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Abstract: The potential of natural materials is becoming more and more important as concerns
about the environmental impact and energy efficiency of the construction sector grow. Incorporating
waste from fiber sub-products seems like a wise choice, in line with the circular economy model.
Despite the fact that date palm materials have been extensively researched and developed for use in
modern buildings, the potential of using date palm fibers has not been widely explored. This research
intends to examine how date palm fibers thermal insulation affects a building’s thermal efficiency
in an Atlantic climate. An analysis using a numerical simulation using the TRNSYS software is
conducted to determine the effect of this passive approach on cooling/heating loads and indoor
comfort. This technique is measured against a hypothetical reference case of homemade traditional
building materials without thermal insulation. The results show that insulation with date palm fiber
materials has a significant effect on the indoor air temperature and the cooling and heating loads of
the house. In comparison to the reference case, the studied house achieves better comfort conditions
when thermal insulation is adopted since the indoor air temperature is increased by up to 3 ◦C in
winter and decreased by up to 5 ◦C in summer. In addition, annual cooling and heating requirements
can be reduced by 25% and 18%, respectively, by insulating the roof and walls with date palm fiber
materials. On the other hand, it allows financial savings and a reduction in CO2 emissions.

Keywords: date palm fibers; cooling load; heating load; thermal comfort; bio-composite material;
TRNSYS; simulation modeling; building; environment; durability

1. Introduction

At national and international level, the building sector poses considerable challenges
to the three pillars of sustainable development (environmental, social, and economic).
The researchers were motivated to find a solution to the issue of heat exchange between
buildings and these three pillars of sustainable development [1]. According to the United
Nations Environment Programme, the building sector accounts for 40% of global energy
consumption and 30% of energy-related CO2 emissions [2]. Furthermore, the building sec-
tor in Morocco is one of the most energy-intensive sectors, consuming approximately 33%
of all final energy consumption [3]; additionally, this sector contributes to climate change
by producing more than a third of all greenhouse gas emissions [3]. These percentages
are on the rise due to urban and industrial growth, which is forcing energy utilities to
expand production to keep up with rising demand. Indeed, from 2012 to 2016, the growth
in Moroccan electricity demand increased from 31 TWh to 35.4 TWh, and in 2020, providers
expect energy consumption to reach an estimated 40 TWh to 45 TWh, with growth rates of
around 4.5–5% towards 2030 [4]. Most of this energy is used to heat and cool buildings,
which both consume around 55% of the total amount of energy used in the construction
sector [4] since they offer potential solutions for resolving discomfort issues and are also a
major area for development.
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In general, a building is a structure created by putting together building materials
and giving its occupants a place to live and work. Therefore, it must satisfy their practical
requirements while also giving them a certain level of thermal comfort. A building must
provide the circumstances that are required and appropriate while minimizing its energy
use and environmental impact. Energy efficiency has also grown to be a significant eco-
nomic and environmental challenge. Morocco has created a new energy plan to reduce
energy consumption while preserving thermal comfort which led to the introduction of
Law 47-09 [5] with the aim of reducing energy use by 15% by 2030 [6]. In this perspective,
the Moroccan Agency for Energy Efficiency (AMEE) has developed a thermal regulation
in buildings (RTCM) [7], which includes the integration of an advanced and effective
engineering system in accordance with current standards.

In order to achieve the thermally efficient buildings, bio-composite materials have been
the subject of much scientific research in recent years. Bio-composite materials are purely
natural lightweight blocks or composites based on continuous solid matrices reinforced
with ecological additives. Among bio-composite materials, the fibers of the date palm are
considered to be one of the most accessible natural fibers worldwide [8,9]. Indeed, Morocco
ranks sixth in the world in terms of palm tree area and eleventh in terms of date production.
Date palms make up 4.8% of all palm trees in the world and cover an area of approximately
50,000 ha [10].

Many researchers have been interested in the use of date palm products in building
materials due to their high thermal insulation properties. In this regard, according to
Abu-Jdayil et al. [11], date pit powder can be utilized as a filler in a polystyrene matrix
to create insulating composites with very low density (457–630 kg/m3) and low thermal
conductivity (0.0515–0.0562 W/(m·K) at 25 ◦C). Similarly, Malhem et al. [12] found that
reinforcing date palm fiber (DPF) with poly (β-hydroxybutyrate) reduces the thermal
conductivity of composites between 0.086 and 0.112 W/(m.K) for various loadings of DPF.
On the other hand, Boumhout et al. [13], dealing with the thermomechanical properties
of mortar reinforced with DPF mesh, concluded that the addition of DPF mesh to mortar
has a positive effect (lightening and enhancing insulation capacity). They also showed that
DPF provides significant advantages in the building and construction industry through
thermomechanical maps of the mesh composite of the material. In the same context,
Benmansour et al. [14] developed a new insulating material composed of natural cement,
sand, and DPF, and experimentally investigated its thermal and mechanical properties. The
results demonstrated that adding DPF decreases the composite’s thermal conductivity and
compressive strength while increasing its weight. The effect of thermal insulation using the
same materials in buildings was also studied in other works [15–17].

Through experiments and/or dynamic simulations using specialized software such as
EnergyPlus and TRNSYS, several researchers have investigated the impact of insulation on
the thermal behavior of buildings. In this context, Lamrhari et al. [18] conducted a study
on an apartment named ADAM which is located in the city of Marrakech to evaluate a set
of parameters on the energy and thermal performance of a building, one of the parameters
studied is thermal insulation. A digital model of the apartment was developed using
TRNSYS. In order to carry out a general study on all the Moroccan climatic zones, as
defined by the Moroccan Agency for Energy Efficiency, they carried out dynamic thermal
simulations to evaluate the impact of the studied techniques on the thermal performance
and the energy saving of the considered apartment in six climates: Atlantic, Mediterranean,
Continental, Cold, Semi-arid, and Desert. The authors have confirmed that buildings
located in the Atlantic climate require thermal insulation to reduce energy consumption.
In another studies conducted by the same tool, Mastouri et al. [19] were studying the
impact of combining thermal insulation with high thermal inertia on a building’s thermal
performance in a hot, semi-arid area. Dynamic simulation and on-site monitoring of a
two-floor detached house in Benguerir region of Marrakech (Morocco) are used to examine
the effects of various passive strategies on the cooling/heating loads and indoor comfort.
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On the other hand, there are other researchers who prefer to use Energy Plus to analyse the
performance of buildings [20–23].

Moreover, thermal insulation is mentioned in terms of building energy efficiency so
frequently that it has become synonymous with research [24]. However, high thermal
insulation has a dubious effect on thermal loads, causing significant overheating in sum-
mer [25,26]. Although it cannot be ignored, this issue has not received sufficient attention.
An element of the objective of this work will be the analysis of this point.

Based on the last point, this research aims to reduce energy consumption in the
building sector while maintaining a satisfactory level of thermal comfort by offering new
materials for thermal insulation. So, this study investigates the effect of integrating these
materials and their impact on the building’s design on energy efficiency; the idea here is to
probe the energy performance of a two-story residential building, within which a passive
technique (insulation) has been integrated, through numerical studies. The methodology is
to determine, through dynamic thermal simulations using TRNSYS software, the degree
of thermal comfort, energy performance, and greenhouse gas of building configurations
was evaluated.

Research Significance

According to the literature review, adding fibers to earth bricks as reinforcement
enables the creation of an environmentally friendly material with excellent mechanical
and thermal properties. One of these fibers is the date palm fiber which is studied by
several researchers as incited in the introduction section, but the evaluation of global
energy performance of buildings integrating the material insulation based on these fibers
has never been studied, to the author’s knowledge. In this regard, the performance of these
materials has been evaluated in the building located in Casablanca city. In this paper, the
analysis of energy demand and the effect on thermal comfort using date palm fibers was
performed based on the dynamic thermal simulation tool TRNSYS software.

2. Materials and Methods

This study aims to compare the thermal characteristics, including thermal behavior
and cooling/heating energy demand of a traditional reference residential building located
in Casablanca, the largest city in Morocco, with those of a house insulated with DPF
materials. For this purpose, the structure of the residential building was first planned to
use conventional construction materials and then using an insulating layer of DPF. An
overview of the proposed methodology and the software packages used in this study is
shown in Figure 1 in general. There are two simulation cases as follows:

• Scenario 1: reference house building built using regular Moroccan materials;
• Scenario 2: reference house building modified by using DPF materials for insulation.

For the analysis of thermal behavior and cooling/heating demand of the buildings,
the estimation of annual energy needs of the reference building (in kWh/m2. year) under
different configurations was obtained and evaluated both in cold and hot seasons.

The transient thermal behavior of the buildings was simulated using TRNSYS software
to carry out the proposed methodology. Using Type 56 (TRNBuild) with a time step of one
hour, the transient multi-zone modeling was performed. The Sketch Up plug-in TRNSYS
3D was used to create the 3D geometry of the building. The simulations are executed using
data from the Casablanca region’s Typical Meteorological Year (TMY), which were obtained
using the Meteonorm software 7.0 [27]. Since we will assess the thermal performance
according to the construction thermal regulation in Morocco which uses ISO 7730 [28] in
its calculations, we tend to work with the same temperature comfort range of 20–26 ◦C to
calculate the yearly thermal loads for heating and cooling for the two configurations.
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2.1. Reference Residential Building

The reference building is a two-story residential building with a floor area of 130 m2,
built on slab-on-grade foundation. It is located in Casablanca, Morocco. The first floor has
three bedrooms with a bathroom, kitchen, and a terrace; the ground floor has a bedroom, a
kitchen, a living room, a bathroom, and a garage; the main entrance to the building is on
the south side. Figure 2 depicts the distribution and general overview of the building.
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2.2. Context Climatic

To define the borders of the various climate types, Koppen created the first quantitative
system of climate categorization in the world based on empirical evidence [29,30]. The
parameters of several climate zones around the world were established by the climate char-
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acterization system using monthly temperature and precipitation data [29]. The updated
digitalized Koppen–Geiger categorization system was released in 2006 [30].

In this research, we considered the thermal performance and energy saving potential
of the residential structure located in a hot summer Mediterranean climate (Csa). Csa
climate is characterized by warm to hot, dry summers and mild, fairly wet winters. In
general, monthly temperatures in this climate exceed 22.0 ◦C (71.6 ◦F) in the warmest
month and average between 18 and −3 ◦C in the coldest month. The city of Casablanca
was the focus of the study because of its geographical location and importance in terms of
population growth and economic development. Table 1 shows geographic information on
the chosen city.

Table 1. Description of the studied climate (Meteonorm 2014).

Country City Latitude Longitude Elevation
(m)

Tmin
(◦C) Tmoy (◦C) Tmax

(◦C)

Morocco Casablanca 33◦34′ 7◦35′ 60 5 ◦C 18.31 ◦C 33 ◦C

2.3. Studied Configurations

The conventional building materials in Morocco are based on bricks, thick concrete,
and cement mortar. Due to the effect of the outside environment, these buildings frequently
experience uncomfortable thermal conditions. The current study’s goal is to assess new
insulating materials and evaluate how much of an impact they have on comfort. This was
achieved by simulating two cell configurations (reference case and bioclimatic), one built
with modern materials and the other with conventional materials.

The initial configuration corresponded to the studied real typical residential building,
which did not include any passive technique, but relied on classical materials that are locally
common in Morocco, according to recent contributions [19,31,32]. Table 2 summarizes the
thermophysical characteristics of the first configuration which corresponds to Scenario 1.
While, in the second configuration (Scenario 2), the walls are composed of 2 cm insulting
mortar (M-DPF), and the roof is insulated by 3 cm of panel P-DPF to minimize exchange
and preserve the roof’s efficiency. Table 3 displays an overview of the thermophysical
characteristics of the insulators.

Table 2. Reference residential building: initially constructive characteristics.

Material Thickness
(cm)

Transmission
Coefficient
(W/(m2·K))

Eternal Walls

Cement plaster 2

2.42Brick wall 20

Cement plaster 2

Roof

Tile 1

2.48
Mortar layer 10

Concert slab 16

Plaster 2

Table 3. Thermal properties of insulation.

Materiel Thickness
(cm)

Thermal Conductivity
(W/m·K)

Density
(kg/m3)

M-DPF 2 0.243 1217

P-DPF 3 0.033 121
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Note that the M-DPF and P-DPF are two natural and ecological thermal insulators
elaborated from recycled date palm waste. More details on the study of the thermophysical
and mechanical properties of the M-DPF composite material and the P-DPF panel can be
found in [13,33].

2.4. Simulation Models

In the present study, a building’s energy efficiency was assessed utilizing transient
modeling with TRNSYS software [34]. Indeed, based primarily on the ability to simulate the
thermal behavior and energy performance of a building utilizing the availability of current
models, comparisons between the software options were made. According to this analysis,
TRNSYS and EnergyPlus appear to be the two systems that most effectively solve the issue
at hand. TRNSYS has the benefits of a simpler user interface, quicker handling, and the
ability to add “Types” written in Fortran or another programming language. TRNSYS is
based on the nodal modeling approach, which is a great tool for simulation research.

So, the building model was created using TRNBUILD (type 56), which allowed for the
entry of the necessary data to simulate the building by specifying its envelope (materials,
thickness, layers, thermophysical characteristics, windows, infiltration, etc.). The transfer
function method is used to resolve the system.

According to [34], the energy balance in each network node (i) is stated as follows:

.
Qi=

.
Qsur f+

.
Qin f+

.
Qvent+

.
Qg,c+

.
Qcplg+

.
Qsolar+

.
QISHCCI (1)

where
.

Qi is the global energy flow for node i,
.

Qsur f is the gains from convective internal

walls [W],
.

Qin f is the infiltration gains due to the air flow from outside [W],
.

Qvent is the
ventilation gains led by the airflow from a defined source by the user and HVAC system)
[W], and

.
Qcplg is the convective gains due to the air flow between zones [W].

These terms are given, respectively, by:

.
Qsur f = UA(Tw − Tair); (2)

.
Qin f =

.
VρCp(Text − Tair); (3)

.
Qvent =

.
VρCp(Tvent − Tair); (4)

.
Qcplg =

.
VρCp(Tzone − Tair). (5)

In Equation (1),
.

Qg,c is the internal convective gains by people, equipment, illumina-

tion, radiators, etc. [W],
.

Qsolar is the solar gains entering a zone through external windows
which are immediately transferred to convective gain in indoor air [W].

.
QISHCCI is the

solar radiation absorbed by the internal shading devices in the zone which are directly
transferred to a convective gain in indoor air [W].

Equation (1) states that the net heat flow “
.

Qi” exchanged by a zone determines the
change in thermal energy in that zone [34]. TRNSYS uses Equation (6) to calculate the
temperature of a thermal zone (thermal node) within a building, which is expressed as:

Ci
d
dt

Ti =
.

Qi (6)

The heat load of a building is the amount of heat that must be supplied (heating)
or removed (cooling) over a given period of time to maintain a fixed temperature “set-
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point”. This heating/cooling load is connected directly to the air temperature of the zone.
Equation (6) can be then rewritten to consider the thermal power [34]:

Ci
d
dt

Ti =
.

Qi − Pi (7)

where Pi is the thermal power for the considered thermal zone i [W]. The value is negative
for heating and positive for cooling.

Using meteorological data of Casablanca city, the building is designed in mono-zones
during the course of the year, using a time interval of one hour (0–8760 h). Exchanges
in convection and radiation are taken into account. The walls and roofs’ outer surface
absorption coefficient (α) is estimated to be 0.7, while the emissivity coefficient (ε) is
estimated to be 0.9. The following relation (Equation (8)) [35], is used to compute the
heat transfer coefficients by convection for internal walls and surfaces. The values of the
parameters C and n for each surface are shown in Table 4.

Hinside = C (Tsurf − Tair)n (8)

Table 4. Parameters for calculating the heat transfer coefficient by convection.

Surface Type C (kJ·h−1·m−2·K·n−1) N

Floor 7.20 0.31

Ceiling 3.88 0.31

Wall (vertical surface) 5.76 0.30

The following correlation, which accounts for the wind velocity Vwind, is used to
obtain the convective heat transfer coefficient for exterior surfaces [36].

Hc,outside = 4.955 + 1.44 Vwind (9)

The residence is initially set to a temperature of 20 ◦C and a relative humidity of 50%.
Each wall’s infiltration factor is set to 0.5 ACH [37]. There is no free cooling because the
doors and windows are always locked, and there is internal heat generation from lights of
5 W/m2. Because of this, the internal gains produced by the population were measured
from 6 p.m. to 8 a.m. and from 12 p.m. to 2 p.m., with the exception of weekends when
they were measured constantly. This balance sheet is executed at each simulation time
step to calculate the amount of energy needed to maintain a fixed-point temperature in
accordance with Moroccan norms [28].

Using TRNSYS Type 77, which is based on the following Kusuda correlation, the
building’s ground coupling is completed.

T = Tmean − Tamp
∗exp

[
−depth ∗

( π

365α

)0.5
]

cos

{
2π
365

[
tnow− tshift− depth

2
∗
(

365
πα

)0.5
]}

(10)

The sky temperature was determined using Type 69, which takes into account the
ambient temperature, dew point temperature, and altitude above sea level.

Tsky= Tamb(ε0 + 0.8 (1 − ε0) Ccover)0.25 (11)

with
Ccover = (1.4286× EDif

Eglob, H
− 0.3)0.5. (12)



Sustainability 2023, 15, 6314 8 of 15

The emissivity of the clear sky is calculated from the saturation temperature (Tsat)
determined by Type 33 and the meteorological data, it is expressed as follows:

ε0 = 0.711+ 0.0056 Tsat + 0.000073 T2
sat + 0.013 cos

(
2π

time
24

)
+ 0.00012(Patm − P0). (13)

3. Results
3.1. Heating and Cooling Loads

According to the national energy demand specifications, an analysis and comparison
of the simulation, including a reference building and a modified one, were conducted. The
results for the reference house built with the construction characteristics listed in Table 2 are
presented in Table 5. Based on TRNSYS software’s estimation of the relevant external and
indoor temperature evolution over an average year for Casablanca, Morocco (climate zone
Z1, Morocco), the energy consumption of this building usage was calculated (see Figure 3).

Table 5. Heating/cooling energy demand of reference building.

Annual Cooling/Heating
Energy Demand

(kWh/year)

Averaged Cooling/Heating
Energy Demand
(kWh/m2·year)

Heating demand 3172 24.4
Cooling demand 3081 23.7

Heating and cooling
demand 6253 48.1
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The yearly heating and cooling energy needs of the reference case are estimated at
23.7 kWh/m2.year for heating and 24.4 kWh/m2.year for cooling, which is 48.1 kWh/m2·year
of the annual cooling and heating energy consumption. This consumption was higher
than the limit value of 40 kWh/m2.year set by the Moroccan RTCM regulation for the Z2
climatic zone [7].

The second configuration (i.e., bioclimatic) reduced the amount of energy required
for cooling and heating by 25% and 18%, respectively. Additionally, it is predicted
that the second configuration’s yearly heating and cooling energy requirements will be
37.8 kWh/m2.year. When these values are compared to the Moroccan thermal regula-
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tions [7], it is clear that the bioclimatic design is mainly sufficient to satisfy zone 1 regula-
tory requirements.

3.2. Thermal Behavior Analysis

The thermal behavior of the house is analyzed by comparing the air temperature
profiles in each level of the two configurations studied over the course of two seasons.

3.2.1. Thermal Behavior in the Winter

The months from December to February are selected to study the thermal behavior of
the house in winter. The minimum outdoor temperature during these months was 5.7 ◦C,
while the highest temperature was 24.5 ◦C. Figure 4B shows that the air temperature in the
second configuration’s ground floor varies from 12.5 ◦C to 20 ◦C, while in the reference case
(Figure 4A), it varies from 9.26 ◦C to 22 ◦C. Indeed, Figure 4A shows that air temperature
on the first floor varies from 12.35 ◦C to 20 ◦C in the second configuration, while in the
reference case, they were 8.35 ◦C to 20 ◦C (Figure 4A).
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Moreover, the daily air temperature amplitude obtained by peak-to-peak difference
in the ground floor of the house which was insulated by DPF materials (scenario 2) was
less than 1 ◦C. The reference case, on the other hand, had a larger amplitude as it could
reach 4.7 ◦C (Figure 4B). The amplitude of air temperature on the first floor for the second
configuration (scenario 2) is up to 1.1 ◦C (Figure 4B), but it may reach 4.4 ◦C for the reference
case (Figure 4A).

Since the indoor temperature of the house does not always drop inside the range of
comfort for winter, its thermal behavior during the winter season demonstrates the effi-
ciency of the integrated passive approaches. The building’s envelope’s thermal insulation
is a well-known method for achieving thermal comfort throughout the heating season [26].



Sustainability 2023, 15, 6314 10 of 15

In fact, the house is better protected from the cold than the reference case because of the
thermal insulation in the walls, which raises its minimum internal temperature. This ex-
plains the consistent indoor temperatures noticed in the second configuration (scenario 2),
where thermal inertia efficiently reduces fluctuations in air temperature. Nevertheless,
thermal inertia alone, without the help of the thermal insulation of the envelope, might
not be sufficient to generate enough thermal comfort, depending on the external climate
conditions. Martin et al. raised this issue [38].

3.2.2. Thermal Behavior in the Summer

The months of June, July, and August are chosen for the analysis of the house’s thermal
behavior during the hot season. In these months, the average outside air temperature is
27.7 ◦C, reaching a maximum of 33.3 ◦C. As a result, the air temperature for the second
configuration’s ground floor (Figure 5B) is inferior to 22 ◦C with occasional peaks of 25 ◦C,
but the air temperature in the reference case is generally over 25 ◦C and may possibly be
close to 30 ◦C (Figure 5A). Correspondingly on the 1st floor, the air temperature for the
second configuration (Scenario 2) does not surpass 23 ◦C on the first floor, with some peaks
reaching 25.5 ◦C during a few days (Figure 5B); this is contrary to the reference case, where
the air temperature is generally above 20 ◦C with peaks of 32 ◦C (Figure 5A). Moreover, the
ground floor for the bioclimatic configuration (scenario 2) showed a daily air temperature
amplitude (peak-to-peak difference) of less than 1 ◦C. On the other hand, the reference
case had a larger amplitude since it could reach 7 ◦C (Figure 5B). Identical to the second
configuration (scenario 2), the air temperature amplitude on the first floor is up to 1.3 ◦C
(Figure 5B), while it may reach 7.1 ◦C in the reference case (Figure 5A).
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It is abundantly obvious that DPF wall and roof insulation helps to stabilize indoor
air temperature by reducing peak-to-peak fluctuations throughout the day. Additionally,
it does excellent work for limiting the heat gain of the house in the summer. Roof insu-
lation is a crucial factor to take into account for minimizing the energy demand in the
building—as indicated by various studies in the literature [39–41]—as it prevents enormous
solar radiation from penetrating the envelope.

3.3. Analysis of Greenhouse Gas (GHG) Emissions

Buildings should overcome the current energy framework and incorporate the related
environmental effects, such as GHG emissions, into their design. This section details how
heating and cooling affect the environment in terms of GHG emissions. Electricity was
employed in this investigation for both heating and cooling. The calculations are based
on 0.743 kg CO2-e per kWh greenhouse emission parameters for power generation [42].
This indicates that a value of 0.743 g of CO2-e per kWh will be produced during the whole
upstream process, which includes the extraction of raw materials, and transportation to the
final use of energy by the user. By the calculation, of the cumulative avoided emissions over
the next 30 years, this alternative’s implementation of DPF materials for thermal insulation
could reduce CO2 emissions by 29,777 kg/CO2.

4. Discussion

To estimate the thermal loads of the two considered residential buildings, the heating
and cooling requirements are calculated based on the comfort temperatures from 20 ◦C
to 26 ◦C, as described by the NM ISO 7730 standard. The comfort humidity is likewise
regulated by this norm at 55% in the winter and 60% in the summer. The results show
that the reference case’s annual heating and cooling energy requirements in Casablanca
are estimated to be 23.7 kWh/m2 for heating and 24.4 kWh/m2 for cooling. On the other
hand, the yearly energy needs for heating and cooling in the bioclimatic configuration are
estimated to be 19.7 kWh/m2 for heating and 18.1 kWh/m2 for cooling.

The second configuration is largely adequate to satisfy the regulatory requirements for
the Casablanca region, according to a comparison of these values to the Moroccan thermal
regulations [7], which imposes a limit of 40 kWh/m2.year for residential buildings located
in this climate zone. As a result, the second configuration (i.e., bioclimatic) reduced the
energy needed for cooling by 25% and heating by 18%.

The second configuration’s thermal behavior is assessed by comparison with the
reference case, as was previously mentioned. The results showed the configuration that
is protected by DPF materials’ high potential for application. Figures 4 and 5 display the
temperature evaluations during the summer and winter seasons, respectively. Additionally,
it should be mentioned that the second configuration (the building after DPF insulation)
appears to work well in the summer. Indeed, when compared to the reference configuration,
the indoor air temperature is reduced by around 2 ◦C to 5 ◦C. In contrast, the second
configuration is often insufficient during the winter season. That may be because the
exterior windows, which are always considered closed, prevent using of solar gains during
the day. The temperature of the inside air in buildings will rise when these windows are
opened during sunny hours, so comfort during the winter season will be improved by
this action.

The comparison of the results found with the results of the researchers is a very
interesting step. To this end, we will compare our studies with previous studies. However,
there is no study in the literature interested in evaluating the performance of date palm
fibers in the building by a simulation modeling approach, to the author’s knowledge. So,
our comparison will rely on comparison with other sustainable materials.

In Morocco, Dlimi et al. [43] evaluated the thermal performance of an exterior Mo-
roccan building envelope made of two hollow brick walls filled with hemp concrete and
separated by a five centimeters air layer. Using TRNSYS software, a dynamic thermal simu-
lation of the study was conducted at the scale of an entire building. According to the results,
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using hemp insulation on the building’s roof and exterior walls lowered the building’s
yearly heating and cooling needs from 73.92 to 27.19 kWh/m2.year. Again in Morocco,
Ouhaibi et al. [44] compared the thermal and energy performance of two buildings, one
built with Poncebloc and the other with conventional materials, for two types of climates:
semi-arid Marrakech city and cold Ifrane. According to the findings, using this material
as insulation can reduce Marrakech and Ifrane’s cooling energy requirements by 66% and
97%, respectively. It also reduced both cities heating requirements by 44% and 42%. Further,
in Chenna, Pragati et al. [45] investigated the benefits of urban vegetation by examining
how the thermal behavior and heat transmission of a building in a hot, humid climate
are affected by its green roofs and walls. Using the simulation software DesignBuilder,
the results showed that green roofs and green walls reduce total energy consumption and
urban cooling demand by 10.5% and 13%, respectively, and the interior air temperature,
radiant heat temperature, and solar gain have all decreased in comparison to conventional
buildings without green envelopes by 2.37%, 5.17%, and 73%, respectively.

To conclude this section, it is difficult to judge the performance of one material in
relation to another because the performance of each material depends on several parameters,
i.e., the climate, the thickness of the material, and the thermomechanical properties of
the material.

5. Conclusions

This study deals with the effect of thermal insulation using bio-composite material
based on date palm fibers on the dynamic thermal behavior of a house in the Atlantic
climate (Casablanca, Morocco). The impact of this passive technique on the thermal load
and comfort is analyzed by means of a dynamic simulation carried out using the transient
model TRNSYS multizone. Bioclimatic configuration was studied, and its insulating
performance was evaluated and then compared with that of a reference configuration. The
results obtained showed the high potential applicability of the bioclimatic configuration.
It appears that the bioclimatic design works well in the summer because the maximum
indoor air temperature is reduced by up to 5 ◦C in the summer compared to the reference
configuration. In addition, about 3 ◦C increased the indoor air temperature in the winter
season. Furthermore, results indicated that the annual cooling and heating demands
decreased by 25% and 18%, respectively, when the building roof and external walls were
insulated with date palm fiber materials. Moreover, the bioclimatic configuration leads to
significant attenuations of GHG emissions.

Additionally, a comparison to the Moroccan Thermal Regulation demonstrates that our
findings precisely satisfy these standards and are more effective from thermal, economic,
and environmental perspectives.

Finally, the insulating method employed in this research can also be used generally
around the world. In fact, the Moroccan city of Casablanca is classified by the Csa classifi-
cation as having a warm Mediterranean climate, and similar thermal performances can be
achieved for the case of several regions with the same warm Mediterranean climate such as
South America, Austria, Europe, or California.

6. Recommendations

The current research can be improved by combining it with other passive and semi-
passive strategies to create a positive energy building by installing photovoltaic panels.
Moreover, studying the thermal performance of these materials in other types of climates
would be a worthwhile investigation.
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Nomenclature

Symbols
A Frontal surface area [m2]
C Correlation parameter for the internal convection heat transfer

coefficient [Wm−2·K−n−1]
Ci Thermal capacity of the zone [J·K−1]
Ccover Cloudiness factor of the sky
cp Specific heat [J·kg−1·K −1]
Depth Depth below the surface [m]
Edif, h Diffused radiation on the horizontal [W·m−2]
Eglob, h Total radiation on the horizontal [W·m−2]
hinside Heat transfer coefficient of internal surfaces [W m−2 K−1]
hc,outside Heat transfer coefficient of external surfaces [W m−2 K−1]
Pi Heat load of zone i (negative for heating, positive for cooling) [W]
P0 Atmospheric pressure at the reference height [Pa]
Patm Atmospheric pressure [Pa]
Tw Surface temperature of a wall [K]
Ta Temperature of the ambient air [K]
Text Outside temperature [K]
Tvent Air temperature from ventilation equipment [K]
Tzone Temperature of zone [K]
Ti Temperature of i zone node [K]
Tsky Temperature sky [K]
Tsat Saturation temperature [K]
Tmean Mean surface temperature [K]
tnow Current day of the year [Day]
tshift Day of the year corresponding to the minimum surface temperature [Day]
U Thermal transmittance [W/m−2 K−1]
Vwind Wind speed [m·s−1]
.

V Volume flow rate [m3/s]
Greek symbols
α Thermal diffusivity [m2/s·K]
ε Thermal emissivity of a surface
ρ Density [kg/m3]



Sustainability 2023, 15, 6314 14 of 15

References
1. Shafigh, P.; Asadi, I.; Mahyuddin, N.B. Concrete as a thermal mass material for building applications-A review. J. Build. Eng.

2018, 19, 14–25. [CrossRef]
2. Directive 2010/31/EU of the European parliament and of the council of 19 May 2010 on the energy performance of buildings

(EPBD recast). Off. J. Eur. Union 2010, 53. Available online: http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:
153:FULL:EN:PDF (accessed on 28 January 2023).

3. Moroccan Agency for Energy Efficiency (AMEE). Available online: http://www.amee.ma (accessed on 2 May 2022).
4. International Energy Agency (IEA). Energy Policies beyond IEA Countries: Morocco. Available online: https://webstore.iea.org/

energy-policies-beyond-iea-countries-morocco-2019 (accessed on 19 May 2022).
5. Ministère de l’Energie, des Mines, de l’Eau et de l’Environnement. Loi n◦47-09 Relative à L’efficacité Energétique. Rabat, Maroc.

2014. Available online: https://www.mem.gov.ma/ (accessed on 28 January 2023).
6. Kousksou, T.; Allouhi, A.; Belattar, M.; Jamil, A.; El Rhafiki, T.; Arid, A.; Zeraouli, Y. Renewable energy potential and national

policy directions for sustainable development in Morocco. Renew. Sustain. Energy Rev. 2015, 47, 46–57. [CrossRef]
7. RTCM, Moroccan Thermal Regulation for Constructions. 2015. Available online: www.aderee.ma/index.php/fr/expertise/

efficacite-energetique (accessed on 25 April 2022).
8. Alotaibi, M.D.; Alshammari, B.A.; Saba, N.; Alothman, O.Y.; Sanjay, M.R.; Almutairi, Z.; Jawaid, M. Characterization of natural

fiber obtained from different parts of date palm tree (Phoenix dactylifera L.). Int. J. Biol. Macromol. 2019, 135, 69–76. [CrossRef]
[PubMed]

9. Asim, M.; Jawaid, M.; Fouad, H.; Alothman, O.Y. Effect of surface modified date palm fibre loading on mechanical, thermal
properties of date palm reinforced phenolic composites. Compos. Struct. 2021, 267, 113913. [CrossRef]

10. (FAOSTAT) Food and Agriculture Organization of the United Nations Statistics Division. “Données Statistiques de Production
Végétale”, FAOSTAT Database (2015). Available online: faostat3.fao.org (accessed on 20 May 2022).

11. Abu-Jdayil, B.; Hittini, W.; Mourad, A.H. Development of date pit–polystyrene thermoplastic heat insulator material: Physical
and thermal properties. Int. J. Polym. Sci. 2019, 2019, 1697627. [CrossRef]

12. Mlhem, A.; Abu-Jdayil, B.; Tong-Earn, T.; Iqbal, M. Sustainable heat insulation composites from date palm fibre reinforced poly
(β-hydroxybutyrate). J. Build. Eng. 2022, 54, 104617. [CrossRef]

13. Boumhaout, M.; Boukhattem, L.; Hamdi, H.; Benhamou, B.; Ait Nouh, F. Thermomechanical characterization of a biocomposite
building material: Mortar reinforced with date palm fibers mesh. Constr. Build. Mater. 2017, 135, 241–250. [CrossRef]

14. Benmansour, N.; Agoudjil, B.; Gherabli, A.; Kareche, A.; Boudenne, A. Thermal and mechanical performance of natural mortar
reinforced with date palm fibers for use as insulating materials in building. Energy Build. 2014, 81, 98–104. [CrossRef]

15. Chikhi, M.; Agoudjil, B.; Boudenne, A.; Gherabli, A. Experimental investigation of new biocomposite with low cost for thermal
insulation. Energy Build. 2013, 66, 267–273. [CrossRef]

16. Oushabi, A.; Sair, S.; Abboud, Y.; Tanane, O.; Bouari, A.E.L. Natural thermal-insulation materials composed of renewable
resources: Characterization of local date palm fibers (LDPF). J. Mater. Environ. Sci. 2015, 6, 3395–3402.

17. Djoudi, A.; Khenfer, M.M.; Bali, A.; Bouziani, T. Effect of the addition of date palm fibers on thermal properties of plaster concrete:
Experimental study and modeling. J. Adhes. Sci. Technol. 2014, 28, 2100–2111. [CrossRef]

18. Drissi Lamrhari, E.H.; Benhamou, B. Thermal behavior and energy saving analysis of a flat with different energy efficiency
measures in six climates. In Building Simulation; Tsinghua University Press: Beijing, China, 2018; Volume 11, pp. 1123–1144.

19. Mastouri, H.; Benhamou, B.; Hamdi, H.; Mouyal, E. Thermal performance assessment of passive techniques integrated into a
residential building in semi-arid climate. Energy Build. 2017, 143, 1–16. [CrossRef]

20. López-Escamilla, Á.; Herrera-Limones, R.; León-Rodríguez, Á.L. Evaluation of Environmental Comfort in a Social Housing
Prototype with Bioclimatic Double-Skin in a Tropical Climate. Build. Environ. 2022, 218, 109119. [CrossRef]

21. Santy, S.; Matsumoto, H.; Tsuzuki, K.; Susanti, L. Bioclimatic Analysis in Pre-Design Stage of Passive House in Indonesia. Buildings
2017, 7, 24. [CrossRef]

22. Calama-González, C.M.; Symonds, P.; León-Rodríguez, Á.L.; Suárez, R. Optimal Retrofit Solutions Considering Thermal Comfort
and Intervention Costs for the Mediterranean Social Housing Stock. Energy Build. 2022, 259, 111915. [CrossRef]

23. Hakeem, I.; Hosen, M.A.; Alyami, M.; Qaidi, S.; Özkılıc, Y. Influence of Heat–Cool Cyclic Exposure on the Performance of
Fiber-Reinforced High-Strength Concrete. Sustainability 2023, 15, 1433. [CrossRef]

24. Dlimi, M.; Iken, O.; Agounoun, R.; Zoubir, A.; Kadiri, I.; Sbai, K. Energy performance and thickness optimization of hemp wool
insulation and air cavity layers integrated in Moroccan building walls. Sustain. Prod. Consum. 2019, 20, 273–288. [CrossRef]

25. Dlimi, M.; Iken, O.; Agounoun, R.; Kadiri, I.; Sbai, K. Dynamic assessment of the thermal performance of hemp wool insulated
external building walls according to the Moroccan climatic zoning. J. Energy Storage 2019, 26, 101007. [CrossRef]

26. Van Hooff, T.; Blocken, B.; Hensen, J.L.M.; Timmermans, H.J. On the predicted effectiveness of climate adaptation measures for
residential buildings. Build Environ. 2014, 82, 300–316. [CrossRef]

27. Meteonorm V7.0.22.8. 2017. Available online: www.meteonorm.com (accessed on 20 April 2022).
28. NM ISO 7730; Ergonomics of the Thermal-Analytical: Determination of the Ambiance and Interpretation of Thermal Comfort

Using of the PMV and PPD Indices Calculation and Local Thermal Comfort Criteria. Moroccan Institute for Standardization
IMANOR: Rabat, Morocco, 2010.

http://doi.org/10.1016/j.jobe.2018.04.021
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:153:FULL:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:153:FULL:EN:PDF
http://www.amee.ma
https://webstore.iea.org/energy-policies-beyond-iea-countries-morocco-2019
https://webstore.iea.org/energy-policies-beyond-iea-countries-morocco-2019
https://www.mem.gov.ma/
http://doi.org/10.1016/j.rser.2015.02.056
www.aderee.ma/index.php/fr/expertise/efficacite-energetique
www.aderee.ma/index.php/fr/expertise/efficacite-energetique
http://doi.org/10.1016/j.ijbiomac.2019.05.102
http://www.ncbi.nlm.nih.gov/pubmed/31116962
http://doi.org/10.1016/j.compstruct.2021.113913
faostat3.fao.org
http://doi.org/10.1155/2019/1697627
http://doi.org/10.1016/j.jobe.2022.104617
http://doi.org/10.1016/j.conbuildmat.2016.12.217
http://doi.org/10.1016/j.enbuild.2014.05.032
http://doi.org/10.1016/j.enbuild.2013.07.019
http://doi.org/10.1080/01694243.2014.948363
http://doi.org/10.1016/j.enbuild.2017.03.022
http://doi.org/10.1016/j.buildenv.2022.109119
http://doi.org/10.3390/buildings7010024
http://doi.org/10.1016/j.enbuild.2022.111915
http://doi.org/10.3390/su15021433
http://doi.org/10.1016/j.spc.2019.07.008
http://doi.org/10.1016/j.est.2019.101007
http://doi.org/10.1016/j.buildenv.2014.08.027
www.meteonorm.com


Sustainability 2023, 15, 6314 15 of 15

29. Chen, D.; Chen, H.W. Using the Köppen classification to quantify climate variation and change: An example for 1901–2010.
Environ. Dev. 2013, 6, 69–79. [CrossRef]

30. Kottek, M.; Grieser, J.; Beck, C.; Rudolf, B.; Rubel, F. World map of the Köppen-Geiger climate classification updated. Meteorol.
Zeitschrif 2006, 15, 259–263. [CrossRef] [PubMed]

31. Chegari, B.; Tabaa, M.; Moutaouakkil, F.; Simeu, E.; Medromi, H. Energy Savings and Thermal Comfort Benefits of Shading
Devices: Case Study of a Typical Moroccan Building. In Proceedings of the 4th International Conference on Smart City
Applications, Casablanca, Morocco, 2–4 October 2019.

32. Merini, I.; Molina-García, A.; García-Cascales, M.S.; Mahdaoui, M.; Ahachad, M. Analysis and comparison of energy efficiency
code requirements for buildings: A Morocco–Spain case study. Energies 2020, 13, 5979. [CrossRef]

33. Boukhattem, L.; Boumhaout, M.; Hamdi, H.; Benhamou, B.; Ait Nouh, F. Moisture content influence on the thermal conductivity
of insulating building materials made from date palm fibers mesh. Constr. Build. Mater. 2017, 148, 811–823. [CrossRef]

34. TRNSYS 17. Multizone Building Modeling with Type56 and TRNBuild; TRNSYS17: Madison, WI, USA, 2010; Volume 5, pp. 85–88.
35. Mourid, A.; El Alami, M. Experimental analysis of the thermal behavior of two cavities kind of living space with and without

PCM on envelopes. Int. J. Embed. Syst. 2017, 5, 2005–2320.
36. Mourid, A.; El Alami, M. Comparative experimental and numerical studies of usual insulation materials and PCMs in buildings

at Casablanca. In IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2018; Volume 353, p. 012002.
37. Stazi, F.; Vegliò, A.; Di Perna, C.; Munafò, P. Experimental comparison between 3 different traditional wall constructions and

dynamic simulations to identify optimal thermal insulation strategies. Energy Build. 2013, 60, 429–441. [CrossRef]
38. Martín, S.; Mazarrón, F.R.; Cañas, I. Study of thermal environment inside rural houses of Navapalos (Spain): The advantages of

reuse buildings of high thermal inertia. Constr. Build. Mater. 2010, 24, 666–676. [CrossRef]
39. Byrne, A.; Byrne, G.; Davies, A.; Robinson, A.J. Transient and quasi-steady thermal behaviour of a building envelope due to

retrofitted cavity wall and ceiling insulation. Energy Build. 2013, 61, 356–365. [CrossRef]
40. Toguyeni, D.Y.; Coulibaly, O.; Ouedraogo, A.; Koulidiati, J.; Dutil, Y.; Rousse, D. Study of the influence of roof insulation involving

local materials on cooling loads of houses built of clay and straw. Energy Build. 2012, 50, 74–80. [CrossRef]
41. Belhous, M.; Mastouri, H.; Radoine, H.; Kaitouni, S.I.; Benhamou, B. Multi-objective Optimization of the Thickness of the Thermal

Insulation and the Windows Area of a House in Benguerir, Morocco. In Proceedings of the 2021 9th International Renewable and
Sustainable Energy Conference (IRSEC), Tetouan, Morocco, 23–27 November 2021; IEEE: Piscataway, NJ, USA, 2021; pp. 1–6.

42. Lachheb, A.; Allouhi, A.; El Marhoune, M.; Saadani, R.; Kousksou, T.; Jamil, A.; Oussouaddi, O. Thermal insulation improvement
in construction materials by adding spent coffee grounds: An experimental and simulation study. J. Clean. Prod. 2019, 209,
1411–1419. [CrossRef]

43. Dlimi, M.; Agounoun, R.; Kadiri, I.; Saadani, R.; Rahmoune, M. Thermal performance assessment of double hollow brick walls
filled with hemp concrete insulation material through computational fluid dynamics analysis and dynamic thermal simulations.
J. Electr. Electron. Eng. 2023, 3, 100124. [CrossRef]

44. Ouhaibi, S.; Gounni, A.; Belouaggadia, N.; Ezzine, M.; Lbibb, R. Thermal performance of new ecological material integrated into
residential building in semi-arid and cold climates. Appl. Therm. Eng. 2020, 181, 115933. [CrossRef]

45. Pragati, S.; Shanthi Priya, R.; Pradeepa, C.; Senthil, R. Simulation of the Energy Performance of a Building with Green Roofs and
Green Walls in a Tropical Climate. Sustainability 2023, 15, 2006. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.envdev.2013.03.007
http://doi.org/10.1127/0941-2948/2006/0130
http://www.ncbi.nlm.nih.gov/pubmed/16741223
http://doi.org/10.3390/en13225979
http://doi.org/10.1016/j.conbuildmat.2017.05.020
http://doi.org/10.1016/j.enbuild.2013.01.032
http://doi.org/10.1016/j.conbuildmat.2009.11.002
http://doi.org/10.1016/j.enbuild.2013.02.044
http://doi.org/10.1016/j.enbuild.2012.03.021
http://doi.org/10.1016/j.jclepro.2018.11.140
http://doi.org/10.1016/j.prime.2023.100124
http://doi.org/10.1016/j.applthermaleng.2020.115933
http://doi.org/10.3390/su15032006

	Introduction 
	Materials and Methods 
	Reference Residential Building 
	Context Climatic 
	Studied Configurations 
	Simulation Models 

	Results 
	Heating and Cooling Loads 
	Thermal Behavior Analysis 
	Thermal Behavior in the Winter 
	Thermal Behavior in the Summer 

	Analysis of Greenhouse Gas (GHG) Emissions 

	Discussion 
	Conclusions 
	Recommendations 
	References

