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Abstract: Decreasing the demand for natural aggregates is doubly justified by the significant contribu-
tion of the construction industry to the unsustainable development path of the natural environment,
and the projected global increase of the consumption of construction aggregates. Extensive research
has been carried out on the physical and mechanical properties of concrete which incorporates plastic
as aggregates; yet, no single study has been able to draw on structured research which demonstrates
the improved sustainability performance of plastic-based aggregates to support sustainable devel-
opment in the construction industry for a project seeking Leadership in Energy and Environmental
Design (LEED) certification. The goal of this research is to explore the potential benefits that green
processed lightweight aggregates (PLA) can provide to a project seeking LEED certification in accor-
dance with the requirements of LEED v4 for Building Design and Construction. The objectives are
to: (1) determine which LEED credit requirements can be met through using the studied material;
(2) provide a comprehensive analysis of the applicable attainable LEED credits, given the existing
technical information of the selected material, and (3) provide guidelines to maximize further credit
attainment. To this end, the findings indicated that the use of PLA as a total replacement for coarse
aggregates in lightweight concrete applications would contribute to earning directly up to 8 points
(out of 110 total points) towards LEED certification. Such significant number allows for the potential
increase of the project’s certification by one level. This is the first study of its kind to investigate the
improved sustainability performance of recycled plastic aggregates from a LEED point of view. More-
over, the guidelines provided by the research will enable developers to maximize the financial and
environmental benefits of their buildings through the reduced lifecycle cost and the enhanced LEED
score. This research should encourage project teams to incorporate the knowledge of sustainable
practices, and play an active role in sustainable development.

Keywords: LEED; PLA; plastic; sustainable development; financial and environmental benefits

1. Introduction

The rapid increase in urbanization in developing countries is ultimately coupled with
an unprecedented growth rate of the global building sector [1,2] With this, the world
is expected to reach an alarming approximate area of 230 billion square meters of new
construction over the next 40 years [1]. Global environmental awareness has gained mo-
mentum over the last few decades, due to the increasing emergence of a wide range of
environmental concerns, such as climate change, deforestation, pollution, energy secu-
rity, water stress and pollution, and shortage of natural resources [3]. The application
of sustainability principles within the construction industry has been advocated by re-
searchers within the past decades [4], which has become of exceeding relevance at the
present time due to the increase in global cement production, and related carbon dioxide
emissions, in addition to the rising demand for natural resources, such as water, aggregate,
limestone, and energy [3]. Moreover, the industry is responsible for a significant volume
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of construction-related waste and emissions, which accounts for 13–30% of global waste
generation [5], and 39% of energy-related carbon dioxide emissions [1].

Concrete is one of the most common building materials used in the construction and
infrastructure industries [6] with a global annual production of 20 billion tons in 2015 [7].
Aggregates typically occupy 55–80% of the volume of concrete [8]. A growing body of
literature has examined the use of secondary materials as an alternative source of aggregates
in construction applications [9–12]. The validity of the argument is further emphasized by
the projected global increase of 2.3% per year of the consumption of construction aggregates
to reach 47.5 billion metric tons by 2023 [13].

Reducing the demand for natural aggregates for concrete applications is doubly justi-
fied based on the economic and environmental benefits such as reducing the overexploita-
tion of aggregate quarries, consequent energy consumption, and associated greenhouse
gas (GHG) emissions [14–19]. To mention details of a few aspects, mining quarries and
solid waste landfill sites have a significant negative impact on groundwater systems [20].
Similarly, the extraction of fine aggregates from shorelines has an adverse impact on native
flora and fauna ecosystems [21]. The study of Udom [21] revealed that the extraction
of aggregates from floodplains resulted in a significant amount of increasing land loss
from 47.14% to 112.9%, within the years 2013 to 2017 respectively. Additionally, the use
of natural aggregates accounts for 13% to 20% of the total CO2 emissions from concrete
production [19].

The projected global demand for construction aggregates will exacerbate the existing
social, economic, and environmental threats associated with the production and use of
natural aggregates, which created the need for researchers to introduce sustainable materi-
als as a replacement for coarse and fine aggregates in the industry. Various studies have
been published on the use of alternative waste materials to natural aggregates in concrete
production, like egg shell powder [22], waste ceramic tiles [23], coconut shells, crushed
waste glass [24], brick waste [25], waste paper ash pellets [26], and several others.

Alqahtani et al. [27] introduced and patented a new type of synthetic light-weight
aggregate. The binder material is based on recycled plastic made from linear low-density
polyethylene (LLDPE) obtainable in three different forms: shredded, granulated, and
powdered. After collection from a local supplier, all three types of plastic are purified,
shredded, melted, pelletized, and are finally fabricated into a powdered form. The different
types of filler materials used include red dune sand (RS), fly ash (FA), and quarry fines
(QF). Plastic LLDPE aggregate samples were mixed at either 30% and 50% by weight with
the three different filler types to manufacture the PLA, resulting in the production of six
different samples of LLDPE-based PLA. Details about the LLDPE-based PLA composition
of the matter are described in Alqahtani and Zafar [28]. Moreover, the design of the concrete
mix in accordance with the American Concrete Institute (ACI )211.2-98 is described in
Alqahtani et al. [29].

The detailed mechanical properties of the LLDPE-based light-weight aggregate are
described in Alqahtani et al. [27–30]. This research is not intended to focus on material prop-
erties, but rather on how the use of processed lightweight aggregates as a total replacement
for coarse aggregates in lightweight concrete applications can enhance the sustainability of
concrete buildings, measured in terms of LEED scoring. However, a non-comprehensive
account of the results of the experimental studies conducted by Alqahtani et al. [27–30]
on LLDPE-based light-weight aggregate signifies a reduction in density and compressive
strength, as the replacement percentage of PLA is increased. This inverse relationship can
be related to the hydrophobic properties of the recycled plastic material, which results in
weakened bonding strength between the cement and LLDPE-based light-weight aggregates.
At the same temperature levels, the increase in the curing temperature reduced the 28-day
compressive strength of the processed lightweight aggregate concrete, in comparison with
natural lightweight aggregate concrete. In addition, the high ductility of the incorporated
plastic yielded higher Poisson’s ratio values, in comparison with both natural lightweight
aggregate and Lytag aggregate concrete. Similarly, it was noticed that the values of thermal
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conductivity of concrete incorporating processed lightweight aggregates was higher for
saturated and dry conditions, as compared to natural light weight aggregate concrete.

In light of the conclusions drawn from the studies by Alqahtani et al. [27–30], concrete
incorporating LLDPE-based light-weight aggregates has shown its potential utilization
as an alternative source of sustainable aggregates in lightweight concrete applications,
where ductile behavior, low strength, low density, and high insulation features are required.
Such applications include pavements, paths, and backfill in utility trenches [29]. Other
studies have proposed the potential uses of processed lightweight aggregate concrete
as partition materials, floor tiles [31], façade elements, non-structural concrete panels,
riverbank protection walls, and temporary shelters [32].

2. Goal and Objectives

The goal of this research is to explore the potential benefits that processed lightweight
aggregates (PLA) can provide to a project seeking Leadership in Energy and Environmental
Design (LEED) certification in accordance with the requirements of LEED v4 for Building
Design and Construction. The selected light weight aggregate (LWA) material for the study
is that of Alqahtani et al. [27] which is based on LLDPE, because of its high environmental
benefits, low density (thus lower loads and smaller concrete volume), and high strength
relative to other types of LWA. The focus is geared towards specifically recycled plastic
made from linear low-density polyethylene (LLDPE) patented by Alqahtani et al. [27] as a
continuation of the research stream involving that material.

The objectives are to: (1) determine which LEED credit requirements can be met
through using the studied material; (2) provide a comprehensive analysis of the applicable
attainable LEED credits, given the existing technical information of the selected material,
and (3) provide guidelines to maximize further credit attainment. This is the first study
of its kind to investigate the improved sustainability performance of recycled plastic
aggregates from a LEED certification point of view to support sustainable development
in the construction industry. Furthermore, this provides a quantifiable assessment of the
sustainability of the LLDPE-based light-weight aggregates; and can directly be utilized in
the industry in the LEED certification of new buildings. Moreover, the guidelines provided
by the research will enable developers to attain higher LEED scores; thus, maximizing the
financial and environmental benefits of their buildings.

3. The Role of Recycled Plastic Aggregates towards a Sustainable
Construction Industry

With the surging realization that the construction industry is a significant contributor
to the unsustainable development path of the natural environment, in addition to the
associated implications for the social, economic, cultural, and political facets of sustain-
ability, emerged the general agreement that the construction industry requires a major
transformation to play an active and efficient role in sustainable development [33]. The
broad consensus is further supported by the large volume of published studies identifying
the different sustainable development goals (SDGs) where the construction industry can
have an active contribution [34,35]

The World Green Building Council, a global network leading the sustainable transfor-
mation of the built environment, has concluded that sustainable constructions have a direct
contribution towards 9 of the 17 SDGs. These include: SDG #3 (target that emphasizes the
improvement sustainable buildings bring to the human health and well-being); SDG #7
(target that focuses on the role sustainable buildings have on the growth opportunities of
the renewable energy sector); SDG #8 (target that highlights the sustainable construction
as a driver for job opportunities and economic growth); SDG #9 (target that highlights
the potential of sustainable buildings to provide resilient infrastructure systems); SDG #11
(target that focuses on the paradigm shift sustainable buildings bring towards the creation
of sustainable and thriving communities; SDG #12 (target that addresses the minimization
of construction waste and the application of sustainability management buildings); SDG
#13 (target that highlights the potential of sustainable buildings to significantly reduce
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greenhouse gas emissions); SDG #15 (target that emphasizes the sustainable buildings’
commitment to promote the biodiversity of ecosystems, and sustainably manage forests);
and SDG #17 (target that highlights the sustainable buildings’ potential to create global
partnerships) [36].

The sustainability attributes of processed lightweight aggregates (PLA) contribute
towards the sustainable development of the construction and infrastructure industry and
address several of the aforementioned SDGs as illustrated in Table 1. In other words,
Table 1 provides a mapping of the use of processed lightweight aggregates (PLA) to the
relevant sustainable development goals (SDGs).

Table 1. Processed lightweight aggregate (PLA) sustainability attributes contribution to the sustainable development goal
(SDG) targets.

SDGs Target Processed Lightweight Aggregates Sustainability Attribute

#7 7.1

The low values of thermal conductivity of PLA for dry conditions makes it suitable for use in
countries that require high thermal insulation, ultimately reducing the energy and costs associated
with heating and cooling, in addition to the costs of incorporating materials with high thermal
insulation properties in concrete. This is in accordance with the plans to double the improvement
levels in energy efficiency on a global level.

#8
8.1

The sourcing of linear low-density polyethylene (LLDPE) from a local supplier, and red dune sand
(RS) and quarry fines (QF) from within the Riyadh region creates jobs and helps grow the economy
in local areas.

8.2 The development of improved methods to reuse waste products creates jobs and fosters innovation
in the R&D sector.

#9 9.1

The research and development (R&D) process of alternative construction materials such as the
constituent materials of the PLA comprised of LLDPE as the binder material, and granular waste
such as RS, FA, or QF as the filler material is a drive towards the technological advancement in the
industrial sector.

#12

12.1
The use of PLA reduces the demand for natural aggregates in the construction sector and is in
accordance with the plans for resource efficiency in consumption and production in the
construction industry.

12.2

The decreased unit weight of PLA compared to conventional light weight aggregates (LWA) leads to
reduced CO2 emissions as lighter materials result in smaller element sections which ultimately
require less cement, which is in
accordance with agreed frameworks to reduce adverse impacts on human health and
the environment.

12.3
The mitigation of landfill concerns resulting from the sustainable use of plastic wastes as alternative
construction materials is in accordance with agreed frameworks to reduce adverse impacts on
human health and the environment.

12.4
The mitigation of environmental and economic problems associated with sandstorms in specific
countries resulting from the use of red dune sand as a filler is in accordance with agreed frameworks
to reduce adverse impacts on human health and the environment.

12.5
The reduced amount of water needed in the concrete mix due to the lower water absorption of PLA
addresses the goal to achieve sustainable management and the efficient use of natural resources
by 2030.

#13 13.1
The sourcing of linear low-density polyethylene (LLDPE) from a local supplier, and red dune sand
(RS) and quarry fines (QF) from within the Riyadh region reduces the costs and carbon emissions
associated with the transportation of materials.

4. LEED Certification in the Construction Industry
4.1. The LEED Certification System

The U.S. Green Building Council (USGBC) is a non-profit organization established in
1993, with a commitment towards the development of sustainable buildings, communities,
and neighborhoods based on the promotion of strategies which protect human health,
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reduce adverse environmental impacts, and support economic growth [37]. The USGBC has
described the global best practices for the sustainable design, construction and operation of
built environments through their Leadership in Energy and Environmental Design (LEED);
the world’s most widely used green building certification program in the industry. The first
LEED pilot version was released by the USGBC in 1998, as its principal vehicle to promote
sustainable design and construction. The LEED rating system assesses eight areas (shown
in Figure 1): sustainable sites, water efficiency, energy and atmosphere, materials and
resources, indoor environmental quality, innovation in design, and regional priority. The
LEED reference guide can be applied to a plethora of building types, and as such includes
different rating systems depending on the intended use, including commercial spaces,
medical office buildings, retail centers, warehouses, educational institutions, residential
spaces, existing buildings, and mixed-use developments.

Figure 1 shows the areas (or categories) of the LEED rating system and the correspond-
ing credits that can be attained. Each credit has a maximum number of points that can be
achieved. For example, the credit named “Reduced Parking Footprint” is worth one point.
The total number of attainable points is 110. For a building to be LEED certified, it must
attain at least 40 points. Buildings with 50 to 59 points have the Silver status. Those with
60 to 79 have the Gold status, and those with higher than 80 points have the Platinum status.
Generally, project managers (or developers) can pick and choose the credits they want to
pursue, based on the conditions of their projects. However, in order to be certified, certain
prerequisites must be met. Buildings not meeting those prerequisites are not certified no
matter how many points they attain. The USGBC has publications detailing how to attain
each point. El-adaway and Truax [38] provided a summarized demonstration of the point
attainment that led to the LEED certification of an educational building.

4.2. Benefits of Certifying Buildings with LEED

In recent years, a large volume of published studies has discussed the benefits of
LEED certification in the construction industry based on simulated and actual case stud-
ies. A study by Diana Zheng [40] reported the use of LEED energy models to compare
the post-occupancy energy use from three LEED certified buildings at UC Berkley with
conventional buildings. Results concluded a lower energy consumption in two of the three
cases compared to the energy model simulations for the projected energy performance of
conventional buildings. Similarly, another study was conducted to compare the water and
electrical energy usage, and construction and operational costs if an existing conventional
educational building at Bogotá, Colombia was to be transformed to meet the required de-
sign parameters of LEED certification [41]. Results indicate a 42.70% and 31.24% reduction
in water and energy consumption respectively for the modified design compared to the
existing case study [41]. Another economic benefit is reflected by a further study which
presented a 5.80% higher commercial rent per square foot for a LEED certified commercial
building in the United States compared to a conventional non-LEED certified building [42].

There is a considerable amount of literature on the benefits of the implementation
of sustainable construction (SC) practices [43–45]. Sustainable construction encompasses
a broad set of concepts which does not just cover the sustainable building design and
materials, but extends to include the utilized products, resources, installed appliances,
incorporated technologies and strategies, and the implemented construction methods
over the entire life cycle of the building. Therefore, SC involves an integrative decision-
making process in every stage of the construction project, from the early planning, design,
construction, operation, and maintenance, up to the project demolition based on the social,
economic, and environmental factors and impacts. Most recent studies emphasize the direct
impact the construction industry has on human well-being, economic performance, and
environmental conditions [46], with the greatest influence on sustainability in comparison
with any other industrial sector [47].
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5. Research Methodology

This research takes an inductive reasoning approach through which extensive data are
analyzed to establish clear links with the research objectives. First, the sustainability aspects
of processed lightweight aggregates are identified; mainly from the findings of Alqahtani,
as this paper is a continuation of a series of preceding papers and patents which address
the physical and mechanical properties of concrete incorporating processed lightweight
aggregates and granular waste as a filler material. Second, the categories in LEED for
Building Design and Construction (LEED BD+C) rating system are analyzed in order to
assess the applicable credits. Third, guidelines are provided to maximize credit attainment
according to available technical data. Fourth, recommendations are made for further credit
attainment. Figure 2 shows a summary of the research methodology.
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6. Sustainability Evaluation of Processed Lightweight Aggregates

LEED points are not earned for the use of a particular sustainable building material
or product, but the use of PLA as a total replacement for coarse aggregates in lightweight
concrete applications would contribute to earning points towards LEED certification based
on the following guiding parameters:

• Constituent polymers and fillers used to produce PLA are readily available.
• The mitigation of landfill concerns and global carbon emissions resulting from the

sustainable use of plastic wastes as alternative construction materials.
• The mitigation of environmental and economic problems associated with sandstorms

in specific countries resulting from the use of red dune sand as a filler.
• The reduced overall weight of the final building structure results in cost savings,

according to the life cycle cost analysis (LCCA).
• The decreased unit weight of PLA compared to conventional light weight aggregates

(LWA) leads to reduced CO2 emissions as lighter materials result in smaller element
sections which ultimately require less cement.

• The reduced demand for natural aggregates in the construction sector.
• The reduced amount of water needed in the concrete mix due to the lower water

absorption of PLA.
• The low values of thermal conductivity of PLA for dry conditions makes it suitable for

use in countries that require high thermal insulation, ultimately reducing the energy
and costs associated with heating and cooling, in addition to the costs of incorporating
materials with high thermal insulation properties in concrete.

The aforementioned attributes of the PLA are recognized by LEED mainly in the
“Materials and Resources” category, but can also earn points in the “Innovation” category,
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as illustrated in Table 2. The prerequisites are not worth any points, but they must be
achieved prior to addressing any of the credits in each category.

Table 2. LEED points attainable by the use of PLA in concrete.

Category Prerequisite/
Credit Credit Title Maximum Attainable LEED Points

Materials and Resources

Prerequisite Storage and Collection of Recyclables N/A

Credit 1 Building Life-Cycle Impact Reduction 4

Credit 2.2 Building Product Disclosure and Optimization—Sourcing of Raw Materials 2

Credit 2.3 Building Product Disclosure and Optimization—Material Ingredients 1

Innovation Credit 1 Innovation 1

6.1. Materials and Resources (MR) Category

The prerequisites and credits of this category are designed to reduce the potential
environmental impact of materials throughout its life cycle, recognize the inclusion of
solutions which promote resource efficiency, and focus on construction and demolition
waste reduction and recycling. The category has two prerequisites and three credits; one of
which is further divided into three sub-credits. Each requirement is devised to promote
the life-cycle approach through the identification of specific activities responsible for the
reduction of embodied carbon during the entire construction lifecycle.

6.1.1. Prerequisite 1: Storage and Collection of Recyclables

This prerequisite is intended to reduce the amount of solid waste generated by build-
ing occupants, ultimately decreasing the amount of solid waste disposed of in landfills.

Technical Review

There is no direct relation between the use of PLA as a replacement for coarse ag-
gregates in concrete and this prerequisite, as its requirements are directed towards the
facilitation of recycling options and activities for building occupants. However, a connec-
tion to the use of PLA can be made in the submission of the project’s recycling approach
narrative, given that the synthetic aggregate used in concrete is a composite material com-
prised of between 30% and 50% of recycled plastic, a main constituent of both the project’s
waste stream and building component.

Potential Strategies

Dedicated areas for the storage and collection of recyclable materials are to be provided
based on the overall building square footage. In addition, an assessment of existing
local recycling programs is essential to determine the optimum diversion method of the
recyclable materials from the buildings’ waste streams to the off-site waste management
areas. No calculations are required for this prerequisite to verify compliance, however it is
essential to provide a narrative which confirms that waste collection areas in the building
are easily and fully accessible by building occupants and haulers through the provision
of the building floor plans. In addition, a description of the waste streams audit is to be
provided describing the types of waste materials being collected for recycling. Instructions
are to be also given to occupants on recycling procedures, and an optional narrative can
be provided to building occupants identifying the project’s recycling underlying concept
and approach. This constituent, despite being non-compulsory, is necessary in this case,
as it could provide useful insight to building occupants and maintenance personnel on
the amount and type of recycled plastics which would contribute to the construction
of the building’s main building blocks. Given that research findings specify that the
synthetic aggregate used in concrete is a composite material comprised of between 30%
and 50% plastic which can include different types of plastic including linear low-density
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polyethylene (LLDPE), low-density polyethylene (LDPE), high-density polyethene (HDPE),
and polypropylene [27].

6.1.2. Credit 1: Building Life Cycle Impact Reduction

This credit is intended to encourage project teams to improve the environmental
performance of products and materials through the adoption of adaptive reuse concepts
(USGBC, 2020).

Technical Review

A study was made by the authors on a small building with a floor area of 500 m2 and
average column spacing of 5 m. The building was once structurally designed using concrete
with traditional aggregates, and designed one more time assuming the LLDPE-based PLA
was used for the slabs while keeping the columns and footings with traditional concrete.
Although the LLDPE-based PLA results in reduction in the concrete strength relative to
the traditional aggregates, it has lower density which leads to lower loads to begin with.
The strength of the concrete using the LLDPE-based PLA was 18 MPa (as described in
Alqahtani and Zafar [28], and that of the traditional concrete was 25 MPa.

Based on the study, it was found that the use of LLDPE-based PLA resulted in a
percentage reduction in the total concrete and steel quantities as shown in Table 3. The
scenario names are defined in the format (type of aggregates—avg. slab span—no. of
floors). Correspondingly, Scenario N-3-G2 denotes the use of natural aggregates—3 × 3 m
average slab span—ground floor and two floors.

Table 3. Scenario structures for life-cycle cost analysis.

SCENARIO Name * Concrete Quantities (YD3) Steel Quantities (kg)

SCENARIO N-3-G2 521 19,824
SCENARIO L-3-G2 521 19,824
SCENARIO N-4-G2 625 22,051
SCENARIO L-4-G2 609 21,475
SCENARIO N-5-G2 653 21,196
SCENARIO L-5-G2 611 20,400
SCENARIO N-6-G2 816 27,657
SCENARIO L-6-G2 786 26,492
SCENARIO N-3-G3 727 28,496
SCENARIO L-3-G3 716 28,432
SCENARIO N-4-G3 900 31,227
SCENARIO L-4-G3 853 29,665
SCENARIO N-5-G3 895 30,437
SCENARIO L-5-G3 852 28,251
SCENARIO N-6-G3 1102 39,421
SCENARIO L-6-G3 1054 38,669

SCENARIO N-3-G10 2206 136,517
SCENARIO L-3-G10 2206 131,069
SCENARIO N-4-G10 2626 169,011
SCENARIO L-4-G10 2589 158,483
SCENARIO N-5-G10 2766 119,908
SCENARIO L-5-G10 2566 130,001
SCENARIO N-6-G10 3417 155,231
SCENARIO L-6-G10 3311 153,096

* G#→ # represents the number of floors plus the ground floor. N→ traditional concrete (strength = 25 MPa,
density = 2400 kg/m3). L→ The slabs are made of the linear low-density polyethylene (LLDPE)-based PLA
(strength = 18 MPa, density = 1800 kg/m3), but the columns and foundations are made of traditional concrete.
L-#-G or N-#-G→ # represents the average slab span.

As illustrated in Figure 3, the maximum reduction in concrete quantities of 7.23% was
found for a 10-story building with an average slab span of 5 × 5 m where the maximum
reduction in steel quantities of 7.18% was found for a 3-story building with an average slab
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span of 5 × 5 m. Further findings of the conducted study demonstrated savings in both the
construction and end of life costs of 7% and 22%, respectively, for the use of LLDPE-based
PLA in comparison with natural aggregates. The savings in the end of life costs are due to
the reduced concrete density of LLDPE-based PLA, which results in a decreased landfill
cost, as the density is a governing factor in the cost of disposal to landfill.
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Potential Strategies

The life cycle assessment of the building structure could be conducted using Option 4.
To achieve 1 point, a compliant life cycle assessment (LCA) is to be conducted for the
building structure made using concrete with PLA, and documented in a whole building life
cycle assessment (WBLCA) report, in addition to an analytical summary which describes
the differences between the baseline and proposed building and the related LCA results.
There are two other suitable pathways, for 2 and 3 points each, which similar to path 1,
require the WBLCA analysis. However, the additional points can only be achieved given
the presence of a percentage reduction of 5% or 10% for three of six listed environmental
impact categories; one of which must be global warming potential (kg CO2e). The other
two categories which can be addressed by the use of structural concrete with PLA are
both the formation of tropospheric ozone (kg NOx/kg O3/kg ethene) and the depletion
of nonrenewable energy resources [megajoule(MJ) using the Center of Environmental
Studeis (CML) methodology/depletion of fossil fuels using the Tool for the Reduction and
Assessment of Chemical and other environmental Impacts(TRACI) methodology].

6.1.3. Credit 2.2: Building Product Disclosure and Optimization—Sourcing of
Raw Materials

This credit is intended to encourage project teams to select products and materials
confirmed to have been extracted or sourced in a responsible manner (USGBC, 2020).

Technical Review

The basic materials used to produce PLA include a recycled polyethylene based plastic
product, such as linear low-density polyethylene (LLDPE) used as the binder material and
provided by a local supplier. In addition to the filler material, which includes granular
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waste such as red dune sand (RS), fly ash (FA), or quarry fines (QF) (Alqahtani and Zafar,
2020). Research findings also indicate that the powdered form of plastic LLDPE is provided
by a local supplier who collects and treats all types of discarded plastics within the vicinity
of the local area [29].

Potential Strategies

The responsible sourcing and extraction criteria are composed of five components
as identified by the USGBC; extended producer responsibility, bio-based materials, wood
products, materials reuse, and recycled content [48]. The use of PLA as a total replacement
for coarse aggregates in lightweight concrete applications would contribute to earning
LEED points with regards to the recycled content component. However, to earn one or
two points, products are to be sourced from at least three or five different manufacturers
respectively, that meet at least one of the aforementioned responsible sourcing and extrac-
tion criteria. The submittal requirements for this credit include the documentation of the
material claims, and the building product disclosure and optimization calculator; which
must be fed with the following information by the project manager or developer:

• Material Information Data

# Description of each material in the utilized PLA
# Is the material structure or enclosure? (for each material)
# Name of the manufacturer (for each material)
# Material cost (for each material)
# Total value of sustainable materials
# Total material cost

• Building Product Disclosure and Optimization Calculator—Sourcing of Raw Materials

# Recycled Content

� Percent post-consumer (%)
� Percent pre-consumer (%)
� Sustainable criteria value ($)

# Does the entire product meet local criteria?
# Total sustainable criteria value with location valuation factor ($)

The extraction, manufacturing, and purchasing of the materials within the local
vicinity is to be included in the credit achievement calculation, where the “local criteria” is
met for products sourced within 160 km of the project site.

With regard to the detailed material data pertaining to the four basic materials of PLA,
linear low-density polyethylene (LLDPE) as the polymer binding agent is considered a
post-consumer recycled material, since it consists of waste plastic packaging material from
the Saudi Basic Industries Corporation (SABIC) company, whereas red dune sand (RS), fly
ash (FA), and quarry fines (QF) are pre-consumer recycled materials. LLDPE, RS, and QF
meet the local criteria since they are sourced within the Riyadh region, at 30, 25, and 40 km
respectively of the project site (assuming that the project site is in Riyadh city). However,
FA does not meet local criteria, since the utilized FA class F is an imported waste product.

6.1.4. Credit 2.3: Building Product Disclosure and Optimization—Material Ingredients

This credit is intended to encourage project teams to select products for which there
are chemical inventories of their constituent ingredients, and the products are verified to
reduce the usage and generation of hazardous substances. In addition, it is intended to
reward project teams which develop products with favorable life cycle impacts in terms of
environmental, social, and economical aspects (USGBC, 2020).

Technical Review

The synthetic aggregate with a maximum particle size of 10 mm contains between 30%
and 50% recycled shredded LLDPE plastic, which encapsulates the filler material [27]. The
filler material is comprised of different granular wastes including red dune sand (RS), fly
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ash (FA), or quarry fines (QF). Statistics on the production of plastic waste materials signify
the high percentage contribution of polyethylene-based products of approximately 29% to
the total amount of waste plastic [49]; of which plastic solid waste represents and average
of 10% of the amount of solid waste generated on a global level [50]. The sustainable use of
plastic wastes as alternative construction materials is an effective solution for processing
plastic wastes, as it mitigates the social, economic, and environmental impacts associated
with the recycling of plastic. As it stands, acid rain arises from the toxic emissions released
from the incineration of plastic waste [51]. In addition, the disposal of plastic wastes in
open fields causes the contamination of surface soils and decreases the amount of available
landfill spaces [52]. From another point, there is no competitive advantage which drives
the demand for recycled products, as the prices of virgin raw materials are less than the
cost of products produced from recycled plastic waste streams due to the additional cost
of recycling.

Similarly, the sustainable utilization of fly ash, red dune sand, or quarry fines as a
partial replacement of cement in concrete has notable impacts on the reduction of envi-
ronmental pollution, and the conservation of land, finite resources, and human health.
The proportions of the fly ash fill material used in the study is mixed at amounts of 70%
or 50% with the LLDPE to form the homogenous mixture [28]. Fly ash is the unburned
byproduct residue released from the coal combustion process in electric power generating
plants [53]. Moreover, the composition of fly ash, including silica, alumina, and other
oxide materials classify fly ash as a hazardous material, which requires adequate waste
management [54]. From an economic standpoint, fly ash has a notable influence on the
reduced water demand of cement mortar [55] in addition to the reduced amount of cement
required in concrete as a result of the favorable pozzolanic properties of fly ash [56], as well
as the related embodied CO2 emissions [57].

In locations such as the coastal regions of Saudi Arabia [58], where red dune sand
is readily available in copious amounts, its use in the construction industry addresses
associated economic and environmental problems to some extent, as the sand hinders
further developmental plans in the area and due to its dynamic nature it would affect air
quality and lead to dust storms [58]. Moreover, quarry fines are produced as a residual
by-product of quarrying activities including the crushing and washing processes of coarse
aggregates [59].

Potential Strategies

The use of PLA as a total replacement for coarse aggregates in lightweight concrete
applications would contribute to earning LEED points using Option 2. material ingredient
optimization, through which material ingredients are assessed based on all six properties
of the “Manufacturer Inventory” program demonstrated in Table 4.

Table 4. Material ingredient optimization—manufacturer inventory or Health Product Declaration (HPD).

Material

The product has
demonstrated a
chemical inventory to
at least 0.01% by
weight (100 ppm).

At least 95% by weight
of product is assessed
using GreenScreen
Benchmark assessment.

No Benchmark 1
hazards (BM-1) are
present in the end
use product.

The remaining 5% by
weight of product not
assessed has been
inventoried and screened
using GreenScreen List
Translator.

No GreenScreen LT-1
hazards are present in
the end use product.

The documents
must be third
party verified.

LLDPE

To be filled by the project manager. Depends on the project site and the manufacturer of the LLDPE-based PLA.RS
FA
QF

6.2. Innovation Category

The credits of this category are intended to encourage project teams to achieve out-
standing or innovative performance. There is a total of five innovation points available for
this category which can be attained through three different paths. The current technical
properties of PLA enable it to pursue LEED points in the first “innovation” option worth
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1 point. This is achieved when the project demonstrates the use of a strategy that is not
addressed in the LEED green building rating system, and can demonstrate a significant,
measurable improvement in environmental performance. The second “pilot” option worth
1 point is achieved through the implementation of any of the pilot credits defined in the
USGBC’s LEED Pilot Credit Library. The third “additional strategies” option worth up to
3 points, is achieved by achieving no more than two “exemplary performance” credits,
which are awarded for realizing either double the credit requirements or the subsequent
percentage threshold for an existing LEED prerequisite or credit. However, to achieve all
5 possible points, the project team should attain at least one “innovation” credit, at least
one “pilot” credit, and a maximum of two “exemplary performance” credits.

Technical Review

This credit is intended to encourage project teams to conserve natural resources and
associated energy consumption through the use of innovative building materials.

Design approach or strategies used to meet the requirements:
Option 1: Demonstrate the percentage of water absorption for LLDPE plastic in

comparison with both manufactured and natural lightweight aggregates. In addition to
the subsequent amount of water required in the concrete mix.

Or,
Option 2: Demonstrate the low values of thermal conductivity of PLA for dry con-

ditions in comparison with both manufactured and natural lightweight aggregates. In
addition, evaluate the resulting energy costs associated with heating and cooling to the
costs of incorporating materials with high thermal insulation properties in concrete.

Proposed submissions to demonstrate compliance:
If Option 1 is opted for: The project manager shall provide documentation which

indicates the water absorption percentage for LLPDE plastic and the correlated amount
of water required in the concrete mix. This documentation is available for the LLPDE-
based PLA as follows. The low percentage of water absorption for LLDPE plastic is
0.05–0.10 [28], which ultimately results in a reduced amount of water needed in the concrete
mix, in comparison to the high water absorption exhibited by concrete produced with
both manufactured or natural lightweight aggregates [60]. As indicated by Alqahtani and
Zafar [28], the LLDPE-based PLA has almost one fifth to half of the absorption percentage
of the manufactured light-weight aggregates.

If Option 2 is opted for, the project manager shall do the following steps:

1. Step 1: Provide documentation which indicates the values of thermal conductiv-
ity of PLA for dry conditions in comparison with both manufactured and natural
lightweight aggregates. This documentation is present as follows. In the study con-
ducted by Alqahtani and Zafar [28], they concluded values of thermal conductivity of
processed light weight aggregate concrete at an increased 17% and 49% for saturated
and dry conditions respectively, as compared to the natural light weight aggregate
concrete.

2. Step 2: Conduct an energy and cost saving evaluation associated with heating and
cooling given the use of PLA with the costs of incorporating materials with high ther-
mal insulation properties in concrete. This information is project-specific. Generally,
the improved insulation properties of PLA compared to conventional aggregates in
concrete leads to reduced energy costs in countries with hot weather such as the Gulf
region [29]. However, a detailed study of the cost-effectiveness evaluation for the
energy efficiency of PLA must be performed to attain the innovation point through
this option path.

3. Step 3: Attach the received patents as a supporting document to the intent compliance.
The patents are present as follows: There are two patents for the LLDPE-based PLA:

• Patent #1: United States Patent No.: US 8,921,463 B1 Date of Patent: 30 December
2014 Invention Title: Synthetic aggregate for use in concrete



Sustainability 2021, 13, 1395 14 of 18

• Patent #2: KACST Saudi Patent No.: 3960 Date of Patent: 25 March 2015 Invention
Title: Synthetic aggregate for use in concrete

7. Discussion

The calculation of LEED points that can be possibly earned from the use of PLA as a
total replacement for coarse aggregates in lightweight concrete applications are presented in
Table 5. In a further step, the potential strategies are summarized to provide a consolidated
set of guidelines, by which PLA can possibly increase the overall LEED points of the whole
project by an additional 8 points out of 110. There are four possible levels of certification in
the LEED: Certified (40–49) points, Silver (50–59 points), Gold (60–79 points), and Platinum
(80+ points); of which the possible 8 points can allow for the potential increase of the
project’s certification by one level.

Table 5. Summary of potential strategies and LEED points attainable by the use of PLA in concrete.

Prerequisite/
Credit Category Credit Title Maximum Attainable

LEED Points Potential Strategies

Prerequisite

Materials and
Resources

Storage and Collection of
Recyclables N/A

1. Dedicated areas for the storage and collection of
recyclable materials are to be provided, based on the
overall building square footage.
2. Narrative which confirms that waste collection areas in
the building are easily and fully accessible by building
occupants and haulers through the provision of the
building floor plans.
3. Description of the waste streams audit, describing the
types of waste materials being collected for recycling.
4. Instructions are to be given to occupants on recycling
procedures, and an optional narrative can be provided to
building occupants identifying the project’s recycling
underlying concept and approach.

Credit 1 Building Life Cycle Impact
Reduction 4

1. Compliant life cycle assessment (LCA) is to be
conducted for the building structure made using concrete
with PLA assessment (LCA), and documented in a whole
building life cycle assessment (WBLCA) report.
2. Analytical summary which describes the differences
between the baseline and proposed building and the
related LCA results.
3. Additional points can be achieved given the presence
of a percentage reduction of 5% or 10% for three of the six
listed environmental impact categories.

Credit 2.2

Building Product
Disclosure and

Optimization—Sourcing of
Raw Materials

2

1. Products are to be sourced from at least three or five
different manufacturers respectively, that meet at least
one of the responsible sourcing and extraction criteria.
2. Documentation of the material claims, and the building
product disclosure and optimization calculator.
3. Extraction, manufacturing, and purchasing of the
materials within the local vicinity is to be included in the
credit achievement calculation

Credit 2.3

Building Product
Disclosure and

Optimization—Material
Ingredients

1 1. Material ingredients meet all six properties of the
“Manufacturer Inventory” program.

Credit 1 Innovation Innovation 1

1. Documentation which indicates the water absorption
percentage for LLPDE plastic and the correlated amount
of water required in the concrete mix.
2. Documentation which indicates the values of thermal
conductivity of PLA for dry conditions in comparison
with both manufactured and natural
lightweight aggregates.
3. Energy and cost saving evaluation is to be conducted,
in association with heating and cooling, given the use of
PLA with the costs of incorporating materials with high
thermal insulation properties in concrete.
4. Attach the received patents as a supporting document
to the intent compliance

This paper provides a foundation for a solid sustainability assessment of PLA, its
focus is to explore and analyze the sustainability attributes of PLA within the broad context
of LEED certification. Recommended further studies include building on the conducted
research in this paper by specifying the precise number of achievable credits, through
presenting LEED calculator calculations, developing in-depth case studies, and providing
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analytical reports and detailed documentation of all constituent material ingredients of
PLA. A large number of studies reported in recent years have examined the use of sec-
ondary materials, such as recycled plastic aggregates as a partial replacement for coarse
aggregates in lightweight concrete applications. However, the validity of this argument is
yet to be supported by conducting further studies on the potential of the recycling of con-
crete containing recycled waste plastic after its service life. The above-mentioned further
research streams would both contribute towards assessing the feasibility and effectivity of
a circular economy framework for the reuse and recycling of plastic waste materials and its
reprocessing into construction applications.

It is also essential to mention that this study promotes the use of recycled plastics in
construction in general, with a special focus on LLDPE-based aggregates as partial or full
replacement to natural aggregates. The cases described in this research utilize the thought
of using the LLDPE-based concrete as either a replacement for lightweight concrete (in
non-structural elements) or as a replacement to structural concrete for short structures
(3 stories or less and with slab spans of 6 m or less). According to the International Building
Code (IBC), the minimum acceptable strength for structural concrete is 2500 psi (around
17 MPa). The studied LLDPE-based concrete has a strength of 18 MPa, which passes this
threshold. For additional safety, we only considered having this material in slabs, while
keeping the columns and foundations at 25 MPa (traditional concrete). Even with this, it
should be clearly noted that further studies and structural tests are required to validate
and give more confidence in the use of LLDPE-based concrete as a structural concrete.

8. Conclusions

This paper examines the potential benefits green processed lightweight aggregates
(PLA) can provide to a project seeking LEED certification in accordance with the require-
ments of LEED v4 for Building Design and Construction. The sustainability attributes
of PLA contribute to the sustainable development of the construction and infrastructure
industry and address several sustainable development goals (SDGs). LEED points are not
earned for the use of a particular sustainable building material or product, but the use
of PLA as a total replacement for coarse aggregates in lightweight concrete applications
would contribute to earning points towards LEED certification, mainly in the “Materi-
als and Resources (MR)” category, but also in the “Innovation (ID)” category. The main
conclusions of this study are detailed below.

• MR Credit 1: Building Life Cycle Impact Reduction, 1–4 points are attainable based on
the decreased unit weight of PLA compared to conventional light weight aggregates
(LWA, and the reduced overall weight of the final building structure.

• MR Credit 2.2: Building Product Disclosure and Optimization—Sourcing of Raw
Materials, 1–2 points are possible given that the constituent polymers and fillers used
to produce PLA are readily available, in addition to the reduced demand for natural
aggregates in the construction sector resulting from the use of PLA.

• MR Credit 2.3: Building Product Disclosure and Optimization—Material Ingredients
1 point is achievable as a result of the mitigation of landfill concerns and global
carbon emissions resulting from the sustainable use of plastic wastes as alternative
construction materials, in addition to the mitigation of environmental and economic
problems associated with sandstorms in specific countries resulting from the use of
red dune sand as a filler.

• ID Credit: Pilot 1 point can be realized by one of two options; either the demonstration
of the low values of thermal conductivity of PLA for dry conditions or the low
percentage of water absorption for LLDPE plastic.

The integration of sustainable building materials from waste streams is the future
challenge, yet prospect of the construction industry. The thoughtful selection of PLA is
one of many possible research directions geared towards the innovation in construction
materials, an aspect which is necessitated by the substantial amount of harmful emissions
and resource-intensive nature of the construction industry. As such, the replacement of
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conventional lightweight aggregates in concrete with recycled plastic made from linear
low-density polyethylene (LLDPE) is a significant contributor to the sustainable develop-
ment of both the construction and plastic-recycling industries. PLA meets the requirements
for sustainability through its realization of energy saving and cost reduction, water conser-
vation, safeguarding of natural resources and the environment, while supporting the local
economy. The guidelines provided by the research will enable developers to attain higher
LEED scores, thus, maximizing the financial and environmental benefits of their buildings.
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