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ABSTRACT

A cooling tank functions as a heat exchanger utilising water as the working fluid
material, while air facilitates water cooling through direct contact, inducing partial
water evaporation. The cooled water circulates within the hollow roof, aiming to absorb
heat along its path. This paper undertakes a comparative analysis of four roof structures
integrating composite layers to discern the most efficient and superior option. The
assessment encompasses performance evaluation, thermal insulation properties,
environmental resistance, heat absorption capability, energy efficiency, and economic
feasibility of the composite layers applied to the roofs. The study aims to determine the
effectiveness of the heat transfer rate within the hollow roof, ascertain the hourly
energy discharge potential from the cooling water tank, and identify the requisite water
flow to supply the hollow roof. Based on the experimentation, Roof 3 exhibited the

Keywords: highest room temperature, followed by Roof 1, Roof 4, and Roof 2. Ultimately, it was
Hollow roof; composite; pineapple observed that Roof 2 possesses a superior ability to absorb heat energy from sunlight
fibre; fiberglass compared to other materials.

1. Introduction

Environmental challenges such as climate change and global warming have been exacerbated
since the onset of the 21st century, with human activities implicated in over 95% of these issues [1,2].
Many greenhouse gas emissions, notably carbon dioxide, the primary driver of global warming, stem
from human activities [3,4]. Particularly noteworthy is the refrigeration sector's contribution of 8%
to the global greenhouse gas emissions, imposing significant pressure on ecological equilibrium [5,6].
Cooling solutions, such as compression, adiabatic demagnetisation, laser, and semiconductor, are

commonly employed and associated with substantial energy consumption and carbon emissions [7-
10].
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Through transpiring and perspiring water, which boasts one of the highest latent heats among
fluids, plants and animals can autonomously adjust to variations in the surrounding environment,
such as temperature and relative humidity. Several self-adaptive cooling solutions linked to bio-
inspired synthetic skins have been unveiled, encompassing thermochromic reflective coatings and
building skins based on superabsorbent polymers, specifically hydrogels. These advancements draw
inspiration from the inherent biological cooling mechanisms [11-13]. Hydrogels, while offering
promising cooling capabilities, are often less durable than their inorganic counterparts and
susceptible to damage from UV radiation and cyclic exposure to moisture and dryness, potentially
limiting their long-term viability as building surfaces. To address this, micro-sized fly ash cenospheres
(FACs) are incorporated into an inorganic artificial foam through a process involving heating a clay-
water solution followed by sintering, resulting in a foam structure characterised by over ninety-five
per cent interconnected pores, utilising a technique termed "minimal contact" [14-16].
Consequently, this foam layer can be utilised for prolonged evaporative cooling, aiding in retaining
raindrops and facilitating roof waterways [17,18]. Comparative analysis with conventional porous
materials and superabsorbent polymers reveals additional benefits of the newly developed material,
including its lighter weight and cost-effectiveness [19,20]. Moreover, its composition of sintered
inorganic minerals renders it resistant to UV-induced degradation. A biomimetic 'hydro-foam’,
biomimetic mesoporous synthetic foam (BMSF), is devised as an evaporative cooling layer for
building rooftops featuring organised, functional structures. The measured evaporation rate of BMSF
flat panels closely resembles that of natural aquatic surfaces, resulting in a substantial cooling effect
that minimises air conditioning loads. Integrating BMSF surfaces onto vertical building facades is
straightforward and potentially significantly reduces energy consumption for mid-rise and high-rise
structures [21].

As technology advances, active cooling systems have become indispensable in urban
communities [22]. The utilisation of such systems is steadily increasing, and they currently hold the
top position globally. Consequently, there is a growing demand for air conditioning equipment that
minimises electricity consumption, with solar energy emerging as a promising alternative power
source [23,24]. Passive cooling systems, albeit unable to match the performance of active
counterparts, are being explored by researchers, offering potential energy savings during summer
months by deflecting solar radiation away from structures into space [25,26]. Composite materials
comprising natural and synthetic fibre blends [27-29] are also being considered for roofing
applications in various studies, focusing on optimising thermal conductivity to function akin to solar
collectors, directly absorbing heat energy from sunlight. Rui et al., [30] investigated room coverings
using composite materials to mitigate temperature fluctuations indoors, aiming to enhance overall
comfort levels. Rui introduced sodium acetate into the composite mixture, along with trihydrate
(SAT) and formamide (FA) combined with expanded perlite (EP) to impart new physical properties to
the composite material. Similarly, Chang et al., [31] researched optimising energy efficiency within
enclosed spaces by employing a roof constructed from three overlaid materials: plastic, wood, and
composite. In another study, Ghosh et al., [32] conducted a failure analysis on composite layers used
in residential roofs in Indian communities, exploring three fibre variations: sloping, angular, and
cross. Their findings indicate that the inclined fibre layer outperforms the angled and cross-fibre
configurations, highlighting its structural integrity and performance superiority.

Research on the mechanical properties of composite roofing materials remains ongoing, with
advancements in laminated configurations being explored. Neogi et al.,, [33] conducted a study
involving finite element analysis of layered roof structures in an inclined state with slight friction
applied. In another investigation, Irawati et al., [34] developed a wooden composite roof
supplemented with a laminated layer of wood composite. The findings indicate that the laminated
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wood roof outperforms conventional wooden roof frames withstanding external loads. In Malaysia,
K.S. Ong [35] conducted an experiment involving six rooms, each equipped with different roofing
materials, with dimensions of 2 meters in length and 1 meter in width. The roofs were inclined at a
15-degree angle, with variations in materials, including metal roofing, concrete roofs, and roofs
featuring heat insulation layers such as aluminium foil, coupled with provisions for adequate air
circulation. Data was collected at 5-minute intervals over 24 hours for several weeks, enabling a
comparison of roof temperatures across the six roof types. At midday, the roof temperature of the
uninsulated model ranged from 40°C to 50°C, exceeding ambient temperatures by up to 10°C, while
at night, the temperature was one °C lower than the environment. The second model, with insulation
beneath the tiles, exhibited attic temperatures ranging from 30°C to 40°C, with the temperature
behind the attic sidewall being three °C lower. Due to their higher thermal mass, metal deck roof
designs demonstrated more significant temperature fluctuations than standard concrete roof
designs. Each roof exhibited a transient thermal response, with standard roofs displaying the slowest
response to solar radiation. Due to increased heat absorption, standard tiles recorded the lowest
roof temperatures among tile roof designs. The study revealed that metal roofs with insulation
underneath exhibited the highest roof temperatures, suggesting that insulation beneath tiles is
preferable to insulation above the ceiling.

Tile roofs with insulation underneath exhibit elevated temperatures due to limited heat
dissipation to both the external environment and the lower side of the attic. In Istanbul, Turkey,
Khalifa [36] conducted a study focusing on the cooling effect of rooftop ponds on buildings, assessing
both energy and exergy considerations. The findings revealed that implementing rooftop pools can
lower room temperatures by a minimum of 4°C compared to conventional roofs. With solar intensity
peaking at 3500 kJ/hr.m”2, the maximum temperature recorded in a room with a pond roof was
37°C, representing a 42°C difference from rooms without such roofing systems, with the average
ambient temperature at that time being 43.5°C. Meanwhile, in Tianjin, China, Kong et al., [37]
investigated phase change material (PCM) roofing materials to reduce building energy absorption
and enhance room comfort by augmenting thermal storage capacity. Two PCM systems, PCMOW
(capric acid incorporated into panels installed externally) and PCMIW (capric acid and 1-dodecanol
within panels installed internally), were numerically developed. Three rooms measuring 2m x 2m x
2.4m were constructed to evaluate the performance of the PCM panel system. Under free cooling
conditions, the inner surface temperature of the roofs in PCMOW and PCMIW rooms was lower than
that of spaces lacking PCM. The temperature of a standard roof reached 45°C, exceeding that of roofs
incorporating PCM, which maintained an average temperature of 30°C. This underscores the efficacy
of PCM in mitigating heat transfer into indoor spaces.

Kumar et al., [38] investigated roof cooling mechanisms involving insulation, concluding that
effective insulation significantly hampers heat transfer processes, reducing roof heat conductivity.
Commonly employed insulating materials include polystyrene combined with polyurethane foam,
concrete foam, fiberglass, styropor, peripor, and neopor. Without insulation, roof temperatures
typically range from 42°C to 48°C, facilitating heat transfer into the interior space. Following
insulation application, an average temperature difference of 4.8°C was observed compared to
uninsulated conditions within the room. In a related study, Al-Obaidi et al., [39] explored passive
cooling systems on building roofs, employing reflective methods to mitigate heat buildup and
redirect solar radiation away from the structure. Roof colouring techniques aim to reduce the heat
conductivity of roofing materials, which is particularly prevalent in lightweight metal roofs known for
their high thermal conductivity. The study concluded that white colouring effectively reduces heat
absorption, enhancing cooling efficiency.
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2. Material and Methods
2.1 Material

This prototype aims to regulate room temperature, ensuring excellent thermal stability. The
roofing material was fabricated using glass fibre, wood fibre, and rice husk fibre combined with resin
801, mimicking the undulating profile of conventional steel roofs. Four prototype rooms were
constructed, each measuring 1 x 1 x 1 meter with a wall thickness of approximately 15 cm. These
rooms featured roofs composed of distinct composite materials, designated as R1, R2, R3, and R4,
comprising rice husk and pineapple, rice husk and wood fibre, zinc and rice husk, and glass fibre,
respectively. A cavity was incorporated into the centre of each roof to facilitate the flow of cooling
water sourced from a tank. Each roof had ten cavities, each holding approximately 0.0064 m? of
water. A DC pump rated at 12 V and 10 Watts, with a current draw of 0.8 A, capable of operating
within a temperature range of 2-110°C and achieving a maximum volume flow rate of 8 litres per
minute, was utilised. The pump featured inlet and outlet ports measuring 1/4 inch in diameter.
Furthermore, a single-piece 100 Wp solar panel with an automatic charging system was employed.
Measurement instrumentation included an anemometer, pyranometer, K-type thermometer, and
thermocouple to assess ambient wind speed, solar irradiance, environmental temperature, and
temperature at predetermined points within each room, respectively. Agilent temperature
measuring instruments were employed to record data from thermocouples, resistance temperature
detectors (RTDs), and AC electric currents at five-minute intervals, as illustrated in Figure 1.

Fig. 1. (a) Glass fibre, wood fibre and rice husk fibre (b) resin
801 (c) electric pump (d) solar panels, anemometer, Agilent
temperature measuring instrument (e) zinc roof

The intensity of solar radiation is a critical factor influencing temperature variations. Sensors were
strategically positioned at approximately seven predefined locations within each prototype room.
Data collection spanned seven days, with observations conducted over approximately 10 hours each
day. Data collection commenced in the morning at approximately 08:00 WIB (Western Indonesian
Time) and concluded at 17:00.
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2.1 Mathematical Model

During the experimentation phase, various heat transfer phenomena within the system were
analysed to quantify the energy absorbed when solar radiation strikes the roof surface, evaluate the
effectiveness of the roof cooling apparatus, and assess temperature differentials between rooms
equipped with cooling roofs versus conventional roofs. The heat transfer processes occurring on the
roof were elucidated. Figure 2 illustrates a segment of the heat transfer process on a conventional
roof devoid of interior and exterior cooling mechanisms.
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Fig. 2. Schematic of the heat transfer process in a room with
a conventional roof

In contrast, Figure 3 delineates the operational principle of the undulating cooling roof and
illustrates the heterogeneous heat transfer processes occurring across the roof surface, influenced
by environmental factors intersecting with the roof.
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Fig. 3. Prototype wave cooling roof with heat transfer points
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2.2.1 Radian heat transfer on the roof

The roof surface is directly exposed to sunlight, initiating a radiation process. Solar thermal energy
is absorbed by the roof surface and subsequently conducted into the roofing material. The quantity
of energy absorbed is quantified by positioning a heat sensor on the roof surface, enabling the
measurement of surface temperature and, consequently, the energy absorbed per hour. The
fundamental equation governing radiation, derived from Fourier's law, is represented by Eq. (1) [40].

Qrad = EGAS (TS4 _To:) (1)

The operational principle of the cooling roof parallels that of a flat plate collector, wherein solar
energy is captured and transferred to a fluid medium [41,42]. However, unlike traditional solar
collectors employing metal plates with high thermal conductivity, cooling roofs utilise composite
materials with low thermal conductivity. The total radiant heat energy absorbed is computed using
Eq. (2) [43-46].

€,y XO X (T14 —Tsﬁy)

(Tl _Ta) (2)

Qrad =

Where the value of air temperature was used by Eq. (3) [47]
Tsky - Ta -6 (3)

2.2.2 Convection of the roof surface into the environment and deep crushing into the fluid

Due to the energy absorbed by the roof via radiation heat transfer from its outer surface, a
reduction in energy loss was observed due to the convection heat transfer process between the roof
surface and the surrounding environment. This reduction in energy loss was crucial to prevent
excessive thermal energy from penetrating the interior space. To assess the fluid's capacity to absorb
heat from the sun-exposed roof surface, calculations were conducted to determine the magnitude
of heat transfer between the outer surface and the environment and between the inner surface and
the fluid. Fourier's law governing convection heat transfer was utilised for these calculations, as
expressed in Eq. (4) [40].

QConv = hA(Ts _Too) (4)

The energy dissipated into the surrounding air and absorbed by the coolant served to mitigate
the amount of solar energy absorbed by the roof, resulting in a beneficial reduction in thermal energy
on the outer roof surface facilitated by convective airflow. The heat transfer coefficient (h) in
Equation 4 represents heat transfer effectiveness from the roof to the surrounding air, and its value
was derived from Eq. (5) [45,48].

[5.7+3.8xV]<5m/s
7| [6.15xv°®]>5m/s Gl
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The magnitude of wind speed in the outdoor environment significantly influences the convection
heat transfer coefficient between the roof and the surroundings. Therefore, wind speed data was
crucial during experimentation and was recorded using anemometer sensors. Meanwhile, the heat
transfer coefficient value for water was determined by considering the physical properties of water,
as detailed in Table 1.

Table 1

Physical properties of water at 1 atm

Temperature (°C) Density (Kg/m3) Specific Heat (kJ/kg K)  Boiling Point (*) Latin Heat of vaporisation (kl/kg)
0 1000 4,22 100 2257

A cooling fluid flow was planned for an electric pump, and the convection heat transfer equation
was applied. To calculate the value of the coefficient of heat transfer of water in the roof pore Eq. (6)
[49].

hf =— (6)

Dy is the hydraulic diameter depending on the shape of the diameter or geometry of the flow
cross-section, and Ny is the dimensionless number [40].

N, =-~ (7)

The loss of pressure on the inlet and outlet due to fluid friction into the roof wall is shown in Eq.
(8) [40].

W =Volx AP (8)

pump

where Vol is the flow rate of the volume of water in the pore of the cooling roof (m3/s), was calculated in Eq.
(10) [50].

m
Vi = W (10)
Ax p, xint—%
w

So, Eg. (9) obtained the value of the average convection coefficient of the cooling fluid as shown in Eq.
(11) [50].

h, = (1430 +23,3(T, ,, —27315)-0,048(T, ,, —27315) v, ** A " (11)

The heat that moved from the outer surface of the roof was conducted into the roof and transferred to
the cooling fluid flowing inside the roof. The amount of energy that transferred conductively from the surface
to the cooling fluid was calculated by knowing the thermal conductivity value of the roofing material
composite.
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2.2.3 Conduction heat transferred from roof surface to cooling fluid

Before the heat was converted into the cooling fluid, the thermal energy from the outer surface
of the roof was conducted to the outer paint roof layer and then transferred to the surface that
touched the fluid. The amount of energy that passes from the composite roof is shown in Eq. (12).

T,-T dT
—kAL 2=k — 12
QCond AX roof Asun‘ace,roof dX ( )

2.3 Schematic of Roof Cooling System Tools

The study was conducted at the Sustainable and Renewable Energy Laboratory of the Department
of Mechanical Engineering, University of North Sumatra. The laboratory is located at a latitude of
3.43°N (¢$=3.43), longitude of 98.44°E (loc = 98.44), and an altitude of 37.5 meters above sea level
(altitude = 0.0375). The local meridian time (Lst) was calculated as 105° based on the meridian
standard {7x (7 + GMT)}7X5.

Experimental data was recorded and stored using Agilent equipment, with results displayed on a
computer interface. Temperature data from both the roof and the surrounding environment were
obtained using thermocouple heat sensors. In Figure 4, the water circulation system was visually
enhanced with colour coding to illustrate the flow path: cold water entering from the upper side of
the roof, absorbing thermal energy from the outer surface, and exiting from the lower side in a
heated state before returning to the water tank. Room temperature was a reference point for
comparing temperature variations between conventional and cooling roofs.

Anemometer Water cooling sirculation

—«—1

Pyranometer

i Ambient Temperature r
/ e l

f

Solag Panel

water Tank

|
R
1 lh

ACU ﬁ\
Fig. 4. Schematic of prototype roof cooling system room
2.4 Method of Analysing Experimentation Data
The stored experimentation data was used to calculate the energy absorbed by the roof and the

energy that crosses the roof, absorbed by the cooling fluid, and the heat that enters the room. Fig
helps to make it easier to understand the stages of discussing data.
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*The experimentation and recording data which were environmental)
temperature, temperature of the outer surface of the roof, temperature
: of the inner side of the roof pore, temperature of fluid in and out and
First temperature of the inner side of the roof and room.

stage

A

*Finding the value of the heat transfer coefficient outside the roof -
using the equation (5), finding the heat transfer coefficient in the
Second | cooling fluid inside the roof using equations (6) and (11).

stage

*Find the amount of energy absorbed by the roof received directly by
the sun using the equation (2) and calculate the energy lost due to
. environmental convection using equation (4) then calculate the

Third energy absorbed by water with equation (4)

stage

*Find the amount of energy that reached the inside of the roof and the
temperature is in the cooling room by using the equation (4) because
Fourth the energy was converted into the environment of the roof room.

stage
Fig. 5. Steps for analysing data

3. Results and Discussion
3.1 Solar Intensities Data

Solar intensity emerges as a pivotal variable in this investigation, directly impacting the
temperature absorbed by the roof. Figure 6 delineates the temporal distribution of solar intensity,
revealing a peak occurrence on the sixth day between 10:00 and 11:00 WIB, with an average intensity
nearing 900 W/m?2. Data collection exhibited occasional gaps attributed to various factors, including
natural occurrences like rainfall and potential human errors such as oversight during temperature
sensor installation. Days with diminished solar intensity, notably the fifth and seventh days,
experienced periods where solar intensity levels nearly reached zero W/m?2. Conversely, solar
intensity remained relatively stable on other days, averaging between 100 and 600 W/m?2.

—e— First Second Third Fourth
—e—TFifth =—e—Sixth —e— Seventh
1000

(=) co
(=] o
(=] [=]

Intensity W/m?
~
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(=]
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08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

-200

Time

Fig. 6. Solar intensities of seven days
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3.2 Wind Velocity Data

Wind velocity emerges as a crucial variable in this study, influencing atmospheric pressure
exerted on the roof as air moves from areas of high to low pressure. Figure 7 illustrates the temporal
variation of wind velocity, revealing peak values of 23 m/s observed on the second, third, fifth, and
sixth days at 9:00, 11:00, 12:00, 15:00, and 16:00 WIB, respectively. However, data collection was
subject to natural factors such as rainfall and potential human errors. Some days, they exhibited
lower wind velocities, notably on the first day, where wind velocity consistently hovered around five
m/s throughout the observation period. Conversely, wind velocity remained relatively stable on other
days, averaging between 5 and 20 m/s.

Thursday Friday Monday Tuesday
—e— Wednesday Thursday —e— Friday
30.00
- 25.00
3 -
& 2000 I/ \ N
g Y SN A
= / v /
£ 15.00 X A v\ \
3 iz > f »
® 1000 VAN v/ \_/
- [ A~ [\ >
= Y & \
5.00 o - o -
0.00

g:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time

Fig. 7. Wind velocities of seven days
3.3 Ambient Temperature

Ambient temperature serves as a pivotal variable in this study, directly influenced by solar
intensity and impacting the thermal conditions experienced by the roof. Figure 8 presents the
ambient temperature data collected for all four roofs over seven days. Figures 8 (b), (c), (d), (f), and
(g) display the ambient temperature trends for each roof on the second, third, fourth, sixth, and
seventh days, respectively. The peak ambient temperatures, ranging from 30-35°C, were typically
observed between 8:00 and 9:00 WIB, while the lowest peaks, ranging from 20-25°C, were recorded
between 11:00 and 12:00 WIB across the observation period. However, variations in ambient
temperature levels were evident on certain days, as illustrated in Figures 8 (a) and (e). These days,
peak temperatures also range from 30-35°C at 8:00 to 9:00 WIB, with lowest peaks recorded between
20-25°Cat 11:00 to 12:00 WIB.
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Fig. 8. Total ambient temperatures of all house roofs
3.4 Relative Humidity

Relative humidity is a significant factor in this study, inversely impacting both solar intensity and
ambient temperature received by the roof. Figure 9 depicts the relative humidity data collected for
all four roofs over seven days. The graph displays consistent relative humidity trends for each roof
across all seven days. The highest relative humidity, reaching 90%, was typically recorded at 8:00
WIB, while the lowest relative humidity levels, ranging from 0% to 30%, were observed between 9:00

and 12:00 WIB throughout the observation period.
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3.5 House 1 (Rice Husk and Pineapple Material)
3.5.1 Heat temperature data

Figure 10 illustrates the temperature variations observed over seven days, encompassing water,
inner and outer roof, and ambient temperatures. Each subfigure (a-g) corresponds to a specific day
of observation. Figure 10 (a) details the temperature profile for day one, commencing from 20°C,
representing the lowest temperature of water entering the roof. The highest temperature recorded
was 80°C, observed within the water on the western side roof. Figure 10 (b) outlines the temperature
trends for day two, with a similar starting temperature of 20°C for water entering the roof. The
highest temperature reached 60°C, noted within the water on the eastern side roof. Day three,
depicted in Figure 10 (c), commenced with water entering the roof at 20°C. The highest temperature
recorded was 55°C, observed within the water on the western side roof. Figure 10 (d) illustrates the
temperature variations observed on day four, with a starting temperature of 20°C for water entering
the roof. The highest temperature recorded was 80°C, observed within the water on the western side
roof. Day five, represented in Figure 10 (e), featured a starting temperature of 20°C for water entering
the roof. The highest temperature reached 90°C, noted within the water on the eastern side roof.
Figure 10 (f) depicts the temperature fluctuations observed on day six, with a starting temperature
of 20°C for water entering the roof. The highest temperature recorded was 70°C, observed within
the water on the eastern side roof. Lastly, Figure 10 (g) outlines the temperature dynamics observed
on day seven, with ambient and water entering the roof registering the lowest temperatures. The
highest temperature recorded was 90°C, observed within the water on the western side roof.

(b) £,

® fol;

Fig. 10. The temperature data

Here,

Tw east = Water temperature inside the roof on the east side.
Tw west = Water temperature inside the roof on the west side.
Ta in = Ambient temperature inside.

Tr in = Inner roof surface temperature (east and west).

Tr out = Outside roof surface temperature (east and west).
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Tw in = Water temperature entering the roof.
Tw out = Water temperature coming out of the roof

3.5.2 Heat transfer rate

Figure 11 presents the inner and outer roof surface temperatures and the total heat observed
over seven days. The graph illustrates fluctuations in energy levels detected by the sensor, with the
highest peak reaching 150 J/s at 15:00 WIB on the fifth day and the lowest point dipping to
approximately -20 J/s at 17:00 WIB. Regarding temperatures, the outer roof temperatures (both east
and west) consistently exceed those of the inner roof, ranging between 60°C to 70°C. In contrast, the
inner roof temperature remains relatively stable, ranging between 25°C to 35°C throughout the
observation period.
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Fig. 11. Conduction
Here,

Tr in = Inner roof surface temperature (east and west).
Tr out = Outside roof surface temperature (east and west).
Q =Total heat

3.5.2 Convection

Figure 12 illustrates various temperature parameters observed over the seven-day duration,
including water temperatures within the roof on both eastern and western sides, water temperature
upon entering the roof, and heat levels on the eastern and western sides of the roof. Throughout the
observation period, the heat on the western side consistently remains lower than on the eastern side
of the roof, remaining below 40 J/s. Conversely, on the fifth day, the heat on the eastern side peaks
at 250 J/s between 15:00 and 16:00 WIB. Regarding water temperatures, the temperature of water
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entering the roof consistently registers the lowest values, ranging between 30°C to 40°C, compared
to the internal roof temperatures on both the eastern and western sides. Additionally, the
temperature on the western side exhibits a notable spike, reaching a value of 90 from 12:00 to 13:00
on the last day of observation.
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Fig. 12. Convection

Here,

Tw east = Water temperature inside the roof on the east side.
Tw west = Water temperature inside the roof on the west side.
Tw in = Water temperature entering the roof.

Qe = Heat on the east.

Qw = Heat on west

3.5.3 Radiation

Figure 13 presents the water temperature within the roof, ambient temperature, and total heat
over the seven days. The chart indicates that the highest energy detected by the sensor peaked at
1.2 J/s at 15:00 WIB on the fifth day, while the lowest point was approximately 0 J/s at 17:00 WIB.
The water temperature consistently exceeds the ambient temperature, ranging between 50°C to
70°C. In contrast, the ambient temperature remains relatively stable, ranging between 10°C to 30°C
throughout the observation period.
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Fig. 13. Radiation
Here,

Tr = Water temperature inside the roof.
Tsky = Ambient temperature.
Q = Total heat

3.6 House 2 (Rice Husk and Wood Fibre Material)
3.6.1 Heat temperature data

Figure 14 depicts various temperature parameters observed over seven days, including water,
inner and outer roof, and ambient temperatures. The temperature range started from 20°C,
representing the lowest recorded water temperature entering the roof. The highest temperature
recorded was 120°C, observed within the water on both the eastern and western sides of the roof.
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Fig. 14. The temperature data

Here,

Tw east = Water temperature inside the roof on the east side.
Tw west = Water temperature inside the roof on the west side.
Ta in = Room temperature inside.

Trin = Inner roof surface temperature (east and west).

Tr out = Outside roof surface temperature (east and west).

Tw in = Water temperature entering the roof.

Tw out = Water temperature coming out of the roof.

3.6.2.1 Conduction

Figure 15 illustrates the inner and outer roof surface temperatures and the total heat observed
over seven days. The chart indicates that the highest energy detected by the sensor peaked at 400
J/s at noon WIB on the last day, while the lowest value was approximately -40 J/s at 17:00 WIB.
Regarding temperatures, the outer roof temperatures (both east and west) consistently surpass
those of the inner roof, ranging between 70°C to 130°C. Conversely, the inner roof temperature
remains relatively stable, ranging between 25°C to 35°C throughout the observation period.
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Fig. 15. Conduction
Here,

Tr in = Inner roof surface temperature (east and west).
Tr out = Outside roof surface temperature (east and west).
Q =Total heat

3.6.2.2 Convection
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Figure 16 presents the various temperatures recorded over the seven days, including water
temperatures within the roof on the eastern and western sides, water temperature upon entering
the roof, and heat levels on the eastern and western sides of the roof. Throughout the observation
period, the heat on the western side consistently remains lower than that on the eastern side of the
roof, consistently below 20 J/s. However, on the last day, the heat on the eastern side peaked at 250
J/s at 10:00 WIB. Regarding water temperatures, the temperature upon entering the roof generally
ranged between 20°C to 40°C, except on the last day when it reached 60°C to 70°C between 10:00
and 15:00 WIB. Meanwhile, the temperature inside the roof on both the eastern and western sides
consistently remained higher, reaching 70°C. Additionally, the temperature on the eastern side

peaked at 90 at noon on the last day.
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Fig. 16. Convection
Here,

Tw east = Water temperature inside the roof on the east side.
Tw west = Water temperature inside the roof on the west side.

Tw in = Water temperature entering the roof.
Qe = Heat on the east.
Qw = Heat on west

3.6.2.3 Radiation
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Figure 17 illustrates the water temperature within the roof, ambient temperature, and total heat
observed over seven days. The chart indicates that the highest energy detected by the sensor peaked
at 12 J/s at noon WIB on the last day, while the lowest value was approximately 0 J/s at 17:00 WIB.
The water temperature consistently exceeds the ambient temperature of 40°C to 120°C. In contrast,
the ambient temperature remains relatively stable, ranging between 20°C to 30°C throughout the

observation period.
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Fig. 17. Radiation

Here,

Tr = Water temperature inside the roof.
Tsky = Ambient temperature.

Q = Total heat

3.7 House 3 (Zinc)
3.7.1 Heat temperature data

Figure 18 displays the various temperatures recorded over the seven-day period, including water,
inner and outer roof, and ambient temperatures. The temperature range began at 20°C, representing
the lowest recorded water temperature entering the roof. The highest temperature recorded was
120°C, observed within the water on both the eastern and western sides of the roof.
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Fig. 18. The temperature data

Here,

Tw east = Water temperature inside the roof on the east side.
Tw west = Water temperature inside the roof on the west side.
Ta in = Room temperature inside.

Tr in = Inner roof surface temperature (east and west).

Tr out = Qutside roof surface temperature (east and west).

Tw in = Water temperature entering the roof.

Tw out = Water temperature coming out of the roof.

3.7.2. Heat transfer rate
3.7.2.1 Conduction

Figure 19 illustrates the inner and outer roof surface temperatures and the total heat observed
over seven days. The chart indicates that the highest energy detected by the sensor peaked at 4000
J/s between 10:00 and 11:00 WIB on the last day, while the lowest value was approximately 0 J/s at
17:00 WIB. Regarding temperatures, the outer roof temperatures (both east and west) consistently
exceed those of the inner roof, ranging between 70°C to 80°C. Conversely, the inner roof temperature
remains relatively stable, ranging between 30°C to 45°C throughout the observation period.
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Fig. 19. Conduction

Here,

Tr in = Inner roof surface temperature (east and west).

Tr out = Qutside roof surface temperature (east and west).
Q =Total heat.

3.7.2.2 Convection

Figure 20 presents the various temperatures recorded over the seven days, including water
temperatures within the roof on the eastern and western sides, water temperature upon entering
the roof, and heat levels on the eastern and western sides of the roof. Throughout the observation
period, the heat on the western side consistently remains lower than on the eastern side of the roof,
consistently below 50 J/s. However, on the fifth day, the heat on the eastern side peaked at 250 J/s
at 16:00 WIB. Regarding water temperatures, the temperature upon entering the roof generally
ranged between 20°C to 40°C, except on the sixth and seventh days when it reached 50°C to 60°C
between 10:00 to 11:00 WIB. Meanwhile, the temperature inside the roof on both the eastern and
western sides consistently remained higher, reaching 70°C. Additionally, the temperature on the
western side peaked at 100 at 8:00 on the last day.
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Fig. 20. Convection

Here,

Tw east = Water temperature inside the roof on the east side.
Tw west = Water temperature inside the roof on the west side.
Tw in = Water temperature entering the roof.

Qe = Heat on the east.

Qw = Heat on west

3.7.2.3 Radiation

Figure 21 illustrates the water temperature within the roof, ambient temperature, and total heat
observed over the seven days. The chart indicates that the highest energy detected by the sensor
peaked at 3 J/s between 11:00 - 12:00 WIB on the last day, while the lowest value was approximately
0J/s at 17:00 WIB. The water temperature consistently exceeds the ambient temperature of 40°C to
90°C. In contrast, the ambient temperature remains relatively stable, ranging between 15°C to 30°C
throughout the observation period.
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Fig. 21. Radiation

3.8 House 4 (Rice Husk and Fibreglass Material)
3.8.1 Heat temperature data

Figure 22 depicts the various temperatures recorded over the seven-day period, including water,
inner and outer roof, and ambient temperatures. The temperature range commenced at 20°C,
representing the lowest recorded water temperature entering the roofs. The highest temperature
recorded was 120°C, observed within the water on both the eastern and western sides of the roofs.
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Fig. 22. The temperature data

Here,
Tw east = Water temperature inside the roof on the east side.
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Tw west = Water temperature inside the roof on the west side.
Ta in = Room temperature inside.

Tr in = Inner roof surface temperature (east and west).

Tr out = Outside roof surface temperature (east and west).

Tw in = Water temperature entering the roof.

Tw out = Water temperature coming out of the roof

3.8.2 Heat transfer rate
3.8.2.1 Conduction

Figure 23 illustrates the inner and outer roof surface temperatures and the total heat observed
over seven days. The chart indicates that the highest energy detected by the sensor peaked at 400
J/s at 13:00 WIB on the last day, while the lowest value was approximately -70 J/s at 17:00 WIB.
Regarding temperatures, the outer roof temperatures (both east and west) consistently exceed those
of the inner roof, ranging between 70°C to 120°C, except on day one. Conversely, the inner roof
temperature remains relatively stable, ranging between 30°C to 50°C throughout the observation
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Fig. 23. Conduction
Here,

Tr in = Inner roof surface temperature (east and west).
Tr out = Qutside roof surface temperature (east and west).
Q =Total heat

3.8.2.2 Convection

Figure 24 presents the diverse temperatures recorded over the seven days, encompassing water
temperatures inside the roof on the eastern and western sides, water temperature upon entry to the
roof, and heat on the eastern and western sides of the roof. Throughout the observation period, the
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heat on the western side consistently remains lower than on the eastern side, registering below 50
J/s. Conversely, the heat on the eastern side peaked at 250 J/s at 15:00 WIB on the sixth day.
Regarding water temperatures, the temperature upon entry to the roof ranged between 20°C to
40°C, except on the third and sixth days when it reached 50°C at 11:00 WIB. Meanwhile, the inner
roof temperature on both the eastern and western sides consistently remained higher, reaching
80°C. Additionally, the temperature on the western side peaked at 90 at 11:00 on the last day.
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Fig. 24. Convection
Here,

Tw east = Water temperature inside the roof on the east side.
Tw west = Water temperature inside the roof on the west side.
Tw in = Water temperature entering the roof.

Qe = Heat on the east.

Qw = Heat on the west.

3.8.2.3 Radiation

Figure 25 illustrates the water temperature within the roof, ambient temperature, and total heat
across all seven days. Notably, the highest energy observed by the sensor peaked at 12 J/s at noon
WIB on the fifth day, while the lowest energy was recorded at approximately 0 J/s at 17:00 WIB. The
temperature data shows that the water temperature consistently exceeds the ambient temperature,
ranging from 40°C to 120°C. In contrast, the ambient temperature remains relatively stable, ranging
between 15°C to 30°C throughout the observation period.
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Fig. 25. Radiation
Here,

Tr = Water temperature inside the roof.
Tsky = Ambient temperature.
Q = Total heat

4. Conclusions

In conclusion, this study examined the performance and efficacy of composite layers applied to
four distinct roof structures to identify the optimal composite layer among the options evaluated.
Through a thorough analysis and assessment, Roof 2, comprising rice husk and wood fibre material,
emerged as the superior choice.

Roof 2 exhibited exceptional attributes and advantages compared to the other roofs. Its
composite layer demonstrated remarkable durability, excellent thermal insulation properties, and
resilience against environmental stressors such as UV radiation and moisture. Moreover, Roof 2's
composite layer displayed impressive heat-absorption capabilities, rendering it highly suitable for
enduring harsh weather conditions. Additionally, it effectively mitigated heat transfer, leading to
enhanced energy efficiency and reduced energy consumption within the building, aligning with
sustainable construction practices.

Furthermore, Roof 2's composite layer's economic feasibility was evaluated, considering material
costs, installation expenses, and maintenance requirements. The findings indicated that Roof 2
offered a balanced combination of cost-effectiveness and long-term performance, making it a
financially viable option for residential and commercial settings.

In summary, after a comprehensive assessment of the four roof structures and their respective
composite layers, Roof 2 emerged as the top choice. Its composite layer exhibited exceptional
performance across various criteria, including durability, thermal insulation, environmental
resistance, load-bearing capacity, energy efficiency, and economic feasibility. These findings offer
valuable insights for architects, engineers, and construction professionals seeking the most suitable
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composite layer for roof structures, underscoring Roof 2 as the preferred option for optimal
performance, sustainability, and cost-effectiveness.
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