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Abstract
One of the most important approaches for energy consumption reduction in buildings is employing thermal insulation. Phase 
change materials (PCM) can be used in many insulation applications due to their high heat capacity, low heat transfer coef-
ficient and energy storage potential. In this study, the numerical simulation is used to investigate the effect of employing PCM 
as thermal insulation in the educational building of Hakim Sabzevari University located in Iran during the six hot months 
of the year. For this purpose, the optimal location of PCM layer into the wall is firstly determined, and then, different PCM 
thicknesses of 2, 3, 4 and 5 cm are examined. It is found that the ratio of heat exchange reduction using PCM layer with thick-
nesses of 2, 3, 4 and 5 cm is equal to 9.8%, 13.4%, 17.5% and 20.4%, respectively. Finally, the amount of energy saving and 
payback period for different thicknesses of PCM are calculated based on thermo-economic analysis. Accordingly, an optimal 
PCM thickness of 3 cm is obtained using Pareto solutions and TOPSIS method which leads to a payback period of 50 months.
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List of symbols
A	� Surface area of the wall (m2)
B	� Latent heat (J/kg)
C	� Specific heat (J/kg K)
h	� Convective heat transfer coefficient (W/m2 K)
k	� Thermal conductivity (W/m K)
q	� Heat flux (W/m2)
Q	� Heat transfer rate (W)
t	� Time (s)
T	� Temperature (K)
ΔT 	� Phase change transition temperature (°C)

Greek symbols
ρ	� Fluid density (kg/m3)

Subscripts
b	� Non-PCM layer
g	� Granit

i	� Indoor
m	� Melting
o	� Outdoor
p	� PCM layer
pla	� Plaster
x	� Cartesian direction

Abbreviations
PCM	� Phase change material
TOPSIS	� Technique for Order of Preference by Similarity 

to Ideal Solution

1  Introduction

Energy, as one of the most important survival elements, has 
always been considered by researchers and engineers [1–3]. 
On the other hand, the factors such as population growth, 
urban sprawl, industrial developments and the rise of emerg-
ing technologies have changed the energy consumption pat-
terns [4, 5]. In addition, the depletion of energy resources 
such as fossil fuels and increase in greenhouse gas emis-
sions have led scientists and researchers to look for ways 
to increase the efficiency of energy systems like using the 
renewable energy sources to replace them with fossil fuel 
sources [6–8]. With about 40% of total energy consump-
tion, the construction industry has the major share of energy 
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consumption in the world [6]. Therefore, the energy con-
sumption can be significantly reduced by optimization of dif-
ferent parts of the buildings, and consequently, the emissions 
of pollutants and greenhouse gases reduce [9, 10].

One of the most important ways to optimize the energy 
consumption in buildings is to insulate and reduce the 
amount of heat transfer between the inside and outside of 
the building. The studies show that the insulation of build-
ing walls has a great impact on energy consumption reduc-
tion in different buildings. There are different methods for 
insulation of different parts of the building. The use of 
phase change materials (PCM) is one of the proper insu-
lation methods that have been considered in recent years 
[11–14]. Due to the high heat capacity and low heat transfer 
coefficient of PCMs, they can effectively reduce heat loss in 
buildings. PCMs change phase, absorb or release the heat at 
a nearly constant temperature and store the thermal energy 
[15]. Therefore, they can be used to stabilize the indoor 
temperature fluctuations [16–18]. Besides, PCM allows to 
ensure an effective night cooling and presents a potentially 
feasible technology for building retrofit [19, 20].

In recent years, due to the importance of PCM in energy 
storage, many studies have been conducted in this field. 
Fateh et al. [11] experimentally and numerically investi-
gated the position of PCMs in different layers of the wall 
and concluded that 15% reduction in energy consumption 
is obtained when PCMs are located in the middle of the 
wall. Park et al. [21] investigated the optimization of PCM 
applied to glass curtain wall building (GCW) and to evaluate 
building energy performance by EnergyPlus. For modeling, 
was selected from ASHRAE Standard 90.1–2013 prototype 
buildings, and three locations of climate data (Miami, Balti-
more and Duluth) were used. The simulation results showed 
that PCM with melting temperature of 25° C is the most 
suitable PCM for this type of buildings. Kishore et al. [22] 
examined the effect of various PCM parameters on thermal 
performance and load modulation capacity of the PCM-inte-
grated lightweight building walls in Phoenix and Las Vegas. 
The results show that the optimized PCM proposed can 
invert the transient heat gain profile of the wall, providing up 
to 70% reduction of wall-related heat gain during peak hours 
without a major increase in the cumulative heat gain. Jin 
et al. [23] investigated the effect of PCM location on thermal 
performance of wall and identified the most optimal location 
of PCM. Experimental results showed that the optimal loca-
tion of the PCM thermal shield is one-fifth of the insulation 
cavity from the internal surface of the wall where 41% ther-
mal energy saving is approximately obtained. The thermal 
effect of PCM on a multilayer building envelope integrating 
hemp lime concrete (HLC) was investigated at experimen-
tal level by Wu et al. [24]. Four envelope configurations 
including a reference (without PCM) and three configura-
tions with PCM (PCM located on the outside and inside, in 

the middle of the envelope) were investigated to study the 
effect of PCM and its position on the envelope hydrothermal 
behavior. The results showed that the closer the PCM is to 
the outside space, the greater the heat store/release capacity 
and the lower the heating/cooling load from the envelope to 
the interior. Tuncbilek et al. [25] investigated the optimum 
location, quantity and fusion temperature of PCM incorpo-
rated into a conventional building brick under the climatic 
conditions of Marmara region of Turkey in terms of energy 
saving. The outcomes suggest that the integration of PCM 
with optimum fusion temperature into the brick can reduce 
heating and cooling loads considerably in every season of 
the year and provide thermal comfort for the occupants. The 
effect of PCM on thermal performance of double-glazing 
unit was numerically studied by Li et al. [26]. In addition to 
conductive and convective heat transfer, they also considered 
the radiative heat transfer mechanism. Their results showed 
that PCM properties play an important role in heat trans-
fer between indoor room and outdoor space. The effect of 
PCM’s refractive index on heat transfer between indoor and 
outdoor is weak while the effect of PCM’s extinction coeffi-
cient is strong. Xiao et al. [27] studied the use of PCM-TWS 
(Trombe wall) for improving energy efficiency in buildings 
in China. Their results showed that the use of PCM-TWS 
can reduce the heat load by 71.53% during the heating sea-
son. The payback period for investment ranges from 6.56 
to 11.18 years. Meng et al. [28] proposed a new type of 
high-reflectivity PCM roof to reduce the building heat gain 
through the roof. They examined three rooms of the same 
size with three types of PCM roof, reflectivity roof and com-
mon roof. The thermal protection performance of these three 
roofs was compared for eight days (July 23–July 30). The 
PCM roof and the high-reflectivity roof were then combined. 
The high-reflectivity PCM roof was compared with the com-
mon roof for another eight days (August 17 to August 24). 
The results showed that the high-reflectivity PCM roof had 
better thermal protection performance than the other three 
roofs. The thermal performance of walls containing PCM-
foamed cement in building in five different climate zones 
in China was investigated by Qing et al. [29]. They demon-
strated that the PCM-foamed cement balanced the indoor 
and outdoor temperature differences in all 5 climate zones. 
The energy saving rates are 37.02% (Kunming), 20.17% 
(Beijing), 22.26% (Shanghai) and 15.87% (Shenzhen). The 
shortest payback period is 5.95 years in Harbin. Labihi et al. 
[30] theoretically and experimentally studied the effect of 
loading on a phase change material on an air cavity. For 
the air, they used a cubic cavity of 10 cm × 10 cm × 10 cm 
and for the PCM a cavity with a thickness of 1 cm. They 
proposed an effective density, which reduces the standard 
deviation between experimental and numerical results from 
2 to 0.66 and 1.4 to 0.74 for the PCM and the air, respec-
tively. Izadi et al. [31] theoretically investigated the effect 
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combination three PCMs (RT15, RT18 and RT22) in two 
hollow brick types in Iran for Keeping the interior of a shel-
ter warm in cold weather. Several combinations of PCM 
with air layers were investigated to evaluate the best method 
for placing the air and PCM layers. Based on the results, the 
RT18 PCM-filled brick can present lower heat fluxes than 
the hollow one. Also, they showed that RT22 PCM-filled 
brick can provide 66.79% lower average heat flux compared 
to the hollow brick for the first 24 h of the process.

The economic performance of the three cooling systems 
including the thermally active building system (TABS), the 
PCM panel system and a variable air volume (VAV) system 
was compared in an open-plan office with 3, 6, 12, 18 and 24 
occupants by Boccardo et al. [32]. The results showed that 
TABS is cheaper than the other two systems and the PCM 
panels are the most expensive system. Although the TABS 
is cheapest, it is not suitable when cooling loads are high. 
Yanga et al. [33] experimentally investigated the thermal 
performance of PCM in lightweight wallboards. Thermal 
comparisons of the arrangement of different PCM layers 
were made. Experimental results showed that lightweight 
wallboards with PCM layer arrangement on the interior 
surface can reduce the amplitude of temperature fluctuation 
by 32.4% and delay the lag time from 2.9 h to 4.1 h com-
pared to the arrangement on the exterior surface. Eisapour 
et al. [34] numerically investigated the optimum design of 
double elliptical latent heat storage units during the charg-
ing process. They concluded that the best performance is 
found when the outer and inner tubes are oriented horizon-
tally and vertically, respectively. Also, their results showed 
that implementation of double wavy inner pipes improves 
the heat transfer surface area, which accelerates the melt-
ing time by 2.17. The rate of energy delivered to the PCM 
using double wavy inner tubes is 218.75 W/kg, compared 
to 180.4 W/kg using straight double inner tubes. Jin et al. 
[35] estimated the optimal PCM location in building walls 
under Nanjing (China) weather conditions. It was found 
that when the phase change temperature range of PCM was 
26–28 °C, the optimal PCM locations in Nanjing for spring, 
summer, autumn, winter and a whole year were 8/16, 2/16, 
5/16,8/16 and 4/16 L, respectively. Alawadhi [36] examined 
the thermal analysis of a proposed brick–PCM system as 
bricks with cylindrical holes filled with PCM, using two-
dimensional finite element method. In this simulation, the 
effect of different design parameters like quantity, type and 
location of PCM was investigated and it was shown that 
n-eicosane has the best thermal performance compared to 
other types of PCM. In addition, it was found that if three 
PCM cylinders are placed at the centerline, 17.55% reduc-
tion in indoor heat exchange can be achieved. A numeri-
cal study has been investigated the effect of fin size and 
number on the solidification output of a double‐tube con-
tainer filled with PCM by Bahlekeh et al. [37]. They found 

that for the same fin length and initial boundary conditions, 
the solidification rate increases by 67%, 170%, 308% and 
370% for cases with 4, 9, 15 and 19 fins. Also, they showed 
that moving from Reynolds numbers 500 to 1000 and 2000 
improved heat recovery rates by 14.4% and 27.9%, respec-
tively, and decreased discharging times by 12.9% and 22%. 
Rashed et al. [38] used numerical simulations to investigate 
the heat exchange reduction through adding a 20-mm-thick 
PCM layer to the vertical walls and roof of a room located 
in the Kuwaiti city during summer. They concluded that the 
addition of PCM of RT42 to roof leads to heat gain reduc-
tion of 15.37% while it reduces by approximately 13.78% for 
vertical walls, indicating that geographical direction has no 
significant impact on effectiveness of PCM. Moreover, the 
evaluation of the melting temperature effects of three PCMs 
including RT31 (phase change temperature of 27–33 °C), 
RT35 (29–36 °C and RT42 (38–43 °C) on heat transfer 
showed that the effectiveness of RT31 is better than other 
types of PCMs. The thermal performance of PCM used in 
the roof space of a residential attic in Turin of Italy was 
numerically and experimentally investigated by Elarga et al. 
[39]. The roof of the attic, which was studied in summer 
weather conditions, was divided into three parts: The first 
part of the roof was without PCMs while two types of PCMs 
with different melting/solidification temperatures were used 
in other two parts of the roof. Results indicated that PCM 
increases the thermal performance and reduces the heat peak 
load by 13% to 59%, based on the type of PCM. A numerical 
study has been investigated the potential energy and thermal 
comfort benefits of integrating PCM into an external wall 
of an intermittently cooled office by Tuncbilek et al. [40]. It 
is advisable to locate the PCM layer near the interior. Also, 
energy savings of up to 12.8% were attained for the PCM 
layer thickness of 23 mm as compared to a wall without any 
PCM.

Kishore et al. [41] numerically simulated the effect of 
integrating PCM layer into building walls on energy sav-
ing potential in five US cities with different climatic condi-
tions. The results showed that PCM has significant impacts 
in heat gain reduction during cooling season while it is not 
effective in reducing heat losses during heating season. 
Furthermore, based on the climate zone, the optimal PCM-
integrated building walls can annually reduce the heat gain 
by 3.5–47.2% in the USA. The lighting performance of the 
lazed roofs is better, and they are extensively used in modern 
architecture. However, the thermal insulation performance 
of the glazed roofs is poor and reduces the indoor thermal 
comfort. Mao et al. [42] studied the injection of PCM into 
middle layer of a building’s glazed roof aimed at indoor 
thermal condition improvement and energy consumption 
reduction under climate conditions of Wuhan in China. They 
optimized the roof design in terms of roof angle, PCM thick-
ness, glazing thickness, PCM melting temperature and PCM 
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latent heat during summer and winter. It was shown that the 
proper melting temperature of the PCM layer is 26–30 °C. In 
addition, they found that the thermal insulation performance 
of the double-slope PCM glazed roof can be enhanced by 
increasing the PCM layer and glazing layer thickness.

As reviewed in the literature about the use of PCM in 
buildings, it is observed that the location and thickness 
of PCM layer inside the building wall have not yet been 
addressed at the same time. For this purpose, the present 
study investigates the optimal location and thickness of the 
PCM layer inside the wall of an educational building located 
in Sabzevar city with dry–hot climate type. Accordingly, 
the five-layer wall of the educational building is simulated 
through one-dimensional numerical modeling using finite 
difference method and explicit solution. At first, the optimal 
location of PCM inside the wall is determined, and then, dif-
ferent thicknesses of PCM layer are examined. Finally, the 
amount of energy saving and the payback period for different 
PCM thicknesses are calculated based on thermo-economic 
analysis and the optimal PCM thickness is obtained using 
Pareto solutions.

2 � Case study and problem description

The case study in this research is a three-story office build-
ing in Hakim Sabzevari University, Sabzevar, Iran. The hot 
and dry city of Sabzevar has a latitude and longitude of 
36.2152°N and 57.6678°E, respectively. It is situated at an 
altitude of 941 m above the mean sea level and its standard 
pressure is 90.5 kPa. Detailed information about the monthly 
variations of temperature in Sabzevar city throughout the 
year is extracted from Iran Meteorological Organization. 
Figure 1 shows the satellite view and exterior view of the 
building. The studied building has a total built-up area of 
about 1452 m, and the area of its side walls is around 268 
m2.

Figure 2 illustrates a schematic view of the PCM-integrated 
wall in current study. As shown, from outside to inside, the 
wall is composed of a granite layer, cement mixture layer, 
PCM layer, brick and gypsum layer, respectively. In addition, 
the building wall is evaluated for three cases of without PCM, 
integrated with PCM before the brick layer and integrated with 
PCM after the brick layer with different thicknesses.

The total thickness of PCM-integrated wall is assumed to 
be the constant value of 310 cm. The thickness and thermo-
physical properties of wall layers are listed in Table 1.

The following assumptions are made for numerical 
simulation:

•	 The heat transfer inside the wall is considered unsteady and 
one-dimensional.

•	 The materials of wall layers are considered isotropic.
•	 The properties of wall materials are not temperature-

dependent except PCM layer.
•	 The convective heat transfer inside PCM layer during melt-

ing is not considered.
•	 The radiative heat transfer of building wall is assumed neg-

ligible.

3 � Governing equations

According to the above assumptions, the unsteady conduction 
heat transfer equation for non-PCM layers and PCM layer is 
written as Eqs. (1) and (2), respectively:

where �b , Cb , Kb and Tb are density, specific heat capac-
ity, heat transfer coefficient and temperature for non-PCM 

(1)(�C)b
�Tb

�t
= Kb

�2Tb

�x2

(2)(�C)P
�TP

�t
= KP

�2TP

�x2

Fig. 1   Satellite view and exterior view of the office building in this study
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layers, respectively. Moreover, �P , CP , KP and TP are density, 
specific heat capacity, heat transfer coefficient and tempera-
ture for PCM layer, respectively.

The PCM layer is highly temperature-dependent. As 
a result, the specific heat capacity of PCM layer is also 

temperature-dependent which is obtained from the following 
equation [36]:

In the above equation, B is the latent heat of PCM layer, Tm 
is the melting temperature of PCM layer, ΔT  is the phase 
change temperature range of PCM layer, �liquid is the density 
of liquid phase PCM and �solid is the density of solid phase 
PCM.

3.1 � Numerical modeling and boundary conditions

To solve the unsteady conduction heat transfer equation, there 
are different numerical methods such as finite volume method, 
finite difference method and finite element method. In this 
study, like most researches [26, 39, 45, 46], the finite differ-
ence method and explicit solution is used to investigate the 
impact of PCM in external building wall. A one-dimensional 
heat transfer model was implemented in MATLAB R2017b.

Since the external wall is in contact with outside air, the 
boundary condition for external wall surface at x = 0.0 can be 
expressed as:

where Kg is the conduction heat transfer coefficient of gran-
ite stone, Tg is the temperature of granite layer, ho is the 
convection heat transfer coefficient of outside air, To is the 
temperature of outside air and Tso is the external surface 
temperature of granite layer.

In addition, the boundary condition for internal wall surface 
at x = L can be written as:

where Kpla is the conduction heat transfer coefficient of 
plaster, Tpla is the temperature of plaster layer, hi is the 

(3)

(𝜌C)p =

⎧
⎪⎨⎪⎩

(𝜌C)solid T < Tm
(𝜌C)solid+(𝜌C)liquid

2
+

𝜌solid+𝜌liquid

2

�
B

ΔT

�
Tm < T < Tm + ΔT

(𝜌C)liquid T > Tm + ΔT

(4)−Kg

�Tg

�x
= ho

(
Tout − Tso

)

(5)−Kpla

�Tpla

�x
= hi

(
Tin − Tio

)

Fig. 2   Schematic view of wall layers a without PCM, b with PCM 
placed before brick layer and c with PCM placed after brick layer

Table 1   Relevant thermo-physical properties of wall layers

Material Plaster [43] Brick [43, 44] PCM (RT25HC) [26, 32] Cement [43] Granit [43, 44]

Material temperature range (°C) – – 22–26 – –
Latent heat (kJ/kg) – – 230 – –
Thermal conductivity (W/m K) 0.7 0.7 0.2 1.15 2.9
Density (kg/m3) 1300 1850 880 (solid), 770 (liquid) 2000 2500
Specific heat (kJ/kg K) 1000 840 2000 920 840
Thickness (mm) 20 200–230 20–50 20 20
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convection heat transfer coefficient of indoor air, Ti is the 
temperature of indoor air and Tio is the outdoor surface tem-
perature of plaster layer.

The finite difference method and explicit solution are used 
to solve the equations numerically. The external wall is sub-
jected to a forced convection with heat transfer coefficient of 
ho = 15

W

m◦C
 at monthly variable temperature. The internal wall 

is subjected to a free convection with heat transfer coefficient 
of hi = 8

W

m◦C
 at temperature of Tin = 18 ◦C [11].

Since the building’s outside temperature ( Tout ) varies during 
a day, a sinusoidal profile is used for temperature variations 
which is obtained based on maximum temperature ( Tmax ) and 
minimum temperature ( Tmin ) of outside air during day [11].

In the above equation, t is temperature, T1 and T2 are equal 
to T1 =

Tmax−Tmin

2
 and T2 =

Tmax+Tmin

2
 , respectively.

Equation (7) is used to calculate the heat exchange reduc-
tion per unit area as follows:

where qwithout PCM and qPCM are amount of heat transfer per 
unit area without and with PCM layer, respectively. In addi-
tion, qred is amount of heat exchange reduction per unit area 
due to use of PCM layer.

4 � Validation

The experimental results reported by Fateh et al. [11] are used 
to validate the results obtained from numerical modeling in 
this study. They considered a PCM-integrated wall with indoor 
temperature of Tin = 18 ◦C while a sinusoidal profile (Eq. 6) 
with maximum temperature of Tmax = 26.5 ◦C and minimum 
temperature of Tmin = 12.5 ◦C was used for outdoor tempera-
ture. Figure 3 shows the comparison of numerical results of 
the present study and experimental results of Fateh et al. [11]. 
As it is seen, there is a good agreement between numerical 
and experimental results with an acceptable maximum error 
of 7.9%. This is because Fateh et al. [11] used a plot for vari-
ations of PCM specific heat capacity with temperature while 
in this study, a quadratic equation is used for heat capacity of 
PCM layer as a function of temperature.

5 � Results and discussion

5.1 � Optimal location of PCM layer in the wall

At first, it is necessary to determine the appropriate loca-
tion of the PCM layer inside the wall. As shown in Fig. 2, 
the PCM layer is placed at two locations: Case 1 = Before 

(6)Tout = T2 + T1 sin
(
2�

24

(
t

3600
− 6

))
◦C

(7)qred = qwithout PCM − qPCM the brick layer and Case 2 = After the brick layer. The total 
thickness of building wall is 31 cm and the thickness of PCM 
and brick layer are considered is 3 cm and 22 cm, respec-
tively. The thickness of the other layers is equal to 2 cm, as 
listed in Table 1. The indoor temperature of the building is 
Tin = 18 ◦C while the outdoor temperature is considered as 
a sinusoidal equation (Eq. 6) with maximum and minimum 
temperature of Tmax = 39 ◦C and Tmin = 14 ◦C , respectively.

Figure 4a shows that when the PCM layer is placed before 
the brick layer, the variations of temperature are well con-
trolled and the temperature reaches to its minimum value in 
the brick layer which indicates the heat exchange reduction. 
However, as shown in Fig. 4b, when the PCM layer is placed 
after the brick layer, the temperature is not controlled prop-
erly and its variations are higher than the first case which 
leads to more heat transfer within wall.

Furthermore, Fig. 5 shows that when the PCM layer is 
placed after the brick layer, the decrease in temperature is 
less compared to the case when PCM layer is placed before 
the brick layer. It is seen that the temperature significantly 
decreases in case 2 and consequently, there will be high heat 
exchange reduction within the wall. Therefore, it is con-
cluded that the optimal location of the PCM layer is before 
the brick layer.

5.2 � Effect of PCM thickness 
and outside temperature

As discussed, it is found that the optimal location of PCM 
layer is before the brick layer in the building wall. The range 
of outdoor and indoor temperatures is very important in 
selecting the type of PCM. PCM type should be selected in a 

Fig. 3   Comparison of numerical results in the present study with 
experimental results reported by Fateh et al. [11]
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way that its melting and freezing temperatures are within the 
range of indoor and outdoor temperatures. In other words, 
since the inside room temperature is between 18 and 22 °C, 
the selection of PCM type is mostly based on the outdoor 
temperature. Therefore, in this section, due to the impor-
tance of outdoor temperature, the thickness of PCM layer 
and variations of outdoor temperature are investigated. In 
this regard, the modeling is performed for two PCM thick-
nesses of 3 and 5 cm at constant outdoor temperatures of 30, 
35, 40 and 45 °C.

Figure 6a, b demonstrates the variations of temperature 
within entire wall for two different thicknesses of the PCM 
layers at different outdoor temperatures. In addition, the 
variations of temperature within entire wall with PCM layer 
and without PCM layer are compared in Fig. 7 at a constant 
outdoor temperature of 35 °C. Figures 6 and 7 show that the 

with the increase in the thickness of PCM layer, the rate of 
temperature reduction within the wall increases. Therefore, 
the heat transfer across the wall with 5-cm-thick PCM layer 
is lower than the wall with 3-cm-thick PCM layer. Although 
heat transfer is lower in this case, it should be noted that it is 
not economically viable due to the high cost of PCM. There-
fore, in the next part, the PCM layer with different thick-
nesses is examined, and according to the economic analysis, 
the optimal amount of PCM thickness is selected. Although 
the heat transfer reduces with thicker PCM layer, the high 
cost of PCMs should also be taken into account from an 
economic viewpoint. Hence, in the next section, different 
PCM thickness are investigated and the optimal thickness 
of PCM layer is determined based on economic analysis.

5.3 � Optimal thickness of PCM layer

In this section, the amount of heat loss and energy saving 
during hot months of the year is calculated for the stud-
ied educational building, and then, the optimal thickness of 
PCM layer is obtained based on the PCM cost. For this pur-
pose, according to the weather data obtained for temperature 
of Sabzevar city in the hot months of the year, the average 
values of Tmax and Tmin are calculated. Then, the amount 
of outdoor temperature Tout is determined using Eq. 6, as a 
sinusoidal function. Accordingly, the average value of Tmax 
and Tmin during the effective days of the six hot months of 
the year is summarized in Table 2.

The amount of heat transfer and energy saving for PCM 
thicknesses of 2, 3, 4 and 5 cm is obtained in different 
months. Figure 8 shows the amount of heat transfer per 
unit area of the building wall for different PCM thick-
nesses from May to October. As known, with the increase 

Fig. 4   Variations of temperature in different layers of the wall during 
the second day a when PCM layer is placed before the brick layer and 
b when PCM layer is placed after the brick layer

Fig. 5   Variations of temperature within entire wall for the two cases
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in the thermal insulation, the amount of heat transfer 
across the wall decreases. Therefore, when the thickness 
of PCM layer increases from 2 to 5 cm, the reduction in 
heat transfer per unit area of the wall is seen. Furthermore, 
due to the weather conditions in July, the maximum heat 
flux within the building wall is observed at this month. 
The amount of heat exchange reduction per unit area of the 
building wall for different PCM thicknesses is illustrated 
in Fig. 9 from May to October. According to Eq. (7), given 
a constant qwithout PCM in each month, the amount of heat 
exchange reduction increases with the decrease in qPCM . 
Therefore, since the amount of heat transfer inside the 
wall with 5-cm-thick PCM is lowest, the maximum heat 

exchange reduction in each month is related to the wall 
with 5-cm-thick PCM. However, economic considerations 
may be taken into account when PCM layers with high 
thickness is used.

Given the area of the side walls of the office building 
equal to 268 m2, the total amount of heat exchange reduc-
tion during six hot months is depicted in Fig. 10 for differ-
ent PCM thicknesses. As it can be seen, the total amount of 
heat exchange reduction increases with the increase in the 
PCM thickness. The total amount of heat exchange reduction 
for the wall with 5-cm-thick PCM layer is 678 MW while 
it becomes equal to 325 MW for the wall with 2-cm-thick 
PCM layer. Comparison of the results obtained for building 
wall with PCM layer and without PCM layer indicates that 
the ratio of heat exchange reduction using PCM layer with 
thickness of 2, 3, 4 and 5 cm is equal to 9.8%, 13.4%, 17.5% 
and 20.4%, respectively.

In order to find the optimal thickness of the PCM layer, it 
is necessary to calculate the PCM cost and electricity saving 
cost for each PCM thickness. The cost of PCM is equal to 
9.133 $/kg [47–50]. Moreover, a refrigeration system with 
cooling capacity of 24,000 BTU/h or 7 kW (2 refrigeration 
ton [51]) is assumed to calculate the amount of electricity 
saving due to heat exchange reduction in case of using PCM 
layer inside the building walls. Accordingly, considering the 
price of electricity equal to 0.1 $/kWh, the electricity saving 
cost is computed by multiplying the amount of electricity 
saving in terms of kWh by electricity price.

Figure 11 shows the cost of PCM and cost of electric-
ity saving in the building for different PCM thicknesses. 
As seen, with the increase in the PCM thickness, although 
the electricity saving cost increases the cost of PCM also 

Fig. 6   Variations of temperature within entire wall a with 3-cm-thick 
PCM layer and b with 5-cm-thick PCM layer at different outdoor 
temperatures

Fig. 7   Variations of temperature within entire wall without PCM 
layer at constant outdoor temperature of 35 °C
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increases significantly. As a result, the optimization method 
is required to find the optimal thickness of the PCM layer.

According to the cost of PCM and cost of electricity 
saving, the amount of payback period can be calculated for 
each PCM thickness. Figure 12 demonstrates the payback 

period for different PCM thicknesses. As shown, it is 
seen that with the increase in the thickness of PCM, the 
amount of payback period increases due to the higher cost 
of PCM compared to electricity saving cost. The payback 
period of 5-cm-thick PCM layer is about 56 months while 

Table 2   Average value of T
max

 
and T

min
 during the effective 

days of the six hot months of 
the year in Sabzevar city

Month May June July August September October

T
min

(◦C)-T
max

32–18 36–22 41–26 38–23 34.5–19.5 30–15
Day number 15 31 31 31 31 15

Fig. 8   Amount of heat flux for 
different PCM thicknesses from 
May to October

Fig. 9   Amount of heat exchange 
reduction per unit area for dif-
ferent PCM thicknesses from 
May to October
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the payback period of 2-cm-thick PCM layer is around 
47 months.

As shown in Fig. 11, with the increase in the thickness 
of the PCM layer, the electricity saving cost increases. But, 
on the other hand, the cost of PCM also increases with the 
increase in the PCM thickness. Therefore, Pareto-based 
multi-objective optimization technique is applied to find the 
possible solutions, and then, the TOPSIS method is used to 
find the optimal point. The optimal point has the shortest 
distance from the ideal point and the longest distance from 

the non-ideal point. In this study, the ideal point is the maxi-
mum electricity saving cost and minimum PCM cost while 
the minimum electricity saving cost and maximum PCM 
cost is considered as non-ideal point. The results obtained 
from multi-objective optimization are illustrated as Pareto 
front curve in Fig. 13. According to TOPSIS method, the 
optimal point for PCM thickness is obtained equal to 2.9 cm 
(≈ 3 cm).

The payback period in case of using 3-cm-thick PCM 
layer inside the building walls is around 50 months, as 

Fig. 10   Total amount of heat 
exchange reduction in building 
walls during six hot months for 
different PCM thicknesses

Fig. 11   PCM cost and electric-
ity saving cost for different 
PCM thicknesses
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shown in Fig. 12. The other results obtained for PCM layer 
with optimal thickness of 3 cm are presented in Table 3.

6 � Conclusions

In this study, the feasibility of using PCM layer inside the 
walls of an educational building in Hakim Sabzevari Uni-
versity is numerically investigated to reduce the heat transfer 
across the building walls during six hot months of the year. 
The experimental results reported by Fateh et al. [4] are used 
to validate the results obtained from numerical modeling. 

There is a good agreement between numerical and experi-
mental results with an acceptable maximum error of 7.9%. 
At first, the numerical simulation is used to find optimal 
location of PCM layer inside the wall for minimum heat 

Fig. 12   Amount of payback 
period for different PCM thick-
nesses

Fig. 13   Optimal solutions 
obtained from multi-objective 
optimization as Pareto front 
curve

Table 3   Thermo-economic results of PCM-integrated walls with 
optimal PCM thickness of 3 cm

Payback 
period

PCM cost Electricity 
saving cost

Electricity 
saving

Heat 
exchange 
reduction

50 months 64,617.8 $ 15,498.6 $ 154.98 MW 459.72 MW
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transfer. Then, the effects of outdoor temperature on ther-
mal performance of the PCM-integrated wall is examined 
for two different PCM thicknesses. In addition, the amount 
of heat exchange reduction for different PCM thicknesses 
is obtained from May to October. The main results can be 
summarized as follows:

•	 It is concluded that the optimal location of the PCM layer 
is before the brick layer.
–	 The amount of heat exchange reduction increases 

with the increase in the thickness of PCM layer; 
therefore, the maximum heat exchange reduction in 
each month is related to the wall with 5-cm-thick 
PCM.

•	 Due to the weather conditions in July, the maximum heat 
flux within the building wall is observed at this month.
–	 It is found that the ratio of heat exchange reduction 

using PCM layer with thickness of 2, 3, 4 and 5 cm is  
equal to 9.8%, 13.4%, 17.5% and 20.4%, respectively.

•	 It is concluded that although the heat transfer reduction 
and associated electricity saving cost increases with the 
increase in the PCM thickness, the cost of PCM also 
increases. Finally, using Pareto-based multi-objective 
optimization and TOPSIS method, an optimal PCM 
thickness of about 3 cm is obtained which leads to a 
payback period of 50 months.
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