the model for the case study was created through exploitation of the
software «Sketch-up» using the plugin «Trnsys-3D», and then the file was exported
to the TRNSYS software in .idf format, as shown in Figure 1. The living room of the
modern house (base case) was a cube of 4.20 × 3.90 × 3 m, and 3.93 × 4.95 × 2.70 m
for that of the traditional house. The two houses were modeled with a unique ther-
mal zone, with a window facing south, and without any internal or external solar
protection. The south wall was considered as the exterior wall, whereas the other
walls were characterized as “boundaries” or walls with known boundary conditions
(TRNSYS 17). The studied façade was the one facing south (the façade most exposed
to solar radiation with the most unfavorable conditions) [42]. The simulation was
limited to the living room area because it is the busiest living space, where the family
gathers. The TMY (typical meteorological year) climate file was generated for Ouargla
City using «Meteo-norm V7.2» software in Tm2 format for «Type 15-2 Weather data».
In Table 2, the input parameters of the simulation model are shown; specifically, the fol-
lowing data were reported: dimensions, envelope properties, the plans of the thermal
systems, and professional profiles. In addition, in Tables A1 and A2 of Appendix A, the
thermal properties of the materials used in the reference building are included. After
the creation of the materials library in TRNSYS, a detailed scenario encompassing all
of the parameters (infiltration, internal gains, the number of people and their activities,
and possible equipment) was generated. According to the most realistic occupation
scenario for the inhabitants, it was set that the inhabitants dress in traditional clothes
(the thermal resistance of the clothing was set at 1.5 clo [43]) and occupy the living
room in a state of rest and in a sitting position (metabolic activity was theoretically
fixed at 1 met [43]). The most realistic occupancy scenario, considering an occupancy
of six people in the base case and five people in the traditional house, is shown for
each dwelling in Appendix A, Figure A1, with an occupancy schedule of 24 h having
been set. The other internal gains were due to the equipment (5 W/m2; TV and electric
lighting) found in the living room. To estimate the energy needs, temperature set
points were determined for the operation of the thermal plants in the winter and
summer, namely, 17 ◦C for heating and 27 ◦C for cooling, respectively. In order to
avoid errors in the simulation’s initialization, we ran the simulation for a year. The
simulation time step was set to one hour, and we exported the results in .xls format.
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Subsequently, we produced graphs for the hottest and coldest periods according to
the utilized climate file.

• Model validation and calibration: Before studying the different passive improvements,
we validated the model of the modern house in the current situation (base case) by
comparison of the simulated temperatures (outdoor and indoor) with the on-site
measurement results, as shown in Figure 3.
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The analysis of the climatic data of Ouargla allowed us to determine the two most
representative periods for hot and cold conditions during 2019. Thus, July 28 to 30 represent
the summer period and the warmest conditions, and 1–3 January represent the coldest
conditions of the winter period. For convenience, among the measured data, and in
order to validate the model, we took the data of 30 July 2019 for the summer period
and of 3 January 2019 for the winter period. Afterwards, a statistical calibration using
linear regression was used to validate the model of the base case with the results of the
experimental measurements and the results of the numerical simulation during the winter,
on 3 January 2019, and the summer on 30 July 2019, as shown in Figure 4.
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For the simulations, two three-day intervals, centered on 29 July and 2 January, were
chosen for summer and winter, respectively. These two ranges represent the days with the
smallest difference in outdoor air temperature values between the data measured in situ and
the TMY. The trends of the measured outdoor air temperature and of the TMY are shown for
two significant days in Figure 3. In particular, for the summer, the average and maximum
deviations between the temperature of the measured outdoor air and of the TMY were 7%
and 10%, respectively. For the winter, the average and maximum deviations between the
measured outdoor air temperature and the TMY were 4% and 10%, respectively.

The model was calibrated by inserting the measured outdoor air temperature values
as input data in the simulation and comparing the internal temperatures (measured and
simulated). In order to calibrate the model and to obtain a higher R-square value, the
internal gains were adjusted, because among the input parameters, they represented those
with the higher level of uncertainty. During the winter and summer periods, correlation
coefficients (R2) equal to 0.9698 and 0.9454 were obtained, respectively. These results can
be considered satisfactory for the validation of the numerical simulation results. Indeed, a
correlation coefficient (R2) between 0.90 and 1.00 indicated a very strong correlation. The
graph below summarizes the validation of the numerical simulation model during the
summer and winter seasons.

2.2. Simulation Stage

At this stage, six different passive strategies were proposed and described. According
to the bioclimatic analysis of the city of Ouargla, which intended to discover the comfort
zone, and with the help of the interpretation of the results of the psychometric diagram
and the Mahoney tables [44], some suggestions and strategies necessary to ensure comfort
during both hot and cold periods in this desert area were obtained.

From the results shown in Figure 3, it appears evident that the indoor air tempera-
ture in winter reaches very low values. Consequently, according to [45,46], the primary
simulated strategy was the improvement of the thermal transmittance of the walls and
roof (ST1). (Table 4). As this strategy proved to be crucial for the achievement of indoor
comfort conditions (air temperature and PMV), we tested further strategies to maintain
the improvement of the transmittance of the walls and roof. In other words, all the other
strategies were considered in combination with the ST1. It is important to note that each
passive design strategy (ST) included one or more scenarios (SC) that were simulated
separately. Later in the paper, each scenario is identified by a code in the following form:
STxSCy (where x is the strategy identification number and y is the scenario identification
number). In this paper, the attention was placed on passive energy efficiency interventions,
concerning the opaque and transparent building envelopes. The characteristics of each
scenario are summarized in Table 4.
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Table 4. Summary of the six selected and simulated passive solar design strategies and related
scenarios (in bold the improvement properties are highlighted).

Thermal
Transmittance

Types of Glass of
Windows

Window
Dimensions

Solar Shading
Systems Surface Mass Orientation

Base case
(exsiting)

Uwall,0: 0.86 W/m2 K
Uroof,0: 1.5 W/m2 K

Single glazing
Ug,0: 5.74 W/m2 K 0.8 × 1.0 m No shading Ms,wall = 227 kg/m2 S: 0−90

ST1 Uwall,1: 0.19 W/m2 K
Uroof,1: 0.8 W/m2 K

Single glazing
Ug,0: 5.74 w/m2 K 0.8 × 1.0 m No shading Ms,wall = 227 kg/m2 S: 0−90

ST2SC1 Uwall,1: 0.19 W/m2 K
Uroof,1: 0.8 W/m2 K

Double glazing
Ug1: 2.95 W/m2 K 0.8 × 1.0 m No shading Ms,wall = 227 kg/m2 S: 0−90

ST2SC2 Uwall,1: 0.19 W/m2 K
Uroof,1: 0.8 W/m2 K

Triple glazing
Ug2: 2 W/m2 K 0.8 × 1.0 m No shading Ms,wall = 227 kg/m2 S: 0−90

ST3SC1 Uwall,1: 0.19 W/m2 K
Uroof,1: 0.8 W/m2 K

Single glazing
Ug,0: 5.74 W/m2 K 1.0 × 1.20 m No shading Ms,wall = 227 kg/m2 S: 0−90

ST3SC2 Uwall,1: 0.19 W/m2 K
Uroof,1: 0.8 W/m2 K

Single glazing
Ug,0: 5.74 W/m2 K 1.20 × 1.50 m No shading Ms,wall = 227 kg/m2 S: 0−90

ST4SC1 Uwall,1: 0.19 W/m2 K
Uroof,1: 0.8 W/m2 K

Single glazing
Ug,0: 5.74 W/m2 K 0.8 × 1.0 m

Horizontal
overhang

1.0 m × 0.5 m
Ms,wall = 227 kg/m2 S: 0−90

ST5SC1 Uwall,1: 0.19 W/m2 K
Uroof,1: 0.8 W/m2 K

Single glazing
Ug,0: 5.74 W/m2 K 0.8 × 1.0 m No shading Ms,wall = 454 kg/m2 S: 0−90

ST6SC1 Uwall,1: 0.19 W/m2 K
Uroof,1: 0.8 W/m2 K

Single glazing
Ug,0: 5.74 W/m2 K 0.8 × 1.0 m No shading Ms,wall = 227 kg/m2 W: 90−90

ST6SC2 Uwall,1: 0.19 W/m2 K
Uroof,1: 0.8 W/m2 K

Single glazing
Ug,0: 5.74 W/m2 K 0.8 × 1.0 m No shading Ms,wall = 227 kg/m2 N: 180−90

ST6SC3 Uwall,1: 0.19 W/m2 K
Uroof,1: 0.8 W/m2 K

Single glazing
Ug,0: 5.74 W/m2 K W0: 0.8 × 1.0 m No shading Ms,wall = 227 kg/m2 E: 270−90

The six strategies included the following improvement interventions:

• Strategy 1 (ST1)—Reduction in the thermal transmittance of the walls and roof; specif-
ically, considering the negative performance of the base case (especially in the air
temperature during winter season) and the fact that it is easier to intervene on the
walls, the wall transmittance was strongly reduced to a quarter and the roof trans-
mittance was reduced to half. This is a typical improvement strategy because other
research activities have demonstrated its effectiveness. For example, in [47], similar
solutions for a case study in Kenadsa (south of Bechar) were proposed.

• Strategy 2 (ST2)—Reduction in the thermal transmittance of the walls and roof and
changing window glass types: the glass type was changed (the base case has sin-
gle glazing) to double glazing in the ST2SC1 scenario, and triple glazing in the
ST2SC2 scenario.

• Strategy 3 (ST3)—Reduction in the thermal transmittance of the walls and roof
and increasing window dimensions: the window’s dimensions were enlarged from
0.8 × 1.0 m for the base case to 1.0 × 1.20 m for the ST3SC1 scenario, and 1.20 × 1.50 m
for the ST3SC2 scenario.

• Strategy 4 (ST4)—Reduction in the thermal transmittance of the walls and roof and
the use of solar shading: Since the base case does not consider the use of solar shading
systems, a shading system composed of a horizontal cantilever was inserted in scenario
ST4SC1 to shade the windows.

• Strategy 5 (ST5)—Reduction in the thermal transmittance of the walls and roof and
an increase in the external walls’ thermal capacity by increasing the wall surface
mass: in order to improve both the summer and winter performance of the envelope,
beyond the improvement of the thermal insulation of the walls, the surface mass
was doubled. This strategy can be considered to be in agreement with ancient and
vernacular housing construction techniques. with thick and massive load-bearing
materials, which were used in Ouargla City [48]. The increase in thermal capacity
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could also be obtained with advanced technological solutions (as an alternative to
doubling the mass), for example, the use of panels with phase change materials [49,50].

• Strategy 6 (ST6)—Reduction in the thermal transmittance of the walls and roof and
a change in living room orientation. The living room orientation, which, in the base
case, was S: 0-90, was tested in three scenarios: W: 90-90 (ST6SC1), N: 180-90 (ST6SC2),
and E: 270-90 (ST6SC3).

Finally, the results obtained for each base case scenario were compared in order to
determine the best strategies.

2.3. Assessment Stage

A comparison between the base case and each improvement scenario was carried out
in terms of monthly average hourly simulated data on TRNSYS17 software.

A set of thermal comfort and energy consumption indicators was used to evaluate
the different tested solutions. Specifically, for the indoor thermal comfort evaluations,
the predicted mean vote (PMV) and the predicted percentage dissatisfied (PPD) were
calculated. For energy consumption, the useful energy demand for heating (Qheat) and
for cooling (Qcool) was determined. Since the heating and cooling systems did not allow
for direct control of the relative humidity values of the indoor air, the contributions of the
latent heat to the energy demands (Qheat, Qcool) were neglected.

All of the selected thermal comfort and energy consumption indicators were calculated
for all the scenarios for one full year. The TRNSYS 17 software automatically calculated
the energy consumption for each hour of the year, which gave us hourly results. Microsoft
Excel was used to calculate the annual consumption of heating and cooling for the dif-
ferent scenarios in order to facilitate the reading of the data and the interpretation of the
results. Therefore, a comparison was made between the strategies according to their annual
energy consumption.

3. Results

In this section, the results obtained from the simulation of the base case of the modern
house and the different improvement scenarios are shown and compared. The results were
reported in terms of the average, minimum, and maximum temperatures obtained in the
living room. Then, from these data, it was possible to formulate suggestions for balancing
thermal comfort and energy consumption in the modern house. Furthermore, the obtained
results were compared with those obtained from the traditional house. Specifically, air
temperature data are provided for two days, each representative of either the winter or
summer season (Table 5).

Table 5. Data on the maximum and minimum average air temperatures on 3 January 2019 and the
30 July 2019.

Scenarios

3 January 2019 30 July 2019

Min. Air
Temperature

(◦C)

Avg. Air
Temperature

(◦C)

Max. Air
Temperature

(◦C)

SD
(◦C)

Min. Air
Temperature

(◦C)

Avg. Air
Temperature

(◦C)

Max. Air
Temperature

(◦C)

SD
(◦C)

Base case 7.5 12.1 18.1 3.9 23.4 28.3 33.2 3.3
ST1 18.0 18.8 21.3 1.2 22.3 24.1 25.5 1.1
ST2SC1 18.2 18.4 20.0 0.5 25.2 26.7 27.0 0.6
ST2SC2 18.2 18.9 21.2 1.1 25.4 26.5 27.0 0.6
ST3SC1 18.2 19.3 20.9 0.7 24.8 26.2 27.0 0.8
ST3SC2 17.2 17.6 18.9 0.6 24.9 26.3 27.0 0.8
ST4SC1 16.0 16.5 18.3 0.8 21.4 22.5 23.6 0.8
ST5SC1 17.0 18.4 21.2 1.5 23.2 24.6 25.8 0.9
ST6SC1 18.2 19.0 21.2 1.1 23.2 24.6 25.8 0.9
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Table 5. Cont.

Scenarios

3 January 2019 30 July 2019

Min. Air
Temperature

(◦C)

Avg. Air
Temperature

(◦C)

Max. Air
Temperature

(◦C)

SD
(◦C)

Min. Air
Temperature

(◦C)

Avg. Air
Temperature

(◦C)

Max. Air
Temperature

(◦C)

SD
(◦C)

ST6SC2 18.1 18.9 21.2 1.2 25.1 26.3 27.0 0.7
ST6SC3 18.0 18.8 20.7 1.0 25.3 26.5 27.0 0.6

TH 18.0 18.0 18.0 0.2 21.0 21.6 22.1 0.4

3.1. Air Temperature

Table 5 shows the air temperature resulting from the simulations of the different tested
strategies in both the summer and winter periods. The air temperature results for the base
case can be considered unsuitable. During the monitoring days of the winter period, the
air temperature reached a minimum value of 7.5 ◦C, with an average value of 12.1 ◦C,
which were clearly below the acceptable values. These values were obtained considering
the entire monitored period. If only the hours in which the heating system was switched
on were considered, the average internal temperature was equal to 17.4 ◦C. During the
monitoring days of the summer period, the air temperature reached a maximum value of
33.3 ◦C, with an average value of 28.3 ◦C, which were above the acceptable values. In any
case, it should be noted that the simulations only concerned the living room, and that the
heating and cooling systems were considered to be working only during the actual hours
of occupancy according to the profiles shown in Figure A1 in Appendix A. As stated before,
the base case required a significant improvement in the thermal transmittance of the walls
and roof. For this reason, the first strategy (ST1) was applied to all the scenarios. The results
of this improvement are evident, as the trends of all tested scenarios were very stable, with
lower temperature variation with respect to the base case. Furthermore, from Table 5, it can
be observed that the scenarios with a greater impact on air temperature during the winter
season were ST3SC2, ST6SC1, and ST2SC2; and during the summer season, the scenarios
that allowed for lower air temperature values were ST4SC1, ST1, and ST5SC1.

As expected, the base case represented the worst simulated scenario, with the low-
est average air temperature value in winter being 11.1 ◦C and the highest average air
temperature value in summer being 28.3 ◦C. In addition, the temperature reached very
low values in the winter (minimum recorded value: 4.5 ◦C) and very high values in the
summer (maximum recorded value: 33.2 ◦C), both of which can be considered as very
uncomfortable conditions.

Regarding the different scenarios, we can obtain some details on the values of air
temperature and their deviations. The first represents the average value of air temperature
recorded during a reference period of a day, while the second provides information about
the variation of the temperature during the reference period (a day).

In the winter period, it can be observed that the minimum air temperature value of
the ST4SC1 was 16.0 ◦C, while the maximum air temperature value was with the ST1, at
21.3 ◦C. Regarding the average values, the maximum average air temperature was with
the ST3SC1 (19.3 ◦C), while the minimum average air temperature was obtained with the
ST4SC1 (16.5 ◦C), as shown in Table 5.

In the summer period, the minimum air temperature value was found with the ST4SC1
(21.4 ◦C), and the maximum value of air temperature was found with more scenarios:
ST2SC1, ST2SC2, ST3SC1, ST3SC2, ST6SC2, and ST6SC3 (27.0 ◦C). Regarding the average
values, the maximum average air temperature was found with the ST2SC1 (26.7 ◦C), while
the minimum average air temperature values were found with the ST4SC1 (22.5 ◦C), as
shown in Table 4.

Considering the standard deviation (SD) values, it seems that the solution that allowed
for the minimal amount of variation in air temperature and the minimum SD in both winter
and summer was the ST2SC1. In the summer, the ST2SC2 and ST6SC3 reached the lowest
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SD values. On the contrary, ST5SC1 showed the maximum variations and higher SD values
in winter, but ST1 demonstrated identical behavior in the summer.

3.2. Thermal Comfort

During a period of one year, we obtained the PMV index values for the different
scenarios. In Figure 5, for each studied scenario, the number of hours in which the PMV
fell inside the range between −0.5 and +0.5 is shown. Such a range corresponds to a PPD
index less than or equal to 10%, i.e., the percentage of occupied hours during which 90% of
people were satisfied with their thermal environment perception.
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According to the PMV in the different simulated strategies, the number of hours in
the thermal comfort zone (PMV between −0.5 and +0.5) was higher in scenario ST4SC1
(7610 h), followed by scenarios ST1, ST5SC1, and ST6SC. On the contrary, the number
of hours was lower in the ST2SC1 scenario, followed by scenarios ST3SC1, ST3SC2,
and ST6SC3.

In Figure 5, the results of the simulations of thermal comfort in different strategies
show that with ST2SC1, they did not show PMV improvement, as the value was the same
as that of the base case. In general, the only scenario that allowed for an improvement
in comparison with the ST1 strategy was the ST4SC1; all the other solutions represented
improvement with respect to the base case, but they provided a number of hours lower
than the ST1.

3.3. Energy Consumption

In Figure 6, the monthly heating and cooling energy demands of the base case are
shown. From this figure, it can be seen that the months with heating energy demand only
were January, February, March, April, October, November, and December; the months with
cooling energy demand only were July and August; and in May, June, and September, there
was demand for both heating and cooling energy.

In Figure 7, the annual overall energy demand is shown for the base case and for all
the simulated scenarios. From this figure, it can be observed that in the summer, the best
scenario was the ST4SC1, while the worst was the base case; in winter, the best scenarios
were ST1, ST6SC3, and ST3SC1, while the worst scenario was the ST4SC1.
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base case.

According to Table 6, the simulation results demonstrated significant improvements
in building energy performance. For the base case, an annual energy consumption equal
to 21,849.66 kWh/year was obtained, while the reduction in the thermal transmittance
of the walls and roof (ST1) allowed for a consumption of 16,883.43 kWh/year to be ob-
tained. Among the various scenarios, for overall energy saving purposes, ST1, ST5SC1,
and ST6SC1 represented the best scenarios, with overall energy consumption reductions of
about 22.7%.

Considering only the energy consumption for cooling, the best scenario result was
the SC5ST1 (7015.07 kWh/year), while the worst was the ST2SC1 (8828.78 kWh/year); the
energy consumption reductions obtained in comparison with the base case varied from
21% to 37.2%.

Considering only the energy consumption needed for heating, the best scenario was
the ST1 (9845.72 kWh/year), while the worst was the SC4SC1 (12,022.97 kWh/year). It is
important to highlight that not all of the simulated scenarios represented an improvement
compared to the base case in the heating season; in fact, scenarios ST2SC1, ST4SC1, and
ST6SC2 led to slight increases in energy consumption. However, it is important to note that
the energy reduction should not be evaluated alone, but by combining it with the results of
thermal comfort, in order to understand which solution guarantees, both energy reduction
and an improvement of thermal comfort simultaneously.
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Table 6. Comparison of the energy consumptions of the base case and other scenarios.

Scenario
Energy Consumption

Heating
(kWh/Year)

Cooling
(kWh/Year)

Total
(kWh/Year)

Reduction
(%)

Base case 10,673.32 11,176.34 21,849.66 0.00
ST1 9845.72 7037.570 16,883.43 22.7%
ST2SC1 10,748.31 8828.78 19,577.09 10.4%
ST2SC2 10,041.75 7262.78 17,304.53 20.8%
ST3SC1 9899.22 7189.99 17,089.21 21.8%
ST3SC2 10,539.55 7227.80 17,767.35 18.7%
ST4SC1 12,022.97 7161.88 19,184.85 12.2%
ST5SC1 9883.74 7015.07 16,898.80 22.7%
ST6SC1 10,456.82 7138.26 17,595.08 19.5%
ST6SC2 10,854.58 7109.32 17,963.90 17.8%
ST6SC3 9873.93 7024.88 16,902.81 22.6%

4. Discussion

According to the obtained results, our first consideration was that the various tested
scenarios (and the various passive strategies) can improve indoor thermal comfort and
mitigate energy consumption.

The simulation results indicated that the base case showed poor energy performance
(high-energy consumption); despite that, the indoor air temperature fluctuated greatly, and
we reached the condition of thermal comfort for only about half of the hours of the year.

In terms of indoor air temperature, the scenario ST1 (reduction in the thermal trans-
mittance of the walls and roof) was more effective; this scenario allowed for the greatest
variation from the base case. This effect was more evident in the winter, while the other
scenarios (obtained by combining ST1 with other passive strategies) allowed for substantial
variation in summer.

Concerning the thermal comfort in the simulated environment and considering a
total of 8760 h, the most effective scenario was the ST4SC1, as it allowed for a comfortable
condition to be obtained for 87% of the total hours, with an improvement of 35% with
respect to the base case. While the thermal transmittance of the walls and roof (ST1) was
only improved enough to obtain a comfortable condition for 72% of hours, this scenario
still showed an improvement of 20% with respect to the base case. In general, the entire
simulated scenario allowed for an increase in thermal comfort hours; the only exception
was Scenario ST2SC1, in which the positive effect of the improvement of transmittance was
mitigated by the negative effects (in terms of thermal comfort) due to the change in the
type of glass used.

The use of a solar shading system combined with the improvement of the thermal
transmittance of the walls and roof (ST4SC1) allowed us to obtain the lowest average
indoor air temperature during the summer season (21.4 ◦C), with the consequent benefits
of thermal comfort and a reduction in energy consumption for cooling. In fact, the use
of a solar shading system involves shielding solar radiation, which has a positive effect
in summer (avoiding overheating phenomena), but, at the same time, it exerts a negative
effect in winter by preventing the possibility of taking advantage of free solar heat gains.
Consequently, this scenario (ST4SC1) involved the lowest winter temperature (16 ◦C), and,
therefore, a higher energy consumption for heating.

The use of double glass in windows (ST2SC1), in comparison of ST1, did not allow
an increase in the internal air temperature to be obtained during the winter season, but
it involved lower standard deviation values of the air temperature in both summer and
winter, which translates into a lower amplitude of the temperature oscillation in both
seasons. Furthermore, this scenario (ST2SC1) did not allow for an improvement to the
thermal comfortable hours.
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Among the different scenarios, the increase in the mass of the walls, achieved by
doubling their thickness (ST5SC1), provided the lowest cooling consumption, one of the
lowest levels of overall energy consumption, and the third-highest number of thermal
comfortable hours.

Compared to increasing the thermal transmittance of the walls and roofs alone, increas-
ing the size of the windows (ST3C2) was not a favorable strategy, as it entailed worsening
in all of the analyzed aspects: average air temperature in winter and summer, number of
thermally comfortable hours, and energy consumption in both winter and summer.

Comparison between Modern and Traditional House

This section deals with the performances of the different simulated scenarios on mod-
ern house compared to their performances on a typical traditional house (TH) representing
a reference building of the typical vernacular architecture in the Southern area of the North
of Africa.

In previous research [16–20], it was found that the traditional house (TH) always
guaranteed the best indoor comfort conditions, while the typical modern house turned out
to be unsuitable for the desert climate. The first goal of the traditional architecture design
was to provide solutions for human comfort and to exploit natural energy in a simple and
optimal way. Therefore, it was important to renovate the modern architecture in order to
reach the same level of effectiveness, resulting in improvements to the thermal comfort
conditions and lower energy consumption.

The traditional house (TH) chosen for this study was located in the district of Bani
Ibrahim, northwest of Ouargla Ksar, as shown in Table 1. It had an area of 131.36 m2; it
was on the ground floor; and it contained a hall, a living room, a kitchen, a bathroom, an
accessible terrace, and a small window in the façade. As shown in Table 2, the TH was built
with traditional materials and a traditional technique (Temchemt stone and palm trees),
with thick walls. It had a gas heating system and no cooling system, and five persons
occupied this house. The indoor air temperature was very stable in both the winter and
summer seasons; specifically, during the winter season, the air temperature was constant
at 18 ◦C, while it varied between 21.0 ◦C and 22.1 ◦C during the summer season. The
thickness of the walls was also an influential variable. The properties of the traditional
house allowed for thermal comfort conditions to be obtained for a very high number of
hours. In fact, for 8760 simulated hours overall, the PMV fell into the thermal comfort
range of −0.5–+0.5, corresponding to a PPD of 10% in 7852 h (about 90% of the total
amount of hours).

Since the traditional house and the modern house studied in this research had dif-
ferent internal surfaces and volumes, in order to allow for a comparison of the energy
performances of the two case studies, we normalized the energy consumptions of on the
volumes of interest of the two houses (Figure 8). The energy consumptions, normalized to
the volume (expressed in kW/m3) for each month, were calculated, allowing for a com-
parison of all the simulated improvement scenarios with the energy consumption of the
traditional house.

We compared the energy consumptions of all simulated scenarios with those of the
traditional house. From Figure 8, a curved line of energy consumption in the TH during
the months of June, July, and August can be observed. That line tends to zero kWh/m3,
which is due to the absence of cooling systems in the TH. On the other hand, with the use of
heating systems, the traditional house showed the highest energy consumption per volume
during the months of February, March, April, October, and November.

In other words, the high thermal comfort performances of the TH (see Table 4 and
Figure 5) were obtained in a completely passive way (without cooling systems) during the
summer, while in the winter, they were obtained by means of heating systems, with higher
normalized consumption compared to the scenarios tested in the modern house.
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5. Limitations and Future Development

In this study, some limitations must be considered in the evaluation of the results.
The first is that the analysis of the environmental parameters and the energy performance
of the base case and of the improvement scenarios concerned only a single room (living
room) and not the whole building. Furthermore, there was still the need to improve the
prospects of applying optimization by combining multiple strategies simultaneously or by
simulating additional passive strategies.

Concerning future developments, first, it will be possible to increase the complexity
of the model used; in this case, the results of the measurements taken in the living room,
instead of being used for the evaluation of the building performance, may be used only
to calibrate the model of the whole building. A further subsequent step could then be to
consider the districts of buildings in order to evaluate the effect of building density on the
energy performance and on the conditions of comfort achieved within a single house.

Future studies may examine a wide range of optimization criteria by combining
different improvement strategies and implementing the use of renewable energies, as well
as other strategies, such as solar chimneys.

Despite its limitations, this approach has shown the potential to respond to changes
with design alternatives and include design solutions which we can apply in existing
buildings, and which can lead to an improvement of indoor environmental conditions
together with a simultaneous improvement of energy performance.

The results of this work represent a starting point for the study and optimization of
the modern houses that are very common in the Algerian territory.

6. Conclusions and Recommendations

This research aimed to investigate the potential to improve indoor thermal comfort
and to minimize the consumption in the most common housing typology in the city
of Ouargla, Algeria. We used a mixed study approach, which made it possible to ver-
ify the climatic, physical, and behavioral realities of housing in Ouargla. We also used
an advanced simulation approach to test and validate the design recommendations for
future designers.

The modern house showed very poor conditions, with uncomfortable indoor air
temperatures in both the summer and the winter. For these reasons, among the studied
scenarios, improvements to the thermal insulation of the roof and walls, and, therefore,
reductions in their thermal transmittance, represents the most effective improvement
intervention. It allowed for a significant increase in thermally comfortable hours to be
obtained, in addition to an energy consumption reduced by about 23%.
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Regarding the thermal comfort, the combination of insulated walls and a roof with the
use of solar shading represented the best scenario, with about 87% of the simulated hours
falling in the thermal comfort range (−0.5 ≤ PMV ≤ 0.5).

In order to make a comparison with a reference building, a traditional house of the
southern region of north Africa was simultaneously studied. This traditional house, which
could be considered to have a bioclimatic architectural design, showed optimal indoor
comfort conditions, and did not require cooling systems during the summer season.

The obtained results may be useful for a wide number of houses typically present in
North Africa. They can not only guide refurbishment intervention in existing buildings, but
also assist architects and engineering during the design stage of new buildings. Given the
interest in the particular geographical area, although simulated interventions are widely
studied in the literature, it is very important to be aware of their real impact on the
perception of the indoor environment and on energy consumption.
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Appendix A

Table A1. Thermal characteristics of materials of simulated modern house models.

Building Element
Composition (from
Outside to Inside)

Thermal
Conductivity

(W/mK)

Specific Heat
(J/kgK)

Density
(kg/m3)

Thickness
(m)

External Walls
Cement coating 1.153 1000 1700 0.01
Hollow brick 0.502 1000 720 0.10
Air gap 0.026 1.227 1 0.05
Hollow brick 0.502 1000 720 0.15
Plaster coating 0.351 1000 1500 0.02

Ceiling
Plaster coating 0.900 1000 1500 0.02
Concrete slab 1.053 650 1300 0.16
Concrete 0.160 880 400 0.04
Per03-screed 1.750 1000 2300 0.10
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Table A1. Cont.

Building Element
Composition (from
Outside to Inside)

Thermal
Conductivity

(W/mK)

Specific Heat
(J/kgK)

Density
(kg/m3)

Thickness
(m)

Floor
Tiling 0.171 700 2300 0.02
Mortar 1.15 1000 1700 0.05
Concrete 1.755 920 2300 0.20
Compacted soil 1.750 1800 1750 0.005

Table A2. Thermal characteristics of the materials of the traditional house.

Building Element
Composition (from
Outside to Inside)

Thermal
Conductivity

(W/mK)

Specific Heat
(J/kgK)

Density
(kg/m3)

Thickness
(m)

External Walls
Temchemt 0.140 1193 1400 0.02
Porous stone 0.280 1000 2000 0.50
Temchemt 0.140 1193 1400 0.02

Ceiling
Temchemt 0.140 1193 1400 0.02
Compacted soil 1.75 1800 1750 0.12
Stone 0.292 1000 2000 0.24
Temchemt 0.140 1193 1400 0.02

Floor
Tiling 1.704 700 2300 0.02
Mortar 1.15 1000 1700 0.05
Concrete 1.755 920 2300 0.20
Compacted soil 1.750 1800 1750 0.005
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