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Abstract: The increasing urban population requires rapid housing construction. Rising global
temperatures have led to more space cooling options inside buildings. There is a need to design
new-age buildings with a sustainable, thermal comfort, and energy-efficiency approach. The present
work integrates this approach into the design of prefabricated elements. Locally available co-fired
ash, along with other sustainable alternates, are used in developing these elements. This study
involves a performance evaluation and feasibility assessment of the proposed prefabricated system.
A small-scale model house of one-third size is constructed using these elements for the purpose of
functional evaluation. An average temperature variation of approximately 4 °C is observed upon
comparison with the fly-ash brick model during the peak summer season. During energy assessment,
a 12% and 52% decrease in embodied energy and peak cooling loads were observed. The time
study resulted in 20% time savings over the conventional technique. The proposed system also
includes a solar photo-voltaic panel, which compensates for 30% of the energy demand and reduces
approximately 42% of the energy cost. Thus, the developed prefabricated system is found suitable for
non-load bearing as well as functional applications. The performed studies determined the system to
be sustainable, lightweight, quick, as well as energy efficient.

Keywords: prefabrication; sustainability; small-scale model; energy

1. Introduction

Urbanization has led to many construction activities in developing countries. India’s
urban population has increased to 35% by the end of 2020 from 30% in 2010. Being the
second most populous country, the Indian government needs to accommodate this urban
population, particularly the economically weaker sections (EWS), lower- and middle-
income groups (LIG and MIG). The government has set a target of constructing 20 million
houses in a span of 7 years, which translates to approximately 8000 houses per day as
the construction rate [1]. To achieve this rate, various prefabrication techniques are being
executed across different locations in the country. Global temperatures are also rising
every year, with the last 9 years being in the top 10 warmest years as per records [2]. This
increasing temperature led to the design of buildings with better space cooling options.
Thus, there is a need to design new-age buildings with a sustainable, thermal comfort, and
energy efficiency approach.

Prefabrication is a system of manufacturing building elements in controlled envi-
ronments, transporting them, and assembling them on-site. These elements have better
results than the conventional techniques. These elements have their application both in
the structural as well as non-load bearing elements [3]. Inclusion of composite materials
into the design for enhancing various properties was studied. Few of them enhanced the
structural properties [4-8], whereas some improved the functional properties [9,10].
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Prefabrication or prefab is majorly chosen in urban construction to overcome chal-
lenges related to space, time, and cost [11,12]. Some earlier studies mentioned prefabricated
housing to be energy efficient as well as affordable for mass housing [13]. As 40% of energy
consumption is solely due to building construction [14,15], the energy related to embodied
energy (EE) and operational energy (OE) needs significant attention. EE is related to the
individual production of raw materials and their transportation, whereas, OE deals with
the application of end products in their final position and post-occupational phase [16].

An increase in construction activities exploits natural resources. Thus, sustainable
alternatives for raw materials are necessary by including agro-industrial by-products into
the mix designs. This further decreases the EE of the end-product. Many agro-industrial
and construction wastes were used as alternative raw materials in earlier mix designs. Some
of these alternates are fly ash, furnace slag [17], recycled paper-mill waste [18], briquette
ash [19], blended ash [20-22], and construction and demolition wastes [23,24]. The physico-
mechanical and functional test results of the novel end products were better in comparison
with commercially available products.

Operational energy is mainly focused after the end-application, i.e., during the post-
occupation phase of the end products. One of the main factors responsible for OE is
space cooling, which has been observed to be increasing in the past few decades [25].
Maintaining thermal comfort during peak temperatures remains a critical task regarding
space cooling. The inclusion of insulation materials is a potential solution that has been
proven to reduce operational energy [26,27]. These materials of low thermal conductivity
conserve the peak cooling load [28] by maintaining thermal comfort inside a building.
Materials, such as expanded polystyrene (EPS), polyurethane foam (PUF), aerated concrete,
and similar other materials, were added to the building products to enhance their thermal
properties [26,29-31]. Along with this, the adoption of renewable energy techniques, such
as utilisation of solar energy is a method to minimise OE demand. The application of solar
photovoltaic panels in the building system encompasses energy efficiency [32,33].

Various techniques were developed to evaluate the performance of the products. The
construction of a small-scale experimental model is one of the proven techniques to study
the functional performance of the products [34,35]. Earlier literature studies highlighted
the convergence of small-scale models to the actual buildings [4,35]. Building information
modelling (BIM) has a variety of tools that involve modelling, orientation, and energy
evaluation [36,37]. Results from this tool were extracted, analysed, and compared with
conventional techniques, and were proven valid in the majority of the cases [386—40].

The reviewed literature presents the need for faster construction as well as energy-
efficient housing. Integration of parameters, such as sustainability, building energy, and
thermal comfort, with panelised building technology has given rise to the design and
development of end-products. Sustainable alternates, such as agro-industrial by-products,
are used as fine aggregates to reduce the embodied energy of the novel product. The
application of insulation material in the mix design and solar photovoltaic panels in the
prefabricated system were attempted to curtail the operational energy. Furthermore, the
developed products are compared with conventional products and techniques.

2. Product Development and Methodology
2.1. Materials

An agro-industrial by-product, named co-fired ash (CFA) was acquired from a local
industry in Nagpur, India (Figure 1). Upon various material characterisation tests and
applications, this raw material was found suitable to be used as a construction material.
Partial replacements of 20% and 10% CFA in fine aggregates for concrete (Figure 2) and
lightweight (LW) prefabricated mix (Figure 3), respectively, were finalised. Expanded
polystyrene (EPS) beads from waste packaging material were used as insulation materials in
the prefabricated mix. This helps to reduce the density as well as the thermal conductivity
of the developed end-product. Sustainable alternatives, such as fly ash and crushed
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sand, along with mineral and chemical admixtures were added to the mix to enhance
its properties.

Figure 1. CFA.

Figure 2. CFA-based concrete.

Figure 3. CFA-based LW mix.

2.2. Mix Design and Testing

Several trials of CFA-based end products were designed as per the Codal standards.
The optimal mix trials were concluded for both concrete (Table 1) and LW mix (Table 2) [41],
with a target of being superior to traditional construction products. Their respective physico-
mechanical along with functional properties were compared to conventional products, as
shown in Table 3.

Table 1. Mix design of the CFA-based concrete.

Aeration
. . 20 mm 10 mm Agent Super
Material Cement River Sand CFA Aggregates  Aggregates o %0_3) Water Plasticiser
Quantity 3.920 5.420 1.360 5.860 5.860 0.500 1.860 0.016

(kg)
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Table 2. Mix design of the CFA-based LW prefabricated mix.

. Crushed EPS Polymer  Accelerator Super
Material Cement Fly Ash Sand (x10-3) CFA Water (x10-3) (x10-3) Plasticiser
Q‘ziglty 1.980 1.970 2.460 27.600 0.270 1.180 4.100 41.000 0.022

Table 3. Physico-mechanical and functional properties of materials.
Densi Compressive Flexural Tensile Thermal
Case Products ty Strength Strength Strength Conductivity
kg/m3 MPa MPa MPa W/mK

C . 1 Concrete 2400 25 4.84 2.20 1.61
onventiona Fly-ash brick 1800 6.50 - - 1.05
CFA Concrete 2342 26.91 4.02 1.83 0.81

Developed LW prefabricated 1312 7.05 216 1.27 0.40

mix
Codal compliance IS 2185:2005 (Part 1) IS 516:1959 IS 5816:1999 ASTM C177

2.3. Methodology

The current study involves a mix design of the proposed prefabricated elements. These
elements are evaluated for both performance and feasibility. The workflow of the study is
mentioned in Figure 4. Sections 3 and 4 briefly discuss the performance of the evaluation
of the developed products, whereas Section 5 discusses the feasibility of the assessment.

Material acquisition and
characterisation
Mix Design and testing
!
! }
Performance evaluation Feasibility assessment

l l

Experimental study

(Building a small-scale model Time study

house for functional (Scheduling of conventional vs
evaluation) proposed systems)
Mathematical study Renewable energy

(Embodied energy evaluation) (Application of solar panels for
compensating operational
Computational study energy demand)

(Energy analysis using BIM)

Figure 4. Workflow diagram.

3. Development of Experimental Model

With the objective of evaluating the performance of the developed products, construc-
tion of the scaled-down model houses was found to be an established technique [34,35]. An
indoor temperature assessment was also carried out that gave appropriate results regarding
the thermal behaviour of walling materials. Thus, a small-scale experimental model house
was planned for the performance evaluation of developed end products (Figure 5).
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Figure 5. Plan of the proposed model house.

Building of a Small-Scale Model House

The prefabrication technique was selected for the building of the model house, and the
housing plan was scaled down to one-third of its original size. Precast structural elements
(Figure 6) and prefabricated walling panels (Figure 7) were cast and cured as per the
Codal standards [41]. The model house (Figure 8) was assembled with these elements in a
shadow-free region at the Civil Engineering Department, Visvesvaraya National Institute
of Technology, Nagpur, India. The orientation of the model house was towards the north
direction. Another small-scale model house composed of fly-ash brickwork and concrete
slab was also constructed for the purpose of a comparative study.

Figure 6. Structural elements.
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Figure 8. Model house.

4. Performance Evaluation of the Developed Model

The performance of the model was studied by evaluating two parameters: functional
and energy. Functional parameters were evaluated with the help of an experimental
study that involved recording temperature data and observing the variation in thermal
inertia, whereas energy assessment included the determination of the embodied energy
and operational energy of the developed products.

4.1. Functional Evaluation

Two temperature sensors were fitted into each model house, as shown in Figures 9 and 10.
A data logger (Figure 11) that records the data from sensors over time was fitted into the
study room. The study period for the temperature assessment was finalised as the sum-
mer of Nagpur (from March-end to mid-June), 2022. Hourly temperature data over the
study period were collected for both models and further compared with the ambient
outside temperature.
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Figure 10. Sensor in fly-ash brick model house.

Figure 11. Data Logger.

Over 1900 temperature data points were collected inside the model houses. The
maximum daytime temperatures collected within this period were filtered, and a graph was
plotted, as shown in Figure 12. Thermal inertia can be explained as the degree of slowness
with which the temperature of an element advances towards its ambient conditions [42].
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all the internal and external ambient temperatures. The thermal inertia can be observed
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One of the hottest days was chosen, and a 48 h time interval was plotted on a graph with
from the graph, as shown in Figure 13.
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The thermal variation between the developed prefabricated model and the fly-ash brick
model was studied and found to be approximately 4 °C. This proves that the developed
prefabricated model has approximately 8% lower temperatures than the conventional
technique. From Figure 13, it can be observed that the prefabricated model tends to cool
down after it reaches its peak temperature, whereas, the fly-ash brick model sustains the
heat for a longer duration than the developed model. The prefabricated panels involve
materials created from lower thermal conductive materials than fly-ash bricks. This has a
prominent effect on the thermal comfort provided by the two walling techniques.

4.2. Energy Assessment

In order to evaluate the energy efficiency of a building, both embodied energy and
operational energy have to be calculated. For the current study, EE was calculated mathe-
matically for the materials during the product manufacturing and on-site execution phases.
Operational energy was calculated by extracting the peak cooling loads during the post-
occupancy phase through computational modelling (Figure 14).

______________________

I'I Product Manufacturing Phase \\
1

: Production :

1 energy |

q Embodied :

| Energy |

1 Transportation | 1

: energy :

Energy - o
assessment T T T T T T r T r e m T N

q Operational ) Peak cooling load
Energy

\ Post occupancy Phase ’

NS e, e, e, e, ———————

Figure 14. Flowchart for energy assessment.

4.2.1. Evaluation of Embodied Energy

Embodied energy comprises both the production and transportation energy of the
raw materials [16,43—45] that were used during the product manufacturing and execution
phases (Equation (1)).

Embodied energy = Production energy + Transportation energy (1)

Production energy is the energy emitted while manufacturing or processing raw
materials during manufacturing (Equation (2)). Electricity consumption is also considered
in the calculation of production energy. The distance travelled by the raw material from its
source to the end application is converted into transportation energy (Equation (3)).

Production energy = Weight of raw material x Thermal energy for producing one unit weight of raw material (2)

Transportation energy = Distance travelled by raw material x Quantity of fuel x Density of fuel x

Energy produced for one unit weight of fuel @)
Both these energies summed up for all the raw materials used in the end-product
result in EE.
Two different building systems were considered in this evaluation: conventional fly-
ash brick masonry system (fly-ash brickwork and reinforced cement concrete (RCC)); and
developed prefabricated building system (CFA-based concrete prefabricated elements). EE
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was calculated and is presented in Table 4. The individual values for the brick masonry
were opted from the earlier results [46]. The same method was followed for the developed
prefabricated system.

Table 4. Total EEs of conventional and proposed cases.

Fly-Ash Brick Developed Prefabricated

Case

Masonry System Building System
Products Ely—ash RCC CFA-based CFA-based
brickwork prefab panels concrete
EE (M]J/cum.) 1535 2640 2144 2376
Total Quantity 1.64 2.96 0.95 2.96
(cum.) ’ ’ ’ ’
Total EE (M])) 10,332 9070

The end application of the prefabricated panels was for non-load bearing walls. How-
ever, the mix used for panels was more equivalent to concrete than the masonry product.
The EE per cubic metre of the panels was 19% less than conventional concrete, whereas it
was 40% more than the masonry product. The quantities played a key role in evaluating the
EE of the whole system. The total quantity required for the wall panels was approximately
42% less than the masonry system. Hence, a 19% lower EE was observed for walling
material, and an overall 12% lower EE was observed for the prefabricated system over the
conventional system.

4.2.2. Operational Energy—Computational Modelling

One of the contributing factors to energy consumption in buildings is their location [27].
The Indian subcontinent has five climatic zones, as per NBC 2016 [47]. Sun path and weather
conditions vary for each climatic zone. The consumption of household energy varies based
on these conditions. Structures, similar in plan and size, differ in their operational energy
demands and peak cooling loads based on the locality. The present study was conducted in
Nagpur, India, with a latitude of 21.1232° N and a longitude of 79.0515° E. This region lies
in the composite climatic zone, with maximum summer temperatures clocking between
48 and 49 °C.

Computational modelling was considered for fly-ash brick masonry and developed
prefabricated systems using the BIM tool, Revit. The location details, weather conditions,
and properties of the end products (Table 5) were fed into the database. Models were
oriented towards the north direction based on earlier experimental studies [35]. Energy
models were prepared based on the given inputs (Figure 15). The thermal zones of walling
members were identified based on the location, weather, and other parameters related to
the construction products.

Table 5. Material properties of end products.

. Compressive Thermal
Element Density . .
System Avplication (kg/m®) Strength Conductivity
PP (MPa) (W/mK)
Structural 2400 25.00 1.613
Conventional
Walling 1800 6.50 1.050
Structural 2342 26.19 0.806
Developed

Walling 1312 7.05 0.401
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Figure 15. Energy model.

The model includes individual spaces, such as a kitchen, bedroom, living room, and
water closet. PCLs were extracted for these spaces and are presented in Figure 16. The
functional properties, orientation, and locality have an impact on the operational energy
demand. Since the locality and orientation are equivalent, the functional properties play
a vital role in appropriate material selection. PCLs vary because of these properties,
particularly thermal conductivity. The developed system has 50% and 62% less thermal
conductivity for structural and walling elements, respectively. This resulted in a reduction
of approximately 52% PCL for the developed system over the conventional system.

m FABrick masonry W LW Prefab

5000.00
4507.27

4500.00
4000.00
3500.00

2796.36
2522.10

176.81

Peak Cooling Load (W)

= %) N ©
g 8 8 8
o o o o
=3 o =} =3
S] S S S]

1402.88

1000.00

500.00

Kitchen Bedroom Living Room Water Closet
Space

Figure 16. Comparison of peak cooling loads of two systems.

5. Feasibility

The feasibility of the developed prefabricated system was checked for time and opting
renewable energy. The time study was performed in order to find a feasible option in terms
of quicker construction. Additionally, solar energy was used to run the electrical appliances
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in the model house. A feasibility check on replacing a part of energy consumption with
solar energy was conducted.

5.1. Time Study

Scheduling was carried out as part of the computational study. Two cases of compari-
son were considered in this study. Case A is a conventional construction with cast in situ
concrete and fly-ash brickwork; case B is the proposed prefabricated system with pre-cast
concrete elements and lightweight prefabricated walling panels. Sub-structure construction
is considered the same for all the cases, and hence activities, such as material procurement,
manufacturing, surface preparation, and on-site construction were considered. Upon ex-
ecuting the schedules, the overall duration of the projects was 71 days for case A, and
57 days for case B. The activity list and the Gantt chart are presented in Figures 17 and 18.

e -
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Figure 17. Schedule of Case A—complete conventional construction.
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Figure 18. Schedule of Case B—complete prefabricated construction.
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The proposed prefabricated system turned out to be a better replacement for the
conventional construction in terms of the total duration of the project. One of the major
time-consuming activities is the curing period for elements. A complete prefabricated
structure has a single stretch of curing where all its elements are cured in a single activity
(Figure 18—case B). Whereas, a conventional case has multiple curing period activities
which ultimately increases the total duration of the project. Thus, approximately 20% of
the time savings are observed when opting for a complete prefabricated system over the
conventional system.

5.2. Energy

The common household includes a few basic amenities, such as lighting, space cooling,
and recreational activities. The most common appliances found in local households are
lamps, tube-lights, ceiling fans, coolers, televisions (TVs), and refrigerators. The minimum
number of these appliances required are estimated for the given plan. According to
Indian climatic conditions, the seasons are divided into summer, monsoon, and winter.
Summer season includes 3 months from March to May; monsoon is further divided as
monsoon (June-September) and post monsoon (October and November); and winter is
from December to February [35]. Working hours of the mentioned appliances are collected
from the local residents. The average working hours of each appliance are presented in
Table 6 based on the season.

Table 6. Energy usage by a common household over the year.

Average Working Hours per Day (Hours)

. Annual
S. No. Appliance No. Wattage (W) Summer Monsoon Winter Consumption
(March- (June- (December— (kWh)
May) November) February)
1 Ceiling Fans 3 70 8 8 4 529.2
2 Tube Lights 3 20 5 8 7 151.2
3 Lamps 3 7 2 2 2 15.2
4 Cooler 1 250 12 0 0 270.0
5 TV 1 18 5 5 5 324
6 Fridge 1 - - - - 386.0
Total 1384
The annual energy consumption of the given model is estimated to be approximately
1384 kWh. A solar photo-voltaic (PV) panel is fit into the model in order to generate
the on-site energy and compensate a part of the energy consumption by the household.
The annual energy generation of the PV panel is specified to be approximately 430 kWh
(Table 7).
Table 7. Annual energy generation from the solar PV panel.
Size Energy Generated Area of One Panel Total Panels Fit Annual Energy
(mm) from One Panel (Sqm.) (No.) Generation (kWh)
(Units/Sqm./Yr) am :
Solar PV Panel 1980 x 1010 x 10 215 1.99 1 427.85

A comparison of demand-supply management for operational energy resulted in
30% savings for the energy. By applying the local energy tariffs, approximately 42% of
the cost savings were observed on the installation of the solar PV panel. Additionally, by
comparing the initial investment for this PV panel (inclusive of the panel’s cost, transport,
and installation) with the energy savings, a payback period of approximately 21 months
was observed.
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Application of climate-responsive design features, inclusion of sustainable building
materials and installation of an on-site renewable energy unit are part of the green building
criteria [48]. The proposed system contributes approximately 16% more energy generation
than the mentioned criteria to attain certification in the green building category.

6. Discussion and Recommendations

Mix designs for concrete as well as lightweight walling materials were tested for suitabil-
ity in on-site execution. The properties were compared with those of conventional products
and found to be satisfactory for the application. As the post-occupancy parameters differed
with the properties, performance evaluation, and feasibility assessment for reducing the en-
ergy demand were performed. The significant findings from the experimental, mathematical,
and computational analyses are summarised below in Table 8. The values presented are all in
terms of the percentage improvement over the conventional system.

Table 8. Findings of the prefabricated system over the conventional system (in terms of %).

Proposed Prefabricated System

Parameters i Remarks
CFA Based Il;glgzefabrlcated CFA Based Concrete
Density 27% 2.5% Lighter
Compressive strength 8% 4% Stronger
Thermal conductivity 62% 50% Thermally efficient
Ambient inside temperature 8%
Embodied energy 12% Lesser
Peak cooling load 52%
Time 20% Faster

Energy savings

42% energy savings on compensating 30% operational energy with renewable energy

Walling contributes more surface area than the structural components. Ambient inside
temperatures and peak cooling loads depend on the properties of these walling elements.
In this study, CFA and EPS beads were used in the mixed design of walling members. The
specific gravity and bulk density of the CFA were lower than those of conventional fine
aggregates. Along with this, the presence of EPS beads in the prefabricated walling mix
has made the end product much lighter than the brick. As the thermal conductivity of the
walling element is less than the conventional one; the percentage reductions in ambient
temperature as well as peak cooling load were observed. The inclusion of sustainable
alternatives to conventional raw materials in the developed prefabricated system, its
process, and the quantities have made the embodied energy optimal.

Buildings that have energy savings of approximately 20-30% are termed energy
efficient by the Indian Green Building Council [48]. Energy efficiency leads to a reduction in
greenhouse gas emissions from both fossil fuels as well as electricity-related emissions [49].
Reductions in EE and OE result in less usage of electricity. Thus, savings observed in energy
ultimately contribute to reducing the carbon footprint of the material.

Sustainable and energy-efficient mass housing is a need of the hour in the Indian
construction industry. The developed prefabricated elements suit these requirements as
per the derived results. The panels were limited to a single-storeyed model. Hence, further
studies could be extended to multi-storeyed buildings. The effect of various climatic
conditions across the globe can also be studied, as the current study area is restricted to
Nagpur, India.

7. Conclusions

The present study focused on the development of a construction product that could
be applied as prefabricated elements. These elements include industrial by-products,
such as fly ash and cofired ash as partial substitutes for cement and sand. Insulating
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materials were mixed to make the panels lightweight as well as thermally resistant. A
combination of all these materials to produce a sustainable and energy-efficient construction
product is a novel idea that was achieved. A small-scale model house was planned and
constructed with the purpose of evaluating the functional performance of the end-products.
Temperature sensors were placed in a prefabricated model and fly-ash brick model to
assess and compare internal temperatures. This assessment resulted in the prefabricated
system having an 8% lower inner temperature than the fly-ash brick model during the
summer. During the peak temperatures, the prefabricated model recovered to its ambient
temperature whereas, the conventional model sustained the peak temperature for longer
duration. Embodied energy and peak cooling loads were evaluated and found to be
12% and 52% lower than the conventional system. Inclusion of the insulation material,
such as expanded polystyrene beads, in the concrete played a major role in reducing the
building energy of the product. Construction was quicker with the help of the proposed
prefabricated system. Approximately 20% of the time savings were observed by opting for
this prefabricated system over conventional. A solar photo-voltaic panel was placed over
the roof of the prefabricated system with a view to compensate for the basic energy demand
of the household. On compensating 30% of the energy requirement, approximately 42%
of the conventional energy cost got reduced with a payback period of 21 months for the
initial investment cost of a PV panel. Thus, the application of the proposed sustainable
prefabricated system was found to be lightweight, energy efficient, and feasible in terms of
energy and construction time.
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