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ARTICLE INFO ABSTRACT

Keywords: This research experimentally examines the thermal behaviour of concrete brick-based PCM layer/
Concrete brick . capsules during severe hot summer days in southern Iraq. Three bricks were fabricated in which
Phase change material one brick was integrated with a PCM layer (By) and another integrated with PCM capsules (Bc),

Thermal energy storage
Building energy
Thermal performance

while the third was left bare without PCM (Bg) for comparison. The thermal performance of
bricks was assessed considering the inner and outer surface temperature difference, decrement
factor, time lag and average surface temperature fluctuation reduction. Besides, the mechanical
strength decline of each brick was investigated to show their applicability in real constructions.
Experimental results designated that By, and B¢ performed better than Bg, in which the temper-
ature across the brick was shaved by up to 5 °C with a 30-60 min time lag. Generally, By, exhibited
slightly better thermal performance than BC; nonetheless, it showed a sharp decline in
compression strength. Conclusively, the brick-based PCM layer was thermally better than that-
based PCM capsules, but the latter has superior mechanical properties.

1. Introduction

In hot regions, external walls are a major source of heat gain in buildings. It was reported that nearly 33% of total heat gain was
brought into the built environment through external walls in poorly insulated buildings [1]. Therefore, experts and relevant parties
seek advanced technologies to reduce energy consumption by endorsing low-energy building construction materials [2]. Incorporating
phase change materials (PCMs) into walls is a fast-developing technology that could enhance wall inertia and improve thermal per-
formance [3]. The PCM can efficiently minimise the building energy by up to 18% and shift the peak load by up to 10.3 h if the PCM is
incorporated well into walls considering its phase change temperature along with the best PCM quantity and position [4].

Numerous studies have recently investigated the PCM advancements in building walls as a promising solution from thermal and
economic points of view [5]. Some studies have investigated the PCM as a single or separated layer integrated with
insulated/non-insulated walls [6]. In contrast, others have studied the PCM integration into bricks, the worldwide popular con-
struction element of walls [7]. For instance, Imafidon and Ting [8] numerically studied the heat flux reduction of honeycomb PCM
incorporated walls for building retrofitting under weather conditions in Ottawa, Canada, concerning PCM phase transition temper-
ature and layer thickness variation. Study outcomes indicated that the PCM of 20 °C transition temperature with 1 cm thickness
performed the best under varying outdoor summer temperatures between 15 °C and 26.5 °C. Besides, the heat gain and loss of the walls
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Nomenclature

Abbreviations

ATFR Average temperature fluctuation reduction [°C]
B¢ Brick-integrated PCM capsules

By Brick-integrated PCM layer

Br Brick without PCM (bare brick)

DF Decrement factor

DSC Differential scanning calorimeter

HCB Hollow clay brick
PCM Phase change material

SR Solar radiation [W/m?]

TGA Thermogravimetric analysis

TL Time lag [min]

X Average decrease in inner surface temperature of PCM brick during the day compared with the bare brick [°C]
Y Average increase in the inner surface temperature of PCM brick during the night compared with the bare brick [°C]
Symbols

T; Brick inner surface temperature [°C]

Tiav Brick average inner surface temperature [°C]

Timax Brick maximum inner surface temperature [°C]

Ti,min Brick minimum inner surface temperature [°C]

T, Brick outer surface temperature [°C]

Toav Brick average outer surface temperature [°C]

To,max Brick maximum outer surface temperature [°C]
To,min Brick minimum outer surface temperature [°C]
Trimax  Time at the maximum inner surface temperature of brick [min]
Tromax  Time at the maximum outer surface temperature of brick [min]

were abridged by 41% and 96%, respectively. The study concluded that PCM effectiveness was restricted beyond 1 cm thickness and
20 kJ/kg.K effective heat capacity, in which no further improvement of incorporated PCM was achieved. Liu et al. [9] numerically
investigated PCM-integrated lightweight building walls considering the wall’s thermal resistance effect on PCM functionality and
other parameters. The outcomes displayed that PCM transition temperature is more influenced by the PCM location within the wall
than the wall thermal resistance. In this regard, the PCM of 22-32 °C phase change temperature in the middle of the wall showed the
best performance. Besides, the study concluded that the PCM latent heat potential has more effect with low-thermal resistance walls,
while high thermal resistance walls limit the PCM effectiveness. For instance, when the wall’s thermal resistance increased from 2 to 5
m?.K/W, the heat attenuation rate of the PCM wall was reduced by 2.03-4.99%, the time delay was increased by up to 1.14 h, the peak
and average heat flux were reduced by 66.10-66.92% and 30.8-33.57%, respectively, compared to the wall with no PCM. Al-Absi et al.
[10] experimentally examined a microencapsulated PCM into cement render and foamed concrete for the exterior finishing of walls.
The results exhibited that the density and thermal conductivity of cement-based PCM decreased by 50% and 86%, respectively,
compared with the pristine cement render. In addition, the incorporated PCM has increased the cement render thermal energy storage
by 38 J/g, improving its thermal mass. However, the study highlighted that the compressive strength was decreased by 53% for the
PCM-integrated cement render but increased when foamed concrete was integrated by up to 28%— 49.7% due to filling concrete air
gaps. Arici et a. [11] studied the energy-saving potential and thermal comfort of dividing the PCM into two while controlling their
melting temperature and position. The study aimed to evaluate the annual energy-saving and indoor temperature stability under
climate conditions of Kocaeli province, Turkey. Seven cases were investigated, employing one/two PCM layers applied at the inner,
outer, or wall sides. Study findings discovered that the best PCM transition temperature was varied between 5 °C and 30 °C. In
addition, two PCMs, one with a 17 °C phase change temperature at the wall outside and the other with a 25 °C melting temperature at
the inside, have increased the annual energy saving by 17.2%, compared with 16.8% for a single PCM layer. Shaik et al. [12]
investigated the potential of five PCMs with different melting temperatures (specifically OM18, OM21, OM29 and two form-stable
PCMs) to save air-conditioning costs and mitigate CO2 emissions when integrated with clay bricks at different climates. The study
looked at six PCM places in bricks: the exterior side, the middle, the inner side, the outer and middle sides, the middle, inner sides, and
the outer and middle sides. The findings revealed that the greatest annual energy cost saving was obtained for the OM29 PCM layer
positioned at the outer side of the brick, reaching $2079 and $2095 in hot-arid and composite climates, respectively. According to the
study, the largest CO2 emissions reduced were 87.80 tonnes of CO, per year in hot-arid climates and 88.42 ton-CO5 per year in
composite climates, with payback periods of 11.29 and 11.21 years, respectively.

Literature studies have reported that PCM-integrated bricks could shrink surface temperature by up to 6 °C and reduce heat transfer
by up to 30% [13]. However, reports have shown that the PCM would influence the mechanical strength of walls when combined into a
microencapsulation method [14]. Therefore, careful integration of PCMs into bricks is required to gain their advantages with minimal
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negative effects. Several research works have studied PCMs incorporated constructive bricks at different hot locations. Among recent
investigations in Moroccan weather conditions, Mahdaoui et al. [15] quantitatively explored the heat transfer and temperature
fluctuation reduction of PCM capsules paired with hollow bricks. The study proposed different PCM amounts out of brick volume,
specifically 6%, 10%, 16% and 20%. The outcomes revealed that the thermal performance of the brick was enhanced as the PCM
amount increased. The best performance was attained at 16% and 20%. Besides, the inner surface temperature of the PCM wall was
stabilised more than the reference wall with notable time shifting, which eventually could enhance thermal comfort and decrease the
energy consumed for air-conditioning systems. Elmarghany et al. [15] studied several PCM types of configurations-filled common
blocks for a one-year energy-saving analysis. The study investigated vertical and horizontal PCM elements to quantify the best
orientation for PCM utilisation. The results indicated that the thermal characteristics of PCM-filled blocks were enhanced by improving
their thermal storage ability and shrinking and shifting peak load. n-Eicosane outperformed the other PCM types, lowering the
maximum temperature to 37.86 °C and decreasing and shifting the peak heat flux by 29% and 9.28%, respectively. Furthermore, the
study found that the average inner surface temperature was reduced by 1.5%, with an 8% reduction in total energy transfer. The
n-Eicosane saved energy by 18.69% compared to other PCM types, while P116 resulted lowest saving by 0.71%. The study concluded
that the PCM was more effective in the horizontal elements (i.e., roofs) more than the walls. Under the Marmara climate, Turkey,
Tuncbilek et al. [16] explored the finest hollow brick/PCM combination considering their seasonal and annual thermal performance.
The optimal transition temperature, PCM amount and position were studied and compared against bare bricks of air gaps. The study
outcomes showed that the optimal transition temperature of PCM was associated with the season. However, the optimal PCM melting
temperature for the location under study was 18 °C, in which the thermal performance of modified bricks was improved by 17.6%
annually. The study further concluded that the PCM was effective during all seasons, and its thermal performance could be maximised
with the proper selection of PCM fusion temperature along with the best quantity and position. Said Hamdaoui et al. [18] used Fluent
software-based finite volume analysis and enthalpy-porosity methods to numerically investigate the integration of microencapsulated
PCM into the solid part of hollow clay bricks (HCB). They tested several bricks with varying air gaps (specifically three, six, eight, and
twelve, denoted as HCB-3, HCB-6, HCB-8, and HCB-12, respectively), and their thermal properties were evaluated. The study findings
revealed that the thermal behaviour of the investigated HCBs differed, with the thermal reaction time lags of HCB-3, HCB-6, HCB-8,
and HCB-12 being 1 h, 1 h and 43 min, 2 h and 27 min, and 4 h, respectively. Furthermore, the investigation found that HCB-3’s
thermal behaviour was identical to that of HCB-6, while HCB-8’s thermal reaction was equivalent to that of HCB-12. As a result, instead
of HCB-12 (15 cm thickness), outside walls might be built with HCB-8 (10 cm thickness), and HCB-3 (5 cm thickness) could be used
instead of HCB-6 (7 cm thickness). The study also concluded that PCM integration considerably reduced brick volume, with HCB
volume lowered by up to 30% when compared to pure brick. Ru et al. [17] modified two types of shape-stabilised PCM-based brick
made of recycled aggregate pavement, namely PEG-400/SiO, composite and Tet/SiO, composite. Both brick types were tested
considering thermal and mechanical methods, including Scanning electron microscopy (SEM), Differential scanning calorimeter (DSC)
and Thermogravimetric analysis (TGA) tests. Findings revealed that SiO5 successfully adsorbed the PCMs, and the PEG-400/SiO, was
superior to Tet/SiO,. Considering the thermal stability over cycles, the TGA test indicated that both composite PCMs had good
physio-chemical properties throughout the test temperature range. Furthermore, mechanical tests revealed that Tet/SiOy PCM brick

Cork frame Insulation

Fig. 1. Experimental set-up (a) in-site rig, (b) schematic side view showing the position of the thermocouple on the surfaces of reference brick (Bg),
PCM-layer brick (By,), and PCM-capsules brick (Bc).
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showed higher compressive strength and flexural strength than the PEG-400/SiO2 PCM brick. However, results indicated that 60%
recycled aggregate content with 5% shape-stabilised PCM at 28-day strength was higher than that of 70% recycled aggregate with 10%
PCM content. The study concluded that the Tet/SiO2 composite brick was better than PEG-400/SiO» as a PCM from the thermal and
mechanical aspects, but it has an economic concerns due to increased price of composite-shape material preparation.

According to the literature analysis, numerical studies have mostly investigated integrating PCM into building walls as a layer to
simplify physical models, regardless of its applicability in real constructions. These studies have overlooked the effect of PCM
encapsulation to avoid leakage, which eventually impacts the thermal behaviour of walls [18]. Besides, experimental studies did not
quantify the applicability of bricks-based PCM capsules and the declination in their mechanical properties compared with the
bricks-based layer PCM. Therefore, this study aims to analyse the PCM experimentally macroencapsulated into capsules and equivalent
layer incorporated inside concrete bricks from the thermal and mechanical viewpoints. This work is believed to provide answers
regarding the applicability of bricks-based PCM and their thermal and technical issues towards adopting the best incorporation
techniques of PCM within building structures.

2. Materials and methods
2.1. Experimental set-up

Three concrete bricks were designed, fabricated and examined under severe hot summer conditions in Al Amarah city (Latitude:
31.84° & Longitude: 47.14°), Iraq. Two bricks were integrated with PCM in which, one integrated with PCM capsules (B¢), one with
PCM layer (By), and the third left without PCM for comparison (Bg). In order to create an isolated space from the hot weather con-
ditions, a box of 1000 x 200 x 160 mm (length x width x thickness) was prepared to hold the tested bricks and separate the outer and
inner surfaces, as shown in Fig. 1. The box was made from a dense cork (straibor boards) of high insulation nature and covered with
fibreglass insulation. The examined bricks were placed inside the cork frame after careful insulation using high-quality silicon foam
from inside and outside to minimise heat losses between the inner surface of the bricks and the outdoor ambient.

2.2. PCM concrete bricks

Concrete brick is a popular brick type worldwide for wall construction. In Iraq, they have been used for walls and fence installations
for decades, especially for low-income inhabitants, thanks to their excellent mechanical strength and low cost. However, concrete
bricks have poor thermal performance compared with other types, such as fired-clay bricks, limiting their use in residential building
constructions [19]. The studied concrete bricks in this research have dimensions of 230 x 120 x 70 cm (length x width x depth),
which is a popular size in the country for constructive bricks. The concrete mixture was made of cement, sand and gravel mixed with a
ratio of 1:1.5:3, according to the Iraqi insulation blog, to prepare low-density concrete blocks [20].

As mentioned previously, two bricks were integrated with PCM macroencapsulated inside containers (capsules and layer) and
immersed during bricks preparation. For this purpose, locally available aluminium was used for macroencapsulation thanks to its high
thermal conductivity to enhance the PCM thermal performance and compatibility with PCM and concrete. The rectangular-shaped
containers were formed in a way to hold the same quantity of PCM (~145 g) in each PCM brick, immersed at the centre of the
bricks to preserve their mechanical properties. Table 1 lists the design specifications of PCM containers, and Fig. 2 views the test bricks.

The PCM used in this research is an Iraqi petroleum paraffin wax, locally formed in huge amounts in governmental refineries as a
waste product. This product has several favourite characteristics for thermal energy storage, such as high storage capacity, a high
melting temperature within the site temperature variation, and stability after several cycles [21]. Table 2 lists the main characteristics
of paraffin wax [22], whereas Fig. 3 shows some photos of PCM brick preparation.

2.3. Measurements

Thermocouples (sensors) attached to a multi-channel Arduino (type Mega 2560)-based data logger were employed to measure the
outer and inner surface temperatures of tested concrete bricks and ambient temperature. In this regard, two sensors were attached to
the outer brick surface; two were fixed on the inner surface to measure the average temperature variations. Besides, another two
thermocouples were positioned outside the experimental rig with a suitable position to record the average ambient temperature during
the experiment period. All thermocouples recorded temperature with 30 min time step to track the temperature variation during the
day and night hours and continuously stored in storage memory attached to the Arduino. On the other hand, the solar radiation
variation of each experimental day hours was recorded by a solar power meter with 30 min time step. Besides, a thermal imaging
camera was used to show the temperature behaviour of bricks’ outer surface temperature for one day at four different times,

Tablel
Design specifications of macroencapsulation containers.
Brick sample Container configuration PCM container dimensions (mm) No. of containers
Br
B. Rectangular panel 220 x 110 x ~7 1
Bc Rectangular capsules 40 x 40 x 20 5
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Fig. 2. View of tested concrete bricks.
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Table 2

Main characteristics of paraffin wax (PCM).
Characteristics/ Properties Value/Property
Form Whitish jelly
Transition temperature (°C) 40-44
Thermal conductivity (W/m.K) 0.21

Density (kg/m>) 930 (s0lid)830 (liquid)
Latent heat of fusion (kJ/kg) 190
Specific heat (kJ/kg.K) 2.1

PCM melting Pouring of melted PCM  PCM solidification
inside containers

PCM weighting

A Cement |

g of PCM bricks Drying PCM bricks

Raw materials of bricks Concrete mixture ncapsulated PCM
Immersion

Fig. 3. Fabrication of PCM bricks.

specifically at 6:00, 12:00, 18:00 and 00:00. The camera work based on infrared thermography, which has a good inspection potential
to compare among tested bricks [23]. The detailed specifications of the used instruments/devices are listed in Table 3.

2.4. Performance analysis of tested bricks

Various thermal indicators have been analysed in the current work to compare the thermal behaviour of tested bricks. These
comparison indicators included the average temperature difference between the inner and outer brick surfaces, the decrement factor,
the time lag and the average temperature fluctuation reduction, as follows:

2.4.1. Surface temperature reduction
The benefits of using PCM in this work were estimated as the difference between the bricks’ outer and inner surface temperatures (i.
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Table 3

Specifications of measurement devices used in the experiment as presented in the manufacturer’s technical data sheet.
Instrument Thermocouples (0.2 mm) Solar power meter Thermal imaging camera
Model T-type SM206 WB-80VOLTCRAFTg
Manufacturer TEMPSENS (India) BESTONE INDUSTRIAL Ltd. (China) VOLTCRAFT® (Germany)
Range -270-370 °C 0.1-399.9 W/m? -20-600 °C
Resolution _— 0.1 W/m? < 254

Accuracy +/-0.5°C +10 W/m? =+ 2% + 2 °C (tested @25 °C)
Photo of the device | =

e., T, and T;) at each time of thermal cycles. The temperature difference between T; and T, indicates how high the surface temperature
reduction of each brick side was.

2.4.2. Decrement factor

The decrement factor (DF) refers to the temperature decrement across the brick, considering the maximum and minimum marks of
inner and outer surfaces. This indicates how high the cyclic reduction of temperature is across the brick, where the low DF value means
better thermal management in the brick. Mathematically, the DF could be calculated by Eq. (1) as follows:

T max — Timi
DF — imax i,min 1
To.max - Tu.min ( )
2.4.3. Time lag

The time lag (TL) earned from incorporating PCM into bricks is another important indicator since it shows the ability of PCM (as a
dynamic insulator) to resist the heat flow and shift it from peak time to off time. In other words, the time difference between the highest
inner and outside surface temperatures of brick may be used to evaluate this indication., according to Eq. (2) [24], as follows:

TL=7 7 = T @
where T1imax and Tto max refer to the time at the maximum surface temperature of the inner and outer brick surfaces.

2.4.4. Average temperature fluctuation reduction

The average temperature fluctuation reduction (ATFR) in the inner surface of bricks can be studied, considering the average inner
surface temperatures throughout the day and night, not only the maximum and minimum temperatures as in the case of DF. This may
provide a better understanding of how the temperature of PCM-based bricks was lowered when compared to bare bricks throughout
the thermal cycle. ATFR could be calculated by combining the average decrease in the inner surface temperature of a PCM brick during
the day (compared to the reference brick, denoted as X) with the average increase in the inner surface temperature of the PCM brick
throughout the night (denoted as Y). The daytime was considered from 6:00-18:00, while the nighttime started after 18:00 till the
beginning of the next thermal cycle at 6:00. Accordingly, the ATFR value of By, and B¢ compared with Bg could be estimated each day
according to Egs. (3)-(5) [25].

ATFR = average (X) + average (Y) 3)
X =Tino peu  — Tircu (C))
Y = Tirecu — Tino pem 5)

where T;no pcv and T pcy are the inner surface temperature of the bare brick (Bg) and PCM bricks (By, and Bc), respectively.
In addition to the thermal performance indicators, the mechanical properties of tested bricks will be examined in terms of crushing
test to quantify the decline in bricks’ mechanical strength.
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2.5. Statistical analysis

Statistical analysis was verified to determine the effects and significance of the evaluated variables in the study. The one-sample t-
Test analysis (hypothesis testing) was conducted using OriginPro software on the inner surface temperature of tested bricks. This
statistical test could show the difference between the PCM bricks and the bare brick.

3. Results

The current work was conducted under weather conditions in Al Amarah, southern Iraq, for three sequential summer days from 09
to 11/09/2022. The climate of this city is characterised as tropical and subtropical desert climate according to the Koppen climate
classification, where the ambient temperature reached the mark of 51.1 °C in July 2022 [26]. The thermal map showing the average
hourly ambient temperature of the study location for the current year is indicated in Fig. 4. The figure shows that September is
characterised by high ambient temperatures starting from the early day hours encountered with high incident solar radiation,
particularly at noon.

3.1. Surface temperature variation

Fig. 5 shows the temperature variation of tested bricks in terms of each brick’s average inner and outer surface temperatures against
the ambient temperature and SR during the three thermal cycles.

As could be observed from the figure above, the first day experienced high SR and ambient temperature more than the following
two days, exceeding the mark of 1100 W/m? and 51 °C, respectively, at noon. However, the ambient temperature endures the mark of
35 °C in the late time of the day and beginning hours of the following day. The second and third days of the experiment experienced
lower SR and ambient temperature with a daily temperature difference of about 15 °C (the variation in temperature between the
highest and lowest temperatures). In accordance with these trends, the outer surface temperature (T,) of bricks increased gradually as
the SR and ambient temperature increased, reaching the highest temperatures between 13:00 and 14:00 each day. The inner surface
temperature (T;) of bricks, from the other side, showed a similar trend with an obvious time lag. Fig. 6 shows some thermal images for
the outer surface temperature of tested bricks during the second day of the experiment at different times.

The thermal images indicated that the outer surface temperature of bricks was almost the same in the early morning hours (at 6:00)
when the ambient temperature was low. The outer surface temperature of each brick was different at midday (at 12:00), indicating
high outer surface temperatures of PCM-integrated bricks (B¢ in particular) compared to the bare one. During this time, the PCM
melting is guaranteed, and the heat is charged into the PCM placed at the centre of PCM bricks, resulting in lower inner surface
temperatures. At 18:00, the outer surface temperatures of PCM-integrated bricks were slightly higher than that of the reference brick
due to discharged heat during solidification. Besides, the surface temperature was nearly the same at midnight (at 00:00), and the
bricks had a relatively similar temperature after the completed solidification of PCM.

3.2. Temperature difference, DF, TL and ATFR

Diminishing the inner surface temperature is the supreme objective of incorporating PCM into building elements [28]. Fig. 7 shows

12 AM 12 AM
10 PM 10 PM
8 PM 8 PM
8 PM 6 PM
e swellering e
2 PM 2 PM
12 PM 12 PM
10 AM 10 AM
8 AM 8AM
6AM 6 AM
4AM hot 4 AM
2 AM 2 AM
12 AM sl 12 AM

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

(g [frezing]veo cotc]| cola | cool | Luam ][ hot J[sweteing]
-8°C aC c 13°C 8'c 2

24°C 28°C 35°C

Fig. 4. Average hourly ambient temperature of Al Amarah city, 2022 [27].
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Fig. 5. (a) reference brick (Bg) vs ambient temperature and solar radiation (SR), (b) PCM-layer brick (B;) vs ambient temperature and SR, (c) PCM-
capsules brick (Bc) vs ambient temperature and SR, (d) average inner surface temperature (T;) for Bg, By, and B¢ vs SR.

the variation of temperature difference during full-day cycles.

As clearly designated in Fig. 7, PCM-integrated bricks showed a higher temperature difference than the bare brick, reaching a
maximum mark of 11 °C against 6 °C in the best case. B, and B¢ showed similar temperature differences during day hours; then, the
difference fluctuated after 18:00. The figure also shows that the temperature difference of By after this time (i.e., from 18:00 till the
beginning of the next cycle) was bigger than the case of By, and B¢ since the concrete was releasing stored heat (in Bg) faster than the
composite concrete (PCM/concrete), as the ambient temperature drops in this period. However, the temperature difference in the day
hours from 6:00-18:00 is the most important for evaluation since it impacts the energy performance of bricks during peak hours. The
reversed temperature behaviour of PCM bricks (i.e., By, and B¢) during the night has a negative impact on the thermal comfort of
buildings, especially residential buildings, due to the PCM solidification phase. This issue is common in passive PCM incorporation
applications and could be solved by employing the potential of night ventilation, as discussed in different research studies [29,30].

The DF, as earlier defined, displays the temperature fluctuation damping due to PCM incorporation. Fig. 8 displays the results of DF
for tested bricks over thermal cycles.

In general, PCM-integrated bricks designated better DF than the bare brick. However, By, showed slightly better performance than
B¢ in all cycles. By, showed DF over the Bg by 0.133, 0.094 and 0.038 in the three cycles, whereas B¢ showed 0.109, 0.087 and 0.017,
respectively. Compared with Bg, By, showed improvement by 13.77%, 10.13% and 4.21% in the 1%, 27 and 3™ cycle, while B¢
improved by 11.28%, 9.38% and 1.88%, respectively. These results indicated noteworthy enhancement in the PCM bricks compared
with the reference bare brick, showing better thermal resistance of the PCM bricks. The thermal resistance slightly differed between the
brick-based PCM layer and that-based PCM capsules.

In the open literature, researchers often study the DF along with the TL to quantity the thermal resistance enhancement of PCM
elements [24,31]. These two indicators give a powerful clue about the advantages of PCM incorporation within the bricks. The
calculation results of TL for the tested bricks are presented in Fig. 9.

As stated before, the TL indicates how long PCM-integrated bricks can shift the peak temperature compared with bare brick. In this
regard, Fig. 9 clearly shows that By, and B¢ had better TL than Bg, considering the highest inner and outer temperatures of the brick.
Generally, B, and B¢ showed similar TL in all cycles, resulting from a similar time of highest outer and inner surface temperatures. The
TL in the Bg ranged between 30 and 60 min against 60-90 min in By, and B, indicating temperature time shifting of 30-60 min more
than the bare brick.

In addition to the DF and TL, the ATFR results present the temperature stability of the PCM bricks’ inner surfaces compared with the
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Fig. 6. Thermal images for tested bricks at different times on 10/09/2022.
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Fig. 10. ATFR of PCM-integrated bricks.

bare brick throughout the thermal cycle. In this regard, Fig. 10 shows the calculated AFTR for By, and B¢ compared with Bg.

By, showed better ATFR than B in all thermal cycles. The ATFR of By, ranged between 2.22 °C and 2.45 °C, while that of B¢ ranged
between 1.91 °C and 2.05 °C. In both bricks, the ATFR showed better thermal performance of the PCM bricks than the bare brick in
each thermal cycle since the ATFR values exceeded 0 °C.

The t-Test statistical analysis for the measured inner surface temperature of bricks showed statistical differences, as summarised in
Table 4. However, the PCM bricks, By, and B¢, showed relatively similar standard deviation and standard error of the mean compared
with the reference brick, Bg. Besides, the t statistic of PCM bricks was statistically significantly different by more than 2%, which is
normal in PCM applications, as indicated by literature studies [32].

3.3. Mechanical test results

Although the current research mainly focuses on the thermal behaviour of constructive concrete bricks when incorporated with
PCM, the mechanical strength aspect is significant to show the possibility of incorporating PCM panel/capsules in real applications. In
this regard, the bricks were tested for compressive strength (crushing strength test) at 7-day age using a compression testing machine
type ADR Touch head from ELE International with a maximum load capacity of 2000 kN. Fig. 11 shows some photos of the machine
and test procedure.

The test results showed that the maximum compression strength of Bg, By, and B¢ at the failure was 338.9, 118.1 and 241.7 kN,
respectively. These values are equivalent to 12.279, 4.288 and 8.757 N/mm? compression strength considering the area of bricks (i.e.,
27600 mm?). As expected, the test result indicated that PCM-integrated bricks had lost their mechanical properties, in which the
compression strength of By, and B¢ was reduced by ~65% and ~28.7%, respectively. This strength loosening is mainly attributed to the
poor mechanical properties of aluminium containers used for PCM macroencapsulation. It is worth highlighting that the mechanical
strength of concrete bricks gives better results at the age of 28 days compared with 7 days. However, the strength of concrete samples at
age 7 days is usually above 65% of their strength at 28 days [33]. Therefore, the tested PCM bricks are expected to have a fairly similar
mechanical strength difference at age 28 days compared with the reference brick.

4. Discussion

According to the results, the PCM-integrated bricks (i.e., By, and B¢) generally showed superior thermal performance than the bare
brick (Bg). This behaviour is indorsed to the phase change phenomenon, which enhanced the brick’s storage inertia and capacity
compared to the traditional concrete brick. However, according to the results of Fig. 7, the thermal trend of bricks (including Bg) was
reversed around 15:00, and the inner surface temperature was higher than the outer surface temperature. This is anticipated since the
bricks were exposed to severe hot weather conditions most day hours with no ventilation for the inside surface, causing heat accu-
mulation on the inner surface. However, the temperature behaviour in real construction cases is expected to differ since direct solar
radiation is time-dependent concerning walls. In the late afternoon and nighttime, the temperature behaviour of Bg (considering the T;
and T, in Fig. 6) was better than that of PCM-integrated bricks, which showed a noticeable temperature difference. This behaviour is
endorsed in the solidification/freezing phase of PCM when the stored heat is released from the PCM container(s). However, the
temperature behaviour was relatively the same after the midnight of each day cycle (after 00:00 till the beginning of the next cycle),
indicating that the PCM was fully solidified in the PCM-integrated bricks, and they started to behave similarly to bare bricks, thermally.

According to the DF results shown in Fig. 8, the performance improvement in the cyclic temperature between the inner and outer
surfaces of PCM bricks was minimised, positively improving the indoor temperature in the built environment. The DF of bricks
fluctuates daily, depending on the minimum and maximum temperatures of the inner and outer surfaces, which fluctuate following
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Table 4
Summary of t-Test statistical analysis applied to the inner surface temperature of bricks.
Br B Bc
Mean 42.178 42.191 41.061
Standard deviation 9.099 8.358 8.449
Standard error of the mean 0.756 0.694 0.702
t statistic 55.817 60.788 58.515

|
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Fig. 11. Compression test (a) brick samples, (b) test machine, (c) By, under test, (d) display monitor, (e) By, after test, (f) B¢ after test.

outdoor weather conditions. Besides, the DF of PCM bricks is better than the reference brick as long as the PCM melts and solidifies
during the thermal cycle. Therefore, the improvement of DF is guaranteed in the following days since the PCM activated in the bricks
and the inner surface temperature decreased. The DF results achieved for By, and B¢ by a maximum of 13% and 11% are in good
agreement with the PCM applications in the literature. For instance,

These results presented in Fig. 9 regarding the TL, along with the temperature difference results shown in Fig. 7, prove the PCM’s
ability to shrink and shift the temperature across the bricks. Fig. 9 also shows that the TL fluctuates daily following the outdoor ambient
temperatures during the day cycle. Besides, the TL was inconsistent with the daily temperature level, which was lower in the second-
day cycle than on the third day, although the latter had lower maximum temperatures, according to Fig. 5. It is worth mentioning that
the measurement time step has a certain influence on the TL results in which the lower time steps could generate better resolution of TL
values. In other words, the results shown in Fig. 9 could be more realistic if the time step is taken every 1 min instead of the 30 min
adopted in this work. This is obviously evidenced in numerical studies, which have more flexibility to evaluate such indicators with a
higher range of time steps.

The AFTR difference between the PCM bricks displayed in Fig. 10 was slight, with superior performance for By, over B¢ by about
0.4 °C, 0.3 °Cand 0.5 °C on the 1%, 2" and 3™ day. The ATFR indicator may give a fair evaluation of passive PCM incorporations since
it considers the nighttime negative behaviour of PCM along with the thermal behaviour during the day. However, the ATFR results
showed a noteworthy indication of the usefulness of PCM in maintaining better thermal management in bricks regardless of the
encapsulation configuration.

Overall, all thermal performance evaluation results indicated that the concrete brick integrated with the PCM layer performed
slightly better than the one integrated with PCM capsules, although they held the same PCM quantity. This may be attributed to several
reasons, including that the encapsulation area of By, was higher than that of B¢, which enhanced the melting and solidification phases
[34]. Furthermore, considering one-dimensional heat flow, the PCM layer can better restrict heat across the brick than the PCM
capsules since there will be spaces with no PCM between the capsules. However, increasing the number of thermocouples (more than
two) on brick surfaces may obtain closer results. A comparison of the results achieved in the current study compared with similar
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Table 5
Summary of literature studies regarding advancements of bricks-based PCM.
Reference Study location ~ PCM melting Brick type Evaluation indicators/aspects
temperature Temperature DF TL, h Other indicators
reduction, °C
Gao et al.[35] Qingdao, 18-23 Hollow red brick _ 0.92%— 5-6 Heat flux reduction by
China 1.93% 19.19-21.4 W/m?
Saxena et al. Delhi, India 36-38 Fired-red clay brick  5-6 Heat flow reduction by
[36] 8%— 12%
Silva et al. Controlled lab 18 Hollow red bricks 5 _ 3
[37] room
Laaouatni Lab 27 Hollow concrete 3.4-4.7 _ 4.5-6.5
et al.[38] equipment block-assisted
ventilator
Abbas et al. Diwaniya, Iraq ~ 38-43 Fired-clay hollow 4.7 0.7 2 ATFR by 23.84%
[71 brick
Liu et al.[39] China 44 Foamed cement 1.45
block
Chihab et al. Marrakesh, 24, 32 and 37 Hollow clay brick 2.48 _ 0.7-4.3 Maximum heat flux
[40] Morocco reduction by 82%
Bachir and Bechar, 32-43 Hollow clay brick 2.5-5.9 _ 5.5 Heat flux reduction by
Taieb Algeria 73.7%
[41]
Jia et al.[42] Shanghai, 20-30 Hollow bricks 1.8-3.4 1.7%— 2.2% Up to 2.17 Peak heat flow reduction
China by 19.2-26.1 W/m?
Gupta et al. Lucknow, 30.42 Clay brick 0.77-4.2 0.332-0.372 1.2-1.9 Highest heat flux
[43] India reduction by 33.98%
Current study Al Amarah, 40-44 Concrete bricks 5 4.39% Uptol5 ATFR by 1.91-2.45 °C
Iraq

literature studies can be shown in Table 5.

5.

Limitations and insights for future work

The current study highlighted the advancements of concrete bricks when integrated with PCM as a layer or capsules from the

thermal and mechanical viewpoints with respect to the bare brick. Some limitations and remarks derived from the current study for
further research could be presented as follows:

The concrete bricks investigated in the current work are fabricated according to the thermal insulation blog provided by the
specialised authority in Iraq. However, the shape of bricks is novel since the typical concrete blocks in the country have air cavities
to have lighter and thermally better blocks. Therefore, the mechanical strength of the current bricks cannot compare with the
normative reference values of typical bricks. This important research theme is open for future works, investigating the influence of
PCM and air cavities on the concrete brick’s thermal and mechanical behaviour.

The outcomes generally exhibited that the PCM-integrated layer is slightly superior in enhancing the brick’s thermal behaviour
compared to the PCM capsules. However, the brick-based PCM layer showed poor mechanical behaviour compared with the one-
based PCM capsules. The mechanical strength declination is mainly attributed to the ductility of the container material
(aluminium), although it has excellent thermal properties necessary to improve the PCM performance. Accordingly, encapsulation
materials of better ductility and thermal characteristics, such as galvanised steel, are recommended for future studies. It is also
recommended that such studies be conducted for recycled containers, such as wasted cans, to support the universal concept towards
sustainability.

The current study’s findings revealed that the PCM thermal behaviour is affected by changing weather conditions, which had a
significant impact on the inner surface temperature of bricks, particularly at night. Therefore, the passive incorporation of PCM
should be controlled during the PCM solidification period to ensure full utilisation of the PCM storage capacity throughout the
complete thermal cycle. This could be achieved by utilising low temperatures at night with various control strategies. This research
area still needs more focus by researchers considering using passive strategies as much as possible.

The economic evaluation of PCM incorporation is necessary for technology marketing. However, considering the encapsulation
material in terms of the material price and encapsulation complexity should be well studied for large wall applications to fairly
analyse their influence and which encapsulation method (layer or capsules) is economically feasible.

Conclusion

In this study, phase change material (PCM) macroencapsulated into containers was integrated into concrete bricks as a layer (Br)

and capsules (B¢) to investigate their thermal and mechanical performance experimentally. The By, performed slightly better than the
B¢ from the thermal point of view, whereas the latter brick was better from the mechanical viewpoint. During the peak day hours,
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when the temperature was high and varied considerably, both PCM-integrated concrete bricks outperformed the naked brick in terms
of thermal performance. By, and B¢ showed a relatively similar thermal performance to Bg, in which the maximum temperature
reduction across the brick reached 5 °C with a time lag of up to 90 min. However, B, performed slightly better than B¢, considering the
decrement factor and average inner surface temperature reduction, reaching a maximum of 4.39% and 0.5 °C, respectively. During the
mechanical compression test, both PCM-integrated bricks showed lower mechanical strength than the bare brick, where the
compression strength at the failure of By, and B¢ was decreased by ~65% and ~28.7%, respectively. Conclusively, the By, performed
slightly better than B¢ thermally, whereas B¢ showed superior mechanical properties.
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