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HIGHLIGHTS

e A PCM macroencapsulated panel and capsules is incorporated into building envelope under severe hot climate.

e The optimal PCM position and thickness in the roof and the best thermally-performed PCM bricks are considered.
e The MTR, ATFR, DF, TL, OTD and DHR are calculated.

e The roof and east wall are performed better, especially under high outdoor temperatures.

o The PCM is not efficient to maintain suitable thermal comfort when incorporated passively.

ARTICLE INFO ABSTRACT
Keywords: Phase change materials (PCMs) can beneficially work as a successful thermal energy storage medium in different
PCM applications. PCMs have shown a remarkable enhancement in building energy-saving and thermal comfort in hot
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locations. In this paper, the thermal behaviour of a PCM-enhanced thermally-poor building envelope is studied
experimentally. To this aim, two identical rooms, one loaded with PCM (PCM room) and the other without
(reference room), are built and tested under a severe hot climate of Al Amarah city, Iraq. Previously examined
parameters, such as the optimal position and thickness of the PCM layer in the roof and the best-thermally
performed PCM capsules integrated concrete bricks, are considered to build the PCM room. Several energetic
and thermal comfort indicators such as maximum temperature reduction (MTR), average temperature fluctua-
tion reduction (ATFR), decrement factor (DF), time lag (TL), operative temperature difference (OTD), discomfort
hours reduction (DHR) and maximum heat gain reduction (MHGR) are determined and discussed to show the
potential of PCM. The experimental results revealed that the incorporated PCM could remarkably improve the
thermal performance of building envelope exposed to high outdoor temperatures. Amongst envelope elements
and compared with the reference room, the roof and east wall of the PCM room recorded the best thermal
behaviour, where the MTR difference, ATFR, DF, and TL difference reached 3.75 °C, 6.5 °C, 25.6%, 70 min for
the roof, and 2.75 °C, 2.4 °C, 12.8% and 40 min for the east wall, respectively. Moreover, the PCM room shows a
thermal comfort enhancement by 11.2% and 34.8%, considering the DHR and MHGR, respectively, compared
with the reference one. The study highlighted that suitable ventilation means are necessary to improve the
building performance and reach acceptable thermal comfort when the PCM is incorporated passively.

1. Introduction

Buildings are the major consumer of global final energy use by a ratio
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Nomenclature

Abbreviations

ATFR Average temperature fluctuation reduction [°C]
CLR Cooling load reduction [%]

DF Decrement factor [unitless]

DHR Discomfort hours reduction [%]

DSC Differential scanning calorimeter

HG Heat gain (W)

HTR Heat transfer reduction [%]

ITR Indoor temperature reduction [°C]

MHGR  Maximum heat gain reduction [%]

MTR Maximum temperature reduction [°C]

oT Operative temperature [°C]

OTD Operative temperature difference [°C]

PCM Phase change material

TL Time lag [min]

X Average decrease of room temperature in the day [°C]
Y Average increase of room temperature in the night [°C]
Symbols

A Area [m?]

h; Combined convective and radiative heat transfer

coefficient for the interior element surface and interior
room temperature [W/m2.K]

HGpcy  Heat gain of the PCM room [W]

HGef, Heat gain of the reference room [W]

OTpcum room  Operative temperature of the PCM room [°C]

OTyer room Operative temperature of the reference room [°C]

SR Solar radiation [W/m?]

T,y Indoor ambient temperature [°C]

Tamb Outdoor ambient temperature [°C]

Tav,pcu  Average temperature of the element of the PCM room [°C]

Tay .~ Average temperature of the element of the reference room
[°C]

T; Inside element surface temperature [°C]

T, Interior designed air temperature [°C]

Tonr Mean radiant temperature [°C]

T, Outside element surface temperature [°C]

TR, max Outdoor maximum surface temperature of the roof [°C]

TR, min Outdoor minimum surface temperature of the roof [°C]

T, max Indoor maximum surface temperature of the roof [°C]

Tt min Indoor minimum surface temperature of the roof [°C]

TR, max Time at maximum exterior roof surface temperature [min]

Tr,max Time at maximum interior roof surface temperature [min]

of up to 40% [1,2]. Building envelope is the main contributor to this
percentage as it is responsible for direct heating and cooling load
through the building [3]. According to the International Energy Agency,
applying passive systems on the building envelope is among the key
global considerations set to meet net-zero carbon emissions in the
building sector by 2050 [4]. Therefore, energy policymakers and
responsible parties are working to improve this essential sector
following different passive methods targeting the thermal mass in most
cases [5-9].

Among the booming technologies nowadays, using phase change
material (PCM) as a thermal energy storage medium within the building
envelope has shown interesting advancements in thermal energy man-
agement. In this regard, PCMs have been used to provide heat supply or
insulation for buildings under cold and hot locations, respectively
[10,11]. PCMs were incorporated efficiently with building roofs [12],
walls [13], concrete [14,15], mortars [16-18], bricks [19], windows
[20] and insulations [21].

PCMs are typically applied passively or actively into the building
envelope. Although the passive technique has economic and technical
benefits, it still suffers from thermal control issues such as unrestrained
heat flow and inefficient heat charging/discharging concerns [22,23].
Therefore, adopting a proper PCM integration procedure is essential
considering the suitable PCM type, effective PCM position and quantity,
and the efficient incorporation method [24,25]. Researchers are rarely
considering all the above influential aspects, which influence the ther-
mal performance of PCM during the service period [26].

Most literature studies investigating PCM benefits when incorpo-
rated into building envelopes are numerical against a limited number of
experiments. For instance, Hamadani et al. [27] investigated the po-
tential of PCM to decrease the energy consumption for buildings exposed
to Algerian Saharan climate conditions. They used a newly developed
Trnsys module to evaluate different PCMs incorporated building enve-
lope considering the mean air temperature, daily average temperature
fluctuations, monthly and annual energy-saving. Moreover, the study
proposed a new integration method using movable PCM panels instead
of fixed ones to improve the system performance. Simulation results
showed that annual energy-saving of 50.71% and indoor temperature
reduction of 2.36 °C—4 °C could be achieved with a suitable PCM
integration. Triano-Ju’arez et al. [ 28] numerically studied concrete roof-

integrated PCM with different thicknesses and positions, and coated
with grey and white colours under Mexican hot weather conditions. The
study indicated that the grey-coated roof had different thermal re-
sponses for each PCM thickness and position. In contrast, the white-
coated roof had negligible differences with PCM thickness and posi-
tion change. The grey-coated roof’s maximum interior surface temper-
ature and cooling load reduction were 6.4 °C and 22.2%. This occurred
with 2 mm PCM thickness and the position when the layer was placed
close to the interior environment. In comparison, the maximum reduc-
tion in the white-coated roof reached 14.7 °C—15.4 °C and 58.1%-
62.7%, respectively. Wang et al. [29] numerically studied PCM wall-
boards applied to the exterior building walls with different orientations
under Shanghai weather conditions. The building energy-saving was
studied at different PCM types with a melting temperature ranging from
20 °C to 26 °C, the optimal temperature range on a seasonal basis. The
results revealed that the PCM of 24 °C melting temperature is optimal for
the summer period, and the east-oriented wall has the highest energy-
saving rate of about 27.78%. Whereas the PCM of 22 °C melting tem-
perature was optimal for the winter season and the south-oriented wall
saved energy by up to 96.2%. Sovetova et al. [30] studied the thermal
performance and energy-saving earned from thirteen different PCM
types under eight desert climates using EnergyPlus software. Their study
revealed that higher PCM melting temperature performed better and
thicker PCM resulted in better thermal performance (and vice versa).
The study exhibited building energy-saving in the range of 17.97% to
34.26% and reducing the maximum temperature by up to 2.04 °C using
suitable PCM under each location. Louanate et al. [31] studied the po-
tential of PCM incorporation into six different climate zones in Mor-
rocco. They found that an energy-saving of about 41% can be achieved
by considering the local temperature variation and PCM’s position and
thickness. Bimaganbetova et al. [32] numerically investigated several
PCMs of melting temperature ranging from 21 °C to 31 °C for eight
tropical savanna climate locations, namely Bamako in Mali, Bangkok in
Thailand, Brasilia in Brazil, Dar es Salaam in Tanzania, Bangalore and
Kolkata in India, Maputo in Mozambique and Surabaya in Indonesia.
The study considered the best location inside a building model walls
with a PCM thickness of 20 mm using DesignBuilder software. Simula-
tion results presented the potential of PCM on a hot summer day in
which the peak temperature was shaved by up to 3.28 °C. Moreover, the
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temperature fluctuation reduced by up to 2.76 °C and building energy
consumption decreased by 16.58%-68.63%, showing significant ad-
vantages of PCMs under studied locations. Sharma and Rai [33] inves-
tigated the PCM potential under hot weather of Delhi (capital of India),
considering the effect of PCM melting temperature (from 24 °C to 50 °C),
optimal thickness (from 10 to 30 mm) and position within building
sturucture. Their numerical results revealed that best PCM thermal
performance depends largely on the PCM thickness and position more
than the PCM melting temperature. Besides, the heat gain reduced by
12.6%-36.2% and 10.4%-26.6% when PCM enhanced the roof and
walls, respectively, compared with the case of non-PCM envelopes. Su
et al. [34] studied the thermal performance of a building integrated
binary microencapsulated PCM under Hangzhou, China weather con-
ditions. For this purpose, Ansys Fluent and ESP-r tools were used to
simulate the PCM behaviour in typical walls and analyse whether or not
to meet annual thermal comfort requirements. Findings showed that
increasing the binary PCM layer from 1 mm to 5 mm can increase the
energy charging/discharging rate during the day and night. At this
thickness, the maximum temperature was reduced by 6.7 °C and the
comfort hours enlarged by 12% compared with no PCM walls. Lakhdari
et al. [35] numerically examined dual PCMs mixed with plaster as
cladding material for thermal improvement of buildings located at vary
climate zones. Numerical findings showed that the building temperature
was reduced by 2 °C with a heat reduction by up to 75% and time
shifting by up to 3 h. The study emphasised that dual PCM can enhance
the thermal storage of building elements and improve their performance
regardless the building location.

In experimental studies, Rathore et al. [36] tested the thermal
behaviour of pipe macroencapsulated PCM integrated thin cubicles
under tropical weather conditions of India. The study considered several
indicators to show the thermal response of the PCM cubicle against
another reference cubicle without PCM. These indicators are explicitly
the peak temperature reduction, thermal amplitude reduction, time lag,
cooling load reduction and the equivalent energy cost saving. Results
indicated that the peak temperature reduced by 7.19%—9.18%, and the
thermal amplitude reduced by 0.67%—59.79% considering the roof and
all walls. The results further showed that the east and north walls had a
time lag of 120 min for the PCM cubicle, whereas the roof, west and
south walls showed a 60 min time delay compared with the reference
cubicle. The PCM cubicle also reduced the cooling load by 38.76%,
equivalent to cost-saving on the electricity of 28.31 Rupees/day
(~0.40US $/day). Kenzhekhanov et al. [37] numerically and experi-
mentally investigated PCM-based buildings’ thermal performance in
different locations worldwide with various conditions according to
Koppen-Geiger climate classification. The annual energy saving, average
temperature fluctuation reduction, maximum temperature reduction
and the reduction of discomfort hours were considered to evaluate the
PCM performance in each location. The results indicated an annual
energy-saving of about 4.000-10.000 kWh was achieved in all investi-
gated locations using PCMs of 23 °C-24 °C melting temperature.
Furthermore, a maximum temperature reduction of more than 2 °C was
obtained during the summer months. At the same time, the discomfort
hours were reduced annually by 500 h. Kong et al. [38] examined
building walls constructed with cement mortar panels enhanced by PCM
macroencapsulated tubes, spheres and flattened plate containers. The
study extended numerically to show the effect of mortar panel thickness
and position on the thermal response inside the building. Results
revealed that the mortar-based tube and sphere PCM capsules showed
the same thermal performance, whereas the plate mortar panel indi-
cated non-uniform temperature distribution. The results further
revealed that the PCM quantity and position significantly influence the
thermal response of mortar. Higher PCM quantity and position close to
the indoor resulted in lower indoor temperature and longer time lag.
Akeiber et al. [39] conducted an experimental study to show the benefits
of paraffin wax of three melting temperatures, namely 19-37 °C (PCM1),
35-40 °C (PCM2) and 40-44 °C (PCM3), incorporated room of (1 x 1 x
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1.06 cm) under weather conditions of Baghdad, Iraq. The PCM was
macroencapsulated inside aluminium panels with 6 cm thickness and
insulated with a 30 mm fiberglass cover for insulation. The temperature
fluctuation reduction, heat flux reduction and annual energy cost saving
were investigated. Results indicated that PCM3 had shown suitable
temperature fluctuation and good thermal performance due to its low
thermal conductivity and high thermal storage capacity. Moreover, the
heat flux reduced by 21.9% and 35.1% for PCM3 compared with PCM2
and PCM1, respectively.

As seen from literature studies, PCM application in the building en-
velope has been investigated in different regions worldwide, showing
considerable advancements. However, there is still a lack of studies
dealing with experimentations under severe hot climate conditions [40].
Besides, most experimental studies did not consider all influential as-
pects of PCM incorporation, such as the optimal PCM position, optimal
thickness and the proper encapsulation method, mostly conducted
numerically [41,42]. Therefore, this research aims to consider all these
aspects that we investigated previously (i.e., the optimal PCM position
[43], quantity [44] and the best encapsulation method [45,46]) to study
the PCM thermal performance incorporated typical residential con-
struction materials. A detailed energetic and thermal comfort assess-
ment was conducted under a severe hot climate of Al Amarah city,
southern Iraq, where the temperature often reaches 50 °C during sum-
mer days. According to the best knowledge of the authors, no similar
research has been done under the conditions of this city up to date. The
results of this work are believed to afford a clear vision of the PCM-
enhanced envelope thermal behaviour and contribution to building
energy performance under severe hot climates for further modifications
and PCM performance optimisation.

2. Methodology
2.1. Experimental rooms

Two identical rooms were built with 1 m? size; one included PCM in
the roof and walls (PCM room), whereas the other was without PCM for
comparison (reference room). The materials used for rooms construction
are the thermally-poorest in Iraq, resulting in high cooling loads [47].
Both rooms were placed in an open atmosphere and exposed directly to
solar radiation all day long. The rooms are situated on a high-density
wood plate (3 cm thickness) to ensure no thermal influence of the
foundation and guarantee that the rooms’ ambient temperature is
influenced by the walls and roof only. Both rooms were spaced by 120
cm to avoid the shadow effect of one on the other during sun inclination.
Furthermore, a small openable window with a wooden frame (25 x 35
cm) was fixed on the East wall to allow the real influence of solar ra-
diation on the indoor environment. However, both windows were kept
close all day long to investigate the thermal behaviour of PCM under a
non-conditioned state. All slots of joined elements were closed using
high-density foam to ensure no air infiltration between the indoor and
outdoor environments. The detailed information about the construction
materials used for rooms fabrication is detailed in Table 1.

Both tested rooms were oriented to the east-south direction. The final
form of tested rooms is shown in Fig. 1.

2.2. Preparation of PCM panel and PCM capsules

Locally available paraffin wax was used as a PCM in this work. This
PCM type is a petroleum-based product generated during the de-waxing
process of the Iraqi crude oil at the Iraqi governmental refineries. It has a
melting temperature in the range of 40 °C—44 °C according to the dif-
ferential scanning calorimeter (DSC) test shown in Fig. 2, making it a
suitable candidate for the temperature variation in the location under
study and the passive technique adopted. More characteristics of this
PCM are listed in Table 2.

Moreover, some advantages and disadvantages of this PCM are listed
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Table 1
Materials used for experimental rooms’ construction.
Material Dimensions (cm) Thermal conductivity Description
(W/m.K)
Roof:
Isogam (roofing 0.4 (thickness) 0.35 Isogam is local roofing material used for insulation and waterproofing. It has an external reflective
layer) layer to reflect as much as possible of solar radiation, minimising the heat transfer through the roof.
Concrete (main 50 (thickness) 1.49 This layer is a popular main roof layer in the residential buildings in Iraq. It was fabricated according
layer) to the Iraqi construction pattern and governmental blogs. More details about the procedure and
mixing ratio can be found in [43].
Gypsum mortar 0.2 (thickness) 0.23 This is the popular interior cladding material for all building types in Iraq.
(cladding layer)
Walls:

Concrete bricks
(main layer)

23 (length) x 12 (width) 1.4
x 7 (thickness)

This brick type is widely used in the northern regions of Iraq and is limitedly used in the hot southern
regions due to its poor thermal performance. Details about the step-by-step procedure and mixing

ratio followed to fabricate the bricks can be found in [45].

This layer is popularly applied on the exterior and interior wall surfaces in Iraqi buildings. In this
work, the cement mortar layer was applied on the exterior walls to ensure no air leakage could enter

the room through bricks joints.

Cement mortar 1 (thickness) 0.99
(cladding layer)

Window

Single glazing 0.6 /

A locally available clear single glazing window was fixed on the east wall of each room.

in Table 3, making it a good option in the current work. It is worth
mentioning that this paraffin type is popular in Iraq and extensively used
locally in different thermal applications such as solar desalination [48],
electrical distribution transformers [49], solar air heating [50] and solar
photovoltaic modules [51]. Moreover, this PCM has considerable po-
tential to overcome the cooling load issues in Iraqi buildings during the
summer period. It is particularly massively available in the Iraqi pe-
troleum refineries as a waste product [52].

Macroencapsulation technique using widely available local metallic
sheets was adopted to prepare the PCM panel for the roof and PCM
capsules for wall bricks of the PCM room. These encapsulation materials
are suitable for the application considering the thermal performance
provided and compatibility with the PCM type [55]. The PCM panel
used in the roof combination of the PCM room was made of galvanised
steel sheet (0.5 mm thickness) with dimensions of 100 x 100 x 1.5 cm.
According to our previous investigation, this panel thickness is the best-
thermally performed under the exact location [44]. Although the panel
could carry more than 10 kg of PCM, only 7 kg was poured inside the
panel to ensure that no leakage occurs during the melting phase that
may result from PCM volume change or possible panel inclination dur-
ing installation.

For the walls of the PCM room, PCM capsules made of aluminium
containers (1 mm thickness) of a square cross-sectional area of 4 x 4 x 2
cm dimensions were immersed inside each concrete brick. Five PCM
capsules were inserted in the centre of each PCM concrete brick. Each
PCM brick holds a total PCM quantity of about 145 g. These capsules are
the best thermally-performed amongst many capsules of different shapes
that were investigated in our previous studies [45,46]. Fig. 3 shows the
preparation of PCM capsules and PCM bricks. More details about the
step-by-step procedure followed to prepare the PCM bricks can be found
in [45].

2.3. Energetic and thermal comfort investigation

Several indicators have been applied and discussed to show the
thermal behaviour of the PCM room in comparison with the reference
room. These indicators are classified into energetic and thermal comfort
indicators.

The main energetic indicators presented are the maximum temper-
ature reduction, average temperature fluctuation reduction, decrement
factor and time lag. At the same time, the operative temperature dif-
ference, discomfort hours reduction and heat gain reduction are the
main thermal comfort indicators considered in the study.

2.4. Measurement devices

T-type thermocouples were used to measure inside and outside sur-
face temperatures of tested rooms in addition to the indoor and outdoor
ambient temperatures. Thermocouples were fixed on the interior surface
of each element of rooms, and others were fixed on the exterior surfaces
of the reference room. Besides, one thermocouple was fixed inside each
room at the middle with a suitable height to measure the air temperature
inside rooms. All thermocouples were connected to a multi-channel
Arduino (Mega 2560), which is programmed to measure and record
temperatures with 10 min time step during the whole experimental
period. The collected data is continuously stored in 4 GB flash memory
and then exported to a PC at the end of the experiment. The solar ra-
diation during daytime is measured every half an hour using a mobile
high precision solar power meter. The schematic diagram and mea-
surements details are shown in Fig. 4 and Table 4.

3. Results and discussion
3.1. Weather conditions and envelope surface temperatures

The experimental work was conducted for 24 h on 16th September
2021 under actual weather conditions of Al Amarah city (Latitude:
31.84° and Longitude: 47.14°), located in Southern Iraq. This month is
among the hottest months in the country, characterised by high ambient
temperature, high solar radiation, and long sunshine hours, as indicated
in Fig. 5a. Moreover, it has been noticed that this temperature trend
keeps high year by year [56], as shown in the historical data presented in
Fig. 5b.

The measured outdoor ambient temperature and solar radiation on
the experiment day are shown in Fig. 6. As indicated in the figure, the
outdoor ambient temperature exceeded the mark of 47 °C in midday,
with high solar radiation values exceeding 1200 W/m?. Moreover, the
ambient temperature exceeded 30 °C in the late night and early morning
hours, indicating how needed HVAC systems are during the whole day in
such locations to maintain suitable thermal comfort for residents.

Figs. 7-12 show the recorded inside and outside surface temperatures
for the roof, east wall, north wall, west wall, south wall and the indoor
ambient temperature of PCM and reference rooms, respectively, for the
24 h with a 10 min time step. The outdoor temperature recorded a
minimum of 30.5 °C in the early morning and a maximum of 47.5 °C in
the midday at 13:40. The maximum outdoor surface temperature
reached 56.5 °C, 56 °C, 52.75 °C, 59.25 °C and 53.75 °C for the east wall,
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PCM room

Cement mortar
PCM concrete brick
PCM capsule

Isogam layer
PCM layer

Concrete layer

Gypsum mortar

Outdoor

Indoor

Fig. 1. Experimental set-up (a) 3D view of rooms, (b) cross-sections of PCM roof and wall.

Table 2
20+ Characteristics of PCM used in the experiment.
154 Property/ feature Unite Value
Appearance _ Whitish
104 Solidification process Composition % 40 oil + 60 wax
] — Melting temperature range °C 40-44
o S Latent heat of fusion kJ/kg 190
= Thermal conductivity (solid & liquid) W/m.K 0.21
B Density (solid/liquid) kg/m? 930/830
3 0 Specific heat (solid & liquid) kJ/kg.K 2.1
éi J
= -5+ Melting process
ﬂ west wall, north wall, south wall and roof, respectively.
-104 The east, west, north and south walls of the reference room reach
maximum indoor surface temperature marks of 53.5 °C, 52.5 °C,
15+ 52.25 °C and 57.75 °C, respectively. In comparison, they recorded a
I R Y TR T R R maximum of 50.75 °C, 51.25 °C, 51.5 °C and 55.5 °C, respectively, in the

PCM room. Moreover, the maximum indoor roof surface temperature
and indoor ambient temperatures were 51.5 °C and 50.5 °C in the
Fig. 2. DSC test of used paraffin wax (PCM). reference room compared with 48.25 °C and 49.25 °C in the PCM room.

It is evident from the figures that each element has its temperature
variation trend depending on the time during the day and sun position.

Temperature (°C )
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Table 3
Advantages and disadvantages of used PCM [51-54].

Advantages Disadvantages

- Locally available at a low price (it can also be
provided free for research purposes by the
government).

- High thermal storage capacity.

- Chemically stable after many thermal
cycles.

- Low flammability.

- Compatible with many encapsulation
materials.

- Environmentally friendly (organic).

- Low thermal conductivity
(common disadvantage of
paraffins).

- Paraffin solidification at the
container edges may occur.

- Crystallisation may occur after
many melting/solidification cycles.

However, two intrinsic summaries are noticed in these figures, namely:

o All elements of the PCM room, more or less, have stable temperature
behaviour than the reference room, which showed more temperature
fluctuations. This fact is attributed to the PCM potential that traps
the heat, making the envelope element more thermally stable against
changeable weather conditions than local construction materials
without PCM.

The elements of the PCM room showed adverse thermal behaviour
after sunset (after 18:00 till the beginning of the next day), in which
the inside surface temperature of all elements was increased. This is
mainly due to the PCM inclusion in the PCM room with a non-
conditioned case wherein the stored heat starts to transfer towards
the outdoor low ambient temperature during the peak period.

It is also worth mentioning that roofs’ thermal behaviour is different
from the walls during the night period. As indicated in Fig. 7, the roofs’
inside surface temperatures stay with a remarkable gap till the end of the
next day. This is because the roof has more layers than walls, so the heat
needs more time to be released from the PCM roof than walls.

At night, mainly soon after 18:00, the indoor surface temperature of
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PCM room elements was higher than that of the reference room. This
means that PCM starts releasing its heat as the ambient temperature
falls, and it needs an average of 6-8 h to discharge all stored heat [58].
Besides, the non-conditioned/ventilated rooms slowed the heat release
from the indoor environment to the outdoor ambient, which is un-
doubtedly faster in the ventilated cases. Therefore, ventilation is rec-
ommended for passive PCM building applications under hot locations
[591.

3.2. Rooms’ energetic assessment

Energy-saving earned from PCM incorporation into building enve-
lopes is a commonly studied topic in the literature on a seasonal or
annual basis [60,61]. However, a detailed energetic analysis can be
made for a shorter period considering several indicators showing the
main advantages of PCM in terms of the interior and exterior tempera-
tures of the reference and PCM rooms. In this study, several energetic
indicators were adopted to show the thermal behaviour of the PCM room
against the reference room, such as the maximum temperature reduc-
tion, average temperature fluctuation reduction, decrement factor and
time lag.

3.2.1. Maximum temperature reduction

Maximum temperature reduction (MTR) describes how high is the
temperature reduction of room’s elements considering the indoor and
outdoor surface temperature of each element in the PCM room
compared with the reference one. Mathematically, the MTR of the roof,
for example, could be calculated according to Eq. (1), as follows [37]:

MTR = Trpax. — Trmax. @

where T max. and Trmax. are respectively the maximum surface tem-
perature of the outdoor and indoor roof in °C. Moreover, the MTR dif-
ference between elements of reference and PCM rooms can also be
calculated to show the contribution of PCM to the element energy

Fig. 3. Preparation of PCM bricks: (a) aluminium capsules; (b) pouring of liquid PCM; (c) solidified PCM capsules; (d) capping of PCM capsules; () PCM capsules

inside concrete during preparation; (f) dried PCM bricks.
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(a) Data logger

Mega 2560

ARDOENO

Storage memory

rooms

Experimental

T-type thermocouples

Solar power meter
(SM206)

West wall

Fig. 4. (a) Schematic view of measurement procedure and devices, (b) view for the r

Table 4
Specifications of measurement devices as indicated by the manufacturer.

Measurement Model Range Resolution Accuracy

device

Thermocouples ~ TEMPSENS —270 °C — _ +40.5°C
T-type (0.2 370 °C
mm)

Solar power SM206 0.1 ~3999 0.1 W/m2 +10 W/
meter W/m? m?

enhancement.

Fig. 13 represents the MTR of each element of reference and PCM
rooms together with the MTR difference for each element. As observed
in the figure, the east wall, followed by the south wall, show the highest
MTR and MTR difference compared with other walls. Moreover, the roof
showed the highest MTR and MTR difference compared with walls.

The MTR of east, west, north and south walls in the reference room
was 3 °C, 3.5 °C, 0,5 °C and 2 °C compared with 5.75 °C, 4.75 °C, 2 °C
and 4.25 °C in the PCM room, respectively. Moreover, the MTR of the
roof in the reference room was 2.25 °C compared with 5.5 °C in the PCM
roof.

The MTR difference between the reference and PCM rooms are

eference room showing the position of thermocouples on internal wall surfaces.

2.75 °C, 1.25 °C, 1.5 °C, 2.25 °C and 3.25 °C, respectively for the east
wall, west wall, north wall, south wall and the roof. These MTR differ-
ence values influence the thermal comfort inside the room and energy
consumed during the peak period. Besides, they indicated positive en-
ergetic behaviour although the rooms were built with limited sizes and
with no ventilation.

It is known that the MTR of the roof and walls all influence the indoor
temperature inside the rooms. Accordingly, MTR can be calculated for
indoor air of both rooms, considering the difference with the outdoor
ambient temperature. MTR difference of indoor air inside the PCM room
compared with the reference one (also researchers referred to as indoor
temperature reduction (ITR) or indoor temperature drop) ranged be-
tween 0.25 °C and 5.75 °C during day hours. These values align with
those of studies verified under hot weather conditions. For instance,
Sovetova et al. [62] conducted a numerical study under hot weather of
Sharjah and Al-Ain cities in the United Arab Emirates and found that the
optimal PCM can decrease the MTR by up to 1.09 °C when incorporated
with the building envelope. Moreover, recent studies found that ITR
reached about 0.2 °C to 4.3 °C under Indian hot weather conditions [63]
and about 3.4 °C under Danish summer conditions [64].

3.2.2. Average temperature fluctuation reduction
Average temperature fluctuation reduction (ATFR) is the average
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Fig. 6. Outdoor ambient temperature (Tamb) and solar radiation (SR) during the experimental day measured in-site.

reduction in the envelope element layers temperature considering the
interior and exterior temperatures during the whole day cycle. In other
words, ATFR is the summation of the average decrease in the envelope
temperature during the daytime and the average increase in the enve-
lope element temperature during the nighttime (as a result of non-
ventilation). Therefore, the higher the ATFR value, the better the ther-
mal behaviour of PCM (the negative value of ATFR means that the PCM
incorporation has adverse thermal behaviour, while zero value means
no advantages of PCM incorporation). In this work, the period from 6:00
to 18:00 represents the daytime (denoted by X). The period from 18:00
to the end of the cycle denoted by Y represent the nighttime. ATFR was
calculated according to Eq. (2)-Eq. (4) [65], as follows.

ATFR = X+Y 2)
X = Tav.rer.~ Tav.pcm 3
Y = Ta.rcu= Tavrer. (C)]

where Ty, rer. and Ty, pcym are respectively the average temperature of
the element of the reference and PCM rooms in °C.

ATFR calculation results are presented in Fig. 14. ATFR of the PCM
room roof was much higher than all walls. The maximum ATFR of east
wall, west wall, north wall, south wall and the roof were ~ 2.4 °C,
~2.3°C, 3.3°C, 2.1 °C and 6.5 °C, respectively. Moreover, the ATFR of
the indoor air of the PCM room compared with the reference one
reached 3.45 °C, influenced by the values obtained for the room’s ele-
ments. This value reflects the remarkable advantage of incorporated
PCM as it was exceeded the mark of 3 °C [66]. Alam et al. [65] found
that ATFR ranged between 3 °C and 4 °C in tested PCM-enhanced en-
velope in different Australian cities (Canberra, Melbourne and Hobart)
from September to April. Kenzhekhanov et al. [37] verified ATFR values
between 1.59 °C and 2.65 °C during the summer season of different
cities worldwide, namely Bratsk, Arkhangelsk and Surgut in Russia, Fort
McMurray and Val-d’Or in Canada, Oulu in Finland, Umea in Sweden
and Anchorage in the United States.

The figure shows that the PCM incorporation was beneficial as all
ATFR values were more than 0 °C. This means that all X-values were
higher than Y-values in every element, indicating the better perfor-
mance of PCM during the daytime. Fig. 14 also indicates a negative Y
value for the east wall of the PCM room, which was the best-thermally
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performed amongst walls in terms of MTR. This proves that the east wall
had stored more heat than other walls during daytime which remained
with high temperature for a longer time. However, its X-value was much
higher than other walls as ATFR deals with the temperature difference
between the reference and PCM rooms during the day and night.

3.2.3. Decrement factor

Decrement factor (DF) is the reduction in the cyclic temperature
through the envelope elements [67]. This means that the envelope
element with a lower DF has a higher thermal resistance against the
outdoor temperature fluctuations. This property is essential for the
thermal comfort assessment as it is associated with the mean radiant and
operative temperatures. The DF was calculated as the difference

between the element’s maximum and minimum interior surface tem-
peratures to the difference between the maximum and minimum exte-
rior surface temperatures. For instance, the DF of roofs was calculated
according to Eq. (5) [68]. All other elements followed the same formula.

T max — Thrmin
DF = e — rmin
TR.max - TR.min

)

where T max, Tr,min, TR max and Tg min are respectively the maximum and
minimum temperatures of the interior and exterior roof surfaces in °C.
The calculation results of DF for the reference and PCM rooms are
shown in Fig. 15.
Generally speaking, PCM room elements showed better DF, as ex-
pected, thanks to the PCM thermal potential, which literarily worked as
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dynamic insulation. The DF reduction of the east wall, west wall, north
wall, south wall and the roof of the PCM room was better than the
reference room by about 12.8%, 11.7%, 12.5%, 13.3% and 25.6%,
respectively. DF of the PCM room roof was almost double of each wall,
indicating the better performance of PCM in the roof compared with
walls. This is mainly due to the better thermal performance of the roof’s
layers and the position of the PCM in the roof close to the outdoor
environment, which charge and discharge heat far from the indoor
environment, compared with the middle position in walls. Saafi and
Daouas [69] confirmed this fact, reporting that the DF of a PCM applied
on a north wall was reduced from 39.41% to 27.3% by changing the
PCM position from internal to an external location (close to the outdoor
environment). On the contrary, Jia et al. [69] claimed that PCM filled

10

the inner cavities of concrete blocks had reduced DF from 12.3% to
17.0% to 1.7%-2.2%. In another approach, Kontoleon et al. [70] studied
the effect of PCM thickness on the DF and found that the PCM-enhanced
cement mortar can reduce the DF of a standard concrete wall by 17.4%,
22.1% and 29.1% when 1, 1.5, and 2 cm of PCM layers applied,
respectively.

3.2.4. Time lag

The difference between the time at the maximum interior and exte-
rior element surface temperatures is identified as the time lag (TL). TL
indicates the shifting of peak temperature during the midday to the off-
peak period at a late time, which is the main benefit of PCMs in building
applications. Accordingly, the TL of the roof element was calculated
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according to Eq. (6) [71]. TL of all other elements was calculated
following the same formula.

TL =171, = TThpu (6)
where 7, max and 7g max are respectively the time at the maximum interior
and exterior roof surface temperatures in min.

Fig. 16 shows the TL and TL difference in the reference and PCM
rooms’ elements.

As shown in Fig. 16, the TL is different from one element to another.
For instance, the north wall had the maximum TL among other walls by
320 and 340 min in the reference and PCM rooms. This TL is quite large
and is not logical compared with other rooms’ elements. By considering

11

the temperature trend of the outdoor surface temperature of the north
walls presented in Fig. 9, we recognise that the maximum outdoor sur-
face temperature reached around 10:00 in the morning, as expected as
the solar radiation was high near the north walls in the early morning
hours. In contrast, the maximum indoor surface temperature of north
walls was reached after 16:00, in the afternoon, due to the accumulated
heat during the whole day and the influence of the other elements’
temperature on it due to the non-ventilated conditions.

On the other hand, a more logical explanation can be observed when
considering the TL difference between the reference and PCM rooms. In
this regard, the east wall followed by the south walls had the maximum
TL difference (40 min and 30 min, respectively) compared with the west
and north walls that had only 20 min. This is expected as long as the east
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and south walls experienced direct high solar radiation for a longer time
than the other walls, in which the PCM was activated sufficiently. The
MTR indicator also supports this, which shows the best thermal
behaviour of east and west walls. Moreover, the roof of the PCM room
showed the highest TL difference/increment with 70 min compared with
the roof of the reference room. Wu et al. [72] exhibited that applying
PCM on walls resulted in TL in the range 3.33 h- 4.17 h and was affected
by the thickness and position of PCM. In this regard, Zhang et al. [73]
stated that TL of PCM incorporated hollow concrete brick wall was
reduced by 0.5 h- 3 h under China weather conditions depending on the
PCM position within the bricks. In the same approach, Jia et al. [69]
claimed that PCM filling the interior gaps of concrete bricks can reduce
the TL from 1.50 h to 2.00 h to 6.17 h- 6.50 h under Shanghai city
weather conditions. Another study showed that TL was decreased by
0.14 h, 0.66 h, and 1.30 h when 5, 10 and 15 mm PCM thickness was

12

incorporated compared with a base case with no PCM [74]. Imghoure
et al. [75] found that the TL for building wall incorporated Bio-PCM
ranged from 2 h to 3 h compared with the base case regardless of
PCM thickness and position under the summer climate of the Marrakech
region.

3.3. Thermal comfort analysis

Thermal comfort gained from PCM incorporation has limited atten-
tion by researchers in the literature as most PCM investigations focus on
energy-saving requirements [76]. Therefore, this work considers three
important thermal comfort indicators: operative temperature difference,
discomfort hours reduction, and maximum heat gain reduction.
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3.3.1. Operative temperature difference

The operative temperature (OT) is the temperature that occupants
feel inside the built environment. Mathematically, OT can be defined as
the average indoor air and mean radiant temperatures, calculated by Eq.
(7) [771, as follows:

T, + Tor
or=-+tm
2

)
where T, is the indoor ambient temperature (i.e., Ti in the current
research) and, Ty, is the mean radiant temperature (both in °C). The
latter can be calculated by considering the indoor surface temperatures
and areas of roof and walls, according to Eq. (8) [78].

T _ T1A1 + T2A2 + -+ T,,An
" A+ A+ A,

®

13

where Ty, Ty, ..., T, are the element interior surface temperatures in °C,
and Aj, Ay, ..., Ay are respectively the interior area of each element in
m?.

Fig. 17 shows the OT variation of the reference and PCM rooms
against the outdoor ambient temperature.

The figure designates that outdoor ambient temperature was higher
than the OT in both rooms till around noon. It then gets lower as the
interior surface temperature of rooms’ elements increases with a
noticeable time delay between the PCM and reference room. Moreover,
the heat accumulated inside rooms throughout the experiment (due to
non-ventilation) continuously increases the indoor air temperature. It
was also evident that the OT of the PCM room was lower than that of the
reference room during the daytime, and the trend reversed in the eve-
ning (after 18:00) till the next day. This is attributed to PCM integration
into elements that release their heat uncontrollably as the ambient
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Fig. 17. OT variation of reference and PCM rooms.

temperature falls below 44 °C during the day. The maximum OT dif-
ference reached 4.6 °C at 10:10 due to the PCM activation involved in
the PCM rooms’ elements that were the most in the period from 9:20 to
11:30. This period is critical in actual buildings in Iraq as it represents
the peak period of electric power consumption for powering air-
conditioning systems. Besides, the rooms required suitable ventilation
in the period after sunshine to overcome the indoor temperature
increment that occurs due to the PCM heat discharging phase. The OT
difference/reduction results obtained in the current work are remark-
able compared with those found in the literature. For instance, Costanzo
et al. [42] conducted a study under three different climates, namely
Rome (Italy), Wien (Austria) and London (United Kingdom), to show the
effectiveness of commercial PCM-enhanced office building walls
considering the OT reduction. Numerical results exhibited OT reduction
by 0.5 °C at the day hours in a conditioned environment. Al Touma and
Ouahrani [79] examined the thermal behaviour of PCM incorporated
floor and wall tiles applied to typical Majlis living space in Qatar. Results
showed that the PCM enhanced the space OT that was in the range from
25.7 °C to 29.4 °C and became in the range of 26.1 °C to 29 °C after PCM
incorporation, indicating OT enhancement by 21.6% on average. Ram-
akrishnan et al. [80] conducted an experimental and numerical study for
form-stable PCM-enhanced plastering mortar applied as a cladding layer
for a multi-story office building in Milbourn, Australia. Considering the
OT, results indicated that the applied method reduced the indoor OT by
up to 2.5 °C. The above literature studies indicate that the PCM mac-
roencapsulated panel and capsules adopted in the current study was
more effective than other incorporation methods. However, this effec-
tivity could be more improved when dealing with the negative behav-
iour at night, as stated by Adilkhanova et al. [82] that OT could be
enhanced by more than 5 °C with a suitable night cooling control under
all conditions cities of Kazakhstan.

3.3.2. Discomfort hours reduction

According to the OT analysis described in the last subsection, the
daytime thermal behaviour is essential in this study as it shows the
benefits of PCM incorporation. According to ASHRAE standard
55-2004, discomfort hours are defined as when occupants are not
satisfied thermally inside buildings considering the temperature and
humidity levels [81]. Therefore, the discomfort hours reduction (DHR)
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identifies the discomfort period inside buildings (in hours). This indi-
cator measures the improvement of thermal comfort due to incorpo-
rating PCMs. The temperature variation (shown in Fig. 6) designated
that the outdoor ambient temperature was always above 30 °C during
the day, meaning that the thermal comfort level cannot be obtained
without applying air-conditioning means. Therefore, the discomfort
hours cannot be identified in this case. However, the OT reduction in the
PCM room compared with the reference room could be considered,
which has an equivalent indication of the DHR [37]. The DHR was
calculated according to Eq. (9), as follows [37]:

OTref.room - OTPCMrunm
OTref .Room

DHR = x 100% ()]

The hourly DHR resulting from the PCM incorporation into the PCM
room during the daytime is listed in Table 5.

According to Table 5, the maximum DHR was reached in the first half
of the day between 10:00 and 11:00 in the range of 10.1% to 11.2%. This
period experienced high solar radiation and outdoor temperature levels,
as the PCM inside the roof and walls in the heat charging phase. In
contrast, the DHR is getting low in the late afternoon, during which the
outdoor ambient temperature gets lower than the melting temperature
of PCM. Thus, the heat discharging phase of PCM starts with no control
on heat dissipation towards the indoor environment, and the OT of the

Table 5

Hourly OT and DHR of reference and PCM rooms.
Time (h) OTref. room (°C) OTpcm room (°C) DHR (%)
06:00 30.20 30.13 0.25
07:00 30.85 30.45 1.30
08:00 32.70 31.93 2.37
09:00 36.45 33.23 8.85
10:00 40.08 35.85 10.54
11:00 42.25 37.98 10.12
12:00 44.95 40.95 8.90
13:00 47.6 43.85 7.88
14:00 49.33 46.13 6.45
15:00 51 47.9 6.08
16:00 51.65 49.10 4.94
17:00 51.08 49.9 2.31
18:00 49.03 48.60 0.87
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PCM room increased near to that of the reference room. DHR results
above are reasonable under hot weather conditions due to high outdoor
ambient temperature compared with the indoor environment, and
higher percentages can be expected under lower outdoor temperatures.
For instance, Maleki et al. [82] found out that applying PCM-enhanced
plaster wallboards resulted in DHR by up to 13.83% under the climate of
Tabriz, Iran. Whereas, a study by Jamil et al. [83] reached DHR up to
34% from passive PCM incorporated ceiling at Australian (Melbourne)
weather conditions and further improved by up to 65% when a suitable
air ventilation system was engaged under same weather conditions [84].

3.3.3. Maximum heat gain reduction

The solar heat gain reduced through the building envelope indicates
the cooling load reduction [85]. Subsequently, this also specifies the
energy-saving obtained from PCM incorporation [86]. The heat gain
(HG) of each element in the reference and PCM room was calculated
according to Eq. (10) [87], as follows:

HG = hA(T;, — T,) (10)
Where h; denotes the combined convective and radiative heat transfer
coefficient for the interior element surface and interior room tempera-
ture in W/m?2 K. In this study, the values 8.29 W/m?.°C and 6.13 W/m?2.°
C are used for walls and roofs, respectively, considering the horizontal/
vertical direction of heat flow and surface emittance of concrete [88]. Ti,
and T, refer to the inside element surface temperature and the interior
air temperature, respectively. T, is variable in this study because it is
influenced by the heat exchange between the indoor and outdoor tem-
peratures through the envelope elements. Sometimes it becomes higher
than T; due to the influence of non-ventilated space, giving adverse re-
sults. Therefore, it should be fixed in the calculations refereeing to the
design temperature controlled by air-conditioning systems [89] (T;
assumed to be equal to 24 °C).

Consequently, the maximum heat gain reduction (MHGR) can be
calculated considering the maximum HG in each element in the PCM
room and its corresponding element in the reference room according to
Eq. (11) [90], as follows:

HG,;;. — HGpcn

MHGR =
HGref.

x 100% an

Fig. 18 shows the MHGR in each element considering the HG of PCM and
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reference rooms.

Generally speaking, the figure above showed that the east wall had
better HG compared with the other walls, followed by the south walls.
However, the latter exhibited more HG in reference and PCM rooms.
This indicates that the heat across these walls was high as they were
exposed to high solar radiation for a long time, which allowed more heat
to transfer. On the other hand, the roof of the PCM room minimised the
HG more than that of the reference room thanks to the PCM layer, which
interrupted the heat flowing towards the indoor zone. Considering the
MHGR, the east and south walls showed MHGR of 9.3% and 6.7%,
respectively. These percentages are higher than those of the west and
north walls, which showed only 4.4% and 2.7%, respectively, indicating
that these walls received less solar radiation, particularly the north wall.
In contrast, the roof showed the best MHGR of about 11.8%.

The calculations show that the roofs had reduced the HG more than
walls. This is mainly due to the thicker roof combination than the walls,
which provides more thermal resistance against the heat flow. In addi-
tion, the PCM quantity incorporated into the roof was higher than that
incorporated walls (7 kg in the roof against ~ 4 kg in each wall). Thus,
more heat would be stored in the PCM roof than PCM walls, especially
since the roof was exposed to direct solar radiation longer than any wall.
In view of that, the total MHGR in the PCM room was about 34.8%
compared with the reference room. This percentage is realistic
compared with those obtained under different locations worldwide. For
instance, the MHGR ranged by 3.5%-47.2% according to a study con-
ducted under weather conditions of the United States [91], and by up to
35% under Saudi Arabia’s climate conditions [92]. Besides, an optimi-
sation study for building with insulation and PCM reported 33.5%
MHGR under hot Indian climate conditions [93].

In addition to the above, Table 6 lists the results obtained in the
current study and main findings of experimental literature studies con-
ducted under similar hot climates to shed light on the main differences
resulting mainly from diverse PCM incorporation methods and different
locations.

4. Conclusion

In this paper, the thermal behaviour of a PCM incorporated thin
building envelope was studied experimentally under Al Amarah city
severe hot climate, southern Iraq. Two rooms, one with PCM and the
other for reference, were built and tested during a typical hot summer

B Reference room I PCM room [ MHGR|
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East wall West wall

North wall

Roof

South wall

Fig. 18. HG and MHGR in the reference and PCM rooms.
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Table 6
Summary of results obtained from other experimental studies published in the literature compared with the current study results.

PCM (melting Study PCM incorporation method PCM position ~ Examined factors Main findings Ref.

temperature,°C) location

SavE® OM37 India PCM macroencapsulated aluminium pipes ~ Roof and ITR, TL and HTR ITR by 9.18%-19%, TL by 60-120 minand ~ [36]
(36-40) (Mathura) buried inside concrete roof and walls walls HTR by 0.67%-59.79%.

HS29 (26-29) India PCM macroencapsulated foil packets Walls ITR ITR form 2 °C to 6 °C. [94]

(Chennai inserted inside hollow bricks
city)

CaCl,-6H,0/ China Composite PCM macroencapsulated panel ~ Roof and ATFR, TL, DF and  ATFR by 7 °C, TL by 1.4 h, DF by 0.378% [95]
expanded (Ningxia (2-14 mm thickness) walls heat transfer and HTR by 13.4% were achieved under
graphite (27.11) province) reduction (HTR) 8-10 mm thickness.

Paraffin wax (44) Iraq (Kut PCM macroencapsulated aluminium Inner edge of  ITR and cooling Maximum ITR by 2.18 °C and CLR by [96]

city) frame (1 and 2 ¢cm thickness) the roof and load reduction 20.9% were achieved at 1 cm PCM frame
walls (CLR) thickness.

Paraffin wax Iraq PCM macroencapsulated panel (2.5 cm Roof and Heat flux HTR by 46.71%. [97]
(40-44) (Baghdad thickness) east, west reduction (i.e.,

city) and south HTR)
walls

Paraffin wax Iraq PCM macroencapsulated panel (2.5 cm Roof and Heat flux HTR by 38.45% was achieved with 6 cm [98]
(40-44) (Baghdad thickness installed on the three wallsanda  east, west reduction (i.e., thickness.

city) panel of 2.5, 4 and 6 cm installed on the and south HTR)
ceiling) walls

Paraffin wax Iraq (Al PCM macroencapsulated panel (1.5 cm Roof and all MTR, ATFR, DF, ITR by 0.25°C-5.75 °C, ATFR up t0 6.5 °C, Current
(40-44) Amarah city) thickness) in the roof and walls TL, OTD, DHR DF by 11.7%-25.6%, TL increment up to study

macroencapsulated capsules inside and MHGR 70 min, OT reduction by up to 4.6 °C,

concrete bricks

DHR up to 11.2% and total MHGR by
34.8%.

day in September 2021. The main design parameters, such as the best
position and thickness of the PCM layer in the roof and the best
encapsulation method for PCM capsules inside concrete bricks, were
considered when constructing the rooms considering our preliminary
experiments. A set of energetic and thermal comfort indicators were
studied to show the thermal advancements of the PCM. Some conclu-
sions can be drawn from the study can, as follows:

The PCM considerably enhanced the thermal performance of the
PCM room compared with the reference room during hot hours.
The roof of the PCM room had better thermal performance than the
walls. The MTR difference, ATFR, DF, and TL difference of the PCM
room roof reached 3.75 °C, 6.5 °C, 25.6% and 70 min, respectively,
compared with that of the reference room.

The east wall showed best thermal performance than the south, north
and west walls. The MTR difference, ATFR, DF, and TL difference for
this wall in the PCM room reached 2.75 °C, 2.4 °C, 12.8% and 40
min, compared with the reference room.

Due to extreme hot outdoor weather conditions, the PCM incorpo-
ration into building envelope elements was insufficient to maintain
an acceptable thermal comfort inside rooms. However, the energy
could be saved remarkably during the peak load period. The
maximum thermal comfort enhancement in terms of DHR reached a
maximum of 11.2% in the period between 10:00 to 11:00.

The roof, followed by the east wall, showed better MHGR with 11.8%
and 9.3%, respectively, which significantly contributed to the
energy-saving and thermal comfort inside rooms since they were
responsible for 60.6% of the total HG.

Study limitations and remarks for future research

The experimental results presented in this study are restricted to the
hot climate conditions of the location under study. Same results (with
narrow increase/decrease) are expected for hot days during June, July,
August and September, the hottest months in southern Iraq.

Using ventilation techniques, preferably by passive means, are rec-
ommended to overcome the adverse thermal behaviour of PCM during
nighttime. Besides, investigating the night-cooling effect on PCM heat
discharging could be investigated in future studies considering the
period and time of PCM heat discharging.
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