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Abstract: In this paper, a thermal performance assessment of traditional building constructions and
configurations in various Moroccan climates is carried out. This research focuses on enhancing
conventional energy efficiency of buildings by investigating the thermal behavior of single clay walls,
double clay walls, simple brick walls, and double brick walls based on long-term meteorological data
using TRNSYS software. The roof pitch, thermal comfort and discomfort index, and building energy
consumption are considered while selecting buildings for each temperature zone. It is noticed that
the double brick construction is more efficient in all climatic zones of Morocco. Thus, this material
reduces the yearly energy requirement of building by 22% to 25% compared to the usual brick
building. On the coldest winter days, a 30◦ south-facing roof raises the internal temperature by 2.5 ◦C
compared to a horizontal roof. Temperature increases could reduce the air conditioning energy usage
by 7% to 32% and overcooling hours by 12% to 21% in cities above 30◦ N. In addition, the findings
are interesting enough to inspire individuals to implement the recommended construction design
and study energy efficiency and thermal comfort in Moroccan buildings. Consequently, reducing
energy consumption, mitigating climate change, and lowering greenhouse gas emissions.

Keywords: thermal performance; climatic zone; clay wall; energy consumption; Morocco; climate change

1. Introduction

Energy demand of countries is growing worldwide, representing a heavy burden
for various states independently of their global economic weight. This problem is mostly
driven by global population expansion, as well as by economic and industrial growth in
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emerging countries [1]. In addition to these challenges, it is crucial to note that this increase
in the energy demand has a considerable effect on the environment.

The International Organization for Standardization (ISO) has developed over 1100 build-
ing and construction standards to address this issue and improve buildings’ energy ef-
ficiency. Moreover, the well-known standard ISO 50001 Energy Management helps the
business sector to enhance its energy efficiency by using energy sources already available,
lowering energy expenses and consumption. According to El Majaty et al. [2], adopting
an energy management system (with a small investment cost) can enhance administrative
energy efficiency of buildings. Moreover, similar results were obtained in a public build-
ing study in Indonesia that implemented an ISO 50001-compliant energy management
system [3]. This energy management system reduced energy consumption by 613,188 kWh
(between 2018 and 2020) and the energy efficiency index by 129.06 kWh/m2/year in 2020.
It also reduced greenhouse gas emissions by 539.60 tons of CO2 equivalent. In this con-
text, several researchers have invested time and effort in finding practical solutions and
discovering other unsustainable alternative energy sources, including the use of renewable
energy alternatives for electricity generation (industry and domestic grid) [4–6] and the use
of thermal insulation materials in buildings to minimize the energy consumed during cold
and hot seasons [7,8].

Integrating passive cooling and heating systems is one of the most effective ways of
reducing energy consumption in buildings. A review of 42 studies published between 2000
and 2021 examined the effects of passive cooling strategies on lowering indoor temperatures,
reducing the cooling load, saving energy, and extending the thermal comfort period. A total
of 30 passive strategies were identified and categorized into 3 groups: design approach,
building envelope, and passive cooling system. Within this context, a systematic review
was conducted to identify, classify, and assess the effectiveness of passive cooling strategies
(PCS) in residential buildings [9]. The findings indicated that implementing various passive
strategies resulted in an average decrease in the indoor temperature of 2.2 ◦C, a reduction
in cooling load of 31%, energy savings of 29%, and an extension of the duration of thermal
comfort of 23%.

In recent years, significant efforts have been made to improve energy efficiency and
promote the construction of energy-efficient buildings. One method to enhance energy
efficiency in the residential sector involves incorporating bio-composite elements with
insulating materials into building construction [10–13]. In this context, Lamrani et al. [14,15]
predicted and optimized the thermal performance of two types of buildings built with
different wall materials in the south-eastern region of Morocco. The results showed that a
building based on clay and traditional building materials offered better thermal and energy
comfort than a brick building, and it reduced the annual energy consumption by 27%.
Moreover, an experimental and numerical study of bricks incorporated by Phase Change
Materials (PCMs) was realized by Necib et al. [16]. In this study, several types of PCMs
and their placement effects in the walls on energy performance were studied. The results
provided insight into optimizing a brick thermal inertia of wall in combination with PCMs
to reduce the heat gain inside the building. In addition, using a PCM tank for daily energy
storage lowered the cooling and heating demands by 22.5% and 18%, respectively [17].
Other studies have investigated the thermal behavior of natural inorganic biochar–clay
composites [18]. These composites have been found to significantly reduce the thermal
conductivity of building envelope materials, leading to less temperature variation under
similar conditions. Furthermore, the utilization of biochar has demonstrated a reduction in
water vapor permeability.

Windows play an essential role in improving the thermal and energy performance
of buildings. Well-insulated windows that transmit natural light and provide adequate
ventilation help to reduce energy consumption, improve indoor comfort and reduce the
environmental footprint of buildings. In a related study, Nourozi et al. [19] evaluated
the thermal performance of the active energy of new windows (EAW) using the finite
difference method. They minimized the thermal losses through large glazed surfaces. The
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result showed that EAW has great potential to decrease the heating power demand by
about 2.2 W/m2 of floor area for an external temperature of −20 ◦C and 1.3 W/m2 of floor
area for an outdoor temperature of −5 ◦C. In the same direction, numerical modeling and
thermal simulations using the finite volume method within a parieto-dynamic window
with triple glazing were realized by Amrani et al. [20,21]. They studied the two modes of
convection and thermal radiation, as well as the effect of the aperture size and glass blade
thickness on the flow fields and temperature distribution. They found that energy losses
through triple-glazed windows can be significantly reduced by optimizing the air layer
thickness and opening size. Similarly, the heat transfer increases significantly as the glazing
thickness increases, particularly in the presence of radiative exchange.

Thus, Clark et al. [22] experimentally investigated convective heat transfer in two dif-
ferent window setups: Configuration A, which involved a floor–ceiling window, and
Configuration B, which had a 1.37 m high window in a wall. The findings of their study
indicated that Configuration A reduced the convective heat transfer by approximately 40%,
while Configuration B achieved a reduction of around 30%.

The roof is a vital component of a building, as it is directly exposed to the rays of
sun, increasing the temperature of its outer surface. Consequently, heat flows through the
roof and into the building, adding to the cooling load that accounts for 5–10% of the total
energy consumption of a building [23,24]. Several numerical and experimental studies have
been conducted on reducing this load by improving roof insulation [25,26]. For example,
Rong et al. [27] found that using a heat-reflecting material as roof insulation could save
12.9% of the annual energy consumption and reduce the temperature of the outer surface
of the roof by 6–8 ◦C. In a study comparing the installation of a roof pitched at 15◦, 30◦

and 45◦ to the south and north with a horizontal roof construction, it was found that a
roof pitched at 30◦ to the south gives the best results in terms of energy efficiency and
thermal performance, with a 9% reduction in the total energy consumption [14]. In addition,
Amrani et al. [28] studied the influence of a heating block, which acts as a radiator installed
in the attic. They found that a significant improvement in heat transfer was mainly due to
a decrease in the aspect ratio A and an increase in the Rayleigh number Ra.

Dynamic simulation tools, such as TRNSYS 16 software, have played a crucial role
in addressing the energy efficiency issues of buildings. TRNSYS is widely used for tran-
sient thermal system simulations in commercial and residential structures [29–32], which
compared the results of a model of this software with experimental data and revealed
errors of less than 4%. In this context, Lafqir et al. [33] investigated the performance of
different passive techniques in a building located in the Moroccan climate. They utilized
TRNSYS software to evaluate the heating and cooling energy demand and analyze the
thermal behavior inside the building under the specific climatic conditions of Morocco. In
addition, a study by Bot et al. [34] used EnergyPlus software (version 8.6.0.) to evaluate the
energy and thermal performance of a building-integrated photovoltaic thermal system in a
test chamber. The authors examined several scenarios with and without direct solar gains
on the glazed surfaces. The results showed that compared with the baseline scenario, the
total energy used for heating and cooling could be reduced by 48%.

Optimizing and investigating construction materials and configurations are crucial
to improving energy efficiency and consumption of buildings, especially in countries
characterized by varied climatic conditions, such as Morocco. The present work was
oriented in this context in order to allow for a suitable selection of traditional building
constructions and configurations. Moreover, this work concerned evaluating the thermal
and energy performance of a multi-family residential building comprising four types of
constructions, three of which are already in use. However, the fourth contains a new
concept: a double clay wall. The study was generalized to the entire Moroccan climate.
Thermal comfort parameters and energy consumption were simulated and assessed to
evaluate their performances. In addition, a new integrated pitched roof design using the
above material types was evaluated. The results indicated that the best configuration
was type #2, contributing to a net reduction in the thermal requirements of up to 70%.
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Furthermore, the corresponding additional cost was between USD 1300 and USD 28,900,
with a payback time ranging from 5 to 8 years. Finally, for a better results presentation,
a map of the total annual energy building consumption for construction type #2 with
and without a roof was created using the simulation results and GIS 10.8 (Geographic
Information System) software.

2. Materials and Methods
2.1. Field of Study and Climatic Zoning

Morocco has a land area of 710,000 km2 and a strategic location bordered by Al-
geria to the east, Mauritania to the south, the Mediterranean Sea to the north, and the
Atlantic Ocean to the west. The maritime zones of this country are characterized by their
3500 km of coastline. The climates of nation are more varied as a result of this extensive
coastline [35–37]. Thus, diversification and climate change directly impact architecture,
construction materials, and energy consumption in buildings, which is considered to be
currently one of the main global problems [38–40]. To address this issue, some nations
are proposing various building energy efficiency plans and initiatives that take climate
zoning into account. These proposals or stipulations are an essential basis for developing
energy efficiency initiatives [41]. In the same context, studies indicate that energy efficiency
may be increased for homogeneous and small climatic zones, hence enhancing the thermal
comfort of occupants within buildings [42].

Over the past decade, Morocco has embarked on a green energy policy [43]. Since
2009, this country has made considerable efforts to secure its energy supply from different
natural resources to achieve reasonable energy prices [44]. In addition to its diversification
of renewable energy sources, Morocco has moved toward an energy efficiency strategy
based on appropriate regulations and a well-defined legislative framework while enact-
ing Law 47-09 on energy efficiency. One of the objectives of this law is to ensure that
buildings in different climatic zones have a well-adapted energy balance. Thus, the decree
concerning the Thermal Regulation of Moroccan Construction (RTCM) with the number
2-13-874 was published in 2014 [45]. Nevertheless, the implementation of the latter started
in November 2015. Note that the aforementioned decree stipulates several requirements,
especially concerning the annual energy demand for heating and cooling in the six Moroc-
can climate zones (Figure 1). It also establishes and describes several specifications for the
various building components, such as windows, roofs, and exterior walls [46,47]. The main
objective of the Moroccan plan is to save up to 20% of energy by 2030.
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For a thorough analysis, our study will be conducted in 30 localities/cities well
distributed across the country, 17 of which are equipped with meteorological stations that
provide us with long-term data measured on the ground (ambient temperature, humidity,
and total horizontal solar radiation). The collected data vary between 3 and 11 years,
depending on the meteorological station. As for the remaining 13 sites, the data are from the
Meteonorm database. This database is very well recognized and has been recommended
and used by several researchers and software developers [48,49]. In addition, several
studies have used this database to run their simulations. For instance, Lebied et al. [50]
used the meteorological file provided by Meteonorm for Tetouan city to study an office
building prototype located in northern Morocco. In addition, Figaj et al. [51] modeled and
simulated a hybrid solar–solar-wind system dynamically, providing space heating/cooling,
located in Gdansk, northern Poland, using this database.

Table 1 presents the geographical coordinates, locations, measurement periods, HDD
(heating degree days), and CDD (cooling degree days) indices [52–55] of the 19 meteorolog-
ical stations used in this study. The simulation results will initially focus on six cities: Rabat,
Tangier, Meknes, Ifran, Marrakech, and Er-Rachidia. These cities represent the reference
cities of the six climate zones. To improve the presentation and visibility of the results,
interpolation will be performed using GIS software to map various parameters across the
Moroccan regions.

Table 1. Geographical coordinates of the cities representative of the six climate zones.

Zone City Altitude (m) Longitude Latitude Data Collection Period
From–To HDD/CDD

1
Rabat (Ref) 75 −6.8◦ E 33.97◦ N 2016–2021 802.6.6/545.4

Knetra 13 −6.58◦ E 34.25◦ N 2011–2018 866.7/345.1
Sidi El Aidi 234 −7.62◦ E 33.12◦ N 2013–2021 832.3/314.4

2
Tangier (Ref) 85 −5.8◦ E 35.7◦ N 2010–2021 793.2/731.4

Laatamna 97 −2.23◦ E 35◦ N 2017–2021 939.5/352.4
Larache 38 −6.09◦ E 35.11◦ N 2016–2018 865.0/460.3

3

Meknes (Ref) 546 −5.5◦ E 33.89◦ N 2016–2021 1097.0/869.5
Ain Taoujtate 499 −5.21◦ E 33.93◦ N 2013–2021 1060.0/478.0

Laanaceur 809 −4.5◦ E 33.5◦ N 2017–2021 1203.7/380.5
Douyet 375 −5.01◦ E 34.03◦ N 2017–2019 980.3/561.7

El Aioun Oriental 601 −2.30◦ E 34.35◦ N 2013–2021 1133.9/585.9

4
Ifran (Ref) 1665 −5.2◦ E 33.2◦ N From Meteonorm 1770.0/380.4

Midelt 1508 −4.73◦ E 32.68◦ N From Meteonorm 1953.4/356.0

5 Marrakech (Ref) 466 −8◦ E 31.6◦ N 2013–2019 793.1/1130.6

6

Er-Rachidia (Ref) 1045 −4.4◦ E 31.9◦ N 2017–2021 1213.7/1128.1
Zagoura 733 −5.84◦ E 30.35◦ N 2017–2021 702.6/1593.7
Tandrara 1451 −2◦ E 33.03◦ N 2011–2021 1762.0/505.8

Figuig 915 −1.23◦ E 32.11◦ N 2010–2014 856.6/1340.9
Talsint 1344 −3.27◦ E 32.30◦ N 2013–2019 1351.5/691.3

According to the Köppen climate classification [56] and the HDD (heating degree
days) and CDD (cooling degree days) indices, the first two zones’ climate is an Atlantic
climate, known for its tempered atmosphere, even in winter. A light wind cools the air in
summer, while in winter, it is never cold, so the temperature is almost constant throughout
the year, with a moderate need for cooling (CDD (Ref) = 545) and a moderate number of
heating days (HDD (Ref) = 802). Zone 2 has a Mediterranean climate characterized by
cool, wet winters and relatively hot summers. This zone has similar heating requirements
(HDD (Ref) = 793) to zone 1 but slightly higher cooling requirements (CDD (Ref) = 731).
Zone 3 is a continental zone marked by cold winters with relatively abundant precipitation,
resulting in many days requiring heating (HDD (Ref) = 1097), and by hot summers with a
high need for air conditioning (CDD (Ref) = 869). However, zone 4 is the coldest climate
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region, which is very wet and cold in winter, with considerable snow records and many
days requiring heating (HDD (Ref) = 1770). In contrast, the need for cooling is relatively
low (CDD (Ref) = 380), indicating relatively cool summers. Semi-arid and desert climates
are terms used to describe zones 5 and 6, respectively, where a significant temperature
differential separates the two zones. Thus, especially for zone 6, expect an extremely hot
summer and a slightly colder winter. Similarly, the reference city in zone 5 exhibits lower
values for the HDD (793) and CDD (1130) compared to the reference city in zone 6, where
the HDD is 1213 and CDD is 1128.

Figure 2 shows the global incident radiation intensity evolution on a horizontal plane
according to the database for the six climatic zones of Morocco during one year. From
this figure, we can see that all the zones have their maximum radiation in July, except
Ifran and Er-Rachidia, which have the highest radiation intensity in June. The first three
zones, zones 1, 2, and 3, have the lowest total annual radiation intensity in the city of Rabat
(69,977 W/m2), followed by Meknes (70,540.37 W/m2) and Tangier (72,789 W/m2). The
last three areas have the highest total annual radiation intensity in the cities of Marrakech
(79,737 W/m2), Er-Rachidia (80,550 W/m2), and Ifran (88,287 W/m2).
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Furthermore, Figure 3 shows a distribution histogram of the ambient temperature
according to the database for the six reference cities of climate zones of Morocco for one
year. The ambient temperature in Rabat and Tangier varies between 10 ◦C and 25 ◦C,
with a slight increase in Tangier during the summer, when it reaches 32 ◦C, which remains
constant for most of the year. For Meknes city, the ambient temperature varies between 5 ◦C
and 25 ◦C for 7092 h, representing 80% of the hours of year. However, in Marrakech city,
this range of temperature variation extends to the high temperature, where we find that
in 1097 h, the temperature increases by 30 ◦C. Where the temperature is below 10 ◦C, the
numbers of hours exceed 3019. As illustrated in the histogram, Ifran has an extremely cold
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climate, and it also shows a significant temperature variation for Er-Rachidia city, which
presents a desert climate known for a very hot summer and a very cool winter, where for
1988 h the temperature is lower than 10 ◦C and for 716 h it exceeds 35 ◦C.
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2.2. Numerical Modeling

Focusing on the dynamic simulation of our proposed thermal behavior of building,
we have used TRNSYS software, which is a transient system simulation software that
allows the simulation of systems using interconnected components known as ”types”,
which receive time-dependent inputs and outputs [57]. A time step of 1 h is used to
have a detailed time distribution of the thermal and energy behavior throughout the year.
TRNSYS (Transient Systems Simulation Tool) is an internationally recognized software
package for dynamic thermal simulations applied to buildings. Developed by the Building
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Scientific and Technical Center (CSTB) in France, it is a benchmark in the field of thermal
simulation recognized by the ASHRAE (American Society of Heating, Refrigerating, and
Air-Conditioning Engineers) as a software package for analyzing energy systems of build-
ings. Thanks to its advanced features, TRNSYS is widely used by the researchers mentioned
in this manuscript, and recent studies have been published this year. The following dia-
gram shows the different steps in the simulation (Figure 4). First, we inserted the climate
data file of the investigated location into the type 9e data reader. Type 33 returned the
corresponding moist air properties and type 69 determined the effective sky temperature,
which calculated the longwave radiation exchange between an arbitrary outdoor surface
and the atmosphere. Then, we modeled our building using type 56 (TRNBuild) with the
definition of the construction materials used to obtain the results (temperature, discomfort
hours, Predicted Mean Vote (PMV), and energy consumption).
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2.3. Building Description and Modeling

For this investigation, several simulations to evaluate the climate’s (from the climate
zones mentioned above) impact on the temperature variation and energy performance of
four different building construction types have been performed (Table 2) built with the
walls and materials mentioned in Figure 5 and Table 3.
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Table 2. Description of the wall compositions for each type.

Type Exterior Walls Interior Walls Roof Floor

#1 Brick wall Brick wall Brick roof Floor
#2 Double brick wall Brick wall Brick roof Floor
#3 Clay wall Clay wall Clay roof Floor
#4 Double clay wall Clay wall Clay roof Floor
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Table 3. Thermophysical characteristics of the building materials.

N◦ Walls Materials Thickness
(cm)

Thermal
Conductivity

(W/(m·K))

Density
(kg/m3)

Heat
Capacity
(J/(kg·K))

U-Value
(W/(K·m2))

(1) Clay wall Clay 40 0.7 1835.11 1042 1.349

(2) Double clay wall
Clay 15 0.7 1835.11 1042

0.586Air gap 10 0.1 1 1227
Clay 15 0.7 1835.11 1042

(3) Brick wall
Mortar 1 1.15 200 840

1.635Hollow brick 20 0.47 720 794
Mortar 1 1.15 200 840

(4) Double brick wall

Mortar 1 1.15 200 840

0.515
Hollow brick 15 0.47 720 794

Air gap 10 0.1 1 1227
Hollow brick 15 0.47 720 794

Mortar 1 1.15 200 840

(5) Clay Roof Clay 15 0.7 1835.11 1042
1.777Wood 5 0.28 574.76 1800

(6) Brick Roof

Tiles 1 1.7 2300 700

1.473
Mortar 3 1.15 200 840
Heavy

concrete 5 1.755 2300 920

Hourdi block 20 1.23 1300 650
Mortar 1 1.15 200 840

(7) Floor

Tiles 1 1.7 2300 700
2.975Mortar 5 1.15 200 840

Heavy
concrete 20 1.755 2300 920
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The selected building model for this study is a typical multi-family social residential
building subdivided into four apartments (Figure 6). Each apartment can be separated
into two parts. Part 1 is a large room of 42 m2, while part 2 contains the kitchen and the
shower. The roof height is 5 m, and the floor area of each home is about 70 m2. The building
elements were used as input data in the simulation model as internal gains.
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In this simulation, it is assumed that the apartment was to be occupied by two per-
sons. In addition, the apartment was equipped with various electrical and gas appliances
(artificial lighting, television, computer, stove, oven, refrigerator, and washing machine),
whose radiant powers and daily operating times are indicated in Table 4 below.

Table 4. Power and running time of the electrical appliances in the house.

Gain
Part 1 Part 2

Operating Period
Power (Watts)

Computer 140 × 2 0 2 h/Day
TV 80 0 3 h/Day

Lighting 30 20 6 h/Day
Oven 0 2700 1 h/Day

Washing machine 0 2100 3 h/week
Refrigerator 0 136 12 h/Day

2.4. Studied Parameters

To assess the impact of the outdoor climate on the efficiency of building, we have used
several indicators, such as the indoor temperature, PMV indicator, number of hours of
thermal discomfort calculated, and energy consumption for heating and cooling.

2.4.1. PMV Indicator

Generally, thermal comfort for people is expressed according to ISO 7730 on a seven-
point thermal sensation scale (Table 5) using the PMV (predicted mean vote) comfort
indicator [58], which determines the predicted mean score for the thermal sensation. More-
over, the PMV indicator comprehensively covers the most critical individual impact and
environmental factors (physical activity, clothing, operating temperature, etc.) on thermal
sensation of human. Thus, a value of −0.5 < PMV < +0.5 is considered optimal, while PMV
values lower than −2 and higher than +2 indicate the presence of an extreme microclimate,
which is regarded as harmful to the occupants of the house (Table 5).
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Table 5. Seven-point thermal sensation scale.

−3 −2 −1 0 1 2 3

Cold Cool Slightly cool Neutral Slightly warm Warm Hot

TRNSYS employs EN ISO 7730 to calculate the thermal comfort index. Thus, the
presumptions were used (ASHRAE 55) as follows: (1) it was estimated that the metabolic
activity would be 1.5 met during the day and 1 met at night (sleep), (2) the clothing
resistance was calibrated at 0.5 clo in summer and 1 clo in winter, and (3) the relative air
speed was fixed at 0.1 m/s.

2.4.2. Thermal Discomfort Hours

Thermal discomfort hours occur when the operative temperature is outside the comfort
temperature range. Generally, we define three categories of discomfort hours:

• Overheating discomfort hours: represent the number of hours when the operative
temperature is above the summer comfort temperature.

• Overcooling discomfort hours: represent the number of hours when the operative
temperature is below the winter comfort temperature.

• Total discomfort hours: represent the sum of the overheating and overcooling dis-
comfort hours.

In the standard NF EN ISO 7726 published in 2002, the operational temperature is
defined as the temperature felt by the occupant. It takes into account the air temperature in
the occupied part and the effects of radiation. The following equation allows us to calculate
this temperature:

Top =
hcTa + hrTmr

hc + hr
(1)

can be written as:
Top = aTa + (1 − a)Tmr (2)

or:
a =

hc

hc + hr
(3)

where Top, Ta and Tmr are the operative, ambient, and mean radiative temperature, respec-
tively. hc and hr are the heat exchange coefficient by convection and radiation, respectively.

Tmr =
∑n

i=1 AiTi

∑n
i=1 Ai

=
A1T1 + A2T2 + . . . + AiTi + . . . AnTn

A1 + A2 + . . . + Ai + . . . An
(4)

where Ti and Ai are the temperature and the area of the surface i, respectively.

2.4.3. Energy Consumption

In this study, we will assess energy consumption using Moroccan legislation. In
fact, according to the General Building Regulations of Morocco (NM ISO 7730 2010) [45],
the annual heating and cooling requirements for the building need to meet the adapted
reference temperature values fixed at 20 ◦C in winter and 26 ◦C in summer.

The RTCM performance approach consists of defining and setting the maximum
annual thermal requirements for the heating and cooling of buildings in each zone according
to their type (residential, administration, hospital, hotel, etc.). The table below illustrates
the maximum heating and cooling requirements according to the RTCM [45].

3. Results
3.1. Thermal Performance and Energy Consumption between Construction Types

In this section, we present the simulation results for the four proposed building types
built with local materials, and their performance for each of Morocco’s six climatic zones
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is assessed. The first type of construction (#1) is brick, which is the reference type, the
second (#2) is brick with double-walled exterior walls, the third (#3) is clay, and the fourth
(#4) is clay with double-walled clay exterior walls. The comparison of the simulation
results is presented for the coldest winter week and the warmest summer week during the
year for each city (Table 6). The selection of these weeks is based on the average ambient
temperature value per week in every city.

Table 6. Maximum annual specific thermal requirements for the heating and cooling of buildings in
Morocco in kWh/m2/year.

Residential Educational Hospital Hotel

Zone 1 40 44 72 48
Zone 2 46 50 73 52
Zone 3 48 61 68 66
Zone 4 64 80 47 34
Zone 5 61 65 92 88
Zone 6 65 67 93 88

Figure 7 shows the outdoor and indoor temperatures for the four building types during
the hottest days of summer and the coldest days of winter for the six cities representing
the six climate zones. The figure shows that Rabat and Tangier cities are characterized by
a steady ambient temperature with a small amplitude of variation throughout the week.
Still, there is a slight temperature rise in Tangier during summer. The other cities show
almost the same temperature profile, except for Ifran and Meknes, where the maximum
temperature is around 35 ◦C, while the temperature for Marrakech and Er-Rachidia can
reach values higher than 40 ◦C.

Indeed, as can be noticed from Figure 7, the indoor air temperatures for the con-
struction type cases #2, #3, and #4 are lower in comparison to the ones for type #1 during
the warmest weeks. This decrease, which depends on the weather and the construction
material, reaches its maximum during the afternoon. In addition, we can see that the
thermal insulation of the exterior walls (type #2) leads to the lowest indoor air temperature
in the afternoon and the highest at night and in the morning. Thus, the thermal insulation
prevents heat from entering the house while keeping the indoor air warm at night, which
shows that the temperature variation per day for type #1 is higher than the one for type #2.

By comparing the air temperature inside the type #3 and #4 buildings to that of type
#1, we can notice that the effect of the clay construction is directly observable, especially
in the daily peak temperatures. Moreover, for most days, the maximum temperatures
recorded in types #3 and #4 remain below those of type #1 and are in the same range as
the ones of type #2. From a quantitative point of view, it is observed that the house’s
interior temperature for the clay construction for types #3 and #4 is lower compared to
the brick construction during hot weeks. This decrease can reach 1.75 ◦C, 2.32 ◦C, 2.19 ◦C,
3.34 ◦C, 1.84 ◦C and 2.04 ◦C for the cities of Rabat, Tangier, Meknes, Ifran, Marrakech and
Er-Rachidia, respectively.

Although types #2, #3, and #4 have very similar daytime maximum indoor tempera-
tures, type #2 has a lower temperature than the other two at night, showing that the daily
average temperature of this type is lower than the ones of types #3 and #4.

In the same context, we observe that the indoor temperatures for the coastal cities and
of the four models are higher than the outdoor temperatures due to the humidity, which is
high in these cities. Humidity also plays a significant role in indoor temperature variation
because building materials are susceptible to water saturation since thermal conductivity
increases with the rate of water saturation [59].
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According to Table 7, for each investigated site and the winter’s coldest days, the
outdoor temperature varies between 6 ◦C and 17 ◦C for the two coastal cities, Rabat and
Tangier, and in the range of 2 ◦C to 15 ◦C, −1 ◦C to 13 ◦C, 2 ◦C to 20 ◦C and −3 ◦C to 13 ◦C
for the cities of Meknes, Ifran, Marrakech and Er-Rachidia, respectively (Figure 7). This
variation affects the temperature inside the buildings, where we observe that the amplitude
of the variation in the interior temperature in the cities of Rabat, Tangier, Meknes, and
Marrakech is between 10 ◦C and 16 ◦C. By contrast, in the two coldest cities, Ifran and
Er-Rachidia, the temperature inside the buildings can decrease by up to 4 ◦C.

Table 7. Coldest and warmest weeks for the six cities.

Cities Rabat Tangier Meknes Ifran Marrakech Er-Rachidia

Cold Week 4th week of
January

2nd week of
January

3rd week of
January

4th week of
December

3rd week of
January

3rd week of
January

Warm Week 2nd week of
August

3rd week of
August

4th week of
August 4th week of July 2nd week of

August 4th week of July

According to Figure 7, we can notice that the presence of a material with a high
thermal capacity reduces the temperature variations. Indeed, throughout the two weeks,
the interior temperature increases and decreases less rapidly (lower slope) in the two types
#3 and #4, which contain clay, compared to type #1. This is due to the fact that clay has a
heat capacity of about 1042 J/(kg·K), which is higher than that of brick (794 J/(kg·K)). This
characteristic is very beneficial during the winter season. In another way, the air added
to the building envelope improves the thermal performance of the brick building while
reducing the daily thermal amplitude from 6 ◦C to 2.5 ◦C. The low thermal conductivity of
the air prevents heat from penetrating inside in summer and outside in winter.

To support our findings, a study conducted by Dlimi et al. revealed that adding
thermal insulation to a building’s external walls enhances its heat storage capacity and
improves its resistance to thermal changes. The building’s high thermal inertia enables it to
use and retain solar and internal heat. In contrast, the increased thermal resistance reduces
the heat loss, resulting in a rise in temperature and a reduction in energy consumption,
particularly in winter [60].

In this section, the PMV index was proposed to evaluate the human thermal comfort
in the building. As discussed above, the thermal sensations experienced by the operating
personnel were described with the PMV index according to the requirements of ISO 7730.
Based on the measured and calculated environmental data and human factors, the PMV
index was determined, and the calculation results are presented in Figure 8.

Figure 8 shows that the PMV indicator amplitude varies according to the construction
type. As can be noticed, the PMV and the internal temperature of the buildings with
construction types #3 and #4 are the same in summer, demonstrating a relationship between
the two parameters. In fact, since the PMV is an indicator of the thermal sensation of the
house’s occupants, if the temperature increases, the environment overheats and people
feel more warmth. In other words, the PMV index increases. During the hottest week,
the PMV indicator was between 1.1 and 1.8 for building types #2, #3, and #4 in the city of
Er-Rachidia. This means the PMV = 2 value, corresponding to the feeling of harmful heat,
was not exceeded in the analyzed points. Therefore, the microclimate of the room can be
classified as moderate. Yet, for construction type #1, the PMV increases by 2, which means
that the indoor climate is warmer. This figure also shows the PMV variation during the
coldest period. The PMV values during this period are lower than −1 in all the evaluated
cities and for all the proposed construction types, except for the city of Ifran, where they
are lower than −2, which means freezing temperatures and high energy consumption for
heating in this city.
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Figure 9 shows the graphs of the annual energy consumption needed to maintain
an ambient temperature in the thermal comfort range, i.e., above 20 ◦C in winter and
below 26 ◦C in summer. From this figure, we can notice that building type #1 has the
highest overall thermal load, which exceeds 194 kWh/m2/year in Ifran (cold climate)
and Er-Rachidia (desert climate), while it is about 160 kWh/m2/year for Meknes and
120 kWh/m2/year in Marrakech and Tangier. In contrast, it is nearly 109 kWh/m2/year
in Rabat.
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In addition, we can also observe that type #2 requires a remarkably lower thermal load
in all climates than type #1. Note that double-wall bricks for exterior walls significantly
impact the total annual energy demand due to reducing it by over 20% in comparison with
building type #1. Building type #4 reduces as well the energy demand by over 15%. In
addition, building type #3 has a slight demand reduction of less than 10% for all the cities.

The effect of the climate on the total energy consumption of the building was clear for
the city of Ifran, which is characterized by a short, dry and hot summer and a long, cold
winter. This shows the high total energy consumption of this city, especially for heating.
Indeed, the total energy needed in type #2 is 169.83 kWh/m2/year, and the energy consump-
tion for heating, which is 146.18 kWh/m2/year, represents 86% of the total consumption.
Moreover, for the desert city of Er-Rachidia, which has mild winters and scorching and
sunny summers, the total energy consumed by type #2 is 146.94 kWh/m2/year, and the
proportion of heating consumption does not exceed 78%, with consumption equal to
115.19 kWh/m2/year. On the other hand, the two coastal cities with a Mediterranean
climate represent low energy consumption.

To evaluate the overall energy requirements for heating and cooling in a building, a
total degree days (TDD) coefficient is assessed. The TDD is a comprehensive measure that
combines both the heating degree days (HDD) and cooling degree days (CDD), taking into
account the temperature variations throughout a specific period. Additionally, the high
HDD value of 1630 for Ifran indicates a substantial proportion of its heating consumption.
Er-Rachidia ranks second with a TDD value of 2161, accompanied by a high HDD (1241)
and CDD (920), indicating a considerable heating consumption percentage. On the other
hand, Rabat and Tangier represent the minimum TDD values of 1347 and 1524, respectively.

Based on the above results, the construction material (especially type #2) has a remark-
able influence on decreasing the energy consumption by increasing the heat insolation and,
thus, the thermal comfort for all the regions. The U-value of this type complies with the
requirements of the Réglementation Thermique Marocaine des Constructions (RTCM) for
all of Morocco’s climatic zones [45]. Reducing energy consumption also reduces emissions
of carbon dioxide (CO2) and other gases responsible for global warming. Nevertheless, the
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energy consumption is still considerable and it should be optimized. For this reason, we
have assessed the impact of adding inclined roofs to the proposed building configurations
on decreasing the energy consumption and increasing the thermal comfort for the Moroccan
climatic zones.

3.2. The Impact of the Roof Incline

Many passive and active methods can be used to improve these buildings’ thermal
and energy efficiency. In our study, we will evaluate the impact of a building’s roof pitch
on the energy demand and thermal discomfort hours. For this reason, three roof inclination
angles, 15◦, 30◦, and 45◦ and south directed, are selected for the type #2 construction since it
is the one that demonstrates the best performance in the six climate zones studied. In what
follows, we will compare the results of these three configurations with those obtained with
the horizontal roof. The results show that the temperature inside the building increases
with the roof pitch for all the building types studied and in all the six cities. This increase
is advantageous in winter because it decreases the heating loads, although it is disadvan-
tageous in summer because it increases the energy consumption of air conditioning. In
addition, the temperature increase varies according to the type of building and the time of
year. In fact, for the type #2 building, this increase does not exceed 1.2 ◦C in summer for
the three inclination angles. However, in winter, the temperature increases by more than
1 ◦C for the 30◦ and 45◦ tilt angles.

Figures 10 and 11 represent the temperature variations inside this building during
the coldest and warmest weeks and for the different slope angles. As the inclination angle
increased, the temperature inside the building increased proportionally. This temperature
increase can reach 10% in winter for the coastal cities, 16% for Meknes and Marrakech, and
19% and 22% for Ifran and Er-Rachidia for an inclination angle of 45◦. This is mainly due to
the concentrated solar flux amount received by the roof in winter. However, this increase
does not exceed 5% for all the cities in summer.

Figure 12 shows the influence of the roof pitch angle variation on the total annual en-
ergy consumption, which is the sum of the two energy expenditures for heating and cooling
in the six studied cities. As can be noticed, building type #2 has the lowest annual energy
consumption for all the studied angles in the different cities. In addition, it is clear that the
30◦ tilt angle represents the most significant reduction in the energy consumption. This
reduction differs according to the climate zone. Indeed, the energy consumption values for
Rabat city vary between 77.28 kWh/m2/year and 109.34 kWh/m2/year, which represents
the lowest consumption in comparison to the other climatic areas. When this value is
compared to the base case (horizontal roof), it can be seen that the energy performance is
improved by 9.25% with construction type #2 and an inclination angle equal to 30◦.

To better analyze the results, we can observe that the heating load ratio to the total
energy intensity is 87.64%. While comparing this ratio to the reference case (horizontal
roof), the heating load ratio decreases by 13.73%. Similarly, the cooling load ratio increases
by 4.5%. Although the heating and cooling load ratio in the overall consumption has the
opposite effect, the values of the total energy consumption decreased in comparison to
the reference case, in which the energy consumption increased from 0.26 kWh/m2/year
to 8.31 kWh/m2/year in terms of cooling, while it decreased from 6.57 kWh/m2/year
to 17.45 kWh/m2/year for heating. For Tangier city, we find that the values of the to-
tal energy consumption vary between 121.06 kWh/m2/year and 131.15 kWh/m2/year,
while for the cities of Meknes, Ifran, Marrakech, and Er-Rachidia, this parameter varies
respectively between 110.61 and 153.9 kWh/m2/year; 155.29 and 218.17 kWh/m2/year;
86.61 and 127.33 kWh/m2/year and between 137.04 and 194.67 kWh/m2/year, for the cities
mentioned above. Based on these results, the best energy performance—for the reference
case—increased by 2.80% with a building with type #2 construction and an inclination
angle equal to 15◦ for the city of Tangier. On the other hand, the energy performance
enhancement was obtained for the other cities with an inclination angle equal to 30◦. This
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enhancement is around 8.98%, 8.56%, 9.93%, and 6.73% for the cities of Meknes, Ifran,
Marrakech, and Er-Rachidia, respectively.
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four building types.

Regarding the cooling load rate, this parameter increases in all the studied cities, while
the heating load decreases as the roof pitch increases, rising the discomfort hours in summer
versus a decrease during winter (Table 8). Indeed, based on the simulation results, we
found that the maximum number of hours of discomfort due to cold is recorded in the Ifran
city, with several hours between 4279 and 4843 h for the different types of constructions.
This represents more than 48% of the total hours in the year and highlights the critical
energy consumption for this climate zone due to heating. For Meknes, the number of hours
of discomfort is between 3973 h and 4537 h for the different building configurations, as it is
between 3494 h and 4059 h for Er-Rachidia. Although Meknes has a high number of hours
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of discomfort compared to Er-Rachidia, this total number of hours over the year represents
more than 28% for Er-Rachidia and it does not exceed 21% for Meknes. This is mainly due
to the difference in temperature between day and night, as well as the long days of high
temperature for Er-Rachidia, which is characterized by a semi-arid climate. Regarding
Rabat, the number of cold discomfort hours is between 3345 and 4047 h, representing
more than 38% of the year. As for Tangier and Marrakech, they have the lowest number of
hours of discomfort due to cold, which is between 2938 h and 3719 h, a percentage lower
than 42% for both cities. This leads to a similar result in the total energy consumption of
these two cities. This is quite reasonable since Tangier is characterized by a humid climate
(due to its proximity to the sea), especially in winter, which leads to a relatively warm
and temperate winter and autumn, so no heating is needed. As for Marrakech, this city is
characterized by a semi-desert climate known for a mild winter.

Table 8. Cold and heat discomfort hours.

City Cold Discomfort Hours Heat Discomfort Hours

Rabat
3345 h–4047 h 1137 h–2041 h

48–55% 13–23%

Tangier 3006 h–3634 h 2062 h–2952 h
34–41% 23–33%

Meknès
3973 h–4537 h 1178 h–1846 h

45–51% 13–21%

Ifran
4279 h–4843 h 1768 h–2148 h

48–55% 21–24%

Marrakech
2938 h–3719 h 2057 h–2866 h

33–42% 23–32%

Er-Rachidia
3494 h–4059 h 2503 h–3309 h

39–46% 28–37%

This variation impacts the temperature inside the building, which rises when the roof’s
tilt angle increases, resulting in a decrease in the winter heating demand and an increase in
the summer cooling demand. Therefore, the amounts of the energy variations (drop and
increase) vary depending on the tilt angle. For example, building type #2 in Rabat city can
save 6580 Wh/m2/year in heating energy with the 15◦ tilt angle. This value increases to
11,700 Wh/m2/year with the 30◦ angle and remains the same with the 45◦ angle. On the
other hand, the cooling demand increases by 1380 Wh/m2/year, 3830 Wh/m2/year, and
6010 Wh/m2/year for the 15◦, 30◦, and 45◦ tilt angles, respectively, due to the rise in solar
radiation captured by the roof and the increase in solar gains, which increase the indoor
temperature. On the other hand, the total energy decreased by 5190 Wh/m2/year for a
15◦ angle, 7870 Wh/m2/year for a 30◦ angle, and 5510 Wh/m2/year for a 45◦ angle. We
can see the same remarks for all the building types in all the studied cities, where the roof
angle of 30◦ represents the low heating energy consumption.

In addition, to optimize the total consumption of the building, a southern orientation
with a 30◦ angle of inclination is the ideal configuration in Morocco. This configuration will
reduce the annual energy consumption of the buildings. The same results were obtained in
a previous study on different roof pitch values ranging from 0◦ to 45◦ construction in the
town of Er-Rachidia, where the 30◦ pitch presents the best results for construction in the
town of Er-Rachidia [14].

3.3. Generalization of the Study to the Moroccan Region

In order to present a clear configuration and ensure the visibility of our study re-
sults and to generalize our building configuration founding (Type #2) for all of Morocco,
Figure 13 presents the spatial distribution of the annual thermal energy demand across
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Morocco for an apartment of type #2 with a horizontal roof and another one with a roof
inclined with 30◦ and oriented to the south. The two maps show that the Atlantic and
Mediterranean regions, known for their temperate winters, represent the lowest energy
consumption in Morocco, while the regions with the coldest winters, such as the city of
Ifran and the desert region, represent the highest energy consumption. All the cities also
have reduced energy consumption when the roof is inclined. However, this reduction
varies from one climatic zone to another depending on their geographical location and cli-
mate characterizations. According to the simulation results, the maximum annual thermal
energy demand for the type #2 building with a horizontal roof is recorded in Figuig with
188.65 kWh/m2/year, followed by Ifran with 169.35 kWh/m2/year and Laanaceur with
142.9 kWh/m2/year. Conversely, the minimum annual thermal energy demand is found
in Sidi Ifni at 12.47 kWh/m2/year, followed by Tan-Tan at 18 kWh/m2/year and Agadir
at 38.61 kWh/m2/year. The common point between the above-mentioned cities is their
location in climate zone 1.
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Figure 13. Total annual energy consumption for building type #2 with a (a) horizontal roof and a
(b) roof inclined by 30◦.

The construction with a roof slope of 30◦ toward the south gives very interesting
results concerning the cities with latitudes lower than 30◦ N. We observe an increase in
the energy consumption, for example, in the cities of Tan-Tan and Dakhla. At latitude a
of 28.26◦ N and 23◦ N, the energy demand in these two cities increases, respectively, by
4% and 8%. On the other hand, the cities whose latitude is higher than 30◦ N experience a
decrease in the annual energy demand, and this decrease has a maximum value equal to
20% in the city Sidi-Ifni, whose latitude is close to 30◦ N.

4. Conclusions

Estimating the thermal comfort and energy demand for new buildings is of utmost
importance. Therefore, optimizing building design by considering the ideal building mate-
rials, configurations, and prior estimations of the heating and cooling energy requirements
is crucial. This study examines the impacts of four construction types on thermal perfor-
mance and comfort, both with and without a roof inclination. Additionally, simulations
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have been conducted for each material type within the six climate zones of Morocco. The
key findings of this study can be summarized as follows:

• Using double-walled bricks in exterior walls improves thermal comfort, while build-
ings with 30◦ sloped roofs facing south demonstrate higher energy efficiency. Building
type #2 (double brick wall and brick roof) exhibit lower temperatures during the
hottest period and higher temperatures during the coldest period compared to the
reference type (#1) (brick wall and brick roof). As a result, type #2 offers improved
thermal comfort and reduced energy consumption.

• Building with a double brick wall and brick roof featuring a 30◦ south-oriented roof
slope increases the indoor temperatures in various climates. This reduces the heating
load but raises the cooling demand. As a result, there is a notable 61–65% decrease
in the total energy demand across cities, accompanied by a significant reduction in
the total number of hours of thermal discomfort for the reported locations ranged
between 800 and 1200 h.

• Using double-walled brick exterior walls improves the thermal comfort indicator
PMV in buildings. Additionally, buildings with 30◦ inclined roofs facing south exhibit
higher energy savings in the six Moroccan climatic zones, particularly when the
latitude exceeds 30◦ N.

Finally, to comprehensively assess the performance of our newly proposed building
configuration, maps illustrating the energy consumption for the two configurations have
been constructed. The results presented in this paper offer valuable and reliable information
for Moroccan leaders and policymakers, enabling them to effectively incorporate the pro-
posed construction material in various climatic regions. This integration has the potential
to significantly enhance energy efficiency throughout Morocco and reduce greenhouse gas
emissions, making our findings highly valuable for informed decision-making.
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Nomenclature

Ai Area of the surface i [m2]
hc Heat exchange coefficient by convection [W/(m2·K)]
hr Heat exchange coefficient by radiation [W/(m2·K)]
Ta Ambient temperature [◦C]
Ti Temperature of the surface i [◦C]
Tmr Mean radiative temperature [◦C]
Top Operative temperature [◦C]
CDD Cooling degree day
HDD Heating degree day
GIS Geographic Information System
ISO International Organization for Standardization
PMV Predicted mean vote
RTCM Thermal Regulation of Moroccan Construction
TDD Total degree days
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