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c Department of Mechanical Engineering, Faculty of Engineering, University of Misan, Al Amarah City, Maysan Province 62001, Iraq   

A R T I C L E  I N F O   

Keywords: 
PCM 
Building energy 
Building envelope 
Surface temperature reduction 
Heat gain reduction 

A B S T R A C T   

Compacting phase change materials (PCMs) for thermal energy management in buildings is a promising method 
to reduce peak temperature and heat gain in hot climates. This experimental study analyses the hourly tem
perature reduction (HTR) and hourly heat gain reduction (HHGR) of building envelope-compacted PCM 
passively during a hot summer day. Two cubicles, one compact with PCM and the other without, are fabricated 
and examined under non-ventilated conditions concerning the supreme PCM thickness and position in the roof 
and the best thermally-performed PCM-bricks in the walls. The results showed that PCM effectiveness is time- 
dependent, and the east wall performed better than the other walls showing a maximum HTR of 9.1 % and 
HHGR of 16 %. Moreover, the PCM roof surface showed a maximum HTR and HHGR of 15.1 % and 34.9 %, 
respectively, contributing to the total HGR by one-third. The research exhibited that the PCM cubicle indoor 
temperature was reduced by up to 4 ◦C in comparison with the one referenced.   

1. Introduction 

Buildings are the primary consumer of national energy universally 
[1]. The International Energy Agency stated that the building envelope 
is responsible for 36 % of building energy consumption and around 39 % 
of CO2 emissions [2]. Consequently, remarkable energy-saving potential 
could be accomplished by enhancing building envelope performance by 
applying different passive and active technologies. Recently, incorpo
rating phase change materials (PCMs) with building construction has 
been introduced as a promising solution to increasing building dynamic 
thermal response and improving thermal comfort [3]. PCMs are unique 
materials that can absorb high heat within a limited volume compared 
with traditional construction materials [4]. Accordingly, the heat could 
be stored/charged throughout the day and dissipated/discharged at 
night, reducing the building’s indoor temperature and shifting the peak 
load for better energy and comfort requirements [5,6]. 

Presently, several studies have been directed to explore the thermal 
improvement of building envelope elements and construction materials 
when PCMs applied, such as PCM roofs [7], PCM walls [8,9], PCM 
Trombe walls [10], PCM bricks [11], PCM wallboards [12], PCM win
dows [13], PCM floors [14], PCM ceiling [15], PCM insulation [16], 
PCM cementitious mortars [17] and plastering [18]. 

Shahcheraghian et al. [19] investigated the peak temperature and 
heat gains reduction of PCM macroencapsulated panels involved in one 
room’s walls compared to another room without PCM (reference 
cubicle) under Tehran (Iran) weather conditions. Their experimental 
results showed that the average/peak temperature was reduced by 
1.5 ◦C/2.3 ◦C in the PCM cubicle. Moreover, a maximum of 44 % heat 
gain reduction was achieved for the east wall of the PCM room 
compared to the reference one. Al-Rashed et al. [20] numerically 
deliberated the annual power consumption in arid buildings when PCM 
with 20 mm thickness and the suitable melting temperature were 
incorporated close to the interior edge. The locations were selected ac
cording to Köppen–Geiger classification [21], including Dubai City in 
Arab Emirates, Jeddah City in Saudi Arabia, Kuwait City in Kuwait and 
Lahore City in Pakistan. The results revealed that a power-saving of 
55.47 %, 53.89 %, 58.86 % and 53.57 % can be achieved at these lo
cations, respectively. The study designated that the finest PCM melting 
temperature for Lahore City and Dubai was in the range of 21 ◦C–23 ◦C 
and 23 ◦C–25 ◦C, respectively. At the same time, the PCM melting 
temperature range of 25 ◦C–27 ◦C was the best for Jeddah and Kuwait 
City locations. Tunçbilek et al. [22] explored the role of PCM loaded into 
bricks on building annual and seasonal thermal performance in the 
Marmara region, Turkey. They studied the ideal PCM transition 
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temperature among 18 ◦C–26 ◦C and found that the PCM temperature is 
varied depending on the season. On an annual basis, their analysis 
designated that the PCM of 18 ◦C transition temperature is optimum, 
decreasing the thermal energy by up to 17.6 %. Sun et al. [23] verified a 
parametric analysis to investigate the thermal enhancement of a wall 
loaded with passive PCM considering the outer and inner temperatures, 
layer thickness and position, and the optimal phase change temperature. 
Outcomes indicated heat flux decrease by up to 50 % at 7 mm PCM 
thickness and melting temperature between 27 ◦C and 31 ◦C with a fixed 
indoor air temperature of 24 ◦C. Saxena et al. [24] examined the tem
perature and heat transfer reduction when OM35 (35 ◦C) and Eicosane 
(36 ◦C–38 ◦C) macroencapsulated single/double containers involved 
inside bricks under climate conditions of Delhi (India). The results re
ported better thermal performance for Eicosane in which the brick’s 
temperature and heat transfer was reduced by 4 ◦C–9.5 ◦C and 40 %–60 
%, respectively, when single and double PCMs incorporated. In another 
Indian city, Sheeja et al. [25] investigated the annual room temperature 
reduction resulting from loading PCM of 29 ◦C melting point installed on 
the building’s interior brick walls under Chennai city (India) climatic 
conditions. Numerical results presented that the room temperature was 
reduced by 6 ◦C in January and March, whereas a minimum reduction of 
3 ◦C was achieved in May. For the building’s indoor thermal manage
ment, Salgueiro et al. [26] fabricated and examined composite PCM 
comprised of a microencapsulated PCM (32 ◦C melting temperature), 
cement mortar and lightweight expanded clay granules. The results re
ported good thermal properties for the modified mortar with a thermal 
conductivity reduction of 24 % and a specific heat capacity increment of 
17 % compared with the reference mortar without PCM. However, PCM 
addition increments shrinkage by 85 % and capillarity by 49 %, reducing 
by 20 % in the compressive and flexural strength. Wang et al. [27] 
numerically investigated the indoor thermal comfort and energy 
consumed by PCM wallboards installed in high-rise buildings under 
Shanghai conditions. The study revealed that the ideal transition tem
perature ranged between 20 ◦C and 26 ◦C, the thermal comfort range for 
occupants. Moreover, the PCM wallboards were more effective in the 
winter than in summer, and the best PCM transition temperature was 
season-reliant. In summer, the 24 ◦C melting temperature PCM wall
board installed on the east wall saved energy by 27.78 %, whereas the 
PCM of 22 ◦C installed on the south wall saved energy by 96.2 %. Al- 
Mudhafar et al. [28] analysed the peak-load shifting, peak tempera
ture minimisation and temperature fluctuation reduction when RT-35 
(29 ◦C–36 ◦C) was installed on a building roof, floor and walls under 
Baghdad and Basra, Iraq, climate conditions). The outcomes exhibited 
that the cooling load was abridged remarkably due to reduced heat gain, 
and the peak load was shifted by 5 h. Annual building energy and 
summer temperature reduction of PCMs incorporated in wooden 
buildings were studied by Wi et al. [29]. In their study, 22 types of 
shape-stabilised PCM (SSPCM) (paraffin and carbon-based materials), 
having phase change temperatures between 20 ◦C and 30 ◦C, were 
studied under weather conditions of Seoul (Korea). Numerical results 
showed that SSPCMs have averagely reduced annual energy consump
tion by 5 %, in which 479.8 kWh reduction was achieved at the best 
melting temperature ranging from 23 to 27 ◦C, and the summer peak 
temperature was minimised by 4.1 ◦C. Bohórquez-Órdenes et al. [30] 
numerically analysed the energy reduction and CO2 emissions mitiga
tion of R23C PCM (24 ◦C melting temperature) with 2–10 mm thickness 
incorporated building’s external walls and ceiling under Santiago 
(Chile) climate conditions. Results showed that the thermal stress hours 
are minimised by 11 %–23 %, and the cooling load decreased by 45.4 %– 
60.3 % during summer. Furthermore, CO2 emissions were mitigated by 
60.3 % when 10 mm PCM was incorporated. Under Kuwait City climate, 
Al-Rashed et al. [31] numerically studied the heat gain and CO2 emis
sions reduction when 20 mm PCM layer of RT-31 (27 ◦C–33 ◦C), RT-35 
(29–36) and RT-42 (38–43) was installed on the interior of building roof 
and walls. They claimed that RT-31 PCM showed better effectiveness in 
which an annual energy and CO2 emissions were saved by 481 kWh/m2 

and 198.65 kgCO2/m2, respectively. 
Sovetova et al. [32] explored the energy performance of thirteen 

different PCMs (20 ◦C to 30 ◦C transition temperature range) integrated 
building envelope under the desert climate of Mecca, Abu-Dhabi, Cairo, 
Dubai, Jodhpur, Nouakchott Faisalabad, and Biskra, considering the 
temperature fluctuations reduction, maximum temperature reduction 
and building energy-saving. Numerical findings indicated that higher 
PCM melting temperatures performed better, and the energy-saving 
varied from 17.97 % to 34.26 %. Hamidi et al. [33] quantified the 
benefits of combining PCMs (22 ◦C to 32 ◦C) into brick walls in different 
Mediterranean locations with the same approach. Numerical results 
revealed that up to 56 % of energy savings were achieved under north- 
east Mediterranean locations against no benefits for cities in the 
southeast. The study designated that PCM of 26 ◦C phase change tem
perature was appropriate in most locations. Rathore et al. [34] investi
gated the time delay, indoor peak temperature and thermal amplitude 
reduction when OM37 PCM (melting temperature of 39.1 ◦C) macro
encapsulated pipes were buried inside the building envelope in Mathura 
(India). Experimental findings indicated average room temperature 
reduction by 0.2 ◦C to 4.3 ◦C, a maximum time delay of 97.5 min, and a 
decrement factor of 24.69 %. 

According to the above literature, many numerical studies were 
verified to examine the PCM-compacted construction materials for 
reducing cooling load and saving energy compared to a minimal number 
of experiments. Most of these studies focused on monthly, seasonal and 
annual PCM thermal performance against limited ones that considered 
hour-by-hour PCM performance. Besides, experimental studies that 
consider all effective parameters of PCM integration, such as the best 
PCM thickness, effective position, best encapsulation area, etc., are 
limited, especially under severe hot locations. Therefore, this research 
aims to study the hourly temperature and heat gain reduction from 
compacting PCM passively into scaled rooms. The work is conducted for 
the thermally-worst building envelope combination under the hottest 
climate conditions in Iraq. The study conclusions are believed to deliver 
constructive information for specifying the effective hours for PCM and 
quantifying the highest benefits towards further modifications and 
optimization. 

2. Experimental work 

2.1. Description of cubicles 

Two identical cubicles (1 × 1 × 1 m), one compacted with PCM and 
the other left with no PCM, were built and tested in the hot climate of Al 
Amarah, Maysan Province (Latitude: 31.84◦E & Longitude: 47.14◦N), 
Iraq. The cubicles are prepared using local materials for residential 
building constructions in the city. According to our previous local 
studies, these combinations are poor in thermal performance and result 
in high cooling loads [35]. The roofs were constructed from Isogam (a 
local roofing product used as a finishing layer), concrete (as roof layer) 
and gypsum mortar (as a cladding layer). Moreover, the brick walls were 
fabricated using concrete bricks (with 23 × 12 × 7 cm dimensions) and 
an outside cement mortar layer. Fig. 1 shows the main steps for pre
paring the concrete layer and bricks. 

Cubicles were located on a building rooftop with an east direction to 
study the influence of solar radiation on all walls during the experiment 
day. Both cubicles are situated on dense woody foundations to guarantee 
no heat transfer from the floor. Each cubicle was provided with a small 
wooden-framed window (25 × 35 cm) mounted on the eastern wall of 
the cubicles. High-density foam was used to fill all slots and element 
connections to ensure no air leakage between the interior and exterior 
environments. 

2.2. PCM panel/capsules 

Petroleum paraffin wax was included in the PCM cubicle after careful 
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macroencapsulation. This PCM has a melting temperature appropriate 
for the location under study, high latent fusion heat and relatively sharp 
melting/solidification temperature point, not to mention its local 
availability with low cost. Table 1 displays the features of the PCM. 

The macroencapsulation technique was adopted in this work as it is 
the suitable method to preserve the PCM from leakage when incorpo
rated with building materials and provide a suitable enhancement to the 
PCM thermal conductivity due to increased heat transfer area [37]. In 
this research, PCM macroencapsulated panel was involved within the 
roof, and aluminium containers/capsules were compacted in the bricks. 

For the PCM cubicles’ roof, a PCM panel made of galvanised steel 
(0.5 mm thickness sheet) was fabricated with 1 × 1 m to fit the roof area 
and a thickness of 1.5 cm. The panel was positioned between the PCM 
cubicles’ finishing and main roof layers. Based on our previous studies, 
this thickness and position are the best-performed aspects [38,39]. A 7 
kg PCM was included in the panel to guarantee excellent thermal 
behaviour with no leakage during phase transition. Conversely, the PCM 
compacted into concrete bricks was macroencapsulated inside square 
cross-sectional aluminium capsules. Compared with many other shapes 
and sizes, these containers/capsules had the best thermal performance 
when incorporated with concrete bricks [40]. Five PCM capsules (4 × 4 
× 2 cm) with a PCM amount of 145 g were poured inside each PCM brick 
to construct the PCM cubicles’ walls. These capsules were sealed well 
using high-quality thermal glue to prevent leakage and symmetrically 
distributed in the middle of each brick to retain their mechanical 
properties. Besides, the concrete bricks-comprised PCM capsules were 
flattened well to ensure the best capsules position with minimal air gaps, 
which minimises PCM leakage during the melting phase. Fig. 2 shows 
the preparation steps of the PCM panel and capsules. 

Table 2 lists the detailed characteristics of the cubicle construction 
materials, and Fig. 3 shows the final experimental cubicles. 

2.3. Thermal measurements and mechanical test 

For thermal measurements, a data logger-based multi-channel 
Arduino (type Mega 2560) (manufactured and calibrated by Ardunic Co. 
[42]) was connected to thermocouples to measure envelope surface 
temperature and air temperatures. Ten T-type thermocouples from 
TEMPSENS of 0.2 mm direct contact bulb with a temperature working 
variety between − 270 ◦C and 370 ◦C and precision of ±0.5 ◦C) were 
attached on the interior surface centre of roofs and walls for both 
reference and PCM cubicles. Besides, a sensor was positioned at the 
centre of cubicles to record the indoor air temperature, while another 
sensor was fixed outside the cubicles for outdoor temperature mea
surement. The Arduino was automated to measure temperatures each 
30 min throughout the experiment and store them continuously in a 
portable microstorage memory connected to the Arduino. On the other 
hand, a handy solar power meter (Type SM206 with a range of 
0.1–399.9 W/m2 and accuracy of ±10 W/m2) was used to measure the 
incident solar radiation during the experiment daytime every 30 min. In 
addition, a thermal camera (model WB-80VOLTCRAFT®) of a temper
ature sensor ranging from − 20 ◦C to 600 ◦C and accuracy of ±2 % ±2 ◦C 
was used to show the temperature behaviour of outside surfaces tem
perature of cubicles at different times of the experiment. The LCD 
display of the thermal camera normally shows the photo in 4 colour 
palettes: IRON Red (red), colour RGB, grayscale (white heat), and 
grayscale (black heat), with no specific temperature range for each 
colour [43]. The thermocouple type used, solar power meter and 

Fig. 1. Preparation of the concrete layers and bricks (a) row materials (cement, sand and gravel), (b) concrete mixture, (c) concrete layer preparation, (d) mould of 
bricks, (e) preparation of PCM bricks, (f) solidified bricks. 

Table 1 
Characteristics of paraffin wax as tested by the producer [36].  

PCM photo Appearance Melting point (◦C) Thermal conductivity (W/m.K) Heat of fusion (kJ/kg) Specific heat (kJ/kg.K) Density (kg/m3) 

White 40–44 0.21 190 2.1 930 (solid) 
830 (liquid)  
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thermal camera are shown in Fig. 4. 
As indicated earlier, the PCM layer was integrated with the PCM 

cubicle’s roof as a separate layer, while it was immersed as capsules into 
wall bricks, weakening their mechanical properties. Therefore, investi
gating the mechanical strength of PCM bricks is necessary to provide a 
clear vision of PCM compacting into the building structure. For this 
purpose, a crushing strength test was made for the PCM and bare bricks 
using a compression test machine (type ADR Touch head from ELE In
ternational) with a 2000 kN maximum load capacity. Six bricks were 
tested (three from each brick type), and the outcomes displayed that the 
maximum compression strength at the failure of bare bricks were 496.1, 
481.5 and 503.2 kN, against 411, 315.2 and 338 kN for PCM bricks. 
These values are averagely equivalent to 17.88 and 12.84 N/mm2 

compression strength, considering the brick area of 27,600 mm2. 
Therefore, the compression strength of PCM bricks was reduced by 
~28.2 % compared with the bare bricks. The decline of PCM brick 
strength is attributed to the poor mechanical strength of aluminium 
containers used for PCM encapsulation. Some photos of the mechanical 
test machine and PCM brick before and after the compression test are 
shown in Fig. 4. 

3. Results and discussion 

Buildings in Iraq are the primary energy consumers during the 
summer season due to the harsh weather conditions and the excessive 
use of air-conditioners to maintain adequate indoor thermal comfort. In 
this regard, residential buildings consume 48.3 % of the total energy 
provided by the national grid [44]. In Baghdad, the capital of Iraq, it was 
reported that houses consume about 69 % of electrical energy for 
cooling annually, and such a percentage could be decreased by up to 
65.36 % by applying active or passive strategies on the building enve
lope [45]. The current research was conducted on a hot summer day, 15 
September 2021, from 6:00 to 24:00 in the hot summer of Al Amarah, 
Maysan Province, in Iraq. September is among the hot summer months 
in the city, where the outdoor air temperature exceeds the limit of 45 ◦C 
on several days and the sunshine hours exceed 12 h, as indicated in 
Fig. 5-a. Besides, September days have a clear-sky with high solar 
insulation, especially at midday (Fig. 5-b). 

3.1. Exploration of surface temperature 

Fig. 6 shows the temperature variation with 30 min time intervals of 
the indoor (Ti) and inside surface temperatures (Tin) for roofs and walls 
of experimental cubicles. In addition, the outdoor temperature (To) and 
solar radiation (SR) are shown in each figure. As can be observed in all 
figures, the inside surface temperature of the reference cubicle elements 
was higher than that of the PCM cubicle during daytime hours. None
theless, the element inside surface temperature was opposed as soon as 
the daytime ended. This phenomenon occurs due to the PCM thermal 
behaviour that reduces the heat across the envelope elements in the 
daytime during the heat charging phase (melting phase). Besides, the 
charged heat (the heat accumulated inside the PCM) had released at 
night, increasing the elements’ temperature of the PCM cubicle until 
they became at the same temperature level late at night. This temper
ature behaviour has resulted from the non-ventilated cubicles 
throughout the experiment, which keeps the outdoor temperature 

Fig. 2. Preparation of PCM panel/capsules (a) PCM melting process, (b) empty galvanised steel panel, (c) PCM-filled panel, (d) empty capsules, (e) PCM-filled 
capsules, (f) solidified PCM capsules (before capping). 

Table 2 
Characteristics of construction materials used to fabricate cubicles [41].  

Material Thickness 
(cm) 

Thermal conductivity 
(W/m.K) 

Density (kg/ 
m3) 

Isogam (roof)  0.4  0.35  1400 
Concrete layer 

(1:2:4) (roof)  
5  1.49  2300 

Gypsum mortar 
(roof)  

0.2  0.57  1200 

Cement mortar (1:3) 
(walls)  

1  0.99  2020 

Concrete bricks 
(walls)  

7  1.4  1440  
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controlling the temperature variation during the thermal cycle. 
The figures also indicated that the highest inner surface temperatures 

lagged compared to the outside air temperature and sun radiation) as a 
result of the element’s thermal resistance. However, the PCM cubicle’s 
elements indicated noticeably extended time-shifting than the reference 

cubicle elements. 
Fig. 6 shows that east-oriented walls exhibited the highest temper

ature gap of 2 ◦C–5.25 ◦C between 8:00 and 17:00, with the highest 
mark between 9:00 and 10:00. This temperature gap rapidly shrinks 
after 18:00, affected by the low ambient temperature at night. On the 

Fig. 3. 3D view of experimental cubicles.  

Fig. 4. Photos of thermal measurement devices and mechanical test machine.  

Q. Al-Yasiri and M. Szabó                                                                                                                                                                                                                    



Journal of Energy Storage 68 (2023) 107838

6

other hand, south-oriented walls showed a lower temperature gap of 
1.25 ◦C–2.75 ◦C from 8:30 to 14:30, showing poorer PCM potential 
utilisation than the case of east-oriented walls. These walls have severely 
influenced the indoor environment temperature as they reached the 
mark of 57 ◦C around 17:00. The temperature behaviour of south- 
oriented walls was reversed earlier, even before the sunset at 18:00, 
till midnight. As indicated in Fig. 6, the west-oriented walls showed the 
poorest temperature behaviour regarding PCM utilisation, wherein the 
temperature gap was between 0.25 ◦C and 1.5 ◦C throughout the day. In 
contrast, north-oriented walls indicated a better temperature gap by an 
average of 2.25 ◦C from 8:30 to 14:30 (Fig. 6). 

The temperature trend of roofs presented in Fig. 6 showed different 
temperature trends than walls. The temperature gap of roofs was large 
by up to 4.25 ◦C–6.5 ◦C between 9:00 and 15:00, showing a notable 
utilisation of PCM storage capacity. However, the PCM solidification 
phase (i.e., heat discharging) in the PCM cubicles’ roof was not finished 
as in the walls and required more time to release the stored heat. This 
may be indorsed to that the roof stored massive heat in the PCM cubicle 
since it received high solar radiation all day long compared with the 
time-dependent walls. Besides, the PCM roof thermal mass was larger 
than the PCM walls due to the high compacted PCM amount that needed 
more time to be released completely. 

The temperature variation of the indoor air of both cubicles (shown 
in Fig. 6) followed the same temperature variation trend as the roofs and 
walls, exceeding the comfort level range. The temperature gap was be
tween 2.25 ◦C and 4.5 ◦C in the period 7:30–14:30 due to the accumu
lated heat of all elements. However, the temperature trend of indoor air 
was primarily similar to east walls and roofs during the daytime, indi
cating the considerable influence of these elements on indoor temper
ature throughout the peak time. 

Fig. 7 shows numerous thermal camera images of the outside surface 
temperature of cubicles at different periods of the day. Starting from 
6:00, the sun was partially incident on the north walls at a low rate, 
heating the outer surfaces equally by about 28 ◦C. At 9:00, the sun rises 
vertically, and most solar radiation incident on the east walls with a high 
ratio; thus, the outer surfaces are warming up with lots of heat passing 
towards the inside space. At this time, the PCM is in a charging phase, 
and heat is stored inside PCM capsules, making the middle of brick 
hotter than the outside and inside surfaces. This is observed clearly in 
the slight temperature difference of about 0.6 ◦C between the reference 
and PCM east walls at 9:00. Besides, the night coolness stored by PCM 
during the late night hours is released, making PCM elements colder 
than reference elements in the first few hours of the morning. The sun’s 
position at noon is perpendicular to cubicles where the roofs and south 
walls receive high solar radiation. At this time, the PCM is expected to be 

fully liquid inside capsules of the PCM cubicle south wall and heat 
charging is continuous. Therefore, some heat is dissipated uncontrolla
bly towards inside and outside spaces due to the heat transfer difference 
between PCM capsules and indoor/outdoor environments. This behav
iour is noticed in the relevant photos where the outer surface tempera
ture variance concerning the PCM and reference south walls is 0.4 ◦C. At 
15:00, the sun is perpendicular on the roofs and west walls, and the 
ambient temperature reaches high limits encountered with a high solar 
radiation rate. Therefore, the PCM liquid is at a high temperature, at this 
time, in the west wall and roof, resulting in high outside surface tem
perature compared with their corresponding elements in the reference 
cubicle. This is shown by the outside surface temperature difference of 
about 1.7 ◦C and 1.8 ◦C between the west walls and roofs, respectively. 
At 18:00, when the sun rises and ambient temperature drops, the dis
charging heat from PCM is expected to start due to the conductive and 
convective heat transfer difference between the PCM capsules and out
door ambient temperature. As a result, the outside surfaces of the PCM 
cubicle dissipate heat at a larger rate than the reference cubicle outer 
surfaces. The temperature limit and heat dissipation time depend mostly 
on the ambient conditions (mainly the outdoor temperature and wind 
speed) and the amount of heat stored in the roof and walls. This can be 
detected clearly considering the inside surface temperature difference 
between PCM and reference roofs in Fig. 6 and their outside temperature 
difference of about 1.9 ◦C in Fig. 7. 

3.2. Analysis of hourly temperature reduction 

Reduced inside surface temperature is the main benefit of PCM when 
incorporated into building elements under hot locations, working as 
dynamic thermal insulation [47]. This reduction considerably influences 
thermal comfort and decreases the use of air-conditioning equipment 
and may avoid the need for such systems in transition seasons (i.e., 
spring and autumn). 

In this research, a comparison between PCM and reference cubicles is 
studied during day time considering the inner surface temperature 
decrement and the impact on the indoor air temperature. Incidentally, 
the hourly temperature reduction (HTR) is calculated considering the 
hourly temperature difference (HTD) to explore the contribution of 
PCM. Accordingly, the TD was simply calculated as the inside surface 
temperature difference of every component in the PCM and reference 
cubicles each hour, based on Eq. (1) (indoor HTD was calculated 
considering the outside and indoor air temperature). Besides, the HTR 
was calculated as the ratio of HTD of each element in cubicles to the 
corresponding element surface temperature, according to Eq. (2), as 
follows: 

Fig. 5. Weather conditions [46] (a) average minimum/maximum temperature and daylight hours, (b) Solar radiation rate on roof and walls.  
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HTD = Ts,ref . − Ts,PCM (1)  

HTR =
HTD
Ts,ref .

× 100% (2)  

where Ts,ref. and Ts,PCM are respectively the inside surface temperature 
(inside face) in the reference and PCM elements (◦C). 

Fig. 8 shows the HTD and HTR of each element. It is worth noting 
that the HTR was estimated during the day hours only since the PCM 
temperature behaviour is adverse during nighttime due to the heat 
dissipation of the PCM cubicle, as indicated earlier. 

As shown in Fig. 8, all elements of the PCM cubicle recorded HTD 
and HTR by at least 0.25 ◦C and ~0.5 %, respectively. The east-oriented 
wall was designated the highest HTD and HTR compared with the other 
walls. The maximum HTD was attained at 11:00, reaching HTR by 9.1 % 
with HTD of 3.5 ◦C. The east walls directly received solar radiation at 
this time with an inclined sun position, resulting in the PCM melting 
phase earlier than other walls. On the other hand, the west-oriented wall 
exhibited the second-best thermal performance compared with the 
southern and northern walls. The highest HTR of the western wall 
reached at 13:00 with 8.5 % and HTD of 3.2 ◦C since the sun radiation 

Fig. 6. Temperature variation of walls, roof and indoor air.  
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was hitting the west walls in the late afternoon. However, the PCM in the 
west wall was also effective before this time, influenced by the high 
ambient temperature from 9:00 to 13:00, as obviously shown in the HTR 
and HTD indicated in the relevant figure. 

Surprisingly, the south-oriented wall indicated low HTR with a 
maximum of 5.6 % (HTD of 2.75 ◦C) at 13:00, although the sun was 
perpendicular in the midday period. The main cause is that the accu
mulated heat by the other elements in both cubicles during the first half 
of the day has influenced the south walls’ inside surface temperature, 
making slight HTD between them. Fig. 6 supports this claim, showing 
that the surface temperature of the south walls exceeded 55 ◦C. Besides, 
the incident solar radiation hit the roofs when the sun was perpendicular 
at midday, with a minimal direct solar radiation rate on the south- 
oriented walls. Likewise, the north-oriented PCM wall showed poor 
thermal performance in terms of HTR, and this was expected since the 
solar radiation with a low rate was incident only in the early hours on 
the north walls. Therefore, the PCM involved in the north PCM wall did 
not reach its melting point, especially since the ambient air temperature 
was also low. 

The PCM cubicle’s roof showed the finest thermal performance 
compared with the walls during all daytime. The best performance was 
between 10:00 and 2:00, recording the highest HTD of 6.5 ◦C and HTR of 
about 15.1 % at 11:00. The considerable PCM roof performance 
compared with the walls is attributed to two main causes. Firstly, the 
high PCM quantity in the roof had charged more heat than walls. Sec
ondly, the roofs were exposed to long-time direct solar radiation, which 
was advantageous for the PCM roof that exploited the PCM thermal 
storage potential compared with a negative impact on the reference 
roof. 

The inside surface temperature improvement attained by PCM in
fluences the inside temperature of the PCM cubicle, even though the 
experiment was conducted with no ventilation. In this regard, the heat 
accumulated continuously through the cubicle elements inside the PCM 
space and considerably lowered the indoor air temperature compared 
with the reference cubicle. This indicates PCM’s benefits in reducing the 
peak load even during high outdoor temperatures and non-ventilated 
building envelope. The highest HTD and HTR in the indoor air were 
obtained at 9:00 with 4 ◦C and 10.6 %, respectively. Later, the HTR was 
decreased as the outdoor ambient temperature increased, and more heat 
crossed the cubicles’ envelope towards the inside space. The reduction 
of such values significantly influences the indoor environment when 
considering the energy-saving for air-conditioning usage and thermal 
comfort attained. The HTD and HTR were adverse in the PCM cubicle at 
night due to the PCM solidification phase when stored diurnal heat was 

released passively and uncontrollably as the outdoor ambient temper
ature decreased. 

The results of HTD and HTR accomplished in this study are in good 
agreement (sometimes better) with the results of literature studies 
conducted in different hot locations. For instance, Rathore et al. [48] 
conducted an experimental study under Indian climate conditions 
(Mathura city) to determine the HTR for pipe-microencapsulated PCM 
buried into a concrete cubicle compared with another without PCM. 
Regardless of the low PCM melting temperature and the experimental 
site’s outdoor ambient temperature compared with the current study, 
findings showed that all cubicle elements reported HTD and HTR 
ranging from 3.1 ◦C to 3.7 ◦C and from 7.19 % to 9.18 %, respectively. 
Under weather conditions of Chennai city, Beemkumar et al. [49] ana
lysed the HTD of a concrete building roof integrated with PCM macro
encapsulated inside rectangular-shaped aluminium containers. The 
results showed an average HTD of 1 ◦C–2 ◦C compared with the standard 
concrete roof. Sovetova et al. [50] analysed thirteen PCMs with phase 
change temperatures varying between 20 ◦C and 32 ◦C, applied as a 
separate PCM panel of 20 mm thickness in the roof and walls of a typical 
building located in the United Arab Emirates. Simulation findings 
showed that the indoor air temperature was decreased by 1.09 ◦C at the 
optimum PCM melting temperature of 32 ◦C. Ramakrishnan et al. [51] 
conducted research on shape-stabilised PCM (SSPCM) consisting of 
paraffin (RT27) combined with hydrophobic expanded perlite (PCM 
carrier) to be used as plastering mortar for cladding interior walls and 
floor under Melbourne (Australia) climate conditions. The main findings 
reported HTD in the inner surface by 3.7 ◦C and indoor air decrease by 
2.4 ◦C. Following the same incorporation method, Wi et al. [52] have 
also investigated SSPCM fabricated from n-Octadecane/expanded 
vermiculite and expanded perlite in a panel form applied for the interior 
envelope. The experimental results were performed using a climate 
chamber and revealed that the HTD of the SSPCM panel surface was 
decreased by 1.6 ◦C against the standard panel without SSPCM. 

3.3. Analysis of hourly heat gain reduction 

The heat gain (HG) concept describes how much heat is generated 
inside the building space due to inside and outside cooling load sources 
[53]. The HG could be exterior when it comes through the envelope 
elements from outside due to temperature difference (also called solar 
gain, the core of this research) or interior HG generated from the ap
pliances inside the building space [54]. Quantifying the building enve
lope HG is necessary for measuring the cooling requirements inside 
buildings by considering the building envelope elements’ thermal 

Fig. 7. Thermal images for outside cubicle elements at different times.  

Q. Al-Yasiri and M. Szabó                                                                                                                                                                                                                    



Journal of Energy Storage 68 (2023) 107838

9

resistance against the heat flow from outdoor conditions [55]. In this 
research, the HG was estimated by Eq. (3) [56] as follows: 

HG = hin A (Ts − Tin) (3)  

where hin is the convective-radiative heat transfer coefficient for inte
rior elements (the value 8.29 W/m2.◦C was used for walls, and 6.13 W/ 
m2.◦C was considered for the roof calculations [57]). A is the inside 
element area (m2), Ts is the element inside surface temperature, and Tin 
is the indoor temperature. Tin refers to the indoor design temperature, 
not the dry bulb temperature measured in the experiment. Therefore, Tin 

was kept constant (=24 ◦C) in the calculations to explore the heat gain of 
elements. 

Accordingly, the hourly heat gain reduction (HHGR) attained in the 
PCM cubicle against the reference cubicle was quantified taking into 
consideration the HG of each corresponding element of experimental 
cubicles (%), according to Eq. (4) as follows: 

HHGR =

(

1 −
HGPCM

HGref .

)

× 100% (4)  

where HGref. and HGPCM are respectively the heat gain each hour of 

Fig. 8. HTD and HTR during daytime hours.  
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experimental cubicle elements (W). 
The calculated results of the HHGR of the PCM elements against the 

reference elements during daytime are shown in Fig. 9. The HHGR 
during the nighttime was not considered due to the reversed behaviour 
of PCM cubicle elements during the solidification phase due to non- 
ventilation, as highlighted previously. 

As a general finding in Fig. 9, the roof showed HHGR higher than all 
elements, whereas the east-oriented wall displayed greater HHGR than 
walls. The HHGR of the eastern wall was high between 9:00 and 13:00 
since the east walls were visible to the beam solar radiation through this 
period. The PCM wall was interrupting and storing the heat coming from 
outdoor while passing quickly through the reference wall. The highest 
HHGR was achieved at 11:00 and 12:00 by about 16 % and 14.1 %, 
respectively. Later, the HHGR dropped for the rest of the day when PCM 
reached a full melting state and could not store more heat. 

Similarly, the west-oriented PCM wall showed high HHGR reaching 
the highest reduction of about 12.9 % at 15:00 since the west-oriented 
walls remained directed to the sun radiation until late afternoon. This 
behaviour is apparently due to increased outdoor air temperature during 
midday that influences the PCM inside the west-oriented PCM wall. 
Nevertheless, the PCM was expected to reach its melting temperature at 
midday, and the PCM was in the melting phase along late afternoon. It is 
worth mentioning that the accumulated heat inside cubicles resulting 
from the other walls and windows in the first-half of the daytime 
affected the elements’ inside surface temperature in the second-half, 
including the west walls. 

The south-oriented PCM wall exhibited relatively poorer HHGR than 
the east-oriented wall. However, it experienced a long-time high 
ambient temperature as the east PCM wall. This may be elucidated that 
the south PCM wall did not collect beam solar radiation as much as the 
east PCM wall (as indicated in Fig. 5-b), which influenced the PCM 
effectiveness. However, the south PCM wall reached the highest HHGR 
of 13.3 % at 13:00 and drastically decreased afterwards. This is shown in 
Fig. 6 and Fig. 7, wherein the south-oriented walls reached the 
maximum inner surface temperature difference. From the other side, the 
north-oriented walls showed the poorest HHGR compared with other 
walls, as expected, since these walls were exposed to slight radiation 
only during the first morning hours. The highest HHGR attained by the 
north PCM wall was 10 % at 9:00, influenced by the increased ambient 

temperature. Referring to the HHGR trend of the north PCM wall in 
Fig. 9, it can be stated that the PCM was ineffective at this wall and 
should be considered when conducting optimisation studies. 

The roof, as expected, showed the highest HHGR, reaching a 
maximum of 34.9 % at 10:00, making this element the main contributor 
to the total HHGR by about one-third. However, the east-oriented PCM 
wall showed higher HHGR from 7:00 to 8:00 than the PCM roof due to 
the sun’s position concerning these elements. Besides, the solar ab
sorptivity difference of Isogam (in the roof) compared with the cement 
plaster of the wall has speeded the heat transfer in the latter element, 
which activated the PCM earlier. The continuously increased HHGR of 
the roof compared with the walls might be attributed to the great PCM 
quantity compacted and the roof thermal resistance compared with the 
thin layers of walls. These reasons expand the PCM melting inside the 
panel (compared with the capsules), which offers more insulation for the 
PCM roof. However, the positive behaviour of the PCM roof had nega
tively influenced the HHGR during the night period, which was the 
poorest compared with walls due to the considerable amount of stored 
heat. This keeps the PCM roof’s inner surface temperature high until the 
end of the thermal cycle, as indicated in Fig. 6. 

Total HHGR can be quantified by summing the HHGR of all elements 
following the same concept of [48] to calculate the total cooling load 
reduction through building elements. Accordingly, the PCM- 
incorporated cubicle resulted in an average HHGR of 48.7 % during 
day hours compared with the reference cubicle. These findings are 
remarkable compared with the studies conducted in different locations 
worldwide. For instance, Lei et al. [58] reported that the HG reduction 
(HGR) could attain the mark of 40.7 % under tropical Singapore weather 
conditions when PCM with 28 ◦C phase change temperature of 10 mm 
layer was applied to the exterior building walls surface. Rai [59] 
investigated the HGR when PCM incorporated different brick masonry 
wall configurations under Indian summer conditions and found that 
peak HGR of 9.9 % to 45.2 % could be achieved considering the wall 
orientation, outdoor ambient temperature and night ventilation effect. 
Kishore et al. [60] verified a numerical study on the PCM-integrated 
walls in various locations in the United States, considering different 
PCM melting temperatures, layer thicknesses and positions within the 
walls and reported an annual HGR of 3.5 %–47.2 % could be achieved. 
In the Middle Eastern countries, Amirahmad et al. [61] numerically 

Fig. 9. HHGR during daytime.  
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analysed PCM loading (RT-27) into the building walls in parallel with an 
absorption chiller driven by a solar system concerning the hot and arid 
conditions for Najran City, Saudi Arabia. They reported HGR by up to 21 
% during July. In comparison, Alqallaf and Alawadhi [62] conducted a 
numerical and experimental study under Kuwait City weather condi
tions for PCM integration with cylindrical holes in the roof. They re
ported HGR by 9 %–17.26 % subjected to the PCM type, functioning 
hours and operation month. 

By the end of this analysis, it is worth highlighting that the results 
presented in this paper were superior to the findings reported in the 
literature studies as indicated above and give a pure indication of the 
building HHGR considering all elements. Moreover, these experimental 
findings provide a clear understanding of the HHGR of buildings under 
severe hot climates, allowing for further optimisation in the PCM 
application under these limitedly investigated locations. Besides, the 
findings of the current study are mostly in line with many literature 
studies conducted experimentally and numerically under various 
weather conditions worldwide. Table 3 briefly highlights the main re
sults of recent studies focusing on temperature and heat gain advance
ments against the findings of current work. 

4. Conclusion 

This research experimentally studied the hourly temperature and 
heat gain reduction in the building envelope elements when compacted 
with PCM during a hot summer day in Iraq. Two identical cubicles were 
built in which the PCM was compacted passively into the envelope el
ements of one of them, and the other was left without PCM for com
parison. The thermal performance and temperature behaviour of both 
cubicles were studied for a non-conditioned case to examine the tem
perature behaviour during heat charging and discharging and the in
fluence of outdoor ambient temperature. In general, the PCM compacted 
cubicle considerably enhanced the cubicle’s thermal performance by 
reducing the hourly inner surface temperature and heat gain during the 
daytime. Moreover, several conclusions are drawn from the results ob
tained, as follows:  

• The PCM cubicle indoor temperature was decreased by as much as 
10.6 % (equivalent to about 4 ◦C temperature difference) during the 
day compared with the reference cubicle, showing a considerable 
enhancement in the built environment due to PCM compacting even 

when applied under high diurnal temperatures and non-ventilated 
space.  

• The highest PCM effectiveness is time-dependent regarding the sun’s 
position during the day. The east-oriented wall and roof performed 
better during the first daytime hours, whereas the west-oriented wall 
achieved superior performance in the late afternoon.  

• Among walls, the east-oriented PCM wall showed the greatest hourly 
temperature and heat gain reduction on average, reaching a 
maximum inside surface temperature and heat gain reduction of 9.1 
% and 16 %, respectively. The west wall showed the best-second 
average inside surface temperature reduction.  

• The PCM roof indicated the highest hourly temperature and heat 
gain reduction than walls, with 15.1 % and 34.9 %, respectively. 
Therefore, the roof was responsible for about one-third of the PCM 
cubicle’s temperature and heat gain reduction. However, the roof 
showed poor thermal performance during solidification due to the 
high stored heat during daytime hours.  

• The inside temperature of elements surfaces and indoor air were 
influenced after midday due to accumulated heat inside the cubicles 
with no ventilation. Therefore, proper ventilation should be 
considered at night to maintain the negative PCM thermal behaviour.  

• Photos of the thermal camera showed that the PCM cubicle’s outside 
surface temperature is higher than that of the reference cubicle after 
midday due to the remarkable heat difference between the melted 
PCM and outdoor ambient temperature. The outer surface of the 
PCM roof dissipated heat at higher temperatures and longer time 
than PCM walls due to the high amount of stored heat during day 
hours. 

The experimental outcomes of this study are restricted to the con
struction materials, PCM type, cubicle size and location investigated in 
this work. Therefore, some other aspects will be studied in future to 
continue this work, including the effect of enlarged cubicle/room size, 
night ventilation (in terms of window orientation and window-to-wall 
ratio) and other passive techniques. 
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Table 3 
Summary of literature and current study findings.  

Authors Study location Study type PCM melting 
point (◦C) 

PCM integration method Main findings of the study 

Hamdani et al. [63] Ghardaïa, 
Algeria 

Numerical 20–26 Wallboard  • Annual indoor temperature minimised by 2.36 ◦C- 
4 ◦C. 

Rangel et al. [64] Monterrey city, 
Mexico 

Experimental 29 Sheets  • Average indoor temperature reduction by 4 %–7 % 

Saikia et al. [65] Delhi, India Experimental +
numerical 

29.85 and 
35.85 

Separate layer  • Total HG reduction by 33.5 %. 

Sharma and Rai 
[66] 

Delhi, India Numerical 24–50 Separate layer  • Summer HG reduction by 10.4 %–26.6 % and 12.6 %– 
36.2 % for PCM-enhanced walls and roof, respectively. 

Elawady et al. [67] Aswan City, 
Egypt 

Numerical 27, 33, 36 and 
48 

Separate layer  • Average indoor temperature reduction by 3 ◦C. 

Elmarghany et al. 
[68] 

Egypt Experimental +
numerical 

33, 38, 43 and 
48 

PCM-filled brick wall  • Annual average wall surface temperature reduction by 
1.5 %. 

Cárdenas-Ramírez 
et al. [69] 

Lab work Experimental 19.62, 31.51, 
and 53.85 

Shape-stabilised PCM-based 
plaster  

• Indoor temperature reduction by 20.8 %. 

Sangwan et al. [70] Darwin, 
Australia 

Numerical 24 Gypsum wallboard  • HG reduction by 1.5 %. 

Kumar et al. [72] Chennai City, 
India 

Experimental 26–29 Hollow-brick composite  • Monthly indoor temperature reduction by 2 ◦C- 6 ◦C. 

Current study Al Amarah City, 
Iraq 

Experimental 40–44 Separate PCM panel in the roof +
immersed capsules in bricks  

• Maximum indoor temperature minimised by 4 ◦C.  
• Maximum HG reduction by 16 % in the east-oriented 

wall and 34.9 % in the roof.  
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