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ARTICLE INFO ABSTRACT
Article history: A closed cavity facade (CCF) is “a sealed, non-ventilated cavity with an automated
Received 9 July 2023 shading device that, at its simplest, consists of double or triple glazing on the inside

Received in revised form 28 September 2023 and single glazing on the outside”. The dynamic properties of this technology enable
Accepted 12 October 2023 the fluid control of solar energy and daylight entering the structure. Several CCF
Available online 23 October 2023 designs were investigated in EnergyPlus and DesignBuilder, and the outcomes were
compared to the present state (a single-glazing unit (SGU) with grey coating). The
investigation was founded on a case study of a Penang Island, Malaysia, condominium.
Comparing CCFs with traditional SGU systems reveals significant thermal performance
and occupant comfort enhancements. CCF configurations performed well throughout
the year, with maximum operational temperature reductions 40-91% better than
traditional SGUs in Malaysia's humid tropical climate. Further investigation revealed
that the glass coating and sun shading capabilities substantially contribute to reducing
the interior temperature and enhancing the comfort of the building's occupants. The
greatest performance was achieved by combining a nanocoating (83/58) and an E-low
coating (83/23) (Tvis/Tsol) with a Venetian blind. In light of this, it is essential to carefully
consider which coatings to use when installing CCF in such conditions. In all of these

Keywords: regards, the study concentrates on the fact that developing and implementing suitable
Closed cavity; triple-skin; adaptive; combinations of a new closed-cavity facade for Malaysia's climate can result in
facade; energy efficiency; thermal substantial gains. The results demonstrate that building operational temperatures and
comfort; hot-humid climate comfort can be enhanced, highlighting the need for innovative glazing technology.

1. Introduction

The combination of Malaysia's tropical climate (i.e., hot and humid) and the effects of global
warming has led to an increase in the percentage of cases where people have complained about the
inside temperature being too high for their comfort. Consequently, people typically utilise air
conditioning to bring down the temperature and regain their comfort [1]. Most people spend 87%—
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100% of their time indoors [2]. Therefore, air cooling accounts for more than half of all building
energy use [3,4].

Several on-the-ground investigations conducted in Malaysia's hot and humid environment have
found that average indoor temperatures range from 31 to 35°C [5]. The average temperature found
to be comfortable in the thermal comfort investigations is 28°C, with temperatures in the range of
30°C to 32°C being considered suitable [6]. Additionally, the models estimating the thermal comfort
temperatures for the Malaysian climate can be found in global and local standards and guidelines for
naturally conditioned buildings, such as BS EN 15251, 2007; BSEEP, 2013; ANSI/ASHRAE Standard 55,
2017; MS 2680, 2017 [6,7]. Most of a person's life is spent inside, one of the largest consumers of
power in Malaysia is the air conditioning industry [8]. For instance, between 1997 and 2018, there
was a 200% rise in power use. The National Energy Balance reports that in 2018, the commercial and
residential industries accounted for 49.5% of total power usage [6].

About half of a building's total energy loss can be attributed to glass [9,10]. Whereas the glass in
a building's windows has the greatest impact on energy use. So careful planning and selection of the
glazed apertures is required to achieve optimal thermal and visual comfort with minimal operating
energy consumption. While the "skin" of a building serves a similar function to that of human skin by
acting as a barrier and regulating the temperature inside the building and the comfort of its occupants
[11]. However, recent advancements in window and glazing technology, as well as the use of a variety
of coatings, have led to dramatic improvements in the thermal performance of windows [12]. On the
other hand, traditional glazing methods have poor performance characteristics that cause
considerable heat loss in the winter and unwanted heat gain in the summer. Consequently,
sustainable building design has undergone a dramatic shift over the past two decades, shifting
towards a more holistic design approach to create high-performance facade systems that can provide
high thermal insulation and react to the outdoor environment and the needs of occupants to reduce
energy demands and increase thermal comfort [13]. By focusing indoor temperature, building design
characteristics (such as orientation, shade), and thermal qualities of materials [13,14].

Several studies have explored how improving the indoor atmosphere using CCF could reduce
energy consumption in buildings [15]. The closed cavity facade has been tested by scientists in a
variety of cities (Dubai, Sydney, New York, Shanghai, London, Toronto, and Helsinki) with impressive
results: reductions in total energy consumption (17.9-36.9%), energy demand (17.6-36.9%), cooling
load (83.6 kWh/m?), and operative temperature (100% for operative temperatures > 27 °C) [16].

The CCF is an innovative form of the DSF. There is a cavity with an integrated shading device
between the exterior single glass and the inside double or triple glass [16]. The technical and
operational advantages of CCFs over DSFs include, but aren't restricted to, preventing dust and
particle accumulation and settlement in the cavity, reducing maintenance costs, improving airflow
control, extending the service life of components housed within the cavity, etc [17,18]. As an
alternative to double-skin ventilation, CCF panels can be sealed and supplied with pressurised,
filtered, and humidified air [16]. This helps to maintain a consistent pressure within the sealed cavity,
prevent humidity from developing, and keep the cavity from overheating. The thickness of a CCF is
just 130-150 mm in theory, but in reality, it is more like 200—250 mm [17]. A typical DSF, whether it
is vented from the outside or the inside, has a maintenance space of around 600 mm between the
glass skins. The CCF's key advantage is that it allows facade prefabrication, which reduces
manufacturing and installation costs and increases efficiency in the use of the building's usable area
[16].

There are only a few instances of scientific works that provide a comprehensive analysis of CCF's
essential features, performance, advantages, and limitations because it is such an innovative
advancement in the field of glazed facade technology. In particular, there is a dearth of research that
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thoroughly examines the performance of different CCF designs across a wide range of environmental
circumstances. Therefore, the objective of this research is to investigate the thermal performance of
glazed facade constructions using CCF with triple glazed units (TGU) as glazed inner layers to reduce
external heat gain and interior temperature. When compared to the standard SGU with a grey
coating, this facade technology is more flexible for the tropical climate in Malaysia. The use of CCF in
the design of double-skin facades in the twenty-first century is a significant technological
advancement [15]. It's an exciting area of study because of the country's hot and humid environment.
The advantages of utilising a CCF for buildings in Malaysia's tropical environment, as well as the
gualities necessary for an efficient CCF, are not yet fully established, and additional research is
required.

2. Methodology

There were a few stages involved to this investigation. Before determining the optimal
temperature range for the CCFs transition, field measurements of the indoor climate were taken in
a variety of naturally ventilated homes. The impact of CCFs on lowering operative temperatures and
decreasing humidity was then examined using a numerical study with a range of transition
temperatures and amounts.

2.1 Field Measurement

As shown in Figure 1, indoor air temperature (Ti) was measured at four distinct locations with
85% glazed facades in four orientations. The case study takes place on the Penang Island Malaysia.
The measurements were collected in 3™ until 8" March 2023 with an Ohm Srl data logger model
D09847. Then, the measurements are taken continuously at a height of 1.1 m above ground, with
the ground closer to the centre of the floor area, the room according to ASHRAE [19], and in spaces
completely devoid of mechanical ventilation or a fan completely closed, as it will be hard to compare
with a product that does not contain any ventilation openings characterised by a closed cavity.

i
i

Data logger model DO 9847 SunnyVill (A) ’ Space (1) Space (2)
Fig. 1. The instrument used in the field measurements, the selected building for the field measurements,
and examples of the instrument installation

All facades were measured for a full 24 hours in each space, and the resulting T values for each
case study are shown in Table 1. The highest T; was recorded at 35.8°C, with an average of 35.5 °C
across all locations; the lowest T; was recorded at 29.3°C, with an average of 29.6°C. Furthermore, in
most areas, the average daily variation of T; was up to 5°, which can be attributed to a wide variety
of causes, including weather conditions during the measurements, specific locations, and the impact
of solar radiation on the surface of higher-floor areas.
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Table 1
A summary of the measured T; in all case studies
Building Room Level Orientation Indoor air temperature
Max. Min. Aver. Fluctuation

A Spacel 03 East 35.75 29.7 32.7 6

Space2 020 North 34.65 29.8 32.2 4

Space3 020 West 35.8 29.8 32.8 5

Space4 020 South 35.8 29.3 32,5 5

Average 35.5 29.6 32.55 5

2.2 Simulation Investigation

In order to address the primary question driving this study—"how to improve the thermal and
comfort performance of buildings using CCFs"—multiple CCF designs, geometries, and materials were
studied and compared to the baseline, a traditional SGU with a grey coating. This was achieved by
employing a number of different modelling tools (WINDOW 7.8, Energy Plus 8.9.0, and DesignBuilder
6.1) to simulate the CCFs' indoor environment and energy performance in the Malaysian climate.

EnergyPlus (v8.9) and DesignBuilder (v6.1) were used in cooperation with each other to conduct
the simulation study. EnergyPlus is one of the most reputable energy and thermal performance
building simulation software packages [20,21]. It was used by several researchers as a reliable tool for
predicting the thermal behaviour and performance of structures using CCFs. Additionally,
DesignBuilder is a graphical user interface for the energy modelling software EnergyPlus, and it is
simulation software [22,23].

2.2.1 Build-up of CCF configuration

We have assembled a variety of setups to test out to see how well CCFs operate in the weather
conditions typical of Malaysia. Different coated and uncoated glass panes, as well as two types of
built-in Venetian blinds, were all taken into account as potential shading solutions. For reasons of
safety, the innermost pane of the TGU is tempered to a thickness of 6 mm, while the outside skin
glass and TGU glass are both 4 mm thick. Schematic representations of the different CCF setups
(CCF1, CCF2, CCF3, CCF4, and CCF5), are provided in Figure 2 [15].
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Venetian Blinds VenetianBlinds
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VenetianBlinds VenetianBlinds VenetianBlinds
Reflective E-low Coating Reflective E-low Coating Reflective Liquid Nano Tint Reflective Acrylic
Coating 53/57EL Coating 72/57EL Silver ati Silver Coating
83/85 92/84

Fig. 2. Diagrammatic renderings of the five groups of CCFs configurations
Groups CCFT1, CCFT2, and CCFT3 each have three possible layouts: one with no blinds at all (VBO),

one with white blinds at 45° (VB1), and one with wooden-coloured blinds at the same angle (VB2). In
contrast, groups CCFT4 and CCFT5 each have three possible layouts: one with reflective silver 20/16
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and white horizontal blinds at 45° (VB1), one with reflective silver 38/30 and white blinds at 45° (VB1),
and the last one integrates reflective silver 56/47 and white horizontal blinds at a 45° slat angle (VB1).

Venetian blinds are preferred as a shade device integrated into the cavity because their rotation
angle can be adjusted, giving the user more control. Systems in the first group (CCFT1) have uncoated
glass panes, while systems in the second group (CCFT2) have a high-performance coating 53/23 LE
(Tvis/Tsor) applied to surface No. 6 and a reflective coating reducing solar radiation entering the CCF
cavity applied to surface No. 2 (numbering surfaces from the outermost to the innermost). The fourth
group (CCFT4), however, has a high-performance liquid nano tinted coating applied to surface NO.10
in order to reflect the sun's rays and keep them from heating up the CCF cavity. Finally, the fifth group
of systems is nearly identical to the fourth group, with the exception of Surface No. 14 having an
acrylic high-performance coating applied to it.

Table 2 displays the results of calculations made in the programme Window 7.7 to determine the
performance characteristics of the CCF configurations that have been built. These characteristics
include the thermal transmittance U-value, the solar heat gain coefficient SHGC-value, the solar
transmittance Tsol, and the visible solar transmittance Tyis. The algorithms behind this programme
were developed by the Lawrence Berkeley National Laboratory (LBNL) and are based on the
international standards for the thermal and solar-optical performance of glazing systems, ISO 15,099
and ISO/EN 10,077.

Table 2's values are entered into EnergyPlus and DesignBuilder to evaluate the CCF setups in
relation to a baseline SGU with a grey coating. When the incidence radiation level on the facade is
less than 250 W/m?, the integrated Venetian blinds are totally retracted, and when it reaches this
threshold, the blinds automatically deploy.

Table 2

Simulation of CCF glazing configuration parameters for performance [16]

Groups Glazing Configuration U- value SHGC Tsol Tuis

(W/mZK)

Baseline SGU with gray coating 5.882 0.670 0.550 0.559
CCFT1 1.219 0.588 0.447 0.633

Group 1 CCFT1-VB1 0.968 0.227 0.102 0.152
CCFT1-VB2 0.973 0.238 0.032 0.041
CCFT2 0.779 0.152 0.103 0.309

Group 2 CCFT2-VB1 0.656 0.065 0.023 0.070
CCFT2- VB2 0.658 0.062 0.007 0.020
CCFT3 0.822 0.200 0.147 0.414

Group 3 CCFT3-VB1 0.684 0.076 0.034 0.093
CCFT3-VB2 0.687 0.066 0.009 0.026
CCFT4 1.100 0.073 0.021 0.044

Group 4 CCFT4-VB1 1.101 0.113 0.032 0.066
CCFT4- VB1’ 1.101 0.154 0.042 0.086
CCFT5 1.091 0.075 0.027 0.050

Group 5 CCFT5- VB1 1.092 0.116 0.042 0.074
CCFT5- VB’ 1.092 0.158 0.056 0.096

2.2.2 Location and climate class
CCF technology validation took place in Penang, Malaysia. This implementation makes use of a

weather data file that was created using the TMY/ISO 15927-4 processes and is based on 15 years of
historical weather data (2003-2017) that was obtained from the Climate One Building website
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[24,25]. The monthly averages of outdoor air temperature (T,), relative humidity (RH), and global
solar radiation are shown in Table 3 of the weather data file.

Table 3
Climate data for the specified location [4]
Location Climate Max. monthly ~ Min. monthly ~ Max. Min. Max. Max.
class outdoor outdoor RH% RH% monthly monthly
temperature temperature global global
radiation radiation
Penang- Tropical- 33°C 26°C 97% 55% 9.1 7.1

Malaysia humid

2.2.3 Building model (case study)

The apartment has three bedrooms, two bathrooms, a kitchen, and a living room. The spaces 1,
2, 3, and 4 were selected to be developed as a simulation model based on the four directions that are
characterised by glazed facades and a high thermal atmosphere. So that the study takes place in all
aspects of the building. Space 1 is on the building's third floor and is a medium bedroom with a floor
area of 24 m?2. Space 2 is on the building's northern side and is a living room with a floor area of 26
m?2. Space 3 is on the building's western facade and is a middle bedroom with a floor area of 22 m?2.
Additionally, space 4 is on the building's southern facade. However, living space measures 26 m?; floor
20. The ceiling height in those areas is 2.85 m?2. Additionally, 85% of its outside walls are made up of
glass and face the east, north, west, and south, respectively. As can be seen in Figure 3 and Table 4, a
detailed apartment model has been constructed using actual apartment dimensions, materials, and
openings.

«®

V

Building A Space 3 (west) Space 2 (North) » Space 1 (East)
Fig. 3. The original building and room, as well as the created numerical model

Table 4

Materials used for the numerical model and their thermal properties [2,4,26]

Iltem Description Conductivity Total thickness U-value

(W/m-k) (mm) (W/m?3-k)

External cement render 1.00

External walls concrete wall 1.13 130 3.398
Internal cement plaster 0.72
Cement plaster 0.72

Internal partitions Brick wall 0.72 126 2.299
Cement plaster 0.72

Floor Tiles 1.30 110 2.86
Concrete slab 1.40

Glazing Single Gray glass 6mm + 6 6.121

Aluminum frame
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Figure 4 displays the results of a comparison between the T; predicted by EnergyPlus using
updated weather data and the T; measured in the field between March 3™ and 8%, 2023. This
comparison was undertaken to verify the accuracy of the constructed building model. The results
show that the measured T;and predicted Ti agree within a margin of error of only 1% on average. The
accuracy of the predicted T;, was further demonstrated by a correlation coefficient of around 0.95
[27].
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2.2.4 The CCF configurations performance modelling and simulation

Energy Plus 8.9.0 and DesignBuilder (v8.9) are two of the most innovative software packages for
analysing building performance. That was used to model the building's interior climate and energy
demands by factoring in the performance of the fagade, the characteristics and activation settings of
the integrated blinds, and the HVAC system configuration, among other things [28-30]. In
consideration of that, four models were evaluated in each of the four directions of the facades, as
shown in Table 1. While each model represents a single room with a single 85%-glazed facade, three
people occupy the models for a full day, seven days a week.

According to CIBSE Guide A: Environmental Design, every occupant needs a 120-watt load [6]. A
total of 50 watts per occupant is allotted for the use of electrical devices (laptops, phone chargers,
etc.). Each model has an air conditioning system with a capacity of 1 tonne at a voltage of 220 volts,
which occupants operate for at least 12 hours a day to achieve a balance between natural and
mechanical ventilation within a range of between 18°C and 24°C. Additionally, the lighting system
consists of LED lamps of not less than 500 lux (CIBSE, The SLL Lighting Handbook (2018)). However,
in order to obtain accurate results commensurate with the concept of the new CCF facade and to
achieve accurate comparisons before and after the installation of the CCF facade, all tests were
conducted in an environment devoid of any mechanical ventilation. In addition, all glass facades were
closed, whether in the measured field or simulation.

CCF simulations were accomplished in the Energy Plus programme using the factors (SHGC, Ty,
and U-value) as shown in Table 2 and Figure 2, respectively. That will help select the best classification
for achieving the aforementioned factors (coating and venetian blind). In this study, we used
operating temperature (indoor air temperature and radiant temperature) and relative humidity to
evaluate thermal comfort monthly and annually across all models. After that, we performed the
experiment on a monthly basis, choosing March for the east and west, June for the north, and January
for the south, since these are the months with the highest radiant temperature ratios throughout the
year.
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3. Results and Discussion
3.1 Effect of CCFTs Application on Peak Temperatures
3.1.1 CCF-TGU with configuration, monthly-round performance

The peak daily operating temperature of the CCFTs is shown in Figure 5 in comparison to the
reference condition, which is when there is no CCFT present. According to the findings, the CCFT
application revealed statistically substantial reductions in the daily peak operating temperature when
compared to the condition that served as the reference. The average monthly operating temperature
peak ranged between 31.79 and 27.48°C, which is lower than the reference case's 35.08°C on the
northern facade. On the southern facade, the average monthly operating temperature peak ranged
between 32 and 28°C, which is lower than the reference case's 36.23°C. It ranged from 32.34°C to
29.99°C in comparison to 35.91°C for the reference case at the eastern facade, and it ranged from
32.44°C t0 29.83°Cin comparison to 36.11°C for the reference case at the western facade.
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Fig. 5. shows the average daily and monthly highs and lows for each CCFT's north (A), south (B), east
(C), and west (D) facades, respectively

CCFT2 and CCFT4, as illustrated in Figure 2 with integrated horizontal white Venetian blinds (VB1),
were shown to be the most efficient CCF creations through simulation. For each of the four directions
in the humid tropical Malaysian climate, Figure 6 in addition displays the percentage of quantitative
efficiency (SGU / (SGU - CCF) * 100) compared to SGU at each facade. The ideal improvement for
each group was determined by comparing the results obtained at their respective operating
temperatures inside the environment. The northern facade has CCFT2 and CCFT4 values of 40-94%
and 37-95%, respectively, while the southern facade has values of 46-89% and 52-83%, the eastern
facade has values of 40-67% and 41-68%, respectively, and the western facade has values of 40-69%
and 41-70%, respectively.

According to Table 2, the majority of the improvements with CCFT2 and CCFT4 can be attributed
to the value of the SHGC when venetian blinds are integrated into the CCF cavity. CCF is more
effective than SGU at reducing solar gain through the facade, with a SHGC value of 0.065 for CCFT2
with white venetian blinds and 53/23 LE coating and a SHGC value of 0.073 for CCFT4 with white
venetian blinds and 83/58 LE nano coating, which, due to its humid tropical environment, where
mechanical cooling is usual, contributes to energy consumption in a climate dominated by
mechanical cooling. Reducing the need for cooling is the primary factor in the benefits brought about
by CCFs [15,16].

Compared to the blinds with the darker coating (57/72 LE) in CCFT3, the lighter-coloured blinds
and coating (53/23 LE) in CCFT2 demonstrate a slight boost in performance (1%). Also, in CCFT4, the
effect is demonstrated by reducing the operating temperature of the blind colour and the type of
glass coating; the light-coloured blinds and coating 83/58 nano coating demonstrate a slight
performance improvement (approximately 1%) in comparison to the blinds with the darker coating
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92/84 acrylic material. As seen in Figure 5 and Figure 6, the best facades for improving operational
temperature are the southern, western, eastern, and then northern facades. This is due to the
orientation and the ratio of thermal radiation, as the evaluation of the facades is based on the four
directives and the month in which the radiative temperature ratio is highest.
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Fig. 6. Monthly-round daily means of the percentage of operating temperature
enhancement for CCFT for the north, south, east, and west facades

3.1.2 CCF-TGU with configuration year-round performance

The performance and efficacy of CCF throughout the year were compared to baseline (SGU) (i.e.,
for operational temperature comparison). Figure 7 shows a year-round decline in the peak operating
temperature for each of the evaluated facades; for example, the northern facade demonstrates a
drop in maximum temperature of 3°C, from about 35.4 to 32.82°C, and a drop in minimum
temperature of 1.5°C, between 28.98 and 27.84°C. This corresponds to an improvement rate of 31—
90% and 33-91%, as shown in Figure 8 for the best two groups, CCFT2 and CCFT4, respectively. The
highest limits on the southern fagcade show a decrease of 2°C, going from 34.17 to 32.17°C, and a
decrease of 1.5°C in the lower limits, which ranged from 29.39 to 27.89°C. This represents an
improvement rate of 33—89% for CCFT2 and 34-89% for CCFT4, respectively. The eastern fagade
showed a decrease of 4°C, approximately from 36.62 to 32.35°C in the maximum limits, and a
decrease of 1.5°C in the lower limits, between 29.42 and 28.17 °C, with an improvement rate of 45-
88% and 42-89% for the best two groups, respectively, CCFT2 and CCFT4. Additionally, the western
facade demonstrates a decrease of 5°C in the highest limits, going from 37.03 to 32.62°C, and a
decrease of 1.5°C in the lower limits, going from 29.22 to 28°C, with an improvement of 44-90% and
45-90% for CCFT2 and CCFT4, respectively.
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Fig. 8. Annually, round daily means of the percentage of operating temperature
enhancement for CCFT for the north, south, east, and west facades
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We observe that the maximum temperatures, which are > 27°C, decrease by 3 to 5°C in the
maximum limits, i.e., within the range of 32 to 31°C, and the minimum temperatures, which are 27
°C, decrease by 1 to 2°C. And that achieved the thermal comfort limits for the internal environment
for operating temperatures (internal temperature + radiant temperature), as stated by the
researcher in a previous study [6,16]. That results in a reduction in the cooling load in a climate
dominated by the use of mechanical cooling due to the humid tropical climate, which reduces energy
consumption by up to 25% to 35% to achieve thermal comfort for passengers without consumption
by mechanical systems [15]. As can be seen in Figure 5, Figure 7, and Figure 8, the western facade is
most improved, followed by the eastern facade, the northern facade, and then the southern facade.
This is due to the orientation and the ratio of thermal radiation.

The majority of the enhancements with CCFT2 and CCFT4 are attributable to the value of the
SHGC when venetian blinds are incorporated into the CCF cavity, as shown in Table 2. An SHGC value
of 0.065 for CCFT2 with white venetian blinds and 53/23 LE coating, and a SHGC value of 0.073 for
CCFT4 with white venetian blinds and 83/58 LE nano coating.

Compared to the blinds with the darker coating (57/72 LE) in CCFT3, the lighter-coloured blinds
and coating (53/23 LE) in CCFT2 demonstrate a slight boost in performance (1%). In addition, in
CCFT4, the effect is demonstrated by reducing the operating temperature of the blind colour and the
type of glass coating; the light-coloured blinds and coating 83/58 nano coating demonstrate a slight
performance improvement (approximately 1%) in comparison to the blinds with the darker coating
92/84 acrylic material.

Comparing this study to previous studies, as shown in Table 5, we find that this study was
conducted in Malaysia in a humid tropical climate by studying all the orientations of the facades
separately and focusing from accurate to finer, so that it began with the highest months and then
moved on to the annual average [15,16,31]. The monthly improvement rate for the operating
temperature of the northern facade was 38.5-94.5%, the operating temperature of the southern
facade was 49-86%, the operating temperature of the eastern facade was 40.5-67.5%, and the
operating temperature of the western facade was 40.5-69.5%. Furthermore 38.5%—90%
improvement rate for the annual temperature of operation.

Previous research was conducted in a closed room with three open sides (south, east, and west)
in nine distinct cities (Rio de Janeiro, Dubai, Sydney, New York, Shanghai, London, Toronto, Beijing,
and Helsinki) on an annual basis. Achieved a thermal comfort rate between 68 and 89%.

According to all investigations, the optimal combination of CCF is CCFT2 with a 53/23 LE coating.
The current study also demonstrated the quality of results obtained by the CCFT4 group with 58/83
nanocoating with silver reflector in a humid tropical climate, as recommended by other researchers
[32-35]. In addition, Table 5 reveals that the percentage of improvement in the studies is very close
to the annual results; however, this study revealed a relatively greater improvement in the humid
tropical climate.
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Table 5

Comparison of previous investigations with the current CCF study

The study Location Climate Elevations  Thermal Thermal configuration
Characteristic operation operating with the best
improvement improvement  results
percentage rate annually
monthly > 27 >27
The Penang - Tropical — North 38.5-945% 38.5-90% CCFT2 with E-
current Malaysia humidity South 49 - 86 % low coating
study East 40.5-67.5% 53/23LE and
West 40.5-69.5% CCFT4 with
Nano coating
83/58
Previous Rio de Janeiro  Tropical A room N/A 68-89% CCFT2 with E-
studies savanna with three low coating
[15,16,31] Dubai Dry desert hot open sides, 53/23 LE
Sydney Temperature south,
humidity east, and
New York Temperature west
humidity
Shanghai Temperature
humidity
London Temperature
oceanic
Toronto Continental hot
— summer
humid
Beijing Continental
monsoon -
influenced
Helsinki Continental
warm — summer
humid

4. Conclusions and Future Work

The new CCF affects thermal comfort (operating temperature). Design Builder, EnergyPlus, and
Windows 7.8 tested SGU and CCF combinations in a tropical-humidity climate. The performance
analysis shows that CCFs provide greater thermal comfort than SGUs with grey coatings. Conclusions
are:

(i) The operational temperature peaks that were studied were effectively reduced using CCFs.

(ii) Two sets of CCFT2 with a 53/23 LE coating and CCFT4 with an 83/58 LE nanocoating were used

to obtain the highest reduction in peak operating temperature.

(iii) In terms of passenger comfort, CCFT2 and CCFT4 demonstrated effective performance all year

long, with a maximum annual decrease of 3 to 5°C in peak operating temperature and a
minimum annual decrease of 1 to 2°C.

Finally, compared to the baseline SGU, each CCF system option improved peak operative
temperature by 38.5 to 90% to achieve thermal comfort. Tropical climates with high relative humidity
showed this improvement. This was made possible by installing Venetian blinds in the coatings and
using specially coated glass. Energy usage rises in regions where cooling is primary; hence, CCF is
implemented to mitigate the heat gain from the sun entering a building's face. This research also
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found that using lighter-coloured blinds or a coating with a ratio of 53/23 (Tis/Tsol) and 83/58 nano
coating on the glass surface rather than 72/57 LE or 92/84 acrylic improves performance by about
1%.

In addition to its findings, this study raised new research questions, such as how to validate
simulated CCF, how to investigate overheating in the CCF cavity, and how to analyse CCF's
performance with varying blind control strategies and slat angles.

References

[1]  Tuck, Ng Wai, Sheikh Ahmad Zaki, Aya Hagishima, Hom Bahadur Rijal, Mohd Azuan Zakaria, and Fitri Yakub.
"Effectiveness of free running passive cooling strategies for indoor thermal environments: Example from a two-
storey corner terrace house in Malaysia." Building and Environment 160 (2019): 106214.
https://doi.org/10.1016/j.buildenv.2019.106214

[2] U.S. Environmental Protection Agency (EPA). "Indoor Air Quality." EPA. Accessed January 30, 2021.
https://www.epa.gov/report-environment/indoor-air-quality.

[3] Wijesuriya, Sajith, Paulo Cesar Tabares-Velasco, Kaushik Biswas, and Dariusz Heim. "Empirical validation and
comparison of PCM modeling algorithms commonly used in building energy and hygrothermal software." Building
and Environment 173 (2020): 106750. https://doi.org/10.1016/j.buildenv.2020.106750

[4]  Al-Absi, Zeyad Amin, Mohd Hafizal Mohd Isa, and Mazran Ismail. "Phase change materials (PCMs) and their
optimum position in building walls." Sustainability 12, no. 4 (2020): 1294. https://doi.org/10.3390/su12041294

[51 Sun, Qiangian, Zhixing Luo, and Lujian Bai. "The Impact of Internal Courtyard Configuration on Thermal
Performance of Long Strip Houses." Buildings 13, no. 2 (2023): 371. https://doi.org/10.3390/buildings13020371

[6] Al-Absi, Zeyad Amin, Mohd Isa Mohd Hafizal, Mazran Ismail, Ahmad Mardiana, and Azhar Ghazali. "Peak indoor air
temperature reduction for buildings in hot-humid climate using phase change materials." Case Studies in Thermal
Engineering 22 (2020): 100762. https://doi.org/10.1016/j.csite.2020.100762

[71  Perumal, Sivachandran R., and Faizal Baharum. "Design and Simulation of a Circadian Lighting Control System Using
Fuzzy Logic Controller for LED Lighting Technology." Journal of Daylighting 9, no. 1 (2022): 64-82.
https://doi.org/10.15627/id.2022.5

[8] Shaikh, Pervez Hameed, Nursyarizal Bin Mohd Nor, Anwer Ali Sahito, Perumal Nallagownden, Irraivan Elamvazuthi,
and M. S. Shaikh. "Building energy for sustainable development in Malaysia: A review." Renewable and Sustainable
Energy Reviews 75 (2017): 1392-1403. https://doi.org/10.1016/j.rser.2016.11.128

[9] Cuce, Erdem. "Development of innovative window and fabric technologies for low-carbon buildings." PhD diss.,
University of Nottingham, 2015.

[10] Shaeri, Jalil, Amin Habibi, Mahmood Yaghoubi, and Ata Chokhachian. "The optimum window-to-wall ratio in office
buildings for hot-humid, hot-dry, and cold climates in Iran." Environments 6, no. 4 (2019): 45.
https://doi.org/10.3390/environments6040045

[11] IEA, and UNEP. "Global Status Report for Buildings and Construction 2019." [EA Paris, 2019.
https://www.iea.org/reports/global-status-report-for-buildings-and-construction-2019.

[12] Gelesz, Adrienn, and Andras Reith. "Classification and re-evaluation of double-skin facades." International Review
of Applied Sciences and Engineering 2, no. 2 (2011): 129-136. https://doi.org/10.1556/irase.2.2011.2.9

[13] Wijesuriya, Sajith, Chuck Booten, Marcus V. A. Bianchi, and Ravi Anant Kishore. "Building energy efficiency and load
flexibility optimization using phase change materials under futuristic grid scenario." Journal of Cleaner Production
339 (2022): 130561. https://doi.org/10.1016/j.iclepro.2022.130561

[14] Vicente, Romeu, and Tiago Silva. "Brick masonry walls with PCM macrocapsules: An experimental approach."
Applied Thermal Engineering 67, no. 1-2 (2014): 24-34. https://doi.org/10.1016/j.applthermaleng.2014.02.069

[15] Michael, Michalis, and Mauro Overend. "Closed cavity facade, an innovative energy saving fagade." Building
Services Engineering Research and Technology 43, no. 3 (2022): 279-296.
https://doi.org/10.1177/01436244221080030

[16] Michael, M., and M. Overend. "The impact of using Closed Cavity Fagades (CCF) on buildings' thermal and visual
performance." In Journal of Physics: Conference Series, vol. 2069, no. 1, p. 012021. IOP Publishing, 2021.
https://doi.org/10.1088/1742-6596/2069/1/012021

[17] Romano, Rosa, Laura Aelenei, Daniel Aelenei, and Enrico Sergio Mazzucchelli. "What is an adaptive facade? Analysis
of Recent Terms and definitions from an international perspective." Journal of Facade Design and Engineering 6,
no. 3 (2018): 65-76.

[18] Bonham, Mary Ben. "Elevating a facade theory into practice." In ARCC Conference Repository. 2019.

122


https://doi.org/10.1016/j.buildenv.2019.106214
https://www.epa.gov/report-environment/indoor-air-quality
https://doi.org/10.1016/j.buildenv.2020.106750
https://doi.org/10.3390/su12041294
https://doi.org/10.3390/buildings13020371
https://doi.org/10.1016/j.csite.2020.100762
https://doi.org/10.15627/jd.2022.5
https://doi.org/10.1016/j.rser.2016.11.128
https://doi.org/10.3390/environments6040045
https://www.iea.org/reports/global-status-report-for-buildings-and-construction-2019
https://doi.org/10.1556/irase.2.2011.2.9
https://doi.org/10.1016/j.jclepro.2022.130561
https://doi.org/10.1016/j.applthermaleng.2014.02.069
https://doi.org/10.1177/01436244221080030
https://doi.org/10.1088/1742-6596/2069/1/012021

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 110, Issue 2 (2023) 108-123

[19]

[20]

[21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

ASHRAE Standard. "ANSI/ASHRAE Standard 55-2017: Thermal environmental conditions for human occupancy."
ANSI/ASHRAE (2017).

Li, Xue, Wenming Li, Rufeng Zhang, Tao Jiang, Houhe Chen, and Guoqing Li. "Collaborative scheduling and flexibility
assessment of integrated electricity and district heating systems utilizing thermal inertia of district heating network
and aggregated buildings." Applied Energy 258 (2020): 114021. https://doi.org/10.1016/j.apenergy.2019.114021
Kosny, Jan. PCM-enhanced building components: an application of phase change materials in building envelopes
and internal structures. Springer, 2015. https://doi.org/10.1007/978-3-319-14286-9

Curpek, Jakub, and Jozef Hraska. "Simulation study on thermal performance of a ventilated PV fagade coupled with
PCM." Applied Mechanics and Materials 861 (2017): 167-174.
https://doi.org/10.4028/www.scientific.net/AMM.861.167

Sovetova, Meruyert, Shazim Ali Memon, and Jong Kim. "Thermal performance and energy efficiency of building
integrated with PCMs in hot desert climate region." Solar Energy 189 (2019): 357-371.
https://doi.org/10.1016/j.solener.2019.07.067

International Organization for Standardization. "ISO 15927-4:2005: Hygrothermal performance of buildings -
Calculation and presentation of climatic data - Part 4: Hourly data for assessing the annual energy use for heating
and cooling." International Organization for Standardization (1SO), Geneva (2005).

Climate.OneBuilding. "Pulau Pinang." Climate.OneBuilding, Repository of Free Climate Data for Building
Performance Simulation. Accessed November 13, 2019.
http://climate.onebuilding.org/WMO Region 5 Southwest Pacific/MYS Malaysia/index.htmI#IDPG Pulau Pina
ng-.

DesignBuilder.  "Welcome to DesignBuilder V6." DesignBuilder. Accessed June 23, 2020.
https://designbuilder.co.uk/helpv6.0/.

Marczyk, Geoffrey R., David DeMatteo, and David Festinger. Essentials of research design and methodology. Vol. 2.
John Wiley & Sons, 2010.

Luna-Navarro, A., M. Meizoso, H. DeBleecker, Y. Verhoeven, M. Donato, and M. Overend. "Facade impulse:
experimental methods for stretching the envelope beyond human comfort." In Proceeding of VIl International
Congress on Architectural Envelope, June, vol. 20, pp. 21-22. 2018.

Loonen, R. C. G. M., Maxime Doya, Francesco Goia, Chiara Bedon, and Francesco Babich. Building Performance
Simulation and Characterisation of Adaptive Facades: Adaptive Facade Network. Edited by Fabio Favoino. Delft,
The Netherlands: TU Delft Open, 2018.

Luna-Navarro, Alessandra, and Mauro Overend. "Design, construction and validation of MATELab: A novel outdoor
chamber for investigating occupant-facade interaction." Building and Environment 203 (2021): 108092.
https://doi.org/10.1016/].buildenv.2021.108092

Rudolf, Bernhard. "Sustainable building with closed cavity facades. Top energy efficiency and more daylight;
Nachhaltig bauen mit Closed Cavity Fassaden. Hoechste Energieeffizienz und mehr Tageslicht." Bauphysik 34
(2012).

Alganoo, Anas AM, Naser M. Ahmed, Md Roslan Hashim, Ahmed Alsadig, Shahad Al-Yousif, Sofyan A. Taya, Osamah
A. Aldaghri, and Khalid Hassan Ibnaouf. "Coating Readily Available Yet Thermally Resistant Surfaces with 3D Silver
Nanowire Scaffolds: A Step toward Efficient Heater Fabrication." Coatings 13, no. 2 (2023): 315.
https://doi.org/10.3390/coatings13020315

Rong, Xian, Lichao Jiao, Xiangfei Kong, and Guangpu Yuan. "Research on low-brightness and high-reflective coatings
suitable for buildings in tropical areas." Coatings 10, no. 9 (2020): 829. https://doi.org/10.3390/coatings10090829
Maduru, Venkata Ramana, Saboor Shaik, Erdem Cuce, Asif Afzal, Hitesh Panchal, and Pinar Mert Cuce. "UV coated
acrylics as a substitute for generic glazing in buildings of Indian climatic conditions: Prospective for energy savings,
CO2 abatement, and visual acceptability." Energy and Buildings 268 (2022): 112231.
https://doi.org/10.1016/j.enbuild.2022.112231

Perumal, Sivachandran R., and Faizal Baharum. "Measurement, Simulation, and Quantification of Lighting-Space
Flicker Risk Levels Using Low-Cost TCS34725 Colour Sensor and IEEE 1789-2015 Standard." Journal of Daylighting
8, no. 2 (2021): 239-254. https://doi.org/10.15627/id.2021.19

123


https://doi.org/10.1016/j.apenergy.2019.114021
https://doi.org/10.1007/978-3-319-14286-9
https://doi.org/10.4028/www.scientific.net/AMM.861.167
https://doi.org/10.1016/j.solener.2019.07.067
http://climate.onebuilding.org/WMO_Region_5_Southwest_Pacific/MYS_Malaysia/index.html#IDPG_Pulau_Pinang-
http://climate.onebuilding.org/WMO_Region_5_Southwest_Pacific/MYS_Malaysia/index.html#IDPG_Pulau_Pinang-
https://designbuilder.co.uk/helpv6.0/
https://doi.org/10.1016/j.buildenv.2021.108092
https://doi.org/10.3390/coatings13020315
https://doi.org/10.3390/coatings10090829
https://doi.org/10.1016/j.enbuild.2022.112231
https://doi.org/10.15627/jd.2021.19

