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Abstract 

Integrating a phase change material (PCM) into building envelopes can reduce energy needs in the built environ-
ment, and the consequent greenhouse emissions. This research examines the impact of PCM integrated into a 
traditional wall in Egypt on peak and average cooling energy consumption. A MATLAB code based on the finite 
volume technique using the Crank-Nicolson method for discretization is implemented. Several benchmark cases and 
experimental results validate the code. The time-dependent boundary conditions of the cases examined were based 
on the irradiance and ambient temperatures measured in Cairo, Egypt. Simulations are performed on eight different 
PCMs, using their real published DSC curve. The study aims to investigate the performance of each PCM at different 
positions, thicknesses, and wall orientations. The calculations revealed that using the proper PCM type and the proper 
position could decrease the average by 38.14%, Also the peak heat flux could be decreased by 58.53%.
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1  Introduction
World energy consumption has increased dramatically in 
recent decades as a result of population expansion, and 
the increase in the standard of living. According to recent 
study by British petroleum [9], the global annual growth 
rate of primary energy consumption is 1.6%. The study 
also shows that in Egypt the Primary energy consumption 
growth rate per year is 2.7%. Buildings account for a third 
of the world’s greenhouse gas emissions and more than 
40% of the energy used globally. Electricity consumption 
in buildings is thought to have increased emissions at a 
rate of 1.7% per year for residential structures and 2.5% 
per year for commercial buildings [41], Also, Egypt’s cli-
mate is changing in terms of high and low temperatures. 
Where Global warming raise the high summer tempera-
tures which increase the cooling energy required [15] and 
because buildings have a relatively long lifespan, actions 

made now will have an extended impact on the energy 
consumption and greenhouse gas emissions.

One of these actions is to decrease the cooling load 
to reduce the energy consumed for air conditioning 
unit. The construction of the building envelope is criti-
cal in influencing the building’s thermal performance 
and energy consumption, where the building envelope 
acts as a barrier to external influences such as periodic 
changes in ambient temperature and the solar irradi-
ance on external walls. To help achieve the objective of 
lowering energy usage in buildings, several new technol-
ogies are developed. Some of these technologies are con-
cerned with thermal insulation in building envelopes [3]. 
Another technique is the use of thermal energy storage 
materials. Thermal energy storage systems are divided 
into two types: sensible heat storage and latent heat 
storage.

Several research papers have adopted the increase in 
the envelope thermal resistance as a strategy to reduce 
the cooling load, and consequently the building energy 
use. Baetens et  al. [5] found that the energy usage 
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decreased as an effect of integrating gas-filled panels 
in buildings. In other studies, Vacuum insulation pan-
els (VIPs) have shown a high-performance as thermal 
insulation for construction applications [4, 20, 34]. 
Also, Aerogels are applied as thermal insulation [4, 19].

Another approach is to implement a material to add 
a storage effect to the thermal resistance effect. Phase 
change materials ‘PCMs’, work on the premise of ther-
mal energy storage via latent heat. It has a great energy 
density storage at a range around the melting point 
[11]. PCMs undergo a phase transition at a nearly 
constant temperature from solid to liquid during this 
period (charging), it absorbs high thermal energy. This 
stored energy is released back during solidification (dis-
charging). They appear to be reducing cooling energy 
usage and peak cooling loads, as well as deferring peak 
loads to later hours [7, 17, 28, 40].

Many studies are made to investigate the impact of 
implementing a PCM layer into a wall on the cooling 
load reduction. Conrad Voelker et al. [43] employed an 
experiment near Weimar, Germany, where both par-
affin and a salt mixture are applied in a room wall. To 
enhance the thermal mass of the wall and, as a result, 
the maximum room temperature decreased by 4 °C. In 
another study, Lv Shilei et al. [33] performed an experi-
ment held in Shenyang, in northeast China, to investi-
gate the impact of PCM on the thermal heat flow to a 
room in winter. A phase change wall room was formed 
by sticking a PCM (capric acid and lauric acid mixture) 
and gypsum boards on the surface of an ordinary room 
wall. The results show that the heat flow through the 
south wall of the ordinary wall room varied from 34 
to 60 W/m2, while in the case of the phase change wall 
room the heat flow varied from 33 to 52 W/m2. Also in 
the city of Aveiro in Portugal, António Figueiredo et al. 
[16] conducts an experiment, utilizing two rooms, one 
of which has PCM panels placed into a gypsum board 
wall panels. The results of the room measurements 
revealed that using PCM in one of the rooms reduced 
overheating by 7.23%. In another research, Myriam 
Bahrar et  al. [6] performed an experimental test in 
which a guarded hot box used to perform thermal tests 
in real weather condition. Experiment revealed a 1.7 °C 
drop in the highest interior surface temperature. More-
over, peaks are shifted of about 2 h with night ventila-
tion. Another experimental work undertaken in the 
Iraqi City of Diwaniya intends to analyze and investi-
gate the application of PCM capsules as an insulating 
material into the hollow bricks that construct a wall. 
Two similar rooms were conceived and built to test two 
southern walls with and without PCM in their natural 
outside environment. The results reveal that encap-
sulating PCM in the treated wall reduces the inner 

surface wall and room temperature by approximately 
4.7°°C while increasing the time lag by 2 h [1].

To choose the proper phase change material, you must 
first determine the wall composition, exterior building 
walls orientation, PCM layer location in the wall, and the 
time of year during which the PCM is expected to lower 
the building’s thermal load. These variables will influence 
the PCM selection as described in many articles [18, 21, 
25, 29]. But the most critical parameter that affects the 
PCM selection is the building’s location where the solar 
irradiance change according to changing the altitude of 
the country. A numerical study [2] aimed to examine the 
impact of PCM on the thermal performance in the three 
cities of Diyarbakir, Konya, and Erzurum in Turkey and 
to detect the proper thickness and melting temperature 
of PCM in a wall composed of interior plaster (20 mm), 
concrete (250 mm), insulation (20 mm), and exterior 
plaster (8 mm) for best thermal performance. Calculation 
results show that placing the PCM in between insula-
tion and the external plaster saves the most energy under 
heating settings. Placing PCM between the inner plaster 
and concrete saves the most energy under cooling cir-
cumstances. The yearly optimal PCM melting tempera-
tures for Diyarbakir, Konya, and Erzurum are 20 °C, 25 
°C, and 16 °C, respectively. Another numerical research 
is performed using EnergyPlus to evaluate the impact of 
integrating a PCM layer in a traditional building enve-
lope for eight different cities. Thirteen different PCMs 
with melting temperatures ranging from 20 to 32 °C were 
studied, and the results show that For Abu-Dhabi, Dubai, 
Faisalabad, Mecca, Nouakchott, Jodhpur, Cairo, and 
Biskra, the best thermal performance was found when 
a PCM with a melting point at 27, 27, 29, 27, 31, 32, 20, 
and 21 °C, respectively [37]. Another study investigated 
the impact of PCM on energy savings. Seven different 
cities were chosen to represent the major European cli-
matic zones, and the cases were solved by employing six 
different PCMs with melting peak temperatures ranging 
from 18 to 28 °C. The results show that the ideal melting 
peak temperature of the PCM is greater in warmer cli-
mates between 22 and 26 °C, compared to 18 to 24 °C in 
colder climes. It is also established that the energy-saving 
impact is stronger in warmer climates [35]. In another 
research in New Delhi, a study on cooling load reduc-
tion with three commercially available PCMs (HS29, 
OM32, and HS34) installed into a building envelope was 
conducted. According to the results, HS34 with a melt-
ing temperature of 34 °C is the appropriate PCM for New 
Delhi under the design parameters [32].

As mentioned before, the PCM position in the wall 
is a critical parameter; if the melting temperature of 
the PCM is low, the proper location should be close 
to the side of lower temperature; also, if the melting 
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temperature is high, the PCM position should be close 
to the high side temperature to ensure that the PCM 
perform the charging and discharging cycle. To explore 
the influence of PCM location on thermal comfort in 
the interior of the building, an experimental investiga-
tion involving a construction of a model of construct-
ing wall segments and to facilitate one-dimensional 
heat conduction through the building wall fragment, 
the model was insulated with wood. The model was 
made up of two water baths. In one of the water baths, 
a heating system was constructed, and water was held 
at room temperature in the other one. The results 
demonstrate that placing a two inch thick layer of par-
affin wax type P56-58 closer to the heat source leads 
to a lesser temperature increase in the cold water bath 
than placing the PCM layer closer to the heat sink [22]. 
Another research evaluated the impact of adding thir-
teen different phase change materials into traditional 
building walls in Isfahan, Iran. The base wall from the 
interior was composed of plaster (20 mm), clay brick 
(150 mm), and cement (30 mm). The effect of PCM 
location within the wall on heat transmission was 
evaluated in two ways: PCM layer between plaster and 
brick, and PCM layer between brick and cement. The 
calculations revealed that using the proper PCM type 
and the proper position could decrease the heat flux 
by 16.95%, 30.20%, and 47.58% for thicknesses of 1 cm, 
2 cm, and 4 cm, respectively [26].

However, as mentioned before it is critical to choose 
the right PCM type based on the wall orientation where 
the solar radiation changes on each wall orientation. A 
study aimed to investigate the effect of PCM on cool-
ing load reduction by implementing a PCM layer into 
different wall orientations, the results show that a cer-
tain PCM cannot be chosen as the best choice without 
specifying the wall orientation first, for a given climate, 
we can choose the proper PCM only after comparing 
the performances of the PCMs in all relevant orienta-
tions [30].

Depending on the literature review, the current 
research fills the gap in two areas. First, the optimum 
PCM is highly dependent on the environmental condi-
tions (solar irradiance and ambient temperature). This 
research considered a validated model for solar irradi-
ance and acceptable distribution for ambient tempera-
ture in Cairo, Egypt. Also, the typical wall construction 
was used as a base wall. Therefore, the results are tan-
gible to the application in Cairo and similar cities. 
Second, this study considered the real dependence of 
specific heat on temperature as obtained from differ-
ential scanning calorimetry (DSC). The results of this 
research could be used to validate any approximation of 
the specific heat.

2 � Model description
The effect of adding a PCM layer to a typical wall used in 
construction in Cairo, Egypt, is studied numerically. Sev-
eral walls having a PCM layer at different position inside 
the wall were studied. A MATLAB code is used to solve 
the heat diffusion equation through several layers of con-
struction material under real conditions representing the 
Summer and Winter design day in Cairo.

The following assumptions were considered in the 
mathematical model:

•	 Conduction heat transfer is assumed to be unidimen-
sional.

•	 There is no contact resistance between different lay-
ers of the composite wall.

•	 For each wall material, the thermo-physical proper-
ties are assumed to be constant except for the phase 
change materials layer, since their properties depend 
on the liquid and solid phases, as well as the tempera-
ture.

2.1 � Building envelope
In this study, one of widely used external building wall in 
Egypt is chosen to be our base wall (without PCM) which 
consists of four layers; interior mortar (25 mm), two lay-
ers of brick each on had thickness of (65 mm), and exte-
rior mortar (25 mm).

The thermal properties of components of the external 
building wall are listed in Table 1 [14]

2.2 � PCM
To analyze the contribution efficiency of the PCM layer 
by the comparison, two walls were built as shown in 
Fig. 1. One was the base wall, while others were the wall 
with a PCM layer.

Three different scenarios of integration of PCM to the 
base wall were considered:

•	 Locating PCM between the brick and exterior mor-
tar.

•	 Locating PCM between the brick and interior mor-
tar.

•	 Locating PCM between the two layers of the brick.

Table 1  Thermal properties of wall material

Materials K (W/mK) Density (kg/m3) C (J/kgK)

Mortar 1.4 2162 920

Brick 0.7 1300 840
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In our study, the heat capacity approach was employed 
to model the heat transfer caused by phase transition. 
Eight different PCMs with melting temperatures varies 
from 24 to 35 °C will be used in this research their prop-
erties and the heat capacity curves are shown in Fig.  2 
[24, 27, 31, 38, 39, 42, 44].

3 � Governing equations
The governing equation for one-dimensional, transient 
heat conduction for PCM and for other wall components 
can be expressed by

where α is the thermal diffusivity, k is thermal conduc-
tivity, ρ is the density, and C is the heat capacity of the 
wall material.

3.1 � Wall discretization
By discretizing the wall to several nodes as shown in 
Fig.  3 where the distance between nodes is taken to be 
equal 1 mm an energy balance is applied for each node, 
the studied node has given a suffix m and its right node 
has a suffix m + 1 and the left one has suffix m – 1.

The energy balance result in four equations:
For an interior surface node ‘m’ the heat flow to it is 

by conduction from the neighbor node and a convection 

∂T

∂t
= α

∂2T

∂x2
and α =

k

ρ C

from the air in the room this result to change the tem-
perature of the node from Tm

p to Tm
p + 1

All this could be represented in the next equation

Where T∞, i is the building temperature which cho-
sen to be equal to 25 °C, hi is the room convection coef-
ficient, ∆x is the distance between nodes in the heat 
flow direction which equal to 1 mm, ∆τ is the time step 
equal to 1 min also, kmortar, ρmortar and Cmortar are the 
thermal properties of the inside layer of the composite 
wall which is mortar in our case.TP represents the node 
temperature at time p and TP+1 represents the node 
temperature after time step ∆t.

For the interior nodes the heat flow is by conduction 
from the neighbor nodes which represented in the next 
equation

Where k, ρ, and C are the thermal properties for the 
layer material.

For the node at the interface between two different 
materials, the heat flow is from the conduction from 
the neighbor nodes and the energy balance could be 
written as follows:

Where subscript a and b are representing the two 
materials that the interface node is lay between them.

For the exterior surface node, the heat flow to the 
node from next node at the outer layer of the wall by 
conduction, convection heat transfer from the ambient 
and the solar radiation
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Fig. 1  Wall composition. a Base wall. b Inner PCM wall. c Middle PCM 
wall. d Outer PCM wall
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Fig. 2  Specific heat capacity curves for eight different PCMs
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Where Qrad is the solar radiation.

3.2 � Boundary conditions
3.2.1 � Solar model
The total incidence radiation on the external surface of 
the wall has the most influence on the cooling and heat-
ing load. To calculate the total incidence radiation on the 
external surface of the wall, the following equations were 
used which are converted to a vectorized MATLAB form.

The hour angle can be obtained from the following 
equation:

Declination angle obtained from the following formula:

Where n is the number of a day in the year
And zenith angle which is the angle of the beam radia-

tion on a horizontal surface obtained by the following 
equation

Where φ is the latitude angle, for Cairo φ = 30°
The incidence angle on the external surface could be 

obtained using the following formula

kmortar
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−
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p
+ Tm
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+ Qrad = �mortarCmortar
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2

Tm
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− Tm
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ω = (solar time − 12) ∗ 15

δ = 23.5 sin
360(284 + n)

365

θz = cos−1(sin δ sin ϕ + cos δ cosϕ cosω)

θ = cos−1(cos δ sin ϕ cos γ cosω + cos δ sin γ sinω − sin δ cosϕ cos γ )

Where γ is the surface azimuth angle.
The beam radiation is calculated from the formula 

below:

The diffuse radiation is calculated from

And for the reflected radiation

Where Aq, Bq, and Cq are constant.
Where Cn is the clearness index for Cairo [13] and its 

value for each month is given in Fig. 4.
Finally, the total incidence radiation can be calculated 

as follows:

Values of average monthly solar radiation obtained 
from the simulation were compared to the values of the 
PVWatt calculator which developed by the National 
Renewable Energy Laboratory (NREL) [12] are given in 
Fig. 5.

Finaly, the solar irradiance over an average day in june 
for different oriantaions is obtaind using the simulation 
as shown in Fig. 6.

3.2.2 � Exterior and interior temperatures
The interior temperature is kept at a comfortable level, 
which has been set at 25 °C, and for the exterior tem-
perature has a periodic value which has a maximum 

Qbeam =
Aq Cn cos θ

e
Bq

cos θz

Qdiffuse =
Cq Aq

2 Cn e
Bq

cos θz

Qreflected =
ρground Aq Cn Cq + cos θz

2 e
Bq

cos θz

Qrad = Qbeam + Qdiffuse + Qreflected

Fig. 3  Surface, interior, and interface nodes in a composite wall
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temperature of 35 °C and daily range 13 °C in June and 
has a maximum temperature of 19 °C and daily range 
9 °C in January [10]. Also, the heat transfer convection 
coefficients are 8 and 17 W/m2K for inside the room 
and outside the room respectively. The exterior tem-
perature variations are shown in Fig. 7.

3.3 � Numerical model
As shown in Fig.  8, the flowchart shows the algorithmic 
method used in this study. The heat balance on each node 
equation is discretized using the Crank-Nicolson method 
and solved by MATLAB software, the variables as the com-
posite wall layers material and thickness, the boundary 

Fig. 4  Clearness index for Cairo

Fig. 5  NERL values vs. MATLAB results
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conditions, and the initial temperature of the wall are the 
program inputs, after solving the equations over a day those 
calculations was repeated for five consecutive days to ensure 
that the initial condition has no effect on the final results.

The average heat transferred to the room with PCM is 
determined by summation the heat flux on the inner wall 
with PCM over the day, and the same method used to deter-
mine the average heat transferred to the room in case of a 
base wall.

Average heat to the room with PCM =

∑p=1440
p=0 hi

(

T
p+1
s,i,PCM+T

p
s,i,PCM

2 − T∞,i

)

∗�t

1440

Average heat to the room without PCM =

∑p=1440
p=0 hi

(

T
p+1
s,i +T

p
s,i

2 − T∞,i

)

∗�t

1440

Where Ts,i,PCM is the temperature of the inner surface 
of the wall with PCM and Ts,i, is the temperature of the 
inner surface of the base wall.

Our method to investigate the impact of inserting 
the PCM layer into the wall is by comparing the aver-
age heat flow to the room in the case of a wall with 
PCM layer with the heat flow to the room in the case of 
the base wall, where the reduction in heat flow repre-
sents the reduction in power consumption to keep the 

Fig. 6  Solar radiation in June and January at different orientations
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building in the comfort range. Another way to evaluate 
the impact of the PCM layer is by calculating the per-
centage reduction in maximum heat flow to the room 
which will impact the maximum capacity of the cooling 
unit in the building. The formulas used to calculate the 
percentage reduction in average and peak heat flow to 
the room are given below.

4 � Validation
In this section, we present several numerical and experi-
mental validation examples to demonstrate the applica-
bility of our results.

4.1 � Comparison of numerical results with the exact 
solution for a base wall and PCM wall

The exact solution [8] is used to validate the MATLAB 
code which solve the governing equations given above 
to obtain the temperature variation across the base wall 
with respect to the time. Grid size 1 mm and time step 
1 min are taken for a 30-cm-thick brick wall with inner 
and outer convection coefficients equal to 18 w/m2k and 

Averageheat reduction % =
Average heat to the room without PCM− Average heat to the room withPCM

Average heat to the room without PCM
∗100

Peak heat reduction % =

MAX

(

T
p+1
s,i +T

p
s,i

2 − T∞,i

)

−MAX

(

T
p+1
s,i,PCM+T

p
s,i,PCM

2 − T∞,i

)

MAX

(

T
p+1
s,i +T

p
s,i

2 − T∞,i

) ∗100

ambient temperature 40 °C. The temperature variation 
across the wall after 5, 100, 300, and 500 min are plot-
ted for the exact and the program solution, the program 
results are identical to the exact solution results as shown 
in Fig. 9.

The PCM layer also verified with an exact solution 
developed by Solomon [36], a semi-infinite slab paraf-
fin wax laywer at 21 °C initial temperature, The exter-
nal surface temperature is suddenly risen to 95 °C. The 
exact solution results after 60 min are compared to the 
program solutions and plotted as shown in Fig.  10, the 
results show a good agreement between the exact and the 
program solution.

4.2 � Comparison of simulation result with an experimental 
result

The numerical method in this paper has been verified by 
the experimental unit conducted by Yassine Kharbouch 

Fig. 7  Exterior temperature variation
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et  al. [23], a small-scale experimental device has been 
built, which consists of two identical enclosures sepa-
rated by a two layers composite wallboard one layer is a 
5-mm-thick PCM panel has the following properties as 
shown in Table 2

And the other layer is a 35-mm-thick wood-based 
material panel which has the following thermo-physical 
properties Table 3

The first enclosure is maintained at a nearly constant 
temperature of about 21 °C, while the second enclosure is 
exposed to a periodic temperature variation over 480 min.

The temperature data are measured for the interior, 
interface, and exterior surfaces. The experimental results 
comparing to the result of our program is shown in 
Fig. 11, and it is clear that the model and the experimen-
tal results are in a good agreement.

5 � Results and discussion
5.1 � Effect of the presence of PCM in the wall
PCMs were added as a middle layer to a wall with West 
orientation. The effect of installing different types of 

Fig. 8  Flow chart for the used program
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PCMs with a thickness of 2 cm in June is explored in this 
section.

Figure 12 shows the temperature variation of the inte-
rior surface of a West wall for a typical summer day. The 
presence of the PCM layer causes a reduction in the peak 
between 2 and 5 °C. Moreover, the PCM layer causes a 
shift in the peak by 2 to 6 h, depending on the nature of 
each material candidate studied. However, the curves for 
the walls with PCM, will exceed that of the wall without 
PCM at off-peak hours. As a result, a lower heat trans-
mission to the room and lower peak heat rate is obtained 
due to the lower temperature difference between the 
interior surface and the room temperature. The shift 
in the peak load make it coincide with a lower ambient 

temperature, consequently better performance of the 
cooling unit.

5.2 � Effect of the PCM location
In this section, the effect of employing different types of 
PCMs with 2 cm thickness at west wall in June is investi-
gated at three different positions in the wall.

•	 Inner PCM: where PCM locating between the brick 
and exterior mortar.

•	 Middle PCM: where PCM locating between the brick 
and interior mortar.

•	 Outer PCM: where PCM locating between the two 
layers of the brick.

The reduction in total quantity of heat transfer to the 
room and the reduction in peak heat transfer to the room 
due to implementing the PCMs in different locations are 
given in Figs. 13 and 14.

Different PCMs have different thermal characteris-
tics. As a result, changes in thermal properties affect the 
amount of melted PCM which consequently affect the 
stored energy. As shown, the highest reduction in heat 
transfer is associated with PCM-5, which has the lowest 
thermal conductivity, among the materials under study. 
Therefore, this substance has a higher effect in reducing 
the amount of heat transfer to the room.

The results show no effect on average heat transfer for 
PCM-2 due to changing the PCM layer position, this is 
due to its low melting temperature which causes the 

Fig. 9  Exact vs. program solution for a conventional wall

Table 2  Properties of the PCM panel used in the experiment

Melting temp. 21.7 °C

Latent heat 170 kJ/kg [from 
14 °C to 30 °C]

Density 680 kg/m3

Conductivity 0.14–0.18 w/mk

Table 3  Properties of the wood-based material used in the 
experiment

Heat capacity 2400 J/kg.k

Density 680 kg/m3

Conductivity 0.11 w/mk
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PCM layer to be dominated by the liquid phase almost all 
day at any PCM location. Such a material with low melt-
ing temperature will act as an insulation layer with fixed 
properties and shows no effect due to phase change.

In addition to reducing the average load, Integrat-
ing PCM material inside the building envelope will 
reduce and shift the peak. The effect of the PCM posi-
tion is more pronounced that its effect on the average. 
However, there is no fixed notion toward preferring 
a certain position. The best position depends on the 
melting temperature, the latent heat of fusion, and the 
thermal resistance. The results show that PCM-7 has 
the highest reduction in peak heat flow to the room 
which equal to 58.52% for the outer PCM position, 
while PCM-1 comes in the second place in peak heat 

reduction by 55.67% if the PCM layer placed in the 
middle.

In some cases, the optimum position is neither at the 
inner-side nor in the outer side, as in case of PCM-1. In 
such case, the PCM-layer positioned at the outer side 
hinders the progress of the heat flux up to a certain point. 
After reaching complete melting, the PCM layer loses its 
ability to stop the heat flux. This is seen numerically in 
Figs. 15 and 16, near 4 PM where the results show that 
the outer PCM layer completely melts resulting in a surge 
in the cooling load.

5.3 � Effect of wall orientations
The different types of phase change materials are simu-
lated for different building façade locations North, East, 

Table 4  Average and peak heat reduction at different thicknesses

PCM type Average heat reduction [%] Peak heat reduction [%]

1 cm 2 cm 3 cm 4 cm 1 cm 2 cm 3 cm 4 cm

PCM-1 6.513 12.222 17.982 23.796 34.157 55.674 63.218 67.998

PCM-2 10.503 19.007 26.035 31.944 6.896 30.34 40.731 48.973

PCM-3 10.606 19.18 26.314 32.709 27.726 52.389 64.993 70.606

PCM-4 11.136 20.049 27.327 33.42 19.921 33.597 43.997 52.138

PCM-5 23.564 38.14 48.047 55.22 31.182 49.285 60.924 68.979

PCM-6 3.99 7.636 11.019 14.174 13.562 24.672 33.873 41.427

PCM-7 10.885 19.686 26.952 33.093 43.904 57.318 64.839 69.892

PCM-8 11.04 19.862 27.042 33.03 18.721 32.778 43.664 52.246

Fig. 10  Exact vs. program solution for a PCM
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South, and West, considering middle PCM in June, the 
influence of the orientation of PCM wall on the reduction 
in average and peak heat flow to the room. The computed 
results are given in Fig. 17.

The results show the highest peak heat reduction for 
most of PCMs occurs for the west wall where the time of 
peak irradiance meets the peak of the ambient air tem-
perature, which result in higher temperatures than the 
other orientations which enhance the effect of PCM.

5.4 � The effect of PCM layer thickness
The PCM thickness was increased from 1 to 4 cm. 
By increasing the thickness of the PCM, the thermal 
resistance of the wall increased, also the quantity of 
energy stored rises. As a result, less energy is trans-
ferred to the room. The average and peak heat reduc-
tion for the middle PCM wall in June was calculated 
and the results for different thicknesses are shown in 
Table 4.

Fig. 11  Experimental results vs. simulation results

Fig. 12  Interior surface temperature variations for wall with and without PCMs
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The simulation results show that, regardless of the 
PCM type, as the PCM layer thickness increases the heat 
transfer to the room is decreased as the additional thick-
ness act as a barrier to the heat transfer to the room.

5.5 � The effect of seasons on the average heat transfer
To investigate the effect of changing solar radiation and 
the ambient temperature over the year, two months 

were studied, the first month was June to express the 
hottest month in Egypt and the second one was Janu-
ary to express the coldest month. Noting that the direc-
tion of heat flow is changing where the outer surface in 
June is higher than the room temperature, while in win-
ter most of the day the exterior surface temperature is 
lower than the room temperature as shown for a base 
wall in Fig. 18.

Fig. 13  Average heat reduction for different wall configurations

Fig. 14  Peak heat reduction for different wall configurations



Page 15 of 19Kamel et al. Int. J. Air-Cond. Ref.           (2022) 30:13 	

The results of average heat load reduction are 
given in Fig. 19, where we observed that the results 
in June and January were nearly identical. Noting 
that the average heat load reduction in June indi-
cates that the contribution of PCM into the wall 
aids in reducing heat flow into the room, but the 
heat flow out of the room is reduced in January. This 
ensure the previous observation that the thermal 

resistance is the most dominated part on the average 
heat load reduction.

6 � Conclusion
The construction of building envelope has a major 
impact on the energy consumption and consequently 
green-house gases emission. The effect of integrating 

Fig. 15  Interior surface temperature variation in June for wall with PCM-1 at different configurations

Fig. 16  Liquid fraction of PCM-1 integrated at different positions for a West wall in June
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eight different PCMs into a base-wall construction 
was numerically studied. The simulations considered a 
number of variables, including the thickness and loca-
tion of the PCM layer in the wall and the direction of 
the façade.

The study’s general conclusions can be stated as 
follows:

•	 In general, the presence of PCMs lowers heat trans-
fer to and from the space in the summer and winter.

•	 The thermal conductivity of the PCM is the most 
important factor to consider when choosing the 
right PCM. The lower the conductivity coefficient, 
the less heat is transferred into or out of the space 
in summer and winter, respectively.

Fig. 17  Peak heat reduction for a wall at different orientations

Fig. 18  Exterior surface temperature for a base wall in June and January
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•	 In June, PCM-5 had the best performance which 
reduced heat transmission by 38.136% for inner-
PCM, 38.14% for middle-PCM, and 38.151% for 
outer-PCM.

•	 PCM-6, which represented the lowest performance 
which reduced heat transfer by 7.65% for inner-
PCM, 7.636% for middle-PCM, and 7.642% for 
outer-PCM.

•	 In June, the maximum value of peak heat reduction 
was 58.519% for PCM-7 when it was placed as an 
outer PCM.

•	 PCM’s position has a minor impact on average 
heat reduction but a significant impact on peak 
heat reduction, for all wall orientations.

•	 As expected, regardless of the PCM type, as the 
PCM layer thickness increases the average and peak 
heat transfer to the room is decreased.
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