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ABSTRACT: This research focuses on the application of phase change material (PCM) combined with the fiber cement
roofing sheet to reduce heat transfer through the building. The experimental study was divided into 4 conditions
including the single-layer fiber cement roof (SF), the single-layer fiber cement roof installed with the PCM layer (SF-
PCM), the double-layer fiber cement roof (DF), and the double-layer fiber cement roof installed with the PCM layer
(DF-PCM). For each condition, the fiber cement sheet was set at an incline angle of 40° with the horizontal plane. The
thermal source was controlled at temperature of 60 °C, 70 °C and 80 °C for 360 min to investigate the thermal behavior
and compare the heat gain through the roof. The results showed that the DF-PCM could reduce the room temperature
by up to 3.1%, 3.8% and 3.7% when compared with the SE and up to 5.6%, 5.2% and 4.8% when compared with the
DF at the controlled heat source temperature of approximately 60 °C, 70 °C and 80 °C, respectively. It indicated that the
use of PCM integrated into the fiber cement roofing sheet could reduce the heat transfer and interior room temperature,
leading to energy saving.

KEYWORDS: phase change material, fiber cement sheet roofing, energy saving, heat transfer reduction, heat

accumulation decrement

INTRODUCTION

Energy consumption in the building sector contin-
ually rises over the past decade, due to the rapid
growth of urbanization, the population growth,
more time spent indoors, and more requirement
for the living indoors quality, etc. [1]. Building
energy consumption currently accounts for a sig-
nificant part of the total global energy consump-
tion. However, the important energy saving can
be achieved from the optimal design of developed
buildings [2]. In the tropical area, the climate is
hot and high solar radiation intensity all year-round
leads to heat accumulation in the buildings [3].
Most of the tropical energy consumption in the
buildings is used to keep an indoor thermal comfort
through air-conditioning system [4]. Therefore,
an improvement of thermal insulation properties of
building envelope is a guideline for reducing the
heat accumulation in buildings, which can decrease
the energy consumption from the cooling load of the
air conditioner, as well as enhancing annual energy
saving [5]. Nevertheless, the heat transmissibility
into building roof accounts for a major proportion
of the daily heat transfer to indoor space [6], so
the design and material selection of the roof are

essential to reduce the indoor temperature and
thermal accumulation [7]. Materials roofing like
metal sheets, asbestos cement sheets and corrugated
fiber cement sheets are abundantly used in tropical
regions. The metal sheet roofs in tropical countries
have disadvantages in a sense that they provide a
poor indoor thermal environment and make a lot of
noise during rainfall [8]. While, the fiber cement
sheets are considered a material suited for roofing
due to their functions such as sound insulation, non-
flammability, good drainage, strength, durability
and affordable prices [9]. Consequently, the fiber
cement sheet roof is appropriate to be applied for
reducing heat gain in tropical buildings [10].
Recently, PCMs as thermal storage materials has
extensively grown due to absorbing and releasing
heat energy during liquefaction and solidification
at their phase change temperatures which is able
to be used for maintaining the constant tempera-
ture [11]. From previous literatures, the use of
PCMs in building envelopes, such as walls [11,12],
windows [13,14] and especially in roofs [15-19],
can reduce energy demands and improve indoor
thermal comfort [11]. Guichard et al [15] could
reduce the indoor space temperature by 2.4 °C and
decrease the daily fluctuation when PCM layers
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were integrated with the corrugated metal roofs.
Chung and Park [11] reported the increase in the
indoor thermal comfort by putting the PCMs plates
into the building roofs. The indoor heat gain by
around between 12.1% and 17.3% when adding
PCMs into vertical cylindrical holes at concrete roof
was also reported [20]. Meng et al [6] improved the
heat performance of a building roof by using a PCM
layer and a high reflective film, which can decrease
inner surface roof temperature and the heat flux by
approximately 2.2 °C and 66.8% when compared to
the roof without PCM layer and the high reflective
film. Chou et al [21] introduced a double layer
metal sheet roof integrating the PCM layer which
improved better thermal insulation properties of
building roof.

To reduce thermal gain and heat transfer into
the interior space of the buildings, PCM as paraffin
was integrated into the fiber cement sheets roof
in this study. The four testing models comprised
SE SF-PCM, DE and DF-PCM were designed with
focus on the thermal behavior to obtain an inertia
heat gain reduction and a conservation of energy
consumption in buildings.

MATERIALS AND METHODS
PCM analysis and encapsulation

The melting range of phase change temperature is
one of the significant factors for PCM application
into the building envelopes because it affects ef-
ficiency in thermal storage. The thermal process
characteristics of PCM were measured by Differen-
tial Scanning Calorimetry (DSC) technique at the
temperature range from 0°C to 80°C and the heat
rate of 0.05°C/min. The PCM used was a paraffin
type encapsulated by polyethylene (PE) bag of the
size 30.50 cm x46.00 cm. Each PE bag contains
PCM of approximately 5 g with thickness of 2.15 c¢m,
these were arranged between two reflective plates to
form a PCM layer with the area of 100 cm x 100 cm,
as demonstrated in Fig. S1. The actual experimental
setup for PCM application with the fiber cement
sheet is shown in Fig. S2.

Experimental set-up

PCM was applied into the fiber cement sheet roof,
Fig. 1a shows the dimensions of the testing model
and the installation position of the heat source,
these testing models were 1 mx 1 m x 1 m rooms
in dimension. The walls and floors were built from
the plywood sheets with a thickness of 1 cm and the
inside walls were insulated by polyethylene sheets
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with a thickness of 0.1 mm to prevent heat transfer
through these parts. The gypsum board with a
thickness of 0.5 cm and an area size of 1 m x 1 m was
used as the ceiling. For the roof part of these testing
models, the fiber cement sheets (1 mx 1 m) with
a thickness of 0.5 cm were placed at a horizontal
angle of 40 degrees for roofing. The models in
this study were divided into four types, consisting
of SF and SF-PCM (Fig. 1bc), and the DF and DF-
PCM (Fig. 1de). The four models were constantly
tested at the controlled temperatures of 60 °C, 70 °C
and 80°C. A thermal source is an electric hot plate,
installed approximately 15 cm above the upstairs
roof and was controlled by using a voltage dimmer.
The exterior surface temperature of upstairs roof
(Tor_up), the inside surface temperature of upstairs
roof (Tig_yp), the PCM layer temperature (Tpey),
the space temperature between the roofing sheets
(TaR), the upper surface temperature of downstairs
roof (Top_p), the lower surface temperature of
downstairs roof (Tjz_p), the space temperature of
attic (T,,), the upper ceiling surface temperature
(Tyc), the lower ceiling surface temperature (Tyc),
the inside testing room temperature (Tpy,m,) and the
ambient temperature (T,y,) were measured using
the K-type thermocouples with an accuracy of ap-
proximately +0.5°C as demonstrated in Fig. 1b-e.
The ambient temperature was controlled at approxi-
mately 25 °C by an air conditioner. The temperature
at each location was measured in 5 min intervals
and recorded continuously for 360 min using a data
logger to study the thermal behavior of each testing
models roof.

RESULTS AND DISCUSSION
Thermal analysis of PCM

It has been reported that the range of phase change
temperature of PCM is an important factor in the
selection of a PCM to apply with building enve-
lope for decreasing of cooling load in buildings
[2,11,20]. The phase change temperature range
of PCM should be lower than the temperature
of the building envelope [2]. In this work, the
thermal characteristics of paraffin as a PCM were
investigated by DSC under the temperature range
from 0°C to 80°C. The result shows two curves
of heat flow against temperature, an endothermic
reaction curve represented by negative peak and an
exothermic reaction curve represented by positive
peak (Fig. 2). From 0°C to 80°C, the two negative
peaks appeared in the endothermic reaction curve.
The first endothermic peak with a latent heat of
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Fig. 1 (a) The dimensions of the testing models, the positions of the fixed thermocouples in the SF; (b) without and
(c) with the PCM layer, and the positions of the fixed thermocouples in the DF; (d) without and (e) the PCM layer.
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Fig. 2 DSC results showing the thermal behavior of PCM.

22.13 J/g was observed at around 41.5°C relating
to the starting of the melting process of paraffin.
While another endothermic peak appeared at a
temperature around 59.0°C with a latent heat of
137.67 J/g corresponding to the thermal absorption
during the process of phase transition to a liquid
state of paraffin, which was continued from the first
peak. When reducing the temperature from 80°C
to 0°C, the two exothermic reaction peaks were
observed. The first exothermic peak with a latent
heat of 131.35 J/g was achieved at approximately
58.5°C and a second small exothermic peak was

observed at approximately 40.0 °C with a latent heat
of 11.25 J/g, these were related to the thermal
release of paraffin during the solidification process.
This suggests that the situation of melting and so-
lidification temperature range of this paraffin-type
PCM was appropriate for PCM application to reduce
the indoor temperature and thermal transmission
through the roof because the temperature range
of this PCM is lower than the roof temperature in
tropical area (around 70.0°C or higher during hot
days) [3].

Thermal behavior of different testing models

Average temperatures at different positions of
each testing model

When the thermal source constantly controlled the
temperature of 60 °C, all the temperatures: Tor_yp,
Tir—up> Teem> Tar> Tor—p> Tir—p> Taa> Tuc, Trcs Troom
and T,y of the four testing models were measured
and recorded in 5 min intervals for 360 min using
a data logger, as shown in Fig. 3. The ambient
temperature T,y was steadily set at temperature of
around 25 °C which was controlled by an air con-
ditioner. The temperature in each position of each
model was gradually increased from the T,y; until
the temperature was stable. After the temperature
in each position was steady, the temperature values
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Fig. 3 Temperature variation at each position under temperature-controlled at 60°C of (a) SE (b) SF-PCM, (c) DE

(d) DE-PCM roof models.

Table 1 Average temperatures at the Top_yp, Tir_up> Taa> Tucs Trc> Troom @0d Tay under different controlled temperature

conditions.
T (control) Model Torvp Tirwr Teem  Tar  Torp Twop Taa Tuc Tic  Troom  Tam
60°C SF 54.9 51.3 - - - - 31.5 282 271 261 25.1
SF-PCM 56.4 52.1 40.9 - - - 30.8 28.0 269 259 251
DF 55.7 52.7 - 33.7 353 321 312 289 278 268 249
DF-PCM 56.6 51.6 39.5 327 343 31.0 293 275 264 253 25.0
70°C SF 59.5 55.8 - - - - 320 289 27.7 266 249
SF-PCM 61.3 56.7 44.9 - - - 31.3 285 272 261 252
DF 60.5 57.1 - 36.5 38.0 349 31.6 292 280 269 251
DF-PCM 61.5 56.3 439 356 37.2 340 295 279 267 255 252
80°C SF 64.7 60.6 - - - - 324 292 28.0 268 25.1
SF-PCM 66.7 61.7 49.5 - - - 31.8 29.0 27.7 266 25.1
DF 65.7 62.1 - 378 394 36.2 319 295 284 27.1 250
DF-PCM 66.9 61.3 48.5 37.0 388 352 302 284 270 258 251

were calculated to achieve the average value of each
location (Table 1). The temperature variation in the
case of SF is displayed in Fig. 3a. Average values
for Tor_up> Tir_ups Taa, Tuc, Tic and Treoy Were at
around 54.9°C, 51.3°C, 31.5°C, 28.2°C, 27.1°C and
26.1°C, respectively (Table 1). The temperature
variation in each position of the SF-PCM, DF and
DF-PCM had the same trend with that of the SF
as demonstrated in Fig. 3b-d. This illustrates that
the temperature variation of testing with controlled
temperature was different from the testing with
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actual weather, which varies with the weather of the
day [11,15]. When the controlled temperature of
the heat source was increased from 60°C to 70°C
and 80 °C, an average temperature in each position
of all models increased (Table 1).

The temperature difference (AT)

Tor_up and Tpeom Of each testing model under differ-
ent controlled temperatures were listed in Table 1.
The temperature difference (AT) between the ex-
terior surface and the center of inside room was
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Fig. 4 Comparison of each temperature-controlled condition: (a) Temperature difference (AT) between the exterior
roof surface temperature and room temperature and (b) the average inside room temperature (Tgy)-

as shown (Fig. 4a). For the controlled tempera-
ture of 60°C, the temperature differences of the
models without and with the PCM installation in a
single roof layer and double roof layers were around
28.8°C, 30.5°C, 28.9°C, and 31.3°C, respectively.
In the case of SE AT increased from 28.8°C to
37.8°C when controlled temperature of thermal
source increased from 60 °C to 80°C. For SF-PCM,
DE and DF-PCM, the temperature difference trends
were similar to that of the SF (Fig. 4a). Higher
temperature difference was achieved in the model
integrating PCM layer which indicated an effec-
tiveness of heat flow reduction through the fiber-
cement roof sheets and an achievement of indoor
heat accumulation declination [2, 15]. This leads to
the conservation of energy consumption in buildings
(6, 7].

Average inside room temperature

The average inside room temperature Tg,,, of
each model under different controlled-temperature
is demonstrated in Table 1 and Fig. 4b. With the
controlled temperature of 60 °C, the average Tg,om
of both single layered and double layered roofs were
decreased by installing the PCM layer with the fiber-
cement roof sheets. The average Tp,,m Vvalues of
SE SE-PCM, DE and DF-PCM were approximately
26.1°C, 25.9°C, 26.8°C and 25.3°C, respectively.
The lowest average Tp,,m Was found with the DF-
PCM. The Ty, Of this model was lower by approx-
imately 3.1%, 2.3% and 5.6% when compared to SE
SF-PCM, and DE

For the SF model, the average Tp,,, reached
around 26.6°C and 26.8°C when the controlled
temperature was increased to 70°C and 80°C, re-
spectively. The average Tg,,, of other models
showed an increasing trend similar to that of the SF

(Fig. 4b). The SF-PCM and DF-PCM could decrease
the average Tg,,, When compared to the testing
models without PCM installed in each temperature-
controlled condition. This demonstrated that the
integrating PCM with the SF and DF could reduce
the heat transfer from the roof and indoor heat gain
resulting in a reduction of the building energy con-
sumption and the annual peak cooling requirement
[7,15,20].

Thermal resistance of each testing model

The thermal resistance is one of the most impor-
tant factors when considering the roofing materials,
which affects the efficiency in preventing thermal
propagation from the outside areas through the roof
into the interior space of buildings [2,7,11]. The
thermal resistance (R-value) indicates the resistance
of heat flow through building envelope material
into inside buildings, and varies with the material
thickness [7,21]. The R-values per an area unit of
material roofing were shown in Table 2. Thermal
resistance is calculated by the ratio of the thickness
of its layer and its thermal conductivity (k-value) as
in Eq (1).

_AX
ok

where R is thermal resistance value (m?K/W), x is
layer thickness (m), and k is thermal conductivity
(W/m-K)

The total R-value (XR) is the sum of the R-
values in each component of each model. The total
R-values of the SE SF-PCM, DE and DF-PCM were
at 15.42, 15.48, 18.32 and 18.38 m?K/W, respec-
tively (Table 3). These total R-value indicated that
the DF model could increase ability to resist heat
transmission than the SF model. In addition, the
PCM application with the SF and DF could lead to

R 1)
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Table 2 The material properties and thermal resistance value of each component.

Material property Thickness Coefficient of thermal Thermal resistance
Ax (m) conductivity K (W/m-K) R (m2K/W)

Fiber cement roofing sheet 50.19x1073 0.390 0.013

Phase change material 21.50x1073 0.240 0.009
Gypsum board ceiling 30.00x1073 0.084 0.036

The high reflective film 10.00x1073 0.040 0.025

Air gap between roof layers 0.15 0.026 0.577

Air of attic 0.325, 0.400 0.026 12.500, 15.385

Table 3 Total R-value (XR) and the R-values of each component for each testing model.

Model Thermal resistance of each position R (m2K/W) YR
Roof 1  Reflective film1 PCM  Reflective film 2 Airg,, ,oof RoOf2  Air,,. Ceiling (m2K/W)
SF 0.013 - - - - - 15.385 0.036 15.42
SF-PCM  0.013 0.025 0.009 0.025 - - 15.385 0.036 15.48
DF 0.013 - - - 0.577 0.013 12.500 0.036 18.32
DF-PCM 0.013 0.025 0.009 0.025 0.577 0.013 12.500 0.036 18.38

higher R-value. When considering heat transfer or
the U-value of roof (calculated from the reciprocal
of the total R-value in each model), the U-values of
the SE SF-PCM, DE, and DF-PCM were 64.85, 64.60,
54.59 and 54.42 mW/m?K, respectively.

CONCLUSION

The integration of PCM with the fiber cement roof-
ing sheet was shown to increase thermal perfor-
mance of the roof. Through the SE SF-PCM, DE, and
DEF-PCM models, we found the reduction in room
temperature when PCM was added. This would lead
to an increasing in building energy saving and a
decline in the annual peak cooling demand.

Appendix A. Supplementary data

Supplementary data associated with this arti-
cle can be found at http://dx.doi.org/10.2306/
scienceasial513-1874.2021.5017.
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Appendix A. Supplementary data

(a) (b)

Fig. S1 (a) Dimensions of the used PCM layer for testing, (b) PCM layer samples integrating into the sheet metal roof.

Fig. S2 The actual experimental setup for PCM application with the fiber cement sheet.
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