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Abstract: Energy conservation in buildings has been the focus of many studies since nearly one-third
of global energy consumption is due to buildings. Phase change material (PCM) technology promises
to be an attractive solution for energy saving in buildings since it is a passive and effective technology,
as demonstrated in the literature. Therefore, this study focuses on the energy-saving performance of
PCM-integrated buildings located in a Mediterranean climate to reveal their energy-saving potential.
PCM is integrated both in external or internal south walls and roofs of buildings under four different
climatic conditions. EnergyPlus, which is a well-known building simulation software, is adopted
for building thermal analyses. The effects of melting temperature, location of PCM layer in the
wall, thickness of PCM layer, type of envelope (wall or roof), and PCM double-layer system in the
wall are investigated. The corresponding energy savings and CO2 emission reductions are obtained
for the considered cases. The results showed that up to 41.6% reduction in energy demand can be
obtained depending on the PCM application. Besides, PCM with a low melting temperature (21 ◦C)
favored heating energy savings, while PCM with a high melting temperature (29 ◦C) favored cooling
energy savings. Moreover, the double-layer PCM system provided higher energy savings than the
single-layer PCM system, especially in warm and arid regions (Sousse and Tozeur).

Keywords: phase change materials; building performance; climatic condition; PCM melting temperature;
CO2 reduction; PCM double layer

1. Introduction

Global energy consumption is gradually increasing with the continuous development
of technology, although considerable efforts have been put into increasing energy efficiency
and thereby decreasing energy demand. Considering the fact that most fossil fuels are used
as primary energy sources to supply energy to the energy networks, an inevitable shortage
of these sources is obvious in the upcoming years. In addition to that, the high amount of
greenhouse gas emitted in the process of generating energy is another important factor
that has to be focused on when it is considered that these emissions lead to the greenhouse
gas effect. In this context, the development of new energy sources is a major issue for the
scientific community, and several works and research studies have been carried out in this
field with the aim to improve energy efficiency, gain energy saving, and limit greenhouse
gas emissions [1–3].

In Tunisia, the energy consumed in the building sector is approximately 36% of the
national total energy consumption (Figure 1). Obviously, this percentage tends to increase
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in the upcoming years considering the technological development, rising population, and
increasing comfort expectations of people [4,5]. Transportation and industry followed
the building sector’s energy consumption with 31% and 27% shares, respectively, in the
national final energy consumption. The building sector indeed has great potential for energy
savings since a majority of the buildings lack even proper thermal insulation, and previous
works in the literature showed that energy saving in buildings can reach considerable
rates [6–8]. In addition, the Social Commission for Western Asia (ECWAS), the German
Development Agency (GIZ), and the UN’s Economic and Social Council have recently
evaluated the energy situation of buildings in Tunisia [9]. The study evaluated the diverse
energy consumption items (air conditioning, heating, lighting, cooling, office equipment,
etc.) in public, private, and office buildings in detail. These findings represented a database
of electricity consumption estimations in Tunisia’s buildings. For instance, in 2017, the total
energy consumption for the residential sector reached 5176.2 GWh (13.07 kWh/m2 over
the year), a radical increase of 27% as compared to the energy consumption observed in
2014. Among the evaluated parameters, cooling is classified as the first on the list (30.3% of
the total), followed by air conditioning (22.2% against 3.4% in 2004) and television sets
(17.2% against 21.16% in 2004) [9].
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Figure 1. Final energy consumption in 2020 with respect to sector in Tunisia [9]. 

Thus, it is crucial to decrease energy consumption in the residential sector by improv-
ing both energy efficiency as well as saving measures. In this context, phase change ther-
mal energy storage represents an innovative and promising way for energy storage tech-
nology. This can be realized particularly with phase change materials (PCM), which have 
the potential to store latent heat in materials such as paraffin waxes, eutectics, and salt 
hydrates. The application of PCMs in building envelopes can reduce space heating/cool-
ing energy demand and be considered a promising passive cooling technology in build-
ings that have poor energy efficiency and thermal comfort [10]. 

Recently, a good amount of research has been dedicated to the utilization of PCM as 
well as nano-enhanced PCM applications in buildings [11–16]. It is obvious from the liter-
ature review that the PCM technique is successfully integrated into the walls [11,13], win-
dows [14,15], floors [16,17], and roofs [18,19] to reduce the energy requirement of the 
buildings [20]. For instance, Chelliah et al. [13] studied the energy-saving potential of air-
conditioning by evaluating PCM-filled terracotta bricks in the external walls. They 
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Thus, it is crucial to decrease energy consumption in the residential sector by im-
proving both energy efficiency as well as saving measures. In this context, phase change
thermal energy storage represents an innovative and promising way for energy storage
technology. This can be realized particularly with phase change materials (PCM), which
have the potential to store latent heat in materials such as paraffin waxes, eutectics, and salt
hydrates. The application of PCMs in building envelopes can reduce space heating/cooling
energy demand and be considered a promising passive cooling technology in buildings
that have poor energy efficiency and thermal comfort [10].

Recently, a good amount of research has been dedicated to the utilization of PCM
as well as nano-enhanced PCM applications in buildings [11–16]. It is obvious from the
literature review that the PCM technique is successfully integrated into the walls [11,13],
windows [14,15], floors [16,17], and roofs [18,19] to reduce the energy requirement of the
buildings [20]. For instance, Chelliah et al. [13] studied the energy-saving potential of air-
conditioning by evaluating PCM-filled terracotta bricks in the external walls. They reported
that there is an optimum PCM with a certain melting temperature and that up to EUR 74 in
cost savings can be achieved. Hamidi et al. [21] integrated PCM into hollow brick walls and
indicated that the percentage of energy saved is about 56% in the northeast Mediterranean
zone, while no energy-saving effect is observed for the southeast zone. Besides, for the
northeast zone, a 26 ◦C optimum melting temperature for PCM is suggested as it gives the
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best thermal performance. Kenzhekhanov et al. [22] demonstrated the promising effect of
the PCM location as well as the PCM amount on the energy savings and discomfort hours
of a building located in a subarctic climate. They reported that increasing the thickness and
amount of PCM in the layer promotes more energy savings. Besides, up to 10,000 kWh and
500 h of annual energy savings and discomfort hour reductions are respectively achieved
with PCM integration.

Applications related to PCM building and analysis of energy efficiency, energy saving,
or thermal comfort are simulated and analyzed in several works. However, studies on the
position, thickness, and type of PCM in the envelope should be performed and detailed
carefully prior to the application of innovative materials to buildings [23,24]. For example,
Hu [25] studied thermal and building envelope responses to light under several climate sit-
uations. The total energy consumed was reduced by 19% for the roof with a thermochromic
coating (TC roof)—PCM, which in turn reduced CO2 emissions by 5%. So, as the PCM
roof thickness increases, the energy savings increase and reach 29%, while CO2 emission
reductions become 8%. Additionally, as mentioned in [26], PCM with a melting temper-
ature close to 24 ◦C was successfully integrated into the building wall to maintain the
indoor temperature of the building. This work shows that comfortable temperatures can be
maintained for the whole year without the contribution of any mechanical air-conditioning
system. These results agree well with several numerical investigations in Morocco, in
which the improvement of the thermal efficiency of PCM-integrated double external walls
was considered [27]. A previous work by Hagenau [28] investigated the role of PCM and
the related dynamic energy in order to evaluate building envelope performance under
various Danish climate zones, and the researchers reported that energy savings in the range
of 32–36% can be achieved. Considering the abovementioned works, it is important to
note that using PCM in the walls and roofs increases the cost of construction. Therefore,
it is obvious to search for the most favorable location for PCM integration to gain the
best possible energy conservation. In this context, a dynamic model based on hysteresis
was used to find the best location of PCM thickness in the wall and roof, as well as its
appropriate position for heat flux reduction [29].

From the literature review, it is clear that PCM integration into the building’s external
walls promises to be a good candidate for energy saving. Besides, it is also known that
melting temperature, location, and thickness of PCM are important parameters affecting
TPCM energy-saving performance. The optimum melting temperature and location can
be different depending on the outdoor boundary conditions. Therefore, in this study, an
optimization of PCM properties is conducted to gain the highest possible energy saving
from PCM application to the building’s external envelope. In this respect, different PCM
melting temperatures, PCM locations (in the wall and roof), and PCM thicknesses are
studied based on thermal analyses. Furthermore, these thermal analyses are conducted
for four different climatic regions of Tunisia so an effective guideline can be presented
with relevant findings. The main targets of this study can be listed as (i) exploring the
effect of PCM features (melting temperature, location, and thickness) on energy saving;
(ii) revealing the energy saving potentials by utilizing PCM in different climatic regions
of Tunisia; (iii) the impact of using double-layer PCM in the external wall on the energy
saving; and (iv) providing a practical guideline that can be valid for different climatic
regions of Tunisia for building envelope applications of PCM.

2. Methodology
2.1. Model Description

A building with standard wall, roof, and floor structures is considered to be used
in thermal analyses. The building is one story, has two standard-sized windows on the
south side, and the window-to-wall ratio on that side is approximately 40%. The floor
area is 72 m2, and the building has a flat roof. The building is conditioned by using an
air-cooled heat pump for both heating and cooling purposes. In order to ensure thermal
comfort conditions inside the building, the heating and cooling set temperatures are taken
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as 21 ◦C and 24 ◦C, respectively. Besides, the heating and cooling setback temperatures are
considered for preventing excessive cooling (in winter) and heating (in summer) when the
building is not occupied.

2.2. Numerical Simulation

In this work, Design Builder is employed as the graphical interface for EnergyPlus
software. EnergyPlus is a software that is capable of performing building thermal simula-
tion, and its development was funded by the U.S. Department of Energy’s (DOE) Building
Technologies Office (BTO). Based on a definition of a building in terms of the physical
design of the building, associated mechanical systems, etc., the software simulates the out-
door and indoor conditions to calculate the heating and cooling loads required to maintain
thermal control setpoints. EnergyPlus includes several modules to estimate building energy
requirements. It does not have its own graphical user interface, but several interfaces are
available for inputting data and processing simulation results (Figure 2).
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The EnergyPlus PCM model based on the one-dimensional conduction finite-difference
(CondFD), which was subject to various verification studies and has been validated by
several researchers [30–34], is adapted as the solution algorithm. This algorithm gives
the user the possibility to choose between an implicit finite difference scheme and the
Crank–Nicholson method. In this study, an implicit finite difference scheme coupled
with the enthalpy–temperature equation is used to evaluate phase change and find the
temperature field (Equations (1) and (3)). All elements were discretized using a node
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spacing ∆x, which depends on the time step (∆t), the space discretization constant (c), and
the thermal diffusivity of the material (α) (Equation (2)).
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j
where h = h(T) (3)

where T stands for temperature and λ stands for thermal conductivity of the wall mate-
rial. Besides, ρ and Cp represent the density and specific heat capacity of the material,
respectively. Enthalpy is denoted by h. In the thermal analyses, 60 time steps per hour
(∆t = 1 min) are taken, while the space discretization constant (c) in the node spacing
equation is taken as 0.5.

2.3. Climatic Conditions

Climatic conditions have a great impact on building thermal efficiency and perfor-
mance. The scope is focused on the region of Tunisia, due to its strategic location. As shown
in Figure 3, the climate of Tunisia is divided into five climatic zones, namely, arid, upper
humid, Saharan, lower semi-arid, and lower humid. According to the Köppen–Geiger
classification [35], a great difference between the north and the rest of the country occurs
due to the chain of the Tunisian ridge, which separates the zones subjected to the Mediter-
ranean climate as humid (for Bizerte and Tabarka), lower semi-arid (for Sousse) and the hot
desert climate typical of the Sahara (for Tozeur) (Table 1). The weather data for each city
are exported to the EnergyPlus climate file database. The geographic and meteorological
data of these regions, as well as the city description, are given in Table 1.
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Table 1. Considered cities located in different climatic zones.

Region
(City)

Climate
Classification Latitude Longitude Elevation [m]

Sousse Lower semi-arid 35◦40′ N 10◦45′ E 24

Bizerte Lower humid 37◦15′ N 9◦48′ E 5

Tabarka Upper humid 36◦57′ N 8◦45′ E 4.69

Tozeur Saharian 33◦55′ N 8◦06′ E 42

With a cold and rainy winter season, the heating loads are dominant in Tabarka, and
snow is possible during this period of the year with an average temperature of 7.4 ◦C.
However, summer is usually hot and dry, with an average temperature of 28.2 ◦C. Besides,
Sousse is characterized by a hot, semi-arid climate, which makes it an all-season resort
with hot, dry summers and warm, wet, mild winters. Bizerte is characterized by a warm-
summer Mediterranean climate, with mild and rainy winters. Summers are hot and dry,
and together with the Mediterranean Sea, summers are cooler and more humid than in
the interior of Tunisia. For Bizerte and Sousse, both heating and cooling are required.
Conversely, Tozeur suffers from hot desert climate conditions. Summer is exceptionally
hot, with daily temperatures frequently exceeding 45 ◦C in the shadows, and the sirocco
(Mediterranean wind) can force temperatures to exceed 50 ◦C. In winter, it can sometimes
turn freezing at night, and just before sunrise, the temperature drops below 0 ◦C. Depending
on the incident solar radiation, the highest solar radiation is observed in April, May, June,
July, and August in Sousse, Tozeur, Bizerte, and Tabarka, respectively, which in turn
improves the solar heat gain in buildings through the building envelope.

The outdoor temperatures (Tair) as well as the wind speed (w) are given in Ref. [36],
while the collected solar radiation data are available in Ref. [37]. Therefore, the correspond-
ing annual climate data are collected from these sources and depicted in Figure 4.

2.4. PCM Properties

In this work, the Infinite R™ PCMs were chosen, which are used in diverse commercial
applications such as energy storage with diverse melting temperatures of 18, 21, 23, 25,
and 29 ◦C, referred to as PCM18, PCM21, PCM23, PCM25, and PCM29, respectively. The
thermophysical properties of the Infinite R™ PCMs are given in Table 2.

Table 2. Thermophysical properties of PCM.

PCM18 PCM21 PCM23 PCM25 PCM29

Latent heat during the entire phase change (kJ/kg) 200 200 200 200 200

Peak melting temperature for melting curve (◦C) 19 22 24 26 30

Peak melting temperature for freezing curve (◦C) 17 20 22 24 28

Liquid state thermal conductivity (W/(mK)) 0.54 0.54 0.54 0.54 0.54

Solid state thermal conductivity (W/(mK)) 1.09 1.09 1.09 1.09 1.09

Liquid state density (kg/m3) 1540 1540 1540 1540 1540

Solid state density (kg/m3) 1540 1540 1540 1540 1540

Liquid state specific heat (J/(kgK)) 3140 3140 3140 3140 3140

Solid state specific heat (J/(kgK)) 3140 3140 3140 3140 3140
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2.5. Wall and Roof Structure in the Building

In Tunisia, the brick wall is the conventional structure for residential building construc-
tion [37]. Here, the external building wall without PCM (control wall) is composed of three
layers: plaster coating, brick, and cement (Figure 5a). On the building roof, four layers were
considered: cement, concrete, reinforced concrete, and plaster coating (Figure 5b). Two
different configurations were considered for PCM integration into the control wall: (i) PCM
located in the outside of the wall (Case 1, Figure 5c) and (ii) PCM located in the inside of
the wall (Case 2, Figure 5c). It should be noted that PCM is employed in the wall as an
extra layer. The PCM layer thickness is varied between e = 10 mm and 30 mm for these
configurations. The thermal performances of these materials, as described in Table 3, were
also taken into account in the modeling process.
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To evaluate the effectiveness of the implementation of the PCM layer in the building’s
external envelope, two indicators are used:

(i) Energy savings: It gives the total decrease in energy consumption resulting from the
integration of PCMs.

This can be deduced from Equations (4) and (5) for both heating and cooling energy
savings, respectively.

Esaving,heating = Eheating consumption, without PCM − Eheating consumption, with PCM (4)
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Esaving,cooling = Ecooling consumption, without PCM − Ecooling consumption, with PCM (5)

(ii) The annual percentage of heating and cooling energy consumption reduction due to
the PCM integration, the rate R (in %), is given by the following equation:

R (%) =
Esaving

Econsumption ,without PCM
∗ 100 (6)

Table 3. Thermal properties of materials.

k (W/mK) ρ (kg/m3) Cp (J/kgK) e (m)

Brick 0.72 1920 840 0.20

Cement 1.4 2200 940 0.025

Plaster coating 1.2 1800 840 0.015

Concrete 1.4 2100 840 0.1

Reinforced concrete 2.3 2300 1000 0.15

3. Results and Discussion
3.1. Effect of PCM Melting Temperature

The effect of PCM melting temperature on the total energy saving was evaluated by
testing different phase transition temperatures ranging from 18 ◦C to 29 ◦C. The thickness
of the PCM layer was taken as 10 mm, and the PCM was located both near the interior
as well as near the exterior surface of the south wall to also reveal the impact of the PCM
location on the melting temperature. The obtained results related to the parameters above
are given in Figure 6. From the figures, it can be deduced that the PCM21 (i.e., PCM with
a 21 ◦C melting temperature) provided the highest energy saving for Bizerte, Tabarka,
and Tozeur, whereas the PCM29 showed the best performance for Sousse. The highest
energy-saving amounts were also attained by locating the PCM layer near the interior
surface rather than near the exterior, regardless of the city except for the Sousse region. The
same finding, that the PCM layer near the indoor outperforms that near the outdoor, was
also pointed out in the literature.
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Excluding the worst-case scenario for all the considered cities (PCM18), the total energy
savings ranged from 3116.0 Wh/m2 (PCM21) to 1946.0 Wh/m2 (PCM23) for Bizerte, from
3259.9 Wh/m2 (PCM21) to 1639.9 Wh/m2 (PCM29) for Tabarka, and from 3474.21 Wh/m2

(PCM21) to 2145.6 Wh/m2 (PCM25) for Tozeur with PCM located near the interior. As
previously mentioned, the optimum melting temperature for PCM-integrated walls near
the indoor environment was found to be 21 ◦C, except for the Sousse. A total energy saving
of 3104.7 Wh/m2 can be attained with PCM29 located near the exterior surface of the
wall under Sousse climatic conditions, indicating that the melting temperature should be
29 ◦C. It was noted that the PCM location inside the wall affected the optimum melting
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temperature for the PCM. For instance, the optimum melting temperature for all cities was
found to be 29 ◦C when the PCM was located near the interior surface of the wall for the
cooling energy. Overall, the PCM location inside the wall and the climatic conditions of
the region significantly affected the thermal performance of the PCM application. It can be
deduced from the results that the optimum melting temperature was close to the setpoint
of the room [38]. For example, the melting temperature was equal to 21 ◦C for the heating
load in each city. On the contrary, the optimum melting temperature was equal to 29 ◦C for
cooling loads in all cities. Moreover, it was shown that higher energy-saving amounts can
be attained in high-amplitude regions. When the PCM layer is located near the exterior
or interior roof surface, the optimum melting temperature is always equal to 21◦C for all
regions except for Bizerte (found at 18 ◦C), which is located in a relatively cold region. In
summary, it can be concluded that when modeling an implementation of PCM building
technology, one should consider geographical and climatic factors such as temperature,
wind profile, and solar irradiance [39].

3.2. Effect of Building Envelope Type and PCM Location

Utilization of PCM in different building envelope types was studied by integrating
PCM in the roof, external or internal wall, and wall-roof of the building. In the wall-roof
configuration, PCM21 is located in the interior surface of the wall, except in the Sousse
region, where PCM29 is placed on the exterior surface of the wall. Moreover, PCM location
was found to be an important parameter in the literature; therefore, two different locations,
namely near the interior and near the exterior, were tested. The overall effect of these
variables on the energy saving in heating, cooling, and total energy demand was then
analyzed using the optimum melting temperature of PCM for each city. The obtained
results related to optimal envelope type, location, and configuration are given in Figure 7.
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It can be seen from the given figure that the utilization of PCM provided significant
energy savings both in heating and cooling applications for all of the considered cities,
regardless of the PCM location (Wall int and Wall ext) as well as building envelope type
(wall, roof, or wall-roof). The interior location for PCM21 was found to be more beneficial in
terms of energy saving compared to the exterior location for the heating period. However,
on the contrary, the exterior location saved more energy than the interior location for
the cooling period. As compared to the traditional building envelopes, the reduction in
the heating load reached 16.6%, 23.7%, 14.7%, and 13.6% in Sousse, Tozeur, Bizerte, and
Tabarka, respectively, by implementing PCM21 in a wall-roof configuration. Although
considerable reductions in energy consumption for cooling were achieved, these savings
are marginal compared to the amount saved in heating energy. Using PCM in both the
internal wall (with higher energy saving) and roof (wall-roof configuration) provided the
highest energy saving amount irrespective of the city, i.e., climatic region. The least-efficient
scenario was attained when the PCM was integrated into the exterior wall in the heating
period and into the interior wall during the cooling period. The corresponding total energy
reduction percentages for PCM integrated roofs are 9.34%, 9.2%, 8.1%, and 7.9% in Sousse,
Tozeur, Bizerte, and Tabarka, respectively. In total, the PCM located near the interior (near
the indoor) saved more energy than the PCM located near the exterior (near the outdoor)
in all climatic regions except the Sousse region. This finding agrees with the findings
reported in Refs. [40–42]. Consequently, approximately 12.4 kWh/m2 energy savings were
achieved for Tozeur (warm region) when the optimum configuration was applied, i.e., PCM
integration in both wall and roof (wall-roof case).
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3.3. Effect of PCM Layer Thickness

The impact of the PCM thickness on the energy-saving performance was investigated
by analyzing different thicknesses, namely, 10 mm, 20 mm, 30 mm, and 40 mm. The
optimized phase transition temperature of the PCM layer, i.e., the optimum PCM type,
was used in the simulations. For heating, cooling, and heating and cooling, the PCM layer
was tested in both types, near the interior surface of the wall and near the exterior surface
of the roof. The results are given in Table 4. It is evident from the table that the total
energy requirement (heating and cooling) is greater in the case of increasing the PCM layer
thickness. This can be expected since a higher amount of latent heat can be stored due to
the increased PCM amount [42]. Higher energy requirement reduction was achieved with a
40 mm PCM located in the roof and also in the wall. The heating and cooling energy needs
were reduced by 26.7 kWh/m2, 23.3 kWh/m2, 21.6 kWh/m2, and 30.8 kWh/m2 with a
40 mm PCM located in the roof for the buildings in Sousse, Bizerte, Tabarka, and Tozeur,
respectively. Following the PCM located in the roof, the best case was found for locating
the PCM near the interior wall surface, regardless of the PCM layer thickness. These results
also comply with the outcomes of the studies in the literature [38–44].

Table 4. Annual heating and cooling energy saving per 1 m2 of three types of building envelopes and
for five PCM layer thicknesses.

e1 = 10 mm e2 = 20 mm e3 = 30 mm e4 = 40 mm

Sousse

Heating (Wh/m2)

PCM-wall 1862.87
(−3.50%)

3688.96
(−6.93%)

4834.89
(−9.09%)

5514.46
(−10.36%)

PCM-roof 7056.94
(−13.26%)

13,703.54
(−25.76%)

19,543.38
(−36.74%)

21,476.14
(−40.37%)

Cooling (Wh/m2)

PCM-wall 1241.79
(−3.33%)

2105.36
(−5.65%)

2344.13
(−6.29%)

2330.63
(−6.26%)

PCM-roof 1389.78
(−3.73%)

2689.36
(−7.22%)

3594.85
(−9.65%)

5257.56
(−14.12%)

Heating and Cooling (Wh/m2)

PCM-wall 3104.66
(−3.43%)

5794.32
(−6.40%)

7179.02
(−7.94%)

7845.09
(−8.67%)

PCM-roof 8446.72
(−9.34%)

16,392.9
(−18.13%)

16,392.9
(−18.13%)

26,733.7
(−29.57%)

Bizerte

Heating (Wh/m2)

PCM-wall 2953.44
(−4.26%)

4092.55
(−5.90%)

4565.82
(−6.59%)

4852.72
(−7.00%)

PCM-roof 7253.05
(−10.47%)

12,206.94
(−17.62%)

16,656.06
(−24.04%)

18,763.45
(−27.08%)

Cooling (Wh/m2)

PCM-wall 162.6
(−0.50%)

299.2
(−0.93%)

387.45
(−1.20%)

425.04
(−1.32%)

PCM-roof 963.84
(−3.00%)

2340.42
(−7.29%)

3102.68
(−9.67%)

4579.27
(−14.27%)

Heating&Cooling (Wh/m2)

PCM-wall 3116.04
(−3.07%)

4391.75
(−4.33%)

4953.27
(−4.88%)

5277.76
(−5.20%)

PCM-roof 8216.89
(−8.10%)

14,547.36
(−14.35%)

19,758.74
(−19.49%)

23,342.72
(−23.03%)
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Table 4. Cont.

e1 = 10 mm e2 = 20 mm e3 = 30 mm e4 = 40 mm

Tabarka

Heating (Wh/m2)

PCM-wall 3067.38
(−4.62%)

3997.52
(−6.02%)

4721.15
(−7.11%)

5494.2
(−8.28%)

PCM-roof 6029.15
(−9.09%)

11,606.52
(−17.50%)

15,731.54
(−23.72%)

17,727.22
(−26.73%)

Cooling (Wh/m2)

PCM-wall 192.55
(−0.78%)

336.41
(−1.37%)

444.68
(−1.81%)

515.54
(−2.10%)

PCM-roof 1212.54
(−4.94%)

1001.02
(−4.07%)

734.94
(−2.99%)

958.68
(−3.9%)

Heating and Cooling (Wh/m2)

PCM-wall 3259.93
(−3.59%)

433.93
(−4.77%)

5165.83
(−5.68%)

6009.74
(−6.61%)

PCM-roof 724,169
(−7.97%)

13,820.08
(−15.21%)

18,680.04
(−20.55%)

21,634.4
(−23.80%)

Tozeur

Heating (Wh/m2)

PCM-wall 3285.02
(−7.29%)

4414.55
(−9.80%)

5320.52
(−11.81%)

5860.36
(−13.01%)

PCM-roof 7525.08
(−16.70%)

15,295.52
(−33.95%)

20,391.24
(−45.26%)

25,419.04
(−56.42%)

Cooling (Wh/m2)

PCM-wall 189.19
(−0.36%)

355.44
(−0.67%)

516.83
(−0.97%)

649.39
(−1.22%)

PCM-roof 1478.44
(−2.79%)

2810.79
(−5.30%)

4370.75
(−8.24%)

5407.76
(−10.19%)

Heating and Cooling (Wh/m2)

PCM-wall 3474.21
(−3.54%)

4769.99
(−4.86%)

5837.35
(−5.95%)

6509.75
(−6.64%)

PCM-roof 9003.52
(−9.18%)

18,106.31
(−18.45%)

24,761.99
(−25.24%)

30,826.8
(−31.42%)

3.4. Effect of Double-Layer PCMs

The double-PCM layer model was considered to benefit from the thermal properties of
two PCMs at different locations with different melting temperatures. The model was formed
by two PCMs with the same thickness as the PCM single layer. In order to analyze the
efficiency of a double-PCM layer and energy saving, two configurations of a double-PCM
layer were proposed in Figure 8. In Case 1, the first PCM layer was placed on the exterior
surface with a different melting temperature, and the second was located in the interior
surface of the wall with a fixed melting temperature (the optimum melting temperature
is 21 ◦C) in all the cities. In Case 2, the first PCM layer (PCM1) represents the optimum
melting temperature, allowing for more heating energy saving (21 ◦C), and the second
PCM layer (PCM2) provides the PCM gives more reduction in cooling energy consumption.
Based on the previous simulations, PCM21 is used as the first layer of the double-layer
system due to the corresponding higher heating energy saving, while PCM29 and PCM25,
which perform better cooling energy saving in warm and cold regions, respectively, are
applied to the second layer. In Case 2, two double-PCM layer systems were considered:
PCM21-PCM29 and PCM21-PCM25. The obtained results for the considered cases are
given in Table 5. Accordingly, in Case 1, the PCM21-PCM29 double layers represent the
best energy saving in warm regions (Sousse and Tozeur). Whereas, it does not apply to
cold regions. The same results are obtained in Case 2, where an improvement in cooling
and heating energy saving is achieved for the PCM21-PCM29 double layer for Sousse and
Tozeur as well.
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Table 5. Effect of PCM double layers (10 mm) on energy saving for four regions.

PCM Heating/Cooling Energy Saving (Wh/m2) Heating and Cooling Energy Saving (Wh/m2)

Heating (Wh/m2) Cooling (Wh/m2) Energy Saving (Wh/m2) Reduction (%)

Sousse

Single layer

PCM21 2776.46 140.77 2917.23 3.22
PCM23 2107.87 246.35 2354.22 2.60
PCM25 1161.38 959.39 2120.77 2.34
PCM29 32.77 2668.14 2700.91 2.98

Double layer
(Case 1)

PCM29-PCM21 2512.36 554.99 3067.35 3.39
PCM25-PCM21 2236 544.3 2780.3 3.07
PCM23-PCM21 2157.28 329.89 2487.17 2.75
PCM21-PCM21 2012.97 167.12 2180.09 2.41

Double layer
(Case 2)

PCM21-PCM29 1828.2 1982.51 3810.71 4.21
PCM21-PCM25 2074.1 608.87 2682.97 2.96

Bizerte

PCM21 2953.44 162.6 3116.04 3.07
Single layer PCM23 1555.36 390.6 1945.96 1.92

PCM25 1130.85 906.57 2037.42 2.01
PCM29 82.01 2168.96 2250.97 2.22

Double layer
(Case 1)

PCM29-PCM21 2150.6 406.79 2557.39 2.52
PCM25-PCM21 1980.6 583.17 2563.77 2.52
PCM23-PCM21 1884.18 364.32 2248.5 2.21
PCM21-PCM21 1724.75 213.3 1938.05 1.91

Double layer
(Case 2)

PCM21-PCM29 1385.87 1712.64 3098.51 3.06
PCM21-PCM25 1640.34 672.65 2312.99 2.28

Tabarka

Single layer

PCM21 3067.38 192.55 3259.93 3.58
PCM23 1851.81 353.44 2205.25 2.42
PCM25 995.52 1005.07 2000.59 2.20
PCM29 106.89 1533.01 1639.9 1.80

PCM29-PCM21 2357.6 345.36 2702.96 2.97

Double layer
(Case 1)

PCM25-PCM21 2311.21 547.57 2858.78 3.14
PCM23-PCM21 2247.06 379.76 2626.82 2.89
PCM21-PCM21 2182.08 230.29 2412.37 2.65

Double layer
(Case 2)

PCM21-PCM29 1903.66 1280.05 3183.71 3.50
PCM21-PCM25 2005.68 714.41 2720.09 2.99

Tozeur

PCM21 3285.02 189.19 3474.21 3.54
Single layer PCM23 2977.94 241.46 3219.4 3.28

PCM25 1399.59 795.99 2195.58 2.23
PCM29 144.85 2249.85 2394.7 2.44

Double layer
(Case 1)

PCM21-PCM29 2893 606.61 3499.61 3.56
PCM21-PCM25 2429.33 484.71 2914.04 2.97
PCM23-PCM21 2386.02 296.7 2682.72 2.73
PCM21-PCM21 2335.7 187.68 2523.38 2.57

Double layer
(Case 2)

PCM21-PCM29 2244.52 1670.59 3915.11 3.99
PCM21-PCM25 2713.79 493.31 3207.1 3.27
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The results show that double-layer systems allow for a higher reduction in energy
consumption than single-layer systems. This is in good agreement with several previous
works [45–47]. In addition, annual heating and cooling energy savings and energy saving
rates were calculated for single and double PCM layer systems (Table 5). For all PCMs used
as a single layer (10 mm), it can be seen that the annual energy saving is 3.22% in Sousse
and 3.54% in Tozeur. Whereas, in the case of double-layer systems, these values become
4.21% and 3.99% for Sousse and Tozeur, respectively. Moreover, the higher energy saving
rate value was obtained when using the double-layer PCM29-PCM21 for warm regions
and PCM25-PCM21 for cold regions. Hence, the proposed double-PCM layer systems
integrated into buildings represent an effective way to improve energy efficiency.

3.5. CO2 Emission Reduction in the Optimum Cases

As shown previously, the optimal conditions for minimizing the heating and cooling
energy requirement vary from one climatic region (city) to another. Therefore, in this
section, the energy conserved with these optimized cases for each respective region was
calculated and the corresponding CO2 emission reductions were revealed. The optimum
melting temperature for each city was selected; the PCM was located at the best location,
and the 40 mm PCM thickness was taken. It was seen that a significant reduction in heating,
cooling, and total energy needs can be attained with the optimized integration of PCM.
For instance, the total energy need reduction (heating and cooling) reached a value of
37.34%, 26.77%, 34.37%, and 41.61% for Sousse, Bizerte, Tabarka, and Tozeur, respectively
(Figure 9). As a result of these reductions in the energy requirement of the building for
heating and cooling applications, a considerable amount of CO2 emission reductions were
achieved, corresponding to 34.22%, 25.93%, 34.37%, and 38.74% for Sousse, Bizerte, Tabarka,
and Tozeur, respectively (Figure 10). Consequently, the PCM integration with optimized
parameters such as melting point, location, and thickness can significantly contribute to
energy savings as well as a reduction in CO2 emissions.
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4. Conclusions

The annual energy savings of residential buildings incorporating PCM have been
numerically examined in four different climatic regions of Tunisia by considering four cities
located in those climates. The potential impacts of PCM melting temperature, location, and
thickness were evaluated, along with PCM integration into different building envelopes
(roof and external wall). The optimized configuration with respect to the melting point,
location, thickness, and building envelope type was found, and the annual energy savings
as well as CO2 emission reductions were explored. Therefore, the following important
results were reached in the study:

• Integrating PCM, either in the roof or wall, has a negligible influence on the cooling
energy saving.

• The optimal location for the PCM implementation was found to be near the indoor,
except for the Sousse region. The percentage energy saving for this optimal location
and for the optimal PCM thickness of 40 mm was calculated as 41.61%, 37.34%, 34.93%,
and 26.77% for Tozeur, Sousse, Tabarka, and Bizerte, respectively.

• Increasing the PCM thickness in the roof allows an increment in the total annual energy
reduction, which varies from 7.97% to 31.42% depending on the climatic region.

• The PCM melting temperature has an important role in energy savings. The best
melting temperature was 21 ◦C, the closest to the set point temperature, which is 21 ◦C
in winter. However, in lower semi-arid regions (Sousse), the melting temperature,
which allows the highest reduction in energy need, was 29 ◦C.

• The use of double-layer PCM with different melting temperatures at different locations
represented an alternative for reducing energy consumption. The PCM with a low
melting temperature (21 ◦C) favors heating energy savings, while PCM with a high
melting point (29 ◦C) favors cooling energy savings. Besides, the double-layer systems
composed of two different PCM represent a higher efficiency than a PCM single layer
mainly in warm and arid regions (Sousse and Tozeur).

• Under optimal conditions of PCM integration in buildings, up to a 38.74% reduction
in CO2 emissions can be achieved in Tozeur.
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