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Abstract: Residential consumption dominates the energy expenditure of heating and cooling systems,
especially in tropical climates where building envelopes play an important role in energy efficiency.
The thermal properties of concrete that are commonly employed as the building envelope material
affect directly human comfort in a building. In addressing both the concrete thermal performance
and industrial waste issues, this paper experimentally studies the concrete compressive strength
and thermal properties used later for comparative energy analysis for human comfort. Four design
mixes and a conventional concrete as control specimen are considered utilizing industrial wastes;
palm oil fly ash (POFA), lightweight expanded clay aggregate (LECA), oil palm shell (OPS), and
quarry dust, as constituents. These mixes are cast for cube compressive strength (to ensure the
achievement of structural concrete requirement) and small-scaled wall tests. The measurement of
surface temperatures of scaled wall tests is conducted in a polystyrene box to determine the concrete
time lag and decrement factor. It is found that the density of concrete governs the compressive
strength and that air pockets in the concrete matrix play an essential role as far as the thermal
properties are concerned. From the energy analysis, structural lightweight concrete may save
approximately 50% of the residential energy consumption.

Keywords: thermal behavior; time lag; decrement factor; energy consumption; concrete

1. Introduction

The rapid growth and diversification of various appealing economic developments
by urbanization are symbiotically accelerated by the massive migration towards city or
metropolitan areas for a better lifestyle, in which there is an increased trend of the human
population. This pattern of population agglomeration is often synonymous with intensified
utilization of energy that results in heavy heat release. The use of impermeable surfaces
as construction materials within the urban areas promote, more so the trapping of the
generated heat creating the urban heat island (UHI) phenomenon with an ambient tem-
perature greater than the surrounding sites, the situation of which demands more energy
to achieve indoor human comfort. Furthermore, the tendency of commonly employed
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building materials, such as concrete, to store heat energy, in terms of high specific heat
property, directly contributes to the UHI issue [1].

In the tropics, the hot and humid conditions require concrete properties to be of low
thermal conductivity and specific heat to reduce energy consumption for better building
performance. Thus, energies that are consumed in tropics are predominant in assessing
the building performance specifically pertaining to the human indoor thermal comfort.
From studies, approximately 60–80% of total residential energy was typically utilized for
heating and cooling systems [2]. Therefore, heat transfer through the building envelope
is the primary element governing residential energy consumption. Aside from thermal
properties, concretes can be divided into structural and non-structural use according to
their load-bearing characteristics. Their load-carrying behaviors for structural uses are
defined by the requirements of codes of practice. In the variety of available concrete
material technologies, lightweight concretes, which include foamed concrete [3–5], oil
palm shell concrete [6,7], and lightweight aggregate concrete [8,9], offer alternative options
for building materials by achieving the constraint of structural use. For this, ACI design
specification has identified a minimum compressive strength of 17 MPa. So long as this
requirement is satisfied, many design mixes can achieve structural concrete functionality
with a low concrete hardened density.

It is revealed, from the existing investigations, that the heat flux fluctuation was
governed by the thermal capacity of wall building materials [10]. To examine the thermal
behaviors of building materials in the building envelope, time lag and decrement factor that
are determined from the indoor and outdoor surface temperatures are the main parameters
of concern. As heat propagates through the concrete wall, the manner the heat amplitude
decreases is referred as the decrement factor (f ), while the time delay is known as time lag
(ϕ). These parameters relate to the thermal comfort evaluation of the building envelope
and, in turn, relate to the energy consumption response of building materials. Thermal
comfort can be attained with building materials of high time lag and low decrement factor.
Thus, these dynamic thermal characteristics have been studied, specifically for lightweight
concrete [11–14], earth bricks [15], thermal insulation concrete [16], reinforced mortar
channels [17], building element of the wall [18], etc. The voids within the concrete are able
to resist the thermal transfer from outdoor to indoor. The thickness of the insulation void
layer in a glass panel was able to increase the time lag and reduce the decrement factor [19].

Under the categorization of lightweight concretes, various materials, including those
from industrial waste, have been potentially considered to be the principal constituents.
As some of the largest global exporters of palm oil, for instance, Malaysia and Indonesia,
the wastes from the agro-industries of these countries are relatively more, hence, need
proper management of their disposal. Because palm oil fly ash (POFA) and oil palm shells
from this industry are well-known as cementitious Supplementary Materials to provide
concrete strength, they can be incorporated into concrete to solve the problem of waste.
Moreover, other industrial wastes, like quarry dust, can be reduced from uncontrolled
environmental exposure by introducing them into the concrete matrix. Besides, utilizing
artificial aggregate, like lightweight expanded clay aggregate (LECA), may lessen the
threat of natural resource depletion. It has been highlighted the positive attributes of the
oil palm shell, quarry dust, and LECA materials; thus, this study aims to improve the
mechanical and thermal properties of concrete composites towards sustainable concrete
production for the prospect in building material applications, in particular, for thermal
comfort purposes. In particular, the time lag and decrement factor of these concretes were
examined. Furthermore, small-scaled walls were cast with the proposed design mixes
to obtain the surface temperatures for further analysis. Simple energy analysis was then
conducted in order to compare these structural concretes in terms of their ranking as
material for low energy consumption.
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2. Investigation Procedures

There are two main investigation procedures, namely experimental program and
energy consumption calculation. Strength and scaled wall tests were considered in the
experimental program. The potential design mixes were cast to firstly pass the strength tests
for further scaled wall investigations. The thermal behaviors of the structural lightweight
aggregate concrete were then used for the simple energy consumption analysis for the final
performance appraisal.

2.1. Specimen Preparation

There were four design mixes proposed in this investigation for structural lightweight
aggregate concrete and one conventional design mix as the control. These mixes were
proposed optimally by referring to previous studies [20–22]. Table 1 lists the material
proportions of the proposed structural concrete design mixes. The water-cement ratio for
all mixes was fixed at 0.5. The concrete matrices contained the raw materials. as described
in the following.

Table 1. Mix proportion in kg.

Mix
Binder Coarse Aggregate Fine Aggregates

OPC G-POFA U-POFA LECA OPS Gravel Sand Quarry Dust

Conventional 5.11 - - - - 8.95 4.54 -
G-POFA 4.60 0.28 - - - 8.95 4.54 -
U-POFA 4.09 - 0.69 - - 8.95 4.54 -

25-LECA & 75-OPS 5.11 - - 0.64 2.88 - 4.54 -
OPS & 50-QD 5.11 - - - 3.83 - 2.27 2.16

Materials

Ordinary Portland cement (OPC) that was obtained is a local. POFA—considered as
the supplementary cementitious material, with the required properties of passing through
45 µm and heat-treated in 500 ◦C to produce G-POFA with 880 kg/m3 density. G-POFA was
further ground to obtain ultrafine POFA (U-POFA), with 1080 kg/m3 density. LECA—a
locally obtained material that strictly followed the specification of ASTM C 33 for coarse
aggregate, with sizes ranging from 9.5 to 37.5 mm. OPS was employed as the coarse
aggregate replacement, which also complied with ASTM C 33 for the sizing. Quarry dust
(QD)—density of 1350 kg/m3 and sieved to maintain its fineness modulus range of 2.3 to
3.1. River sand—density of 1420 kg/m3. Figure 1 shows the materials in the concrete mix.

Because of the hydrophilic behavior of LECA and OPS, they affect the water–cement
ratio and cause internal cracks that weaken the concrete strength [23]. Hence, the saturated
surface drying was conducted by pre-soaking these aggregates. In this investigation, LECA
and OPS were pre-soaked 24 h before the casting process. 100 × 100 × 100 mm cubes were
adopted for the strength test, while the scaled wall test consisted of a specimen size of
300 × 300 × 102.5 mm (as shown in Figure 2), the dimension of which was determined
following the thickness of brick by the Malaysian specification. The specimens were water
cured for 28 days before the tests were conducted.
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2.2. Test Procedures and Methods
2.2.1. Strength Test

The cubes were dried at 105 ◦C in an oven for two hours after 28 days of curing
period. A compressive strength test was conducted in compliance with the ASTM C
39 specifications. Loading rates of 0.14 to 0.34 MPa/sec were adopted for the strength
evaluation using the universal testing machine.

2.2.2. Scaled Wall Test

Scaled wall specimens were used to measure the surface temperatures of the consid-
ered mixes in a controlled environment. There is currently no established test procedure;
hence, a polystyrene box was constructed in order to quantify the temperatures of both
wall surfaces of each specimen. Figure 3 shows the experimental setup. Thermocouple type
T and HOBO data logger (USA product) were used to record the wall surface temperatures.
To run the test, one wall surface was exposed to the radiation of a 60-Watt light bulb, while
the other sides were covered up by polystyrene wrapped with aluminum foil. At the
preliminary stage, it was found that a high temperature of 65 ◦C could be reached on the
normal-weight concrete surface. During the tests, the light bulb is switched on for five
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hours to achieve the maximum wall surface temperature and then switched off for the
natural cooling process to reach room ambient temperature.
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2.3. Energy Consumption Calculation
2.3.1. Calculation Model

Not being restricted to developing countries, the energy consumption has shown
an increasing trend from year to year where it is related to inevitable fossil fuel is used
for energy generation. As an initiation, American Society of heating, Refrigerating and
Air-conditioning Engineers (ASHRAE) has created the concept of Overall Thermal Transfer
Value (OTTV), as an indicator of thermal performance of the air-conditioned commercial
buildings’ envelope. Malaysia adopted OTTV as an energy standard for commercial
building in late 80′s after Singapore implemented their own energy code of Building
Energy Standard (BES) through building service regulations. There are three heat transfers,
from outside to indoor, which have been identified, including opaque surface conduction,
glass conduction, and solar radiation through glass. The OTTV general equation has been
shown in Equation (1) and Malaysian experience is shown in Equation (2) [24]. It has a
slight difference from MS1525 part 5 [25] for non-residential buildings.

OTTV =
Qw + Qg + Qs

Ai
(1)

OTTV = 19.1 ∝ ×(1−WWR)×Uw + 194×WWR× SC (2)

where Qw is the opaque surface conduction, Qg is the glass conduction, Qs is the solar
radiation, α is the solar absorption coefficient, Uw is the wall conductivity value, WWR is
the window to gross wall ratio, and SC is the shading coefficient.

Because air conditioners are the main residential energy consumption, this proposed
calculation model is based on cooling load analysis. Similar to the OTTV, total cooling load
can be represented by Equation (3).

Qcool(t) = Qt + Qs + Qsl + Qlat + Qint (3)

where Qt is the transmission load, Qs is the solar load, Qsl is the sensitive load, Qlat is
the latent load, and Qint is the internal load. The transmission load can be written as
Equation (4).

Qt = US (To − Ti) (4)

where U is the heat transfer constant in W/m2 K, S is the transmission area in m2, and
(To − Ti) is the temperature difference between outdoor and indoor.

2.3.2. Case Study

The energy consumption estimation of South Africa was modeled in [26], where
the referred temperature was set at 22 ◦C, dictating a rise of 8% energy usage from each
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degree increment in ambient temperature. The calculation model involved cooling load
(transmission, infiltration, solar, and internal loads) and energy consumption calculation.
Using the maximum outdoor temperature of 32 ◦C as a reference, one degree Celsius of
decrement in the indoor temperature yields a decrement factor of 3.125%. Therefore, the
indoor temperature of an enclosed unit could experience a reduction of up to 1 ◦C for each
3.125% of decrement factor that is possessed by the external wall of the unit. Theoretically,
for each 3.125% decrement factor of the external wall, the enclosed unit holds the potential
for 8% of energy saving in terms of cooling services.

3. Results and Discussions

The compressive strength and thermal behavior of the proposed design mixes were
first captured and then analyzed in the following sections.

3.1. Compressive Strength

Concrete cement replacement with POFA had almost the same density when com-
pared to conventional concrete, where only a 5% weight decrement was found, as shown
in Table 2. Lower densities of LECA and OPS as coarse aggregates replacement resulted
in relatively low weight and compressive strength. Higher weight or density typically
produce a higher strength because the compressive strength is correlated with density. It is
found from the table that all of the proposed design mixes achieved at least the minimum
structural concrete strength of 17 MPa as specified by the ACI code of practice. Accord-
ingly, the application of these proposed design mixes satisfies the strength requirement as
structural members in resisting loadings.

Table 2. Weight, density, and compressive strength of proposed design mixes.

Specimen Weight (kg) Oven-Dry Density at
28 Days (kg/m3)

Compressive
Strength (MPa)

Conventional 2.48 2480 56.1
U-POFA 2.36 2360 55.3
G-POFA 2.34 2340 52.4

25-LECA 75-OPS 1.78 1780 17.2
OPS 50-Quarry Dust 1.88 1880 19.3

3.2. Thermal Performance

The thermal performance of the proposed design mixes was assessed through the
surface temperature measurement in a polystyrene box-controlled environment and a
light bulb as the heat source, as readily described in Section 2.2.2. The thickness of the
small-scaled wall was fixed at 102.5 mm, a brick thickness. The surface that was exposed to
the light bulb was defined as the exterior surface, while that insulated with polystyrene was
the interior wall surface. Table 3 summarizes the recorded thermal data for all considered
mixes as compared to a brick wall of a residential house as the control case. Figure 4 shows
the external and internal temperatures of the proposed mixes.

Table 3. Time lag and decrement factor of the walls of proposed design mixes and a residential house.

Specimen
Max. Surface Temperature, ◦C Decrement

Factor, f
Time Lag, φ

(min.)Exterior Interior

Conventional 60.56 56.98 0.941 45

U-POFA 63.51 57.98 0.913 45
G-POFA 64.95 58.26 0.897 60

25-LECA 75-OPS 65.05 51.18 0.786 120
OPS 50-Quarry Dust 62.55 52.17 0.834 105

Residential Wall 37.81 29.43 0.778 45
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Figure 4. The external and internal surface temperatures for (a) conventional; (b) U-POFA; (c) G-
POFA; (d) 25-LECA 75-OPS; and, (e) OPS 50-Quarry Dust.

3.2.1. Surface Temperature

All of the design mixes were able to achieve more than 60 ◦C on the exterior wall
surface that was exposed to the heat source. Figure 5 shows the exterior wall surface
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temperature history for all of the studied mixes. From the practical example of a residential
brick wall surface, the maximum exterior surface temperature was recorded as 37.8 ◦C,
which was lower than the data obtained from the control environment. The 25-LECA
75-OPS specimen was observed to attain its maximum external temperature with the com-
paratively shortest period, as it possessed the lowest density among all of the investigated
small-scaled walls. Furthermore, Figure 6 illustrates the interior surface temperature trend
of the proposed design mixes. The peak temperatures were various, ranging from 51 to
58 ◦C, with an observably similar progressing trend for all mixes. Additionally, it can be
noticed that the temperature directly correlates with the concrete density.
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3.2.2. Time Lag and Decrement Factor

Figure 7 and Table 3 display the data that were recorded for the time lag and decrement
factor of all of the studied mixes. In Figure 4, the higher density concretes, i.e., conventional,
G-POFA, and U-POFA, recorded the higher magnitudes of decrement factor. This trend re-
veals that most of the heat fluxes had been transferred from outside to indoor environment
with a relatively lower rate of heat loss. In contrast, concretes with lower density exhibit a
higher rate of heat loss, where the lower decrement factors were discovered from a greater
difference between exterior and interior surface temperatures. In terms of time lag, lower
density concretes delay the time that is needed for the heat to transfer through the wall
more. An approximately double amount of time was needed for a 20% reduction in the
concrete density. This delay promotes the potential of reducing the electricity consumption
that is used by the cooling system. The ranking of the maximum exterior wall temperature
from the highest to the lowest is 25-LECA 75-OPS > U-POFA > G-POFA > conventional >
OPS 50-Quarry Dust, whereas, in terms of interior wall temperature, the rank is U-POFA >
G-POFA > conventional > OPS 50-Quarry Dust > 25-LECA 75-OPS.
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From the actual site data collection, a brick wall demonstrated different or much lower
surface temperatures, which can be related to the lower solar heat intensity than a light
bulb setting that was adopted in the controlled thermal test. Although a lower decrement
factor was calculated from the conventional brick wall, a shorter time lag was discovered
as compared to those of lightweight concretes. Cement replacement is not significant in
resisting the heat that is transferred within the concrete matrix; however, almost the same
strength can be obtained from the cement replacement with POFA. This indicates that a
lower carbon footprint of POFA can generate an equivalent strength to those with full
cement concrete, which is a desirable condition for producing sustainable concrete. For
aggregate replacement by LECA or OPS, the strength was gradually decreased, while the
thermal properties were superior in restricting the heat transfer within the concrete matrix.

For comparative purposes, the surfaces and ambient temperatures were next recorded
for a residential brick wall, as shown in Figure 8. From the outside to internal faces, the wall
consisted of weather-proof paint, mortar cover, solid clay brick, mortar cover, and indoor
wall paint. This residential wall possessed a lower decrement factor, where a lower indoor
wall surface temperature was obtained, similar to LECA + OPS concrete. However, the
residential wall was multilayered with several insulating materials and the proposed mixes
were tested without covers and paint. The time lag of the residential wall was measured as
45 min, similar to normal weight concretes with approximately the same density. Although
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the conventional brick wall may reduce the heat transfer, the high frequency of heat that is
indoor may also induce human thermal discomfort.
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4. Energy Consumption Analysis

Numerous factors contribute to the energy consumption in residential buildings. In
particular, these include the passive design, ventilation, and thermal properties of building
materials. From the experiments, it can be deduced that, generally, lightweight concretes
have better thermal performance than normal-weight concrete, as shown in Figure 5, which
could be potentially exploited to achieve a reduction in energy consumption in a later
stage of the building performance during service lifespan. From the material viewpoint, air
pockets in the concrete matrix may significantly reduce the heat transfer, while an increase
in air pockets reduces the concrete density.

In order to attain human thermal comfort, it is well-recognized that the majority of
the electricity of residential buildings is consumed, particularly for heating and cooling
systems. Furthermore, energy-saving on heating and cooling services is the chief concern
in the current lifestyle sustainability trend. Technology, like automated outdoor compressor
units, can be activated when the indoor temperature is found to be lower than the set
temperature and it ceases to operate once the desired temperature is achieved. From the
material aspect, the thermal properties of building materials should be primarily taken
into consideration in the design stage for better energy efficiency planning. The decrement
factor and time lag of the walls of a structure may reduce the operation period of the
compressor, leading to significant energy saving.

4.1. OTTV Calculation of Concrete Wall

The correlation of concrete density, thermal transmittance value, and concrete strength
is yet to be established in current research trend; most of them have investigated the
concrete density and thermal conductivity. In this section, the preliminary study of OTTV
calculation with different concrete density and strength is presented. According to Equation
(2), Malaysian OTTV is calculated with a mean WWR of 0.06, window solar radiation of
8.85, shading coefficient of 0.5, and α of 0.76. Table 4 shows the OTTV calculation for the
conventional wall and unplastered concrete wall.
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Table 4. Overall Thermal Transfer Value (OTTV) calculation of different concrete density and strength.

Ref Design Mix Concrete Density, kg/m3 (Thermal
Conductivity, W/mK2)

Cover Details Concrete
Strength, MPa

U-Value,
W/m2K

OTTV,
W/m2

[27]

220 mm brickwork - Unplastered 3.5 * 2.3 37.20
220 mm brickwork - 13 mm dense plaster 3.5 * 2.1 34.47
105 mm brickwork + 25 mm air gap - 13 mm dense plaster 3.5 * 1.5 26.29
105 mm brickwork + 50 mm urea-formaldehyde foam - 13 mm lightweight plaster 3.5 * 0.55 13.32
200 mm heavyweight concrete block + 25 mm air gap - 10 mm plasterboard 1.8 30.38
200 mm lightweight concrete block + 25 mm air gap - 10 mm plasterboard 0.68 15.10

[28] Common brick 215 × 96 × 70 mm, 1.04 W/mK conductivity - 25 10.8 153.19

[29]
Foamed concrete (use thickness of 102 mm)

1156 (0.40)
1192 (0.41)
1354 (0.50)
1409 (0.54)
1506 (0.55)
1594 (0.57)

4.29
10.38
10.50
13.43
17.23
20.20

3.92
4.02
4.90
5.29
5.39
5.59

59.31
60.67
72.68
78.00
79.37
82.10

Brick
Block

2067 (0.90)
1832 (0.60)

8.82
5.88

126.17
86.05

[30] Oil palm shell foamed geopolymer concrete

1291 (0.47)
1467 (0.50)
1721 (0.54)
1791 (0.58)

8.3
13.5
25.8
30.1

4.61
4.90
5.29
5.69

68.72
72.68
78.00
83.46

[31]

Normal
Magnetite
Graphite
Graphite + Magnetite
Steel fiber

2240 (2.24)
3650 (2.57)
1890 (3.52)
2810 (3.85)
2330 (2.57)

21.96
25.20
34.51
37.75
26.96

305.47
349.68
476.71
520.92
373.69

[32] Silica fume (7.5 and 15% cement replacement); fly ash and
blast furnace (15 and 30% cement replacement)

2350 (1.16)
2335 (1.05)
2340 (1.08)
2290 (0.95)
2355 (1.09)
2340 (1.04)
2330 (0.99)
2345 (1.12)
2300 (0.97)

53.44
53.77
39.47
31.67
42.82
41.50
52.70
55.02
33.07

11.37
10.29
10.59
9.31

10.69
10.20
9.71

10.98
9.51

160.96
146.23
150.32
132.86
151.69
145.00
138.31
155.64
135.58

* not specified, minimum code requirements.



Crystals 2021, 11, 461 12 of 15

According to MS1525 [25], the wall OTTV value of commercial building of 4000 m2

and above should be controlled at around 50 W/m2. The plastered walls shown in Table 4
passed the requirement, while unplastered concrete walls did not pass the requirement
using 102 mm wall thickness. In order to achieve 17 MPa of structural concrete, unplastered
structural concrete wall is insufficient for providing thermal protection from this envelope,
as it is almost reached 80 W/m2 OTTV value. Figure 9 shows the correlation of concrete
density, concrete strength, and U-value. As a summary, by combining the regression lines
in Figure 9, the correlation can be represented by Equation (5).

Uc = 0.904× σ0.7
c (5)

where Uc is the transmittance value and σc is the concrete compressive strength.
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From the Equation (5), it is shown that the correlation is nonlinear and works through
exponential. The coefficient may vary from study to study as the other parameters gov-
erning in the U-value, namely thickness and plastering materials. From Figure 9, it is
revealed that 1700 kg/m3 lightweight concrete density can achieve the structural concrete
application.

4.2. Cooling Load

The cooling load is calculated using Equation (3) in a meter square area of wall. Using
the temperature difference from residential wall in current study, as shown in Table 5,
the required cooling load for the proposed design mix was lower for those with lower
density, but it achieved structural concrete properties. This cooling load is directed to
the energy consumption of air-conditioning system. Structural lightweight concrete with
oil palm shells and expanded clay only required half of the cooling load as compared to
conventional concrete.
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Table 5. Cooling load of the proposed design mixes.

Specimen U-value (Equation (5)) Cooling Load (Equation (4))
W/m2K W/m2

Conventional 15.15 126.97
U-POFA 15.00 125.70
G-POFA 14.44 121.04

25-LECA 75-OPS 6.62 55.50
OPS 50-Quarry Dust 7.18 60.16

4.3. Case Study on Potential Energy Saving

There are no data for the available energy consumption of an air-conditioning system
with certain temperature as a set temperature in Malaysia climate. Therefore, previous data
from previous study were adopted where the external maximum ambient temperature was
set at 32 ◦C. It can be noticed that the 25-LECA 75-OPS specimen in this study demonstrated
a decrement factor of 21.4%, from which a residential unit enclosed by external walls
constructed by this design mix has the energy-saving potential of up to 54.8% when
compared to units that are enclosed by conventional concrete walls. The concept behind
this estimation is based on the difference in room temperatures of the residential units.
For example, in a day where the outdoor temperature is at 31 ◦C, rooms that are enclosed
by 25-LECA 75-OPS concrete walls may achieve a temperature as low as 24.4 ◦C, while
rooms enclosed by conventional concrete walls could experience an indoor temperature
of 29.2 ◦C. The lower indoor room temperature allows the employment of the automated
compressor of the air-conditioning device to operate at a minimum time as it ceases to
operate once the thermostat determines that the desired indoor temperature is reached.
Adopting a similar mode of analysis, Table 6 tabulates the energy potential of all the
studied specimens when they are placed in the aforementioned scenario. The time lag of
the wall materials may also delay the time for the indoor temperature to escalate due to
the increasing outdoor temperature during the day, which potentially reduces the period
of operation for air conditioners. In terms of energy-saving potential, the currently studied
materials are ranked from the highest performance to the lowest as 25-LECA 75-OPS > OPS
50-Quarry Dust > G-POFA > U-POFA > conventional. Despite the lower strength achieved
by lightweight concrete as compared to others, it possessed the highest energy saving and
achieved the structural concrete specifications.

Table 6. Potential energy saving with an outdoor temperature of 31 ◦C.

Specimen Strength, MPa Decrement Factor, % Indoor Temperature, ◦C Energy Saving Potential, %

Conventional 56.1 5.9 29.17 14.64
U-POFA 55.3 8.7 28.30 21.6
G-POFA 52.4 10.3 27.81 25.52

25-LECA 75-OPS 17.2 21.4 24.37 53.04
OPS 50-Quarry Dust 19.3 16.6 25.85 41.2

5. Conclusions

Lightweight concretes of various design mixes were assessed for the thermal and
strength performances for energy-saving prospects as building envelop material applica-
tions. In particular, compressive strength, time lag, decrement factor, and thermal energy
analysis were examined. The considered mixes were those with conventional Ordinary
Portland cement as control, G-POFA (880 kg/m3 density), U-POFA (1080 kg/m3 density),
25-LECA 75-OPS (25% lightweight expanded clay aggregate and 75% oil palm shell), and
OPS 50-QD (oil palm shell and 50% quarry dust). Several conclusions, as presented below,
can be drawn from this investigation.
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i. All of the proposed design mixes achieved the minimum structural concrete require-
ment of 17 MPa compressive strength stated by the ACI specification.

ii. From scaled wall and site tests, the ranking of the time lags from the highest to
the lowest was 25-LECA 75-OPS > OPS 50-Quarry Dust > G-POFA > U-POFA =
conventional = residential wall. The mix of 75-LECA 25-OPS exhibited the lowest
decrement factor and the longest time lag, which are both beneficial in maintaining
indoor thermal comfort with the least heat transferred through the wall.

iii. For energy saving, concrete with a better (lower) decrement factor displays a higher
percentage of potential energy saving. The energy-saving was ranked from the highest
performance to the lowest as 25-LECA 75-OPS > OPS 50-Quarry Dust > G-POFA
> U-POFA > conventional. More than 50% energy-saving was found in the lowest
density 75-LECA 25-OPS specimen.
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