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Abstract. Global energy demands within buildings are escalating, driven by increased dependence
on energy-intensive systems such as air conditioning. This surge necessitates innovative solutions to
reduce energy consumption and promote sustainability in construction practices. Simultaneously,
the persistent problem of plastic waste presents an environmental challenge, with recycling efforts
lagging behind the rapidly growing volumes of discarded materials. This study addresses both issues
by investigating the feasibility of using recycled plastic materials—low-density polyethylene (LDPE),
polypropylene (PP), polyester, and high-density polyethylene (HDPE)—as partial sand substitutes in
concrete for roofing applications. The objectives of this research include reducing air conditioning
costs, decreasing carbon emissions, and shortening the payback period for energy-efficient building
practices. Specifically, buildings situated in the hot-dry climate of Muscat, Oman, and the composite
climate of New Delhi, India, were studied. The evaluation of the modified concrete’s mechanical
and thermophysical properties indicates that the incorporation of 30 wt% LDPE yields the most
significant economic and environmental benefits. This modification leads to the highest annual
savings, calculated at 0.9946 $/m? in Muscat and 0.9928 $/m? in New Delhi, along with a marked
reduction in carbon emissions—19 kg/kWh in Oman and 18.2 kg/kWh in New Delhi. Additionally,
the use of 10 wt% HDPE results in the fastest payback, recorded at 1.37 years.

Keywords. Sustainable building materials, HVAC energy load, Carbon mitigation, Waste plastics in
construction, Hot—dry and composite climates.
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1. Introduction

The phenomena of urbanization and increasing pop-
ulations are two pivotal factors shaping the contem-
porary world. Earth’s clay and sand serve as essen-
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tial raw materials in the construction industry; how-
ever, their extensive use may result in the depletion
of vital resources. Consequently, researchers are in-
creasingly motivated to explore both innovative ma-
terials and recycling strategies for waste generated
across various industries [1]. Plastics are ubiqui-
tously present in the modern world, and their degra-
dation, particularly in materials like polypropylene
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(PP), polycarbonate, and PVC, can take up to 500
years [2]. The Environmental Protection Agency es-
timates that only approximately 7% of plastic waste
is currently recycled annually [3]. Utilizing plastics
in brick production not only mitigates plastic pol-
lution but also yields both environmental and eco-
nomic benefits [4]. India and China are dominant
forces in the brick manufacturing industry, with their
combined annual production surpassing 240 billion
bricks [5]. The traditional approach to brick man-
ufacturing, reliant predominantly on sand and ce-
ment, significantly contributes to carbon emissions
and depletes crucial natural resources [6]. In con-
trast, the incorporation of plastic materials into brick
production is gaining recognition as a sustainable
and eco-friendly alternative in civil engineering [7].
A study was conducted that employed glass pow-
der and PP particles in the manufacture of fired clay
bricks. The results indicated that bricks incorporat-
ing waste glass demonstrated superior mechanical
properties, as evidenced by compression tests when
compared to bricks utilizing plastic waste [8]. Plastic,
a material with both detrimental and beneficial at-
tributes, poses challenges to long-term sustainability
efforts due to its resistance to biodegradation. In light
of this, studies have investigated the use of thermo-
plastic materials such as high-density polyethylene
(HDPE) and PP for fabricating bricks through physi-
calrecycling techniques. One such study showed that
bricks made from HDPE displayed a compressive
strength of 11.19 N/mm?, exceeding the 10.5 N/mm?
strength found in high-quality traditional bricks [9].
Further research has broadened the scope to include
the utilization of plastic waste and other thermoplas-
tic materials in construction applications. For exam-
ple, Balasubramanian et al. examined the effects of
replacing electronic waste in concrete at various pro-
portions (10%, 20%, and 30%), concluding that a
20% replacement yielded optimal results [10]. Simi-
larly, Muthu et al. found that the maximum compres-
sive strength achieved for blocks made from e-waste
plastic was 20.48 N/mm?, outperforming both sand-
based and fly-ash blocks [11]. Few researchers have
concentrated on evaluating the impact of both poly-
mer and nonpolymer admixtures on concrete roof-
ing. These studies primarily examine the prospective
advantages of minimizing air conditioning costs and
mitigating carbon emissions [12]. Ibrahim et al. em-
ployed polyethylene terephthalate (PET) as a partial

replacement for sand in a series of six concrete mix-
tures, with substitution ratios ranging from 0% to
50%. The experimental results showed that the in-
clusion of a sand substitute influenced the mechani-
cal properties of the building materials at varying lev-
els [13]. The research by Pratap et al. demonstrated
that substituting 3% of sand with waste PET led to
an optimal compressive strength of 36.66 N/mm?,
surpassing that of conventional mixtures [14]. Sim-
ilarly, Prashanth et al. incorporated burned solid
waste and recycled plastic waste as alternative ma-
terials in concrete, proving its practicality in creating
more cost-effective construction materials and sig-
nificantly reducing building costs [15]. Vivek et al.
conducted an extensive study to explore the proper-
ties of concrete blocks made with a partial replace-
ment of fine aggregate using low-density polyethy-
lene (LDPE). The outcomes of this study suggest
that the integration of plastic elements not only aids
in conserving invaluable natural resources but also
acts as an effective strategy in mitigating the pro-
liferation of plastic waste in the environment [16].
In a similar vein, Ali et al. undertook research on
the recycling of polyethylene and PP waste, target-
ing the production of plastic blocks. Their find-
ings indicate that the use of recycled plastic waste
as a cement substitute in the production of plastic-
reinforced blocks provides a viable and green, eco-
friendly alternative [17]. This approach not only
mitigates the accumulation of plastic waste but also
yields sustainable and economically viable building
materials. Idrees et al. focused on the integration
of eco-friendly methodologies in the fabrication of
low shrinkage fired clay blocks, achieved through
the incorporation of recycled plastic dust as a pri-
mary component. The studies indicated that the
compressive strength decreased as the proportion of
recycled plastic dust increased [18]. Such an ap-
proach confers advantages like reducing the con-
sumption of natural soil resources and enabling the
production of bricks with improved weight and volu-
metric stability. Arya et al. investigated the replace-
ment of conventional fine aggregates with a blend
of e-waste, specifically keyboards, and other dis-
carded materials such as eggshells, fly ash, and sil-
ica fumes. Preliminary results indicate that these al-
ternative materials show promise in both mitigating
environmental impact and enhancing sustainable
construction practices [19]. Modifications in the
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mechanical and functional attributes of concrete
pavement blocks were observed when sand was sub-
stituted with plastic; a 4% replacement of sand
by plastic led to an improvement in compressive
strength. However, as the proportion of plastic in-
creased, a corresponding decline in structural in-
tegrity was noted [20]. Haque et al. conducted a
study focusing on the use of recycled PET plastic
bottles in the fabrication of bricks [21]. The pre-
vailing literature largely emphasizes the critical ex-
amination of compressive strength while also con-
sidering factors such as reducing cooling expenses,
lowering carbon emissions, and evaluating the sig-
nificance of the payback period (PBP) [22]. A few
studies have delved into the thermal transmission
characteristics of insulation materials in construc-
tion, finding that smaller surface factors in these ma-
terials result in a slower response to short-wave ra-
diation, while larger surface factors lead to time de-
lays [23]. Saboor et al. primarily examined the con-
version of waste materials such as rice husk, sawdust,
coir pith, and fly ash into viable construction mate-
rials. Their findings revealed that walls constructed
from rice husk mud bricks offer the highest reduction
in air conditioning costs, amounting to 1.74 $/m2,
along with an acceptable PBP of 1.17 years and
higher annual carbon emission mitigation values of
33.35 kg/kWh [24]. Few studies have focused on chal-
lenges associated with moisture-induced damage
such as rutting resistance absorption [25] and wet-
ness sensitivity [26]. A study on obsidian mortar, us-
ing waste brick powder and reinforced with PP fibers,
demonstrated that criteria for rutting resistance and
wetness sensitivity were satisfied at a temperature of
25°C [27].

An extensive review of the existing literature high-
lights a significant gap in research on the use of
plastic waste to improve the structural and thermal
properties of concrete roofing. This gap extends to
the potential of these materials to reduce air condi-
tioning costs and shorten the PBP for buildings. This
study employs an innovative approach by leveraging
the dynamic thermal properties of building materials
to decrease energy consumption associated with air
conditioning. It investigates the cost-saving benefits
of concrete samples incorporating various types of
plastics such as LDPE, PP, HDPE, and polyester. The
research also assesses the reduction in carbon emis-
sions and determines the PBPs for the modified con-

crete samples. This investigation contributes to the
development of environmentally sustainable build-
ing materials by integrating recycled plastics into
concrete.

2. Materials and methods
2.1. Materials

The production of concrete samples involves mix-
ing fine aggregate, coarse aggregate, cement, and wa-
ter. The inclusion of recycled plastic scraps is antic-
ipated to enhance the thermal properties of the re-
sultant material, based on observations made dur-
ing this study. Utilizing concrete that incorporates
waste plastics is economically viable as it reduces the
demand for virgin resources, which can be costly to
produce and transport. In this study, four types of
plastic materials—LDPE, HDPE, PP, and polyester—
are considered as potential substitutes for sand in
the mix. Figure 1 illustrates the plastic materials
used. Ordinary Portland cement of grade 53 was uti-
lized in accordance with IS 12269: 2013. The mix
design for M30-grade concrete was formulated fol-
lowing the guidelines set forth in IS 10262. Subse-
quently, three distinct concrete specimens for each
type of plastic were prepared (Figure 2); the speci-
mens had dimensions of 100 x 100 x 100 mm. After
a 24 h setting period, the samples were carefully de-
molded to maintain their structural integrity. These
specimens then underwent a rigorous 28 day water-
curing phase. The roofing concrete generally consists
of a 0.15 m thick reinforced cement concrete covered
with 0.015 m of cement plaster on both its top and
bottom surfaces.

Tables 1 and 2 furnish detailed information on the
physical and chemical composition of the cement.
Crushed aggregate with a particle size of 20 mm was
used for the concrete casting, meeting the specifica-
tions set forth in IS 383. The aggregate has a density
of 2.78 g/ cm3, a water absorption rate of 0.83%, and
a fineness modulus of 7.22. Density was ascertained
by measuring the mass and volume of the mate-
rial [28]. The fine aggregate used comprises natural
river sand with a maximum particle size of 2.36 mm.
The specified plastic materials—LDPE, PP, polyester,
and HDPE—are integrated into the concrete sam-
ples at varying percentages of 10, 20, and 30, sub-
stituting sand to investigate their thermophysical
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Figure 1. (a) Low-density polyethylene, (b) high-density polyethylene, (c) polypropylene,
(d) polyester.

Figure 2. Preparation of concrete samples.

and
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Table 1. Percentage oxide composition of
cement

Composition %

SiO, 20.72
Al,O5 4.88
Fe,03 2.95

Ca0 61.83
MgO 1.39
NayO 0.19

K,0 0.67

SO3 2.33

LOI 3.17

Table 2. Properties of cement

Material Color Blaine fineness
351 m?/kg

Density
3.15g/cm3

Cement Gray

properties. These plastic materials are reduced to
a finely sized, rounded powder form with an aver-
age particle size ranging from 0.7 to 1 mm, using a
pulverizer. Two distinct climatic zones, Muscat and
New Delhi, were selected based on the American So-
ciety of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) meteorological data [29]. Ther-
moeconomic analysis was conducted, focusing on
key parameters such as annual savings in air condi-
tioning and electricity expenses, cost benefits over
time, PBPs, and carbon emission reduction [30]. Fig-
ure 3 displays the monthly degree-hours for cool-
ing and heating in both Muscat and New Delhi.
Thermophysical properties of the modified con-
crete samples were then measured at room
temperature.

2.2. Analytical method

The admittance method is utilized to compute tran-
sient thermal transmittance using matrix algebra, as
described in the Chartered Institution of Building
Services Engineers guide (CIBSE, 2006). Mathemat-
ical calculations for concrete roofing materials were
performed, ensuring that the program variance re-
mains below 1% [31,32]. The heat transfer proper-
ties were analyzed using the one-dimensional heat

diffusion equation to determine their effectiveness in
various concrete compositions:

oV? adr
The boundary condition at the roof’s inner surface:
oT
(ﬁ)vzo = hilTy=o(7) - Til )
The boundary condition at the roof’s outer surface:
or
(W)V:L: holTs(1) = Ty=L(7)] 3)

Here, Ty—¢ represents the inner surface tempera-
ture of the roof/wall, Ty~ represents the outer sur-
face temperature of the roof/wall, 7; is the indoor
temperature, and T; is the sol-air temperature. Ac-
cording to CIBSE guidelines, the internal and exter-
nal heat transfer coefficients for roofs are 10 and
25 W-m~2-K~!, respectively.
T =[Msinh(VI+jVI)+ Ncosh(VI+jVI)]

x exp(j2mr/P) 4)
where V = /mpcy/ks
p = period
| = finite thickness
M = heat flux
N = thermal resistance.
T; cosh(c+jc) (sinh(c+jc))/b To 5)
gi bsinh(c+jc) cosh(c+jc) 9o

where cyclic thickness (¢) = VI

T = periodic temperature

g = periodic heat flux

slab admittance (b) = \/j27tkpcp/s.

B+jC
b(~E +jD)

(D+JE)/b
B+jC

(6)

rr
r3sn

B =coshccosc

C =sinhcsinc

D = (cosh¢sinc+sinh ccosc)(1/v/2)

E = (cosh¢sinc—sinhccosc)(1/v2)
The surface resistance is given by

1-1/h 1-1/h,
Rgi = Ryo = 7
S1 [0 1 ] SO O 1 ‘ ( )
Ti 1-(01/h) r re 1 —(1/hy) To @)
qi 0 1 r3ry| |0 1 9o
Lif _| A A || To )
qi A3 Al 9o
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Figure 3. Monthly degree-hours for cooling and heating of Muscat and New Delhi.

Unsteady thermal transmittance (U) considers both
thermal mass and thermal insulation components.
It can be mathematically calculated using Equa-

tion (10): )

A

AMATLAB program has beén formulated and sub-
sequently verified by conducting a thorough assess-
ment using the information provided in the CIBSE
guidelines [33]. The convective heat transfer coeffi-
cient for the external surface (h,) is determined to be
25 W-m~2.K~!, whereas the convective heat transfer
coefficients for the internal surfaces (h;) are estab-
lished as 7.7 and 10 W-m~2-K~! for walls and roofs, re-
spectively, in accordance with the guidelines set forth
by the CIBSE (2006).

U= (10)

2.3. Energy-economic analysis

Heating degree-hours (HDH) and cooling degree-
hours (CDH) serve as essential metrics for quantify-
ing the annual energy requirements for heating and

cooling operations, respectively. In the context of
thermal engineering, the performance of mechanical
systems is fundamentally tied to a base temperature
that maintains thermal comfort within the bound-
aries of a structure. The sol-air temperature is the
temperature that gives the combined effect of out-
door temperature distribution and incident solar ra-
diation. Energy-economic analyses are utilized to
obtain key metrics such as payback times, carbon
emission reductions, and savings in air conditioning
costs [34,35]. The monthly degree-hours for Mus-
cat (23.6086 °N, 58.9754 °E) and New Delhi (28.57 °N,
77.12 °E) are also documented in this study:.

The HDH and CDH can be calculated using Equa-
tions (11) and (12), respectively:

HD
HDH =) (T, — Ts) = NupAT 11
1
CD
(12)

CDH =) (Ts— Tp) = NcpAT
1

Here, Nyp and N¢p represent the number of heat-
ing and cooling hours, respectively. According to
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ASHRAE standards, the minimum base temperatures
(Ty) of 18 °C and 23.3 °C for the winter (HDH)
and summer (CDH) months have been considered,
respectively.

Heating cost savings (HCS) and cooling cost sav-
ings (CCS) collectively constitute the overall A/C cost
reduction (Cs). The cost of electricity (Ce) and the
cost of natural gas (Cpg) have been considered as per
the local rates in New Delhi and Muscat.

For New Delhi, C¢q = 0.082 $/kWh and Cpg =
0.014 $/kWh.

For Muscat, Cg = 0.026 $/kWh and Cp; =

0.01 $/kWh.
_0.001-AU-HDH- Cyg

HCS = . (13)
0.001-AU-CDH- Cy
CCS= (14)
cop

AU = change in transmittance
Ce¢ = cost of electricity ($/kWh)
Cng = cost of natural gas ($/kWh).

The amount of time needed to recover the cost
of the original building supplies is referred to as the
payback period. Equation (15) shows the relation
between total A/C cost reduction and the insulation
cost.

G
PBP = — (15)
Cs
where C; is the insulating material cost ($/kg) and Cg

is the air conditioning cost reduction ($).

Yearly carbon reduction, which is calculated using
Equations (16) and (17), represents the total amount
of carbon reduction caused by heating and cooling
energy savings (COP = 2.5, 1=0.8).

0.001-AU-HDH - m

HCM = (16)
COP
0.001-AU -CDH -
CCM = Min (17)
n
mc: amount of CO, released for each unit of electric-
ity (kg/kWh)

my: amount of CO, released for each unit of natural
gas (kg/kWh).

2.4. Experimental methodology

After the completion of water curing and air-drying
procedures, a series of tests were conducted on both
the standard and the 12 modified concrete samples.
The primary focus was on evaluating the thermo-
physical attributes and compressive strength of these

samples. A compression testing machine, conform-
ing to IS 516 standards, was utilized for this as-
sessment. The thermophysical properties, including
thermal conductivity and specific heat, were mea-
sured using the hot wire probe technique via a KD2
Pro device (Figure 4). Two holes, each 1.3 mm in di-
ameter and 30 mm in length, were drilled to accom-
modate probes specifically designed for measuring
these attributes. The thermophysical properties of
the tested materials are summarized in Table 3. Ther-
mal conductivities of the modified concrete samples
were measured at room temperature, as shown in
Figure 4. The measurements were conducted using
the KD2 Pro thermal property analyzer, which offers
a precision range of +5 to +10% for thermal conduc-
tivity and +10% for specific heat.

2.5. Measurement of compressive strength

Compressive strength tests were conducted on speci-
mens containing varying proportions of plastic mate-
rials. These tests were performed using a digital com-
pression testing machine that conforms to IS 14858,
as shown in Figure 5(a). Following the testing proce-
dures outlined in IS 516 [36], both conventional con-
crete samples and those containing plastic additives
were evaluated. The assessment revealed that con-
ventional concrete exhibits a compressive strength of
36.1 MPa, which serves as a benchmark for compar-
ing the plastic-admixed samples. The inclusion of
plastic materials generally led to a reduction in com-
pressive strength, with values ranging from 12.4 to
34.2 MPa depending on the type and proportion of
plastic used.

The failure pattern of cubes of different mixes af-
ter the compression test can be classified as non-
explosive failure. Such a pattern of failure satisfied
the failure modes in accordance with BS EN 12390-3.
Through visual inspection, it can also be seen that
most of the cube specimens showed the cracking to
be at approximately 45° to the axis near the ends.

3. Results and discussion
In this section, we present a detailed analysis of the

outcomes from the experimental investigations into
concrete samples modified with recycled plastics.
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Figure 4. Evaluation of thermal properties using the KD2 Pro thermal property analyzer.

Table 3. Thermophysical properties of materials

S.No Material KWm'KY C,0kg 'K pkg/m®)  Compressive

strength (MPa)
1  Low-density polyethylene 10%  0.568 + 0.002 1096.79 £3  2126.2+2 18.36 + 0.01
2 Low-density polyethylene 20%  0.523 + 0.003 1227.47 £ 5 2031 +4 16.21 £ 0.04
3  Low-density polyethylene 30% 0.48 + 0.002 1474.37 £ 4 1943.2+3 12.4 £ 0.02
4 Polypropylene 10% 0.956 + 0.005 881.97 +3 2330+ 4 26.35+0.01
5 Polypropylene 20% 0.823 + 0.004 1034.12 + 4 2110+ 5 22.54 £ 0.02
6 Polypropylene 30% 0.712 + 0.002 1070.50 £+ 3 2085 + 2 21.88 +£0.03
7  High-density polyethylene 10%  0.612 + 0.005 1106.16 £ 5 2336+ 4 22.46 +0.02
8  High-density polyethylene 20%  0.584 + 0.004 1281.18+4  2201.1+3 18.35 + 0.01
9  High-density polyethylene 30%  0.592 + 0.003 1331.81 £ 2 2185+2 14.12 £ 0.04
10 Polyester 10% 0.991 + 0.005 942.02 +5 2349.2+5 34.2 £0.05
11 Polyester 20% 0.949 + 0.004 985.96 + 3 2422 +3 32.1+£0.03
12 Polyester 30% 0.931 + 0.005 1045.63 £5  2458.8%2 28.6 £ 0.04
13 Conventional concrete 1.42 £ 0.003 1126 £ 6 2482+ 6 36.1 +£0.02

The discussion explores the impacts of these modifi-
cations on the mechanical and thermophysical prop-
erties of concrete, as well as the economic and en-
vironmental implications of their use in sustainable
construction. Initially, the morphological character-
istics of the modified concrete are examined to un-
derstand the microstructural changes imparted by
the inclusion of plastic additives. This analysis is

critical for interpreting the variations in compressive
strength and thermal conductivity observed. Sub-
sequent discussions focus on assessing the poten-
tial benefits in terms of energy efficiency, specifi-
cally through reductions in air conditioning costs and
carbon emissions. These results are contextualized
within the broader framework of advancing sustain-
able building practices.
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Figure 5. (a) Digital compression testing machine,

(d) high-density polyethylene, and (e) polyester.

3.1. Scanning electron microscope

The morphological characteristics of the concrete
with various plastic admixtures were scrutinized
utilizing scanning electron microscope (SEM) im-
ages at differing magnification levels as shown in
Figure 6. The added admixtures, ranging in size
from 0.7 to 0.9 mm, were predominantly uniformly
distributed throughout the concrete specimen. The
SEM images revealed that these plastic admixtures
formed a seamless layer within the concrete ma-
trix, a phenomenon consistently observed across all
samples. Consequently, it can be concluded that the
incorporation of plastic admixtures did not exert a
detrimental impact on the morphological properties
of the concrete. The morphologies of the admixture-
based concrete samples and conventional concrete
seem to be similar when observed under an SEM.
The reduction in compressive strength of the sam-
ples having more admixture content is attributed to
the variation in density when compared to conven-
tional concrete.

3.2. Yearly A/C cost savings

The total air conditioning cost savings are derived
from reductions in both heating and cooling ex-

(b) low-density polyethylene, (c) polypropylene,

penses. These savings have been achieved by incor-
porating various types of waste plastics into concrete
roof structures. To assess the efficacy of these mod-
ifications, the air conditioning costs for roofs made
with the modified concrete are compared against
those for conventional concrete roofs. Figure 7 illus-
trates the annual savings in air conditioning costs for
two distinct climatic zones: Muscat, characterized by
a hot and dry climate, and New Delhi, which expe-
riences a composite climate. Among all the range of
modified concrete samples studied, the concrete roof
containing 30 wt% LDPE exhibited the highest an-
nual air conditioning cost savings, registering values
of 0.9946 $/m? for Muscat and 0.9928 $/m? for New
Delhi, respectively.

3.3. Annual carbon emission mitigation

Figure 8 exhibits the yearly reduction in carbon emis-
sions achieved by different admixture-based con-
crete roofs, assessed in two separate climate regions,
namely Muscat and New Delhi. The annual mitiga-
tion of carbon emissions represents the overall re-
duction, stemming from combined savings in cool-
ing and heating energy. This includes reduced elec-
tricity and natural gas consumption, resulting in
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Figure 6. SEM images of various admixture-based concrete samples with 10 wt% of sand replaced by:

(a) LDPE, (b) polypropylene, (c) HDPE, and (d) polyester.
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the total carbon emission mitigation measured in
kg/kWh. A modified concrete roof that yields higher
air conditioning savings also results in greater carbon
emission mitigation, thus affirming its environmen-
tal sustainability. For the climate of Muscat, the ad-
dition of 10 wt% polyester or PP shows a reduction in
carbon emissions of 3.05 kg/kWh and 3.79 kg/kWh,
respectively. Likewise, the inclusion of 30 wt% LDPE
shows the highest carbon emission reduction, mea-
sured at 19 kg/kWh. In the climatic conditions of New
Delhi, roofs with 10 wt% PP and polyester result in
carbon emission reductions of 3.63 kg/kWh and 2.92
kg/kWnh, respectively. Moreover, 30 wt% LDPE shows
the highest carbon emission reduction, recorded at
18.2 kg/kWh.

3.4. Payback period

Figure 9 illustrates the PBPs associated with differ-
ent admixture-based concrete roofs, showing shorter
durations for composite climates such as New Delhi
compared to Muscat’s hot and dry conditions. In

Muscat, the roofs incorporating varying ratios of
LDPE, PP, polyester, and HDPE exhibited PBPs of
3.14,5.3,6.57,7.33,11.30, 10.32, 6.54, 9.9, 10.13, 1.36,
2.35, and 3.47 years, respectively. Remarkably, the
roof with 10 wt% HDPE showed the shortest PBP of
1.37 years. Similarly, in the composite climate of New
Delhi, roofs with different proportions of LDPE, PP,
polyester, and HDPE had PBPs of 3.14, 5.32, 6.58,
7.34, 11.32, 10.33, 6.55, 9.92, 10.15, 1.37, 2.37, and
3.49 years, respectively. Again, the roof with 10 wt%
HDPE displayed the shortest PBP, measured at 1.37
years. These observations underscore that the hierar-
chy of energy efficiency remains consistent, irrespec-
tive of the specific climatic conditions.

3.5. Compressive strength

Figure 10 shows the mean compressive strength
of the modified concrete specimens compared to
the conventional block specimens. Conventional
concrete has a mean compressive strength of 36.1
MPa. It is observed that the addition of LDPE, PP,
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Figure 10. Compressive strength of the modified concrete samples compared with conventional concrete.
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polyester, and HDPE as a percentage of sand replace-
ment results in a decline in compressive strength.
However, with the addition of 10 wt% polyester, the
compressive strength is nearly equal to that of con-
ventional concrete.

In our analysis, it was observed that the inclusion
of 30 wt% LDPE led to the most significant decrease
in compressive strength. This phenomenon can be
attributed to the inherent properties of LDPE, which
has a lower density (915 kg/m?®) compared to tra-
ditional sand and aggregate materials. The substi-
tution of a significant proportion of these heavier
materials with lighter LDPE results in a lower over-
all density of the concrete mix, which consequently
leads to reduced compressive strength. For refer-
ence, the densities of other plastics used were as
follows: polyester at 1500 kg/m3, PP at 930 kg/m?,
and HDPE at 925 kg/m®. The varying densities of
these materials correlate with their differing impacts
on the structural integrity of the concrete.

4. Conclusion

This study conducted a comprehensive thermoeco-
nomic assessment of concrete specimens that in-
corporated four distinct types of recycled plastic
materials—LDPE, PP, polyester, and HDPE. It was
found that these materials, when used as partial sub-
stitutes for sand, significantly enhanced the thermal
performance of the concrete compared to conven-
tional samples. The assessments were performed un-
der the specific climatic conditions of Muscat and
New Delhi, showcasing regional adaptability. The
research explored various impacts of using plastic
in concrete, focusing on mechanical properties and
environmental implications. It was observed that
incorporating plastics influenced the compressive
strength and density of the concrete blocks.

In summary, the following key observations were
made based on the research conducted:

¢ Among all the modified concrete samples
incorporating LDPE in various wt%, it was
found that 30 wt% LDPE vyielded the most
substantial annual savings in air condition-
ing costs. Specifically, the cost savings were
calculated to be $0.9946 per square meter
for Muscat and $0.9928 per square meter for
New Delhi.

e The analysis of the annual carbon emission
mitigation indicates that the samples with
a 30 wt% LDPE composition exhibited the
most remarkable reduction. The values were
quantified as 19 kg/kWh for Muscat and 18.2
kg/kWh for New Delhi.

o The PBP for each of the concrete samples
was evaluated, revealing that HDPE added
at a 10 wt% replacement level for sand had
the shortest payback duration, amounting to
1.37 years for both the Muscat and New Delhi
climate conditions.

¢ It was empirically determined that the incor-
poration of LDPE, PP, polyester, and HDPE as
a percentage of sand replacement in the con-
crete samples led to a reduction in compres-
sive strength.

o Remarkably, the addition of 10 wt% polyester
to the concrete mixture yielded a compres-
sive strength almost equivalent to that of
conventional concrete.

These observations serve to underline the poten-
tial for incorporating specific types of plastic waste
materials as partial sand replacements in concrete
mixes to achieve both environmental sustainability
and economic viability.

5. Limitations and future research
5.1. Limitations

This study highlights the potential of plastic-infused
concrete for sustainable construction but recognizes
several limitations. The scalability of production
and the economic feasibility of implementing such
materials on a larger scale were not explored. Addi-
tionally, the environmental impacts, including toxic-
ity and potential leaching effects of the plastics used,
were not thoroughly examined. Assessments of the
thermal stability of materials under various climatic
conditions were also absent, which are critical for
validating their use in diverse environments.

5.2. Futureresearch
Future studies should expand the scope by exploring

additional types of waste plastics and conducting
long-term performance evaluations under different
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environmental conditions. It is also crucial to inves-
tigate the environmental safety of these materials,
particularly focusing on their toxicity and leaching
potential. Further research should aim to validate
the mechanical and thermal properties of plastic-
infused concrete across varied climatic conditions
to enhance its application in sustainable building
practices.

Nomenclature

A, Ag, A Variables showing input and output
heat flow (-)

b Slab admittance (W-m~2-K™1)

c Cyclic thickness (m)

Cel Cost of electricity ($/kWh)

Ci Insulating material cost ($/kg)

Cng Cost of natural gas ($/kWh)

Cp Specific heat capacity (kJ-kg™!-K™1)

Cs Air conditioning cost reduction ($)

hy Convective heat transfer coefficients
for internal surfaces (W-m~2-K™1)

ho Convective heat transfer coefficient

for the external surface (W-m~2-K™1)

K Thermal conductivity (W-m~!-K™1)

l Finite thickness (m)

M Heat flux (W/m?)

me Amount of CO; released for each unit
of electricity (kg/kWh)

M Amount of CO; released for each unit
of natural gas (kg/kWh)

N Thermal resistance (m?-K/W)

Ncp Number of cooling hours (h)

Nup Number of heating hours (h)

p period (s)

q Periodic heat flux (W/m?)

r, 2, 13, 14 Specific construction material (-)

Rgi Internal surface resistance (m?-K)/W

Ry, External surface resistance (m?-K)/W

s Time span (s)

T Periodic temperature (°C)

Ty Base temperature (°C)

T; Indoor temperature (°C)

Tm Mean daily temperature (°C)

U Unsteady thermal transmittance
use (kg/kWh)

\%4 Building material thickness (m)

Teo Outdoor air temperature (°C)

Greek letters

a Thermal diffusivity (m2/s)
AU Change in transmittance (W-m~2-K™1)

i Efficiency of natural gas power
generation for heating (-)
Density (kg/m?)

T Time variable (h)

Acronyms

CCM  vyearly carbon reduction by cooling
(kg/kWh)

CCS  cooling cost savings ($/m?)

CDH cooling degree-hours (°C-h)

COP  coefficient of performance (-)

HCM yearly carbon reduction by heating
(kg/kWh)

HDH  heating degree-hours (°C-h)

HDPE high-density polyethylene

HCS  heating cost savings ($/m?)

LDPE low-density polyethylene

PBP payback period (years)
PP polypropylene
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