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Australia’s increasing rate of construction and demolition (C&D) waste generation indicates low resource
efficiency in the architecture, engineering and construction (AEC) industry. This study aims to identify
C&D waste disposal reduction (WDR) opportunities and barriers in various stages of the construction ma-
terials lifecycle using a systematic literature review approach. The review is guided by the Less of Waste,
More of Resources (LoWMoR) model. Overall, 58 barriers and 73 opportunities are identified from 62 Aus-
tralian literature sources published over the last two decades. The results show that the most opportu-
nities are presented at the design stage, followed by the transport and landfilling elements. Furthermore,
the review identifies 20 stakeholders who play a significant role in realising these opportunities includ-
ing key stakeholders such as project managers, government organisations, industry associations and waste
operators. The study recommends improvements in fostering broader research collaboration, harmonis-
ing waste management systems, and analysing key stakeholders involved in C&D waste management. The
research findings are valuable to various stakeholders in the AEC industry and waste management and
resource recovery (WMRR) sector, to drive a circular economy and improve resource efficiency. Further
research is recommended in the following areas: the benefits of University-Industry Engagement (UI-E) in
the AEC and WMRR industries; the impact of technologies in achieving waste minimisation objectives in
Australia; waste minimisation opportunities during construction material transportation; and the direct

impact of sustainability rating tools in C&D waste minimisation.
© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

The architecture, engineering and construction (AEC) industry is
generally low in resource efficiency worldwide. As documented in
the literature, this poor performance has resulted in serious neg-
ative environmental impacts caused by high construction and de-
molition (C&D) waste generation, greenhouse gas (GHG) emissions,
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Information Modelling; C&D, Construction and Demolition Waste; C&I, Commercial
and Industrial Waste; CE, Circular Economy; DfD, Design for Disassembly; DoW,
Design Out Waste; EfW, Energy from Waste; EPR, Extended Producer Responsibil-
ity; GHG, Greenhouse Gas; LoWMoR, Less of Waste, More of Resources; PPP, Pol-
luter Pays Principle; RWP, Recycled Waste Product; UI-E, University-Industry En-
gagement; WMRR, Waste Management and Resource Recovery; WDR, Waste Dis-
posal Reduction; RL, Reverse Logistics; NSW, New South Wales; NT, Norther Ter-
ritory; WA, Western Australia; SA, South Australia; QLD, Queensland; Vic, Victoria;
Tas, Tasmania; ACT, Australian Capital Territory; LCA, Life-Cycle Assessment; EIA, En-
vironmental Impact Assessment.
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air and water pollution, and forest degradation. Globally, the con-
struction industry is estimated to be responsible for approximately
40% of energy consumption, 30% of CO, emissions and 40% of total
solid production waste (Herczeg et al., 2014).

In Australia, the AEC industry is a significant contributor to the
nation’s economy; it is estimated (Australian Industry and Skills
Committee, 2020) that it generates over $360 billion in revenue
and shares 9% of the total gross domestic product (GDP). Australia’s
average national construction value growth rate shows that con-
struction activities have increased (ABS, 2020) to accommodate the
growing needs of urban populations. The population growth in the
capital cities of Australia is influenced by overseas migrations (out-
migration) and migration (in-migration) from rural to urban areas
(Forbes et al., 2020). Inevitably, extensive construction activities are
causing C&D waste generation at an unprecedented rate. According
to the latest National Waste Report, the Australian construction in-
dustry generated 27 mt of C&D waste in 2019-20 (NWR, 2020), a
61% increase on the figures recorded in 2006-2007. Currently, this
waste stream, with more than 44% and 47% generated and recy-
cled, respectively, is the largest source of waste in Australia.
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https://doi.org/10.1016/j.spc.2021.11.032
http://www.ScienceDirect.com
http://www.elsevier.com/locate/spc
mailto:salman.shooshtarian@rmit.edu.au
https://doi.org/10.1016/j.spc.2021.11.032

S. Shooshtarian, T. Magsood, S. Caldera et al.

A circular economy (CE) in this space offers a way to minimise
waste’s environmental and economic costs, such as landfill main-
tenance, extracting virgin materials, landfill levies, transportation
costs and illegal dumping. The CE model, as a comprehensive strat-
egy for sustainable development, has already spread throughout
the world. This model has been conceptualised as a system that
is restorative by design with a core strategic focus on reframing
and reorganising materials, information and energy flow to achieve
greater resource efficiency through the reuse, remanufacture and
recycling of materials. Its key premise is that waste minimisation
can act as a new source of value for a business (Martin, 2019).
Fundamentally, the concept of the CE model encapsulates the ten-
sion between limits and growth, advocating for a shift from lin-
ear to circular patterns of resource use and management. Long-
established sustainability principles, such as cradle to cradle (C2C),
are reconfigured through this lens (Braungart et al., 2012).

Due to the size of the industry and its adverse and unwanted
impacts on Australia’s environment, society and economy, an as-
sessment of resource efficiency is necessary. In response to the
emerging socio-environmental issues caused by the improper man-
agement of C&D waste materials, Australian federal and state
governments have started to prioritise these resources in their
environmental planning (Australian Government, 2018). Much of
the planning to date focuses on specific universally tried and
tested mitigating strategies. Research and education are critical
factors highlighted in all waste strategy and guideline documents
(Shooshtarian et al., 2020e, Desha and Caldera, 2019). Despite
the abundance of research on C&D waste in the Australian con-
text, limited studies have provided an overview of these individ-
ual attempts. Some of the previous review studies focus on C&D
waste energy recovery (Shooshtarian et al., 2019b), market devel-
opment (Shooshtarian et al., 2020a, Tennakoon et al., 2021), pol-
icy analysis (Shooshtarian et al., 2020e), reusing recycled materi-
als (Park and Tucker, 2017), and waste data and reporting systems
(Ratnasabapathy et al., 2019a).

This study aims to identify opportunities for waste disposal
minimisation in various stages of the construction materials life-
cycle, by examining at the literature investigating C&D waste man-
agement in Australia. Within this context of waste reduction op-
portunities (i.e. minimising waste generation) will be considered
within design, manufacturing, procurement, transportation and
construction stages. In addition, waste disposal reduction oppor-
tunities (i.e. minimising waste ending up in landfills) will be dis-
cussed considering strategies to increase recovery (reuse, recycle,
upcycle) and prevent illegal dumping and stockpiling. The follow-
ing objectives are set to define the scope of the review and to
achieve the primary study aim:

« To explore the specific Australian C&D waste management situ-
ation

» To understand the main barriers and enablers of C&D waste
minimisation practices

« To assess stakeholder perceptions and behaviour regarding C&D
waste management in Australia

2. Method

This section describes the method adopted to review relevant
C&D waste literature in the context of Australia.

2.1. Data collection and processing

The review study employs a structured literature review to
collect data on key waste disposal minimisation opportunities in
the context of Australia. This approach was informed by the 'Pre-
ferred Items for Systematic Review Recommendations’ (PRISMA)
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method described by Moher et al. (2009) and the five key phases
mapped out by Denyer and Tranfield (2009). The goal is to un-
derstand how, in various stages of construction materials’ lifecy-
cle, C&D waste can be diverted from landfill. The primary eight
search keywords were ’'Australia’, ’construction waste’, 'construc-
tion and demolition waste’, 'landfilling’, 'recycling’, 'waste minimi-
sation’, 'technology’ and ’policy’. A combination of three search en-
gines (Google Scholar, Web of Science and Scopus) were used to
identify the relevant research outputs. The following selection cri-
teria were adopted to select studies with the most relevance to the
objectives:

» Studies published in the last two decades to reflect the current
conditions of the industry and market
- Studies with a focus on the Australia C&D waste climate
« Studies investigating the managerial aspect of C&D waste and
rather than technical characteristics such as material engineer-
ing
A meta-search was conducted on literature from 2000 to 2021
using the eight primary keywords; this resulted in 135 research
outputs, which then increased to 168 through the identification of
other sources referenced in the initial research outputs. Duplicates
were removed, and the most relevant research for recycled C&D
waste was considered. Finally, after removing duplicates, applying
the inclusion and exclusion criteria, and additional quality assur-
ance checks, 62 pieces of literature were selected for the review.
The selection process is presented in the PRISMA flow chart in
Fig. 1. The critical literature analysis was undertaken in two stages:
descriptive analysis and thematic analysis. The full review protocol
was inspired by the systematic literature review approach defined
by Denyer and Tranfield (2009).

2.2. Theoretical framework

This review study builds on the CE objectives focusing on waste
minimisation in the C&D waste resource cycle. Australia’s previ-
ous studies draw on certain frameworks to classify and investi-
gate issues and solutions centred around the C&D waste stream.
For instance, some studies use construction phases (e.g. procure-
ment, design and planning, demolition and construction) to iden-
tify waste minimisation solutions (Kabirifar et al., 2021b, Zhao
et al.,, 2021, Doust et al., 2021, Udawatta et al., 2020). Others em-
ploy a waste hierarchy framework (Ratnasabapathy et al., 2019¢);
the direction of financial flow across entities (Tennakoon et al.,
2021); characteristics of the project (Li and Yang, 2014); three lay-
ers of waste management solutions (i.e. organisation, process and
people) (Davis et al., 2019a, Newaz et al., 2020); or roles and re-
sponsibilities of stakeholders involved in waste management plan-
ning and practices (Park and Tucker, 2017).

This study, however, adopts a multi-dimensional approach to
develop a framework that addresses waste management issues in
more detail. This framework is informed by the CE concept, vari-
ous stages of the construction materials lifecycle, the waste man-
agement hierarchy and stakeholder perspectives. This framework
(Fig. 2), called Less of Waste, More of Resources (LOWMOoR) as-
sumes that waste is not a waste but a resource. The LoWMoR
framework aims to identify opportunities for diverting waste from
landfills within various resource lifecycle stages. The framework
proposes eleven components in which waste disposal can be min-
imised. This study employs LoWMOoR to investigate C&D waste re-
search in Australia.

3. Results

The selection process yielded 62 publications, including 45 jour-
nal articles, 15 conference papers and two book chapters. The
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No of additional records identified
from downloaded sources = 168

No of records that were
unable to meet criteria = 18

Fig. 1. PRISMA flow diagram (adapted from Moher et al., 2009)
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Fig. 2. An investigation framework for C&D waste minimisations. Source: Authors

findings are structured based on the components of the LoWMoR
framework.

3.1. Reducing waste during design

Design contributes to the amount of waste generated in the
AEC industry through decisions that are made within the plan-
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ning and design stages (Crawford et al., 2017, Newaz et al., 2020),
even more so than onsite construction practices (Udawatta et al.,
2015b, Lingard et al., 2000). Therefore, proper waste management
should begin early in the design process as it dictates the type
of construction materials, potential waste avoidance possibilities
and utilisation of more waste efficient processes (Tam et al., 2018).
In recent years, more researchers have focused on the design as-
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Issues

« Design variations and complexity
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« Design errors

« Using substandard material sizes
and quality, & lack of knowledge

Strategies

* Design for reverse logistics

* Design for disassembly

« Standardised & simple design
* Design out waste

* Product certification

Stakeholders
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+ Designer/architect

« Project manager

« Construction worker
* Industry associations

of alternative products

« Inconsistencies between design &
construction/demolition realities
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decisions

« Lack of adherence by builders to
original design & waste
management plan

* Collaborative approach &
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« Sustainability rating tools
« Front-end engineering design
» Design structures & goods
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repaired & upgraded
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* Implementing a waste
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OPPORTUNITIES TO REDUCE C&D WASTE AT DESIGN STAGE

* Builder & sub-contractors

« Sustainability rating
organisations

« Structural engineer

» Environmental consultant

» Waste management
coordinator

Fig. 3. Issues, solutions and key stakeholders playing a role in C&D waste disposal reduction at the design stage

pects of C&D waste management (Fig. 3), aiming to create a pos-
itive impact on C&D waste management in the industry (Newaz
et al,, 2020, Udawatta et al.,, 2018, Chileshe et al., 2016, Fini and
Forsythe, 2020). As a simple definition, waste minimisation at the
design stage pertains to the design of structures and goods that
last longer, are easily repaired, upgraded or used differently in fu-
ture cycles, complemented by avoiding errors and instructing con-
struction activities with waste minimisation in mind (Shooshtarian
et al., 2020b).

There are many issues regarding C&D waste management
emerging from the design and planning phase, and their prior-
ity and occurrence vary from one project to another. For instance,
an analysis of a case study in regional areas of the NT shows
that design-related factors can affect the level of waste (Crawford
et al., 2017). According to the authors, these factors include de-
sign changes, design complexity, design errors, missing informa-
tion, designs not using standard material sizes, and inconsistencies
between design objectives and construction/demolition realities.
Another study on retrofitting projects suggests that high project
complexity, incompleteness, errors or uncertainty in design infor-
mation and project variation are design-related waste manage-
ment challenges (Li and Yang, 2014). Similarly, Shooshtarian et al.
(2020b) list variations and changes, the complexity of detailing, se-
lection of low-quality materials, lack of familiarity with alterna-
tive products, and errors in contract clauses or incomplete con-
tract documents as the major design issues. Doust et al. (2021) re-
port that design changes (design and detailing errors) ranked first
as Australia’s most significant source of waste generation. Other
design-related issues include the lack of adherence by builders to
the waste management plan embedded in tender documentation
after securing the project (Doust et al., 2021, Davis et al., 2019b)
and the influence of client non-waste efficient decisions on design
team behaviours (Udawatta et al., 2018).

The analysed literature provides opportunities for waste min-
imisation at the design stage. These include a commitment to
reduce waste through input into the design process (Lingard
et al., 2000, Gollagher et al.,, 2017); paying extra attention to
the selection of durable, creating a sufficient critical mass that
justifies recycling through reusable and recyclable construction
materials with relatively homogeneity (Udawatta et al., 2015b,
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Fini and Forsythe, 2020); emphasizing the significant role of de-
signers for reusing recycled materials that reduce recycling activ-
ities costs (Forghani et al., 2018); educating clients, implement-
ing a waste management strategy and improving design (Park
and Tucker, 2017); considering a collaborative approach (Gollagher
et al., 2017); creating simple, modular and standard designs (Doust
et al., 2021); devising a method of storage for waste storage
and separation onsite (Shooshtarian et al., 2019¢, Gollagher et al.,
2017); participating in construction sustainability rating schemes
(Shooshtarian et al., 2019¢, Caldera et al., 2020b); and holding
post-tender meetings with subcontractors to review and opera-
tionalise waste management targets (Udawatta et al., 2020).

Several studies highlight the importance of the design team’s
involvement in waste management planning (Udawatta et al,,
2015b, Zhao and Tang, 2021). The design team focusing on waste
issues ideally consists of designers, architects, structural engineers,
environmental consultants and waste management coordinators.
Generally, the literature shows that, for the most part, client and
design team interaction determines how waste is to be managed,
including type and quantity of waste generation (Crawford et al.,
2017). Park and Tucker (2017) state that the design team should
communicate the waste minimisation framework and associated
strategies to clients at the design stage. This will result in the
team making sustainable decisions that minimise waste disposal.
In the authors’ opinion, this is operationalised through improved
awareness and change of attitudes. This task might not be deliv-
ered by contractors, according to Udawatta et al. (2018), as most
construction project arrangements are price-driven. Therefore, de-
signers can illustrate comparative cost performance at the early
design stage among various waste management-related strategies
(Tam et al., 2018).

A detailed analysis of the literature yields several design-related
strategies and concepts that together can address C&D waste is-
sues in the AEC industry. These include design out waste, de-
sign for reverse logistics, design for disassembly, front-end engi-
neering design, standardised design, collaboration approaches, de-
sign variations, sustainability measurement schemes and product
certification. Some of these concepts overlap with waste minimi-
sation opportunities in the construction materials manufacturing
stage.
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From the literature, it can be understood that designers and ar-
chitects are unaware that waste management should be an inte-
gral part of the AEC industry. Research findings from two stud-
ies show that designers do not tend to take responsibility for
waste or see its management as part of their role (Crawford et al.,
2017, Udawatta et al., 2015a). This tendency can create a discon-
nection between design objectives and construction practices. Re-
cently, it has been argued that education will make a cultural
shift geared towards sustainable construction that involves innova-
tive and modern design promoting recycled or second-hand con-
struction materials (Shooshtarian et al., 2020b). Park and Tucker
(2017) point out that the shortage of educated designers with sus-
tainability concerns who are willing to apply reused elements in-
creases the cost of reusing material.

Given the complex nature of construction projects, diversity of
stakeholders and uncertain environment, a collaborative approach
within the project team will result in better waste management.
Studies recommend an early and extended involvement of con-
tractors in retrofitting projects (Li and Yang, 2014), new buildings
(Gollagher et al., 2017) and infrastructure projects (Doust et al.,
2021). Udawatta et al. (2015a) suggest that stakeholders should pay
attention to waste generation’s environmental consequences and
avoid them as early as possible. In the Gollagher et al. (2017) case
study in WA, it was observed that the design team alone could not
develop designs and that the involvement of contractors resulted
in the redesign of the project site layout for better waste manage-
ment.

It is often argued that design information and documenta-
tion are central to the AEC industry’s waste management (Li and
Yang, 2014). Sharing design information results in reduced design
errors and variations. For instance, Rameezdeen et al. (2016) em-
pirical research on reverse logistics (RL) in SA shows that a lack of
information sharing is strongly associated with recognition for RL.
To ensure a collaborative approach is maintained throughout the
project lifecycle, effective communication is required. In Davis et al.
(2019b), research participants ranked collaboration and communi-
cation improvements between stakeholders second among design-
related factors. Technologies such as Building Information Mod-
elling (BIM) can facilitate this communication. The Davis et al.
(2021) case study indicates that BIM-enabled collaborative plan-
ning at the design stage informed by the waste management con-
sultant, builder and BIM operator would result in a more accurate
prediction of C&D waste in real time.

Drawing on the different design concepts indicated in Fig. 3,
design guidelines and standards should be developed to encour-
age reusable and adaptable materials leading to resource efficiency.
In the literature, various design concepts are used for C&D waste
minimisation opportunities at the design phase. These include de-
sign out waste (Shooshtarian et al., 2020d); design for disassembly
(DfD) (Ratnasabapathy et al., 2020); design for RL (Chileshe et al.,
2016); and product certification policies (Park and Tucker, 2017).
Design out Waste (DoW) is a design guideline that encourages the
use of available materials as efficiently as possible to minimise
the quantity of resources used for construction. However, Fini and
Forsythe (2020) indicate that DoW guidelines are not adequately
detailed to implement the best waste management plan (WMP).
Design for disassembly facilitates future changes and dismantle-
ment (in part or whole) to recover systems, components and ma-
terials. RL involves planning, implementing and controlling back-
ward flows of raw materials, in-process inventory, packaging and
finished goods, from the manufacturing, distribution or use point
to the point of recovery or proper disposal. Product certifications
provide confidence in the quality and performance of recycled ma-
terials. Park and Tucker (2017) and Zhao et al. (2021) suggest that
these policies should be included in the Building Codes of Australia
and the National Construction Code to improve the overall indus-
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try sustainability. Such guidelines provide clarity on the potential
sustainable practices undertaken during C&D activities. They can
go a long way in separating and collecting products at the end
of their useful lifetime. The literature indicates that implement-
ing these policies is the responsibility of the design team (Chileshe
et al., 2016, Udawatta et al., 2018).

Therefore, one way to encourage the design team is to man-
date or incentivise compliance requirements set by construction
sustainability rating schemes such as Green Star (Green Building
Council of Australia) and ISCA (Infrastructure Sustainability Council
of Australia) (Shooshtarian et al., 2019¢). Udawatta et al. (2020) re-
veal that using these schemes is often driven by marketing benefits
and utilising a sustainable design benchmark can change designer
behaviours. In their study, such a change leads to setting waste
management targets and careful selection of construction materi-
als. On this note, utilisation of tools measuring the environmen-
tal impacts of design decisions helps the design team contribute
to project sustainability and better compliance with sustainable
rating systems requirements. For instance, Le et al. (2018) de-
velop a computer-assisted model to estimate lifecycle GHG
emissions.

3.2. Reducing waste during manufacturing

Waste minimisation opportunities during manufacturing are
twofold: reducing waste during manufacturing and using waste
materials in the production line to create new materials. A report
by the Australian government suggests that between 70 and 80% of
the environmental impact of a product is locked in at the manufac-
turing phase (Senate Environment and Communications References
Committee, 2018). The National Waste Policy (Australian Govern-
ment, 2018) proposes that providing continuous support to con-
sumers and manufacturers is necessary to make more informed
decisions (Ratnasabapathy et al., 2019a).

Shooshtarian et al. (2020b) note that there are initiatives
among manufacturers in Australia to reduce waste during pro-
duction. For instance, a clay brick manufacturer in WA returns
all clay brick production waste into the product mix. A manu-
facturing plant in Victoria has managed to markedly reduce the
instance of malformed or off-specification green (unfired) bricks;
it is reported that any such units are automatically recycled into
the clay mix rather than going to landfill (Brickworks Building
Products, 2012).

Studies suggest that construction material producers should
pay special attention to DfD (Fig. 4) as this will maximise the
chance of resource circularity in the construction and demoli-
tion phase (Forsythe and Fini, 2018, Shooshtarian et al., 2020d,
Udawatta et al., 2020, Ratnasabapathy et al., 2020). A review by
Zhao et al. (2021) indicates that DfD is effective in Australia.
Implementing these strategies, however, requires encouragement,
primarily through market-driven strategies. Market development
(Ratnasabapathy et al.,, 2021, Caldera et al., 2020b) and product
certification (Park and Tucker, 2017) are two strategies that en-
courage manufacturers to use waste materials in their production
lines. The former provides sustainable supply, and the latter builds
confidence in the existence of demand for products with recycled
content. King et al. (2020) confirmed that an online marketplace
can connect a recycler with a manufacturer to ensure material
flow.

Furthermore, off-site manufacturing is proven to be a waste-
efficient methodology in the AEC industry. Udawatta et al
(2015b) findings show that 25% of interviewees agree that off-
site manufacturing helps reduce waste generation. In Davis et al.
(2019a), participants rated the utilisation of off-site manufacturing
as a priority strategy for waste reduction. Other waste minimisa-
tion strategies in this phase include raising manufacturer aware-
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OPPORTUNITIES TO REDUCE C&D WASTE AT MANUFACTURING STAGE

Fig. 4. Issues, solutions and key stakeholders playing a role in C&D waste disposal reduction at manufacturing stage

ness of environmental consequences of their activities (Treloar
et al,, 2003) and the use of other waste materials from different
streams in production lines, which reduces the need for using raw
materials (Shooshtarian et al., 2020b).

However, there are issues affecting waste minimisation in the
manufacturing phase. Transportation of waste materials to man-
ufacturing plants, as well as the lack of local plants, is challeng-
ing in regional areas (Corder et al., 2014). For instance, Crawford
et al. (2017) state that policies such as Extended Producer Respon-
sibility (EPR) are not feasible to be implemented in remote areas
due to long distances. Other identified issues in the review include
the unwillingness of the manufacturing industry in participating in
waste trading exchange systems (Corder et al., 2014); low manu-
facturer interest in using waste materials in their production pro-
cessing (King et al., 2020); and a high rate of packaging and pallet
waste (Doust et al., 2021).

In addition to market-driven strategies, regulatory support can
promote a CE at the manufacturing phase. One relevant policy ap-
proach to encouraging the utilisation of waste materials in the
manufacturing of new construction material is EPR, otherwise
known as take-back or the polluter pays principle. This policy
suggests that the material manufacturer or supplier is financially
and/or physically responsible for the waste generated from their
supplies for the entire lifecycle (Tam and Lu, 2016). No mandatory
EPR policy is currently legislated for construction material manu-
facturing, though New South Wales (NSW) and Wester Australia
(WA) have voluntary EPR policies (Shooshtarian et al., 2020d).
Ratnasabapathy et al. (2021), Park and Tucker (2017) identify the
lack of mandatory EPR policy as a barrier to reusing waste mate-
rials and developing C&D waste trading networks in Australia, re-
spectively. Shooshtarian et al. (2020d) study the application of EPR
in Australia and indicate that there is widespread support among
different stakeholders to develop EPR. The researchers report bar-
riers such as cost and time implications; complexity of policy es-
tablishment and enforcement; diversity of stakeholders involved;
construction product lifecycle; responsibility of manufacturers; and
health and safety issues. The recommendations include creating an
effective supply chain system; promoting DfD; waste responsibil-
ity assignment; product documentation; and improved health and
safety risk management.
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3.3. Reducing waste during procurement

The literature suggests that ineffective construction and pro-
curement is a significant source of C&D waste generation. A re-
search participant in a study by Udawatta et al. (2015b) states
that construction practitioners do not allocate enough time for the
planning stage when it is busy, which creates procurement and de-
sign problems. Therefore, adequate planning for procurement with
waste management prioritisation is necessary before the construc-
tion phase (Fig. 5). In this phase, a correct estimation of materi-
als is required (Shooshtarian et al., 2020b), as is adopting waste
efficient technologies (Davis et al., 2021); time management for
material delivery (Shooshtarian et al., 2020b); and use of con-
tract power to procure waste efficient materials and services (Davis
et al., 2019a). Sustainable procurement (Park and Tucker, 2017) is
the main strategy that review studies recommend to reduce waste
during procurement.

Sustainable procurement, by definition, is a process whereby or-
ganisations meet their needs for goods, services, works and utili-
ties in a way that achieves value for money over their whole life.
Sustainable procurement provides an incentive for further waste
recovery. This policy is suggested in different Australian waste-
related guidelines and strategy documents (Shooshtarian et al.,
2020e), including the 2018 National Waste Policy (Australian Gov-
ernment, 2018). One study reports that research participants indi-
cate that sustainable procurement is a crucial solution for organi-
sational waste management as long as it is a viable option or the
client consents to pay extra (Davis et al., 2019b).

Sustainable procurement directly relates to market develop-
ment for recovered C&D waste materials (Caldera et al., 2020b).
Shooshtarian et al. (2020a) survey find that sustainable procure-
ment is among the top three factors contributing to C&D waste
market development. The literature analysis shows that Australia’s
relationship between procurement and C&D waste minimisation is
not well studied. Hence, multiple research studies highlight the
need to investigate the impact of procurement methods on WMPs
(Teo and Loosemore, 2001, Udawatta et al., 2015b, Doust et al.,
2021).

Correctly estimating the materials needed for a construction ac-
tivity can save a significant quantity of unwanted materials that
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Fig. 5. Issues, solutions and key stakeholders playing a role in C&D waste disposal reduction at the procurement stage

might otherwise have been landfilled. Inaccurate quantity take-
off and/or over-ordering ultimately create extra waste. In Australia,
builders typically order 2-3% more than is required to allow for of-
fcuts and waste (Scarvaci and Barrett, 2019 as cited in Shooshtarian
et al, 2020b). However, on large jobs, the risk of over-ordering
tends to be reduced because deliveries are made progressively
throughout the project, and only the last order requires accurate
take-off and ordering (Shooshtarian et al., 2020b). Doust et al.
(2021) research findings show that procurement ordering and take-
off errors are among Australia’s five top sources of C&D waste. The
researchers also indicate that poor material control and logistics
need to be improved for the best results, and an integrated ma-
terials supply chain to drive efficient material flows is required.
The use of technologies can be helpful for waste management in
the procurement stage. For instance, BIM can produce information
on the exact quantities to order or prepare, resulting in minimum
generation (Davis et al., 2019a).

Just-in-time materials delivery to a construction site should be
planned to avoid damage due to insufficient space for proper stor-
age and adverse weather conditions (BRE Group, 2019). Moreover,
suppliers can be encouraged to provide more flexible "last pack"
sizes (i.e. a "fractional" pallet instead of a full pallet) to minimise
the waste because of over-ordering.

Another management strategy relating to the procurement
stage is the effective utilisation of contractual agreements that
present an opportunity to minimise C&D waste. Through this
agreement, stakeholder responsibilities for waste management are
identified, and they are required to incorporate waste minimisation
activities in their work schedule and discipline poor waste man-
agement. There is evidence that even the type of contract could
influence how waste is generated. For instance, it is reported that
"fix only" subcontracts rarely motivate bricklayers to reuse off-
cuts (Shooshtarian et al., 2020b). This strategy plays a vital role
in public projects where government purchase power, via a sus-
tainable procurement policy, can guide stakeholders’ waste man-
agement decisions and behaviour (Davis et al., 2019b, Hardie et al.,
2007).

3.4. Reducing waste during transportation

In the AEC industry, resource procurement and waste manage-
ment plans specify the requirements for resource handling and
transportation. Transportation is the physical connecter between
the main stages of resource circularity as depicted in the study
framework (Fig. 2). Hence, waste minimisation practices can be
exercised during transportation. In research conducted in NSW
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(Wilmot et al., 2014), industry experts rated transport distances as
one of the top determinants of resource efficiency in C&D waste
management.

Generally, there is limited knowledge on how waste minimi-
sation opportunities can be realised. Most studies that cover this
stage only focus on waste transportation environmental impacts as
opposed to waste minimisation practices during construction ma-
terials shipping (Fig. 6). A study exploring opportunities for brick
waste minimisation during transport (Forsythe and Maté, 2007) in-
dicates that technical deficiencies such as poor protection of bricks,
hand unloading and unpacked supply can result in waste genera-
tion.

Under waste transportation, the focus is often placed on
analysing the environmental and economic (cost and GHG emis-
sions savings) benefits of waste transport to recycling facilities
rather than landfills (Le et al., 2018, Doust et al., 2021). Well-
coordinated waste transportation maximises the chance of waste
recycling. The decision to transfer source-separated waste to re-
cycling facilities depends on the cost and minimum quantity of
homogenous waste required to load a truck. In this case, Fini
and Forsythe (2020) suggest that waste collectors need to as-
sess the feasibility of collecting C&D waste from multiple con-
struction sites. Otherwise, additional charges for waste movement
and temporary storage may encourage waste disposal. Research
by Tam et al. (2009) in Queensland (Qld) reveal that the rela-
tively high cost of transportation is among the top five barriers
to using recycled materials. To this end, Yazdani et al. (2021) pro-
pose a hybrid simheuristic algorithm tool based on an integrated
simulation-optimisation method to optimise vehicle route planning
for C&D waste collection. The tool can inform decisions regarding
C&D waste management, assist with travel cost reduction and ulti-
mately improve waste resource recovery.

Waste transfer can occur at the local, interstate, national and
international levels. The general perception is that waste trans-
fer over long distances is a barrier due to cost implications and
socio-environmental impacts (Tennakoon et al., 2021, Wilmot et al.,
2014). However, it may also provide opportunities to reduce waste
disposal when recycling facilities are not located close to the re-
gion where waste was initially generated (King et al., 2020), par-
ticularly in remote areas (Crawford et al., 2017). The Wu et al.
(2020) investigation of waste transfer in Australia documents waste
exchange among states and territories to create a map of C&D
waste mobility routes across the country. Furthermore, waste ex-
port to other countries is also recorded (Wu et al., 2020), due to
new opposing national and international regulations (Doust et al.,
2021).
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Fig. 6. Issues, solutions and key stakeholders playing a role in C&D waste disposal reduction at transport stage

Technological advances can improve waste minimisation
through effective transportation (Davis et al., 2021, Jayasinghe
et al., 2018). Davis et al. (2021) suggest that using eBins equipped
with compact cameras, programmable and compatible with BIM
applications, can make waste transportation better coordinated,
more straightforward and cost-effective. The King et al. (2020) case
study highlights that online matchmaking platforms to accumulate
waste collected at different sites would result in better resource
recovery regardless of distance. However, the authors indicate
that the distance could potentially be a significant factor in
future.

The literature analysis suggests that Australian states and terri-
tories can achieve waste disposal reduction (WDR) related to trans-
portation through multiple strategies. These include stringent con-
trol and enforcement, plus a nationally harmonised landfill levy
preventing interstate waste transfer to cheaper landfills, stockpil-
ing or illegal dumping (Wu et al., 2020, Shooshtarian et al., 2020c);
utilisation of simulation tools predicting the most cost-effective
method to deliver waste materials to recycling facilities (Yazdani
et al,, 2021); deploying waste tracking systems and waste tracking
certificate (Jayasinghe et al., 2018); applying the proximity princi-
ple that supports resource efficiency (Shooshtarian et al., 2020c);
sharing information on available waste transportation services with
affordable fees (Chileshe et al., 2019); the possibility of waste col-
lection from multiple sites justifying waste recycling over disposal
(Fini and Forsythe, 2020, Caldera et al., 2020b); and using data
sharing technologies and matchmaking algorithms to enable such
possibilities (Corder et al., 2014, King et al., 2020).

3.5. Reducing waste during construction

The construction stage represents a period in which the mate-
rials and products are assembled to create the finished built en-
vironment. Generally, construction activities generate C&D waste
materials. The sources of waste during construction, as suggested
by the literature, can range from poor workmanship to inappro-
priate materials handling and storage through to building defects
and inefficient waste management planning and practices e.g. in-
adequate waste separation, lack of space, unwillingness to recruit
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a waste coordinator (Davis et al., 2019a, Newaz et al., 2020); pref-
erence for waste disposal (Tennakoon et al., 2021); and resistance
to adopt technology-enabled waste efficient strategies (Park and
Tucker, 2017). Newaz et al. (2020) review the nature of waste in
the construction phase, including wreckage and packaging waste,
structure waste and finishing waste.

In a highly profit-driven construction context, time, cost and
quality come before environmental concerns. Responses from con-
struction experts to an Australian survey reveal that waste re-
duction efforts are challenged by time pressure, inadequate waste
management facilities and space, plus lack of knowledge (Teo et al.,
2000). Hence, a factor that plays an important role in adopting sus-
tainable WMPs is the right attitude. Attitudes represent peoples’
evaluations of objects or situations that predispose them to behave
in a certain way (Azjen, 1993). According to the theory of reasoned
action, behaviour is controlled by intention and intention is influ-
enced by attitudes and subjective norms (Bagozzi, 1992).

In terms of attitudes among construction players, however, the
findings in the literature are mixed. While some studies report
labourers care more about waste management than management
teams (Lingard et al., 2000, Teo et al., 2000), other studies provide
opposing evidence (Tam et al., 2018). Lingard et al. (2000) state
that labourers consider that waste management is beyond their
control, not cost-effective and that senior management is not sup-
portive of WMPs. Udawatta et al. (2015a) found that decisions on
WMPs in Australian commercial construction projects follow finan-
cial benefits unless project owners are required to comply with
requirements set by sustainable building rating systems. The au-
thors report that owners of these projects resist reusing or using
recycled products (Udawatta et al., 2015a). In recent years, with
more sustainability awareness and requirements, as well as avail-
able incentives and perceived financial benefits from waste recy-
cling (Crawford et al.,, 2017), managers are more conscious about
WMPs. Tam et al. (2018) show that unsupportive work routines
and operating procedures, the task’s difficulty as opposed to the
convenience offered by waste collection for landfilling, and the
minimal impact of employers on labourers waste handling be-
haviour are among the top reasons why labours do not exercise
WMPs. Crawford et al. (2017) observe that since it is free to dis-
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card clean fill at waste transfer stations, managers tend to separate
this material from other waste resources.

When it comes to waste efficient behaviours on construction
sites, labourers’ working practices, attitudes and knowledge of han-
dling construction materials are critical. Teo et al. (2000) argue
that due to the labour-intensive nature of construction activities,
behavioural impediments can affect levels of waste. A study in
Australia shows that poor workmanship could generate up to 75%
of total brick waste in a construction project (Forsythe and Maté,
2007), and the estimated cost for ordering materials to cover the
wastage during construction is found to be 4% of the total con-
struction cost for a standard house in Australia (Treloar et al.,
2003). Park and Tucker (2017) state that poor workmanship is a
fundamental issue, and builders attempt to reduce waste by hir-
ing experienced labourers. Forsythe and Maté (2007) identify the
nature of brick wastage by exploring improper brick layering prac-
tices. Empirical research by Davis et al. (2019a) suggests that avoid-
ing confusion among supervisors and labourers about WMP is a
key solution under the roles and responsibilities category. Newaz
et al. (2020) also report that the biggest challenge for contractors
is to motivate workers to put waste resources into the appropriate
bin. Therefore, training construction workers play an essential role
in developing resource-efficient working practices. Lingard et al.
(2000) suggest the involvement of labourers in identifying waste
management solutions and the practical aspects of WMP min-
imises on-site waste. Zhao et al. (2021) note that meeting the gov-
ernment compliance requirements warrants training to shift con-
struction employees’ attitudes and awareness, resulting in an en-
hancement of their sustainable WMP knowledge.

In addition to monetary profit, construction managers are mo-
tivated to carefully design and implement sustainable WMPs by
being accredited by a sustainability rating scheme. It is argued
that accreditation can improve a construction companies’ image
and promote their products (Le et al., 2018). In Australia, two
major organisations offer such accreditation in the AEC industry:
the Green Building Council of Australia (GBCA), targeting green
buildings. and the Infrastructure Sustainability Council of Australia
(ISCA), which evaluates sustainability in infrastructure projects.
Shooshtarian et al. (2019¢) review how rating systems provided
by these two organisations encourage WDR during the construc-
tion stage. Research by Gollagher et al. (2017) and Udawatta et al.
(2020) indicates that the industry embraces these tools to adopt
sustainable WMPs effectively. However, one study on the barri-
ers to implementation of GC in Australia shows that the initial
enthusiasm for separating the C&D waste materials dissipated as
the projects progressed (Wilson and Tagaza, 2006). Some studies
suggest improvements and more elaboration on the requirements
of these rating tools is required (Udawatta et al., 2020, Park and
Tucker, 2017).

In Australia, most construction companies use bins as vessels to
collect C&D waste (Davis et al., 2021), and gates fees are charged
based on the composition of the waste going into bins (Newaz
et al., 2020). In the literature, many studies highlight onsite waste
separation as an effective waste management solution. It reduces
gate fees at recycling facilities due to recyclers’ preference for re-
ceiving homogenous resources (Fini and Forsythe, 2020); however,
this process requires physical labour and the allocation of an addi-
tional budget (Newaz et al., 2020). New technologies can facilitate
onsite waste separation and promote sustainable WMPs a fortiori.
Advanced technologies facilitate waste documentation monitoring
and minimisation. Davis et al. (2021) demonstrate that applying
a deep convolutional neural network based on digital images can
separate single and mixed waste at a 94% accuracy rate and control
the resources deposited manually by the labourer on site.

As such, investing in technologies that will offer less waste
disposal is deemed a top priority by several waste management
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strategies in Australia (Shooshtarian et al., 2020e). Notably, in the
National Waste Policy 2018 (Australian Government, 2018), invest-
ment in new processes and technologies is recognised as a means
to enable significant changes in the generation, management and
disposal of waste. The literature recognises technological barriers
as a significant hindrance towards effective waste management
and emphasises the necessity of their wide application in C&D
waste management (Kabirifar et al., 2021a, Park and Tucker, 2017,
Ratnasabapathy et al., 2021). Udawatta et al. (2015b) find that
adopting construction technologies to minimise waste is the most
critical solution for C&D waste management and that the govern-
ment should financially support technological development.

However, there are issues regarding the application of tools and
technologies. Insufficient education in the private sector about in-
vesting in waste management technologies is a significant lim-
itation in adopting C&D waste-related technologies in the Aus-
tralian industry compared to its Japanese counterpart (Tam, 2009).
Park and Tucker (2017) point out that the industry’s conservative
approach to adopting new technologies prevents their wide ap-
plication in the Australian waste management and resource re-
covery ecosystem. Chileshe et al. (2016) argue that the lack and
discriminative support for technology enhancement prohibit their
broad application. However, in recent years, both national and
state governments have provided significant funding for a techno-
logical overhaul in resource recovery centres. Shooshtarian et al.
(2019b) maintain that while the technology for energy recovery
has been around for decades and thoroughly road-tested in cer-
tain parts of the world (e.g. Europe and Asia), it is still at an early
stage of development in Australia as very few facilities with ad-
vanced technologies for waste recovery exist. A recent review by
Zhao et al. (2021) suggests that limited studies have explored the
emerging technologies for the C&D waste stream in Australia. Davis
et al. (2021) maintain that C&D waste management logistics in the
AEC industry have not changed considerably, which arises from ne-
glecting the use of new technologies in other sectors.

A recent review article on the application of smart technologies
to the C&D waste stream, infers that these technologies are still
at the prototype stage (Ratnasabapathy et al., 2019b). The authors
categorise these technologies as spatial, identification, data com-
munication and acquisition, and data management and transaction
packages.

The C&D waste-related technologies include the following:

Waste efficient construction methodologies such as prefabrica-
tion and 3D printing (Li and Du, 2015, Davis et al., 2019a);

Building Information Modelling (BIM) that enables a reduction
in waste emerging from poor communication and design errors
(Udawatta et al., 2015b);

Remote sensing and drones that facilitate monitoring of waste
disposal and illegal dumping sites and bins’ content (Glanville
and Chang, 2015, Davis et al., 2021);

Lean construction that eliminates non-value-adding activi-
ties (Zhao et al, 2021); Industry 4.0 and Digital Twining
(Shooshtarian et al., 2020d, Ratnasabapathy et al., 2019b);

Low waste operational robotics (Shooshtarian et al., 2020b);
Mobile crushers,

Sensors to know when the bin is full, magnets to separate met-
als from other waste (Davis et al., 2019a); and

« deep CNN (Davis et al., 2021).

Ratnasabapathy et al. (2019b) also provide a list of smart tech-
nologies with applicability in the C&D waste stream, including

- Imaging and image processing,

« Wireless network,

- Radio Frequency Identification (RFID),
- Artificial Intelligence (AI),
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Fig. 7. Issues, solutions and key stakeholders playing a role in C&D waste reduction at construction stage

» Resource passport,
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« Internet of Things (IoT) and
- Big data.

Lastly, successful implementation of waste management pol-
icy approaches such as EPR, design out waste, minimum recycled
content through sustainable procurement scheme and other rele-
vant policies heavily dependent on the knowledge, experience and
cooperation of those directly involved in construction activities.
These include (Fig. 7) construction managers, site supervisors, sub-
contractors, labourers, and civil and structural engineers (Park and
Tucker, 2017). Newaz et al. (2020) presents findings from inter-
views with 19 practitioners in NSW, which indicates that knowl-
edge, experience and training of site operatives are essential fac-
tors influencing C&D WMPs.

3.6. Reducing waste during demolition

Generally, the demolition sector is a primary source of C&D
waste in the AEC industry (Fig. 8). The technique used in demo-
lition activities (mechanical demolition, deconstruction and selec-
tive deconstruction) plays a decisive role (Tennakoon et al., 2021).
Mechanical demolition is generally more difficult to control and
provides little space to separate materials (Newaz et al., 2020).
Observations from a case study in NSW show that most of the
mixed waste emerging from fast-tracked demolition is sent to
landfill (Forsythe and Fini, 2018). In this space, the deconstruc-
tion technique is more environmentally sustainable, which results
in less waste disposal. In selective deconstruction, some materials
are targeted for reusing and recycling. Project planning involves
the scheduling for dismantling components, defining work tasks,
choosing the technology and estimating the required resources. A
study in NSW revealed that deconstruction is cheaper than demo-
lition, by anywhere between 55% (Asbestos fibro, bricks and con-
crete removal) and 294% (full brick) (NSW Office of Environment
and Heritage, 2010). This is because waste disposal fees are sig-
nificantly reduced. However, regular demolition requires less time
than deconstruction, including the workforce (total man-hour) and
active plant costs (Shooshtarian et al., 2020b).

The decisions of specific stakeholders determine demolition ac-
tivities. As outlined above, it is often suggested that deconstruc-
tion, design for disassembly and design for reuse need to be in-
corporated in the design stage (Udawatta et al., 2015b, Forghani
et al.,, 2018), hence designers and architects have a pivotal role to
play. According to Fini and Forsythe (2020), waste-conscious de-
sign practices can facilitate deconstruction in office building fit-
outs projects. Waste recyclers play an essential role in providing

information to demolition operators regarding waste resources to
be dismantled, as well as setting requirements for accepting them
in their recycling facilities (Tennakoon et al., 2021).

Demolition operators also have a crucial role in deciding what
happens to the waste. Several studies observe that waste operators
apply cost-benefit analysis to decide the waste fate between recy-
cling and landfilling options accordingly (Fini and Forsythe, 2020,
Rameezdeen et al., 2016). Such an analysis covers separation cost,
transport fees, the number of waste materials and recycling bene-
fits. Tennakoon et al. (2021) state that due to a lack of standard-
ised practices for demolition waste recovery and financial moti-
vations, demolition operators tend to use demolition, resulting in
the generation of mixed waste ending up in landfill. Survey data
from Forghani et al. (2018) reveals that while having a positive at-
titude towards sustainable demolition, 38% of demolition operators
in NSW did not have any guideline to reuse building components.
This study also indicates that operators are motivated by both en-
vironmental and economic benefits.

A word query analysis on the existing literature shows that
deconstruction is not well investigated in the Australian context.
Chileshe et al. (2016) investigate RL practices on three levels:
project, organisational and industry. The findings demonstrate that
understanding the benefits and challenges of deconstruction at the
organisational level is an essential factor, as senior management
support is required for making big decisions. The researchers sug-
gest that the industry should provide deconstruction services with
capable facilities. Rameezdeen et al. (2016) identify the significant
barriers to RL implementation, which could also be appliable to
deconstruction. These included an unsupportive regulatory frame-
work, extra costs involved, lack of recognition in the AEC supply
chain and additional effort required. Tennakoon et al. (2021) high-
light that the demolition operators’ limited knowledge of oppor-
tunities for deconstruction is rooted in weak information sharing
between them and recyclers, which results in unguided and ineffi-
cient deconstruction practices.

The analysis of the literature identified opportunities for waste
reduction in the demolition stage. These are as follows:

» The capability of the Green Star initiative can be enhanced
through more focus on disassembly at the design stage and
planning for adaptive reuse and deconstruction in the end-of-
life stage (Udawatta et al., 2020);

- Establishing an interactive communication platform to enable
the cooperation of demolition operators with other parties in-
volved (Forghani et al., 2018);

» Developing appropriate methodologies before demolition in-
cluding analysis of each project’s specific requirements (Newaz
et al., 2020);
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Fig. 8. Issues, solutions and key stakeholders playing a role in C&D waste disposal reduction at demolition stage

« Communicating information on highly valuable materials, reg-
ulatory requirements, quality and composition of waste re-
sources, and demand in market to demolition operators
through an as built, construction drawings and demolition con-
tract (Tennakoon et al., 2021);

« Applying sustainable design practices such as using relatively

homogenous materials to justify recycling, ensuring fast knock-

down from volumetric to flat and stackable packages, and using

screw or bolted joints (Fini and Forsythe, 2020);

Providing incentives to limit mechanical

(Ratnasabapathy et al., 2020);

Improving the availability of intermediate waste sorting and

storage facilities (Tennakoon et al., 2021);

Development of a second-hand market (Caldera et al., 2020b);

and

« Pushing EPR schemes (Shooshtarian et al., 2020d).

demolition

3.7. Reducing waste disposal through recovery: reusing, recycling and
upcycling

Minimisation of C&D waste disposal is best practised through
waste recovery. Waste recovery can be described as any operation
in which the principal result is waste serving a useful resource by
replacing other materials which would otherwise have been used
to fulfil a particular function, or waste being prepared to fulfil
that function, in the plant or in the wider economy (Hall, 2010).
According to the waste hierarchy concept, waste recovery (in the
forms of reusing, recycling, upcycling and energy recovery) is the
most preferred waste management method after waste minimisa-
tion. The following sections present key literature related to the
abovementioned recovery methods, and other influential factors
such as technology, marketplace and policies enabling waste recov-
ery in the AEC industry.

Reusing construction materials in the AEC industry does not
currently receive support due to a wide range of inhibiting factors
specified in the literature (Canberra Business Chamber, 2014, Fini
and Forsythe, 2020). But recycling has received much attention due
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to its ability to use the recycled waste products (RWP) in the same
industry as it was generated, while upcycling occurs between two
industries, otherwise known as industrial symbiosis (Caldera et al.,
2020b).

In comparison with recycling, upcycling has not been well
adopted by the AEC industry, waste recycling sector and govern-
ment sector. EfW is a new waste management notion in Australia;
its development has been hindered by a lack of regulatory support
and environmental concerns (Shooshtarian et al., 2019b).

Although not recognised as the preferred waste recovery
method, energy recovery, or energy from waste (EfW), is more vi-
able than landfilling.

The significant aspects of waste minimisation during waste
recovery include technology, infrastructure, policy, stakeholders’
knowledge and attitude towards waste minimisation, engagement
and end-market development. The following sections review the
above aspects to deepen our understanding of the waste recovery
climate in Australia.

In the literature, technological advances and fitting infrastruc-
tures are repeatedly cited as significant enablers in waste min-
imisation activities during waste recovery (Ratnasabapathy et al.,
2019b). Ratnasabapathy et al. (2019c) research findings indicate
that while C&D recovery is well-established in most Australian
states, landfilling is the most practical option, notably mixed waste
loads. This finding also implies a limitation in technologically ad-
vanced recovery facilities across Australia. Newaz et al. (2020) con-
clude that technologies related to C&D waste processing are im-
proving rapidly in Australia, and Shooshtarian et al. (2020c) state
that the success of many WMPs and strategies is subject to the
availability of technologically advanced infrastructure. The main
technologies used to perform energy recovery are either based on
thermal treatment or biological processing of biodegrade waste
and include: [1] combustion producing heat; [2] gasification that
generates a combustible syngas; [3] pyrolysis that produces syn-
gas, oil or char; [4] anaerobic digestion/fermentation that produces
biogas; and [5] mechanical sorting and processing that produces
combustible refuse derived fuel (RDF).
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The main stakeholders influencing WMPs include recycling fa-
cilities operators, the government, the public and buyers of RWPs
in this stage. A review study shows that clients’ lack of interest and
demand, attitudes towards reuse practices, and inadequate train-
ing act as disincentives to proactive and sustainable waste recov-
ery. In their research to identify significant barriers to using RWP,
Ratnasabapathy et al. (2021) find that the lack of knowledge about
implementing advanced technology to recycle waste material is an
essential factor. As for Australian perceptions of EfW activities, the
limited literature investigating this issue shows that incineration
is not tolerated among the public due to environmental concerns.
This perception is expected to gradually change over the coming
years (Shooshtarian et al., 2019b).

The relevant policies that are directly influential in this space
include the proximity principle; the ban of waste import by China
and other countries; and landfill levy exemptions. In 2018, China’s
new policy, called China’s National Sword Policy, banned recyclable
waste imports and made recyclable commodity prices collapse.
This event exposed inadequate Australian recycling facilities and
indicates an urgent need to innovate and upgrade waste manage-
ment strategies (Doust et al., 2021).

The lack of a market for waste-derived products is found to be
a significant barrier towards sustainable C&D waste management
and can impede shaping a CE in the AEC industry (Udawatta et al.,
2018, Shooshtarian et al., 2019d). The literature indicates that Aus-
tralia’s C&D waste market development has not progressed as ex-
pected (Park and Tucker, 2017, Udawatta et al., 2018). Several stud-
ies have focused on market development for construction recy-
clables drawing on stakeholders’ perceptions (Shooshtarian et al.,
20203, Ratnasabapathy et al., 2021, King et al., 2020).

Udawatta et al. (2018) find that 31% of surveyed participants
reported that the unavailability of the market for recyclers hin-
ders sustainable C&D WMPs. This research shows that experts
rated the market development for the recycled products as among
the top solutions for C&D in the AEC industry. The findings of a
survey administrated by Shooshtarian et al. (2020a) suggest that
92.5% of participants agree to the increased implementation of
market incentives; the surveyed experts also rated the five top
enablers of market development as an investment in technol-
ogy and infrastructure (16.7%), sustainable procurement (14.6%),
landfill levy (13.2%), adequate supply chain system (11.1%) and a
national approach (7.6%). Another study (Ratnasabapathy et al.,
2021) reports that NSW experts rated the technical barriers as
the most important barrier category. The results of the survey
and focus group discussions from this study also reveal the most
significant barriers to developing a market for the C&D waste
stream are factors such as the high cost of onsite waste sorting;
lack of consistent waste data reporting system; the unsustainable
demand and supply; inadequate communications and incentives
across the supply chain; and complicated web-based exchange
systems.

With the widespread utilisation of the internet, the waste mar-
ket business model has shifted towards online marketplaces. The
web-based waste marketplaces, otherwise known as waste ex-
change systems, are technically live databases to connect organ-
isations seeking to dispose of materials with organisations look-
ing to reuse or recycle the same materials (Corder et al., 2014).
Some studies explore the performance of these systems (Corder
et al., 2014, Caldera et al., 2020a, King et al., 2020), demonstrat-
ing a failure to achieve their pre-defined objectives. Hence, re-
cent publications pay particular attention to marketplace develop-
ment, maintenance and performance issues. For instance, Caldera
et al. (2020b) develop a framework that helps researchers investi-
gate the main barriers and enablers to developing these systems,
drawing on three major categories: governance, operational and
market. Corder et al. (2014) list the main barriers as the lack of
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awareness and promotion; companies’ unwillingness to share their
waste data; user unfriendliness; little activity in the current sys-
tems; local manufacturers’ avoidance of using RWP; perceived and
actual inconsistencies in jurisdictional waste regulations; conser-
vative business attitudes to waste management; volumes of waste
materials; and the typical need for temporary one-off agreements.
The authors suggest that these marketplaces should build inter-
est by incorporating current news stories and updates; setting ex-
piry dates on listings and sending notifications for new listings;
increasing awareness and building networks through various chan-
nels such as relevant industry associations; applying modern ad-
ministration and maintenance; and creating an effective and con-
sistent business model across the supply chain that is managed
by an independent entity. Using the Advisory System for Process-
ing, Innovation and Resource Exchange (ASPIRE) as a case study,
King et al. (2020) investigate online waste marketplaces in Aus-
tralia. The survey findings in this study suggest that facilitator con-
tact with companies, pre-existing personal relationships and com-
panies interested in the future use of recycled materials primarily
drive online waste marketplace development. Another study finds
that the lack of active user-friendly web-based marketplaces dra-
matically hinders the effectiveness of waste exchange in the C&D
waste stream (Ratnasabapathy et al., 2021).

A pressing issue concerning waste market development is
whether the level of operation should be national, or state
based. Interestingly, opinions about this issue are divided. While
some researchers argue that the national waste marketplace pro-
vides sustainable supply and demand (Shooshtarian et al., 2020a,
Ratnasabapathy et al., 2021), others view this as an existential risk
to the development of such entities (Hardie et al., 2007, Laviano
et al., 2017, Wu et al., 2020) due to issues such as motivation for
waste disposal, higher cost of operation across states, jurisdictional
waste regulation inconsistencies and higher waste transfer costs.
Wu et al. (2020) investigate cross-regional mobility of C&D waste
in Australia. Mapping out the C&D waste fate and flow among Aus-
tralian states and territories, the researchers indicate that availabil-
ity of waste processing facilities, avoiding and reducing the landfill
levy fees, and the existence of a market in states other than the
original location drive cross-regional waste mobility. The results of
site surveys, expert interviews and seminars and desktop research
in this study reveal that this phenomenon has negative environ-
mental, economic and social impacts.

3.8. Reducing waste disposal via landfilling

As indicated earlier, in 2018-19, around 6.3% Mt of C&D waste
was materials destined for landfill, which was 3.6% down from the
previous 13 years (NWR, 2020). This quantity of waste, accounting
for 30% of total core waste, has become a source of concern for the
government and the public (Newaz et al., 2020). While landfill sites
are diminishing in its capacity(Crawford et al., 2017), Gollagher
et al. (2017) highlights the significant costs associated with landfill-
ing as $1.4 billion annually. Waste landfilling is the least preferred
waste management method, and the worldwide literature has em-
phasised its adverse effect on the economy, environment and so-
ciety (Yazdani et al.,, 2021); however, it is still an integral part of
waste management in Australia. In this section, the analytical find-
ings from the literature with relevance to issues related to landfill
are presented.

Fig. 9

Currently, landfilling is the preferred construction industry
method for managing C&D waste due to its convenience and lower
cost (low landfill levy) over other waste management options
(Fig. 10), plus its extended operation hours (Chileshe et al., 2019,
Fini and Forsythe, 2020). Udawatta et al. (2015a) state that sub-
contractors are not interested in waste minimisation due to poor
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Fig. 9. Issues, solutions and key stakeholders playing a role in C&D waste disposal reduction through waste recovery
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Fig. 10. Issues, solutions and key stakeholders playing a role in C&D waste disposal reduction related to landfilling

financial returns and lack of incentives. This is also highlighted by
Newaz et al. (2020), who maintain that the heterogeneous nature
of construction does not allow for the prioritisation of waste man-
agement when developing designs for construction projects. Anal-
ysis of multiple fit-outs case studies in NSW shows that 78% of
waste generated onsite is landfilled (Fini and Forsythe, 2020). Tam
et al. (2009) indicate that charges for sending waste materials to
recycling facilities are relatively higher than landfill sites. A recent
study by Ratnasabapathy et al. (2019c) shows that a slight reduc-
tion in the Australian C&D waste disposal represents the need for
more efforts to reduce landfilled waste. However, the authors an-
ticipate that maintaining the current trend would bring the landfill
diversion rate to 78% in 2025.
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Most of the relevant studies reviewed highlight the necessity
of having a landfill levy. For instance, research finds that high
landfill levy fees encourage waste recovery. Shooshtarian et al.
(2020c) report that 90% of survey participants endorsed the effec-
tiveness of the landfill levy in general. In Australia, state and ter-
ritory governments determine the landfill levy rate (Davis et al.,
2019a). Depending on the factors involved in the formulation, the
rate differs from one state to another (Shooshtarian et al., 2019a).
The Shooshtarian et al. (2020e) study of current state-wide waste
strategy documents reveals that the second-ranked strategy in
these documents is to revise existing levy arrangements to ensure
they discourage waste disposal. Notably, Australian Capital Terri-
tory (ACT), South Australia (SA), Queensland (QLD), Tasmania (Tas)
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and Western Australia (WA) are the jurisdictions that proposed this
revision (Shooshtarian et al., 2020e).

Several research studies investigated the suitability and qual-
ity of current landfill levies across Australia (Newaz et al., 2020,
Jayasinghe et al., 2018). Stakeholder considerations include prop-
erly designing this scheme to reflect real-world conditions better
and maximise its impact (Zhao et al., 2021). Shooshtarian et al.
(2020c¢) argue that while a landfill levy is the best economic driver
in some circumstances, it can act as a disincentive in other cir-
cumstances, such as increased illegal dumping and waste transfer
and reduced waste recycling. Rameezdeen et al. (2016) study on RL
in the SA construction industry demonstrates that a higher land-
fill levy could cause illegal dumping. This conclusion is also con-
firmed in a state (WA) government report (as cited in Zhao et al.,
2021).

One study in Qld shows impacts of state government deci-
sions related to introducing and revoking landfill levies on recy-
cling rates of C&D waste (Forghani et al., 2017). Wu et al. (2020) re-
veal that the availability of recycling and landfilling sites and in-
consistencies in levies are among the top reasons for waste trans-
fer between states. The researchers document C&D waste transfer
between NSW and ACT, NSW and QId, SA and Victoria, a prob-
lem that can be alleviated by policies such as the proximity prin-
ciple (Jayasinghe et al., 2018), whereby waste transfer over long
distances is restrained. The research by Newaz et al. (2020) finds
that experts believe that the current waste levy is inefficient to
discourage waste landfilling in NSW. The main reasons are the
lack of tangible outcomes from levies and that the state allows
for waste transfer to Qld, where landfill levies are comparatively
lower. Shooshtarian et al. (2020c) report that the study partici-
pants indicate that the current landfill levy schemes implemented
in Australia are not as efficient as they should be and need im-
provements.

Typically, landfill levies are determined by the location of land-
fills, levy exceptions for certain materials, composition of waste,
and levy zones; as such, they increase periodically (Zhao et al.,
2021, Chileshe et al., 2019). Jayasinghe et al. (2018) suggest that
levies should be determined based on waste classification, demo-
graphics, levy rebates for waste recovery and financial impact anal-
ysis. The revenue from the imposition of a landfill levy is par-
tially used to improve enforcement and compliance, development
of sound policies, and to fund actions and strategies that con-
tribute to waste minimisation. There is no nationally prescribed
method for distributing levies for such purposes in Australia, and
each state government does so according to its priorities and ob-
jectives (Shooshtarian et al., 2020c).

The studies reviewed provide some recommendations to im-
prove waste management related to waste landfilling. For in-
stance, Shooshtarian et al. (2020c) indicate that effective strate-
gies include harmonisation of landfill levies; complementing levy
imposition with technology-enabled compliance and enforcement
regimes; consideration of transport fees and potential cost impli-
cations for construction activities when determining the levy rate;
reinvestment of landfill levy revenue in resource recovery activities
through, for example, providing low-interest loans or financial in-
centives; supporting R&D activities; and increasing local infrastruc-
tures. Another potential strategy for waste minimisation in land-
fills is to maximise the use of energy recovered (mainly methane
gas) from combustible C&D waste materials destined for landfills
(Shooshtarian et al., 2019b). The research by Tam et al. (2009) in
Qld suggests that landfill operators should introduce a differential
charging of a levy to motivate C&D waste source separation. Fur-
ther, efficient waste data and reporting systems that capture the
exact quantity of landfilled waste would improve planning and reg-
ulation for better waste minimisation through landfilling or other-
wise (Ratnasabapathy et al.,, 2019a). Effective waste landfilling is
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supported by engineered landfills adjacent to transfer stations and
reprocessing centres for optimum transportation (Jayasinghe et al.,
2018). For best landfilling management, various guidelines are pro-
vided in Australian states and territories regarding landfill siting,
design, construction, operation, maintenance and closure. However,
the Australian government recommends harmonising best-practice
landfill standards (as cited in Davis et al., 2019b). Furthermore, a
combination of reasonable landfill levies, with the principal prox-
imity policy and long-distance located landfill sites from construc-
tion sites, could favour recycling over landfilling. Lastly, the anal-
ysis of stakeholders involved in the reviewed studies shows that
landfill operators’ opinions are barely, less than 2%, captured in ex-
tant research studies. This highlights the need for further research
to explore opportunities for waste minimisation and resource effi-
ciency at the landfilling stage.

Drawing on global precedents, other strategies such as land-
fill levies (Duran et al.,, 2006), storing (landfilling) C&D waste in
a separate landfill section (Duan et al., 2015), and material recov-
ery at material recovery facilities located in the area of a landfill
site (Galvez-Martos and Istrate, 2020) have been identified through
key literature from China, USA and European countries. For exam-
ple, a previous study shows that landfilling C&D waste may be
done in a separate landfill so the waste can be stored safely for
future use in earthwork or road projects. If such a landfill site
is not available, the waste may be stored in a special cell at a
MSW landfill or used as a cover at MSW landfills (Duan et al.,
2015).

3.9. Reducing waste disposal by preventing Illegal dumping and
stockpiling

Illegal dumping and long-term stockpiling are severe problems
in the Australian C&D waste management ecosystem (Fig. 11). A
government report (NWR, 2020) indicates that illegal dumping in
C&D waste space is less than 1%. However, anecdotal evidence
demonstrates significantly higher rates particularly in WA and NT.
Various reasons are specified by researchers for illegal dumping
and stockpiling. Shooshtarian et al. (2020a) argue that inconsis-
tent jurisdictional regulations result in illegal dumping and stock-
piling. Notably, Rameezdeen et al. (2016) and Shooshtarian et al.
(2020c¢) studies conclude that a higher landfill levy could cause il-
legal dumping. Shooshtarian et al. (2020b) identify the insufficient
return of levy revenue to the C&D waste management sector as a
barrier to preventing illegal waste activities.

As reviewed in Shooshtarian et al. (2019a), states and territo-
ries penalise these kinds of acts through hefty fines, which are en-
forced by specialised task forces, and have set an ambitious tar-
get to reduce illegal dumping (Zuo and Zhao, 2014). The state gov-
ernments also outline illegal dumping reduction actions through
their waste strategy documents (Shooshtarian et al., 2020e). These
actions can be categorised as education (awareness-raising, stake-
holder engagement); encouragement (infrastructure development,
capacity building and networking); and enforcement (evaluation
and monitoring, regulations). Researchers also suggest strategies
to reduce illegal dumping and stockpiling. These strategies include
more supervision of demolition companies to stop illegal dump-
ing activities (Kabirifar et al., 2021a); using technologies such as
remote sensing, GIS and image processing to monitor illegal waste
activities (Glanville and Chang, 2015, Ratnasabapathy et al., 2019b);
and harmonised regulations including uniform levy fees and fund-
ing for educational programs (Laviano et al.,, 2017, Davis et al.,
2019a). As per Jayasinghe et al. (2018), upfront levy liability is an
effective strategy to discourage long-term stockpiling. Currently ap-
plied in NSW, this policy incurs a fee for waste received at the de-
pot and would fall at the disposal.
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Fig. 11. Issues, solutions and key stakeholders playing a role in C&D waste disposal reduction at illegal dumping and stockpiling stage

4. Discussion

Based on these findings the authors present a matrix sum-
marising the issues, strategies and stakeholders across the different
stages of LoWMoR.

The Table 1 shows that the majority of issues were related to
the operations and laws/ regulations categories. The issues under
the operations category include: lack of operational adherence to
the WMP; limited quality control; inadequate waste sorting and
storage facilities; and lack of consistent reporting on operations.
The issues under the laws and regulations category include: unsup-
portive regulatory framework; restrictions on waste exports; and
the complexity of policy establishment. In addition, there were re-
current issues related to lack of market demand, low material qual-
ity, lack of quality standards and high costs associated with func-
tions related to each stage.

The most evident strategies used across different stages of Low-
MoR include collaboration and laws and regulations. The strategies
under collaboration include: reverse logistics, sustainable procure-
ment; stakeholder engagement; collaboration across key experts;
well-coordinated waste transfer. The strategies under laws and reg-
ulations include: upfront levy liability; creating harmonised levy
rates; effective distribution of levy revenues; levy exemptions; and
EPR). Furthermore, there were other strategies related to the appli-
cation of technologies (remote sensing, image processing, Building
Information Modelling), waste tracking systems and certification to
efficiently management of C&D waste.

As per the analysis of research participants recruited in the
Australian studies, the top stakeholders include waste operators,
project managers, government (regulators), sub-contractors, and
others (designers/architects, site managers and recyclers). It can be
concluded that these stakeholders have an essential role in driv-
ing WMP and WMR, and therefore, need to be involved in waste
management planning, as highlighted by a few studies (Park and
Tucker, 2017, Udawatta et al., 2015b). However, as waste manage-
ment involves varying aspects and requirements in each construc-
tion project, stakeholder analysis must be implemented to ensure
that all parties play their role in forming waste-efficient construc-
tion activities. Such involvement will lead to achieving a circular
economy in the AEC industry.

To address the key issues synthesized in the above matrix and
to create targeted strategies the authors summarise the following
recommendations based on the findings from the key literature ex-
amined.

103

Research collaboration

The identified literature shows that research collaboration on
C&D waste management between different institutes and among
universities and industries is not well established in Australia.
As Scherer (2005) writes, the benefits of research collaboration
include 'increased chance of success’, ‘complex projects’, 'grants
and funding’, 'avoidance of errors’ and 'respect’. Therefore, funding
agencies and research institutes should revisit their policy to
encourage further international research collaborations (Darko
et al.,, 2020). Despite the challenges such as organisational culture
and communication highlighted by different researchers (Reddy
et al., 2018), research collaboration can aid states and territories
in mitigating real-world issues such as skill shortages, inadequate
education and research capacities, and lead to technology and
knowledge exchange among states. The issues of interstate collab-
oration could be, however, addressed to maximise the benefits of
such collaborations. Notably, research collaboration with industry
experts and University-Industry (U-IE) engagement needs to be
prioritised to facilitate knowledge transfer between research in-
stitutes and the industry. U-IE is found to generate benefits such
as learning, access to in-kind resources and access to funding
(Henningsson and Geschwind, 2019). Di Maria et al. (2019) find
that industry financial performance is positively associated with
U-I collaboration centred around knowledge transfer for environ-
mental innovation and that the higher the U-I contracts activated,
the better the economic performance.

4.1. Harmonisation of waste management systems

In Australia, waste is regulated by state and territory govern-
ments. The literature reveals that inconsistent waste management
climates across Australia impede sustainable C&D waste manage-
ment. For instance, Park and Tucker (2017) report that inconsis-
tent legislation around sustainable buildings hinders the use of
RWP. Hence, harmonisation of waste management regulatory sys-
tems and practices can benefit all parties involved in C&D waste
management. Some studies highlight the benefits of harmonising
regulations pertaining to C&D waste management, such as prevent-
ing construction companies from sending their waste away (Davis
et al., 2019b) and reducing complications for companies operating
in various states (Shooshtarian et al., 2020c). A national approach,
led by the federal government, however, needs to be devised in
consultation with state and territory authorities to ensure their po-
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tential specific conditions and concerns are properly reflected in
any policies emerging from this initiative.

5. Conclusions

This research aimed to identify the main opportunities and
barriers to minimise C&D waste disposal, through a review of 62
pieces of Australian literature. The limitations of previous studies
were outlined, and future research directions were identified to
further explore the field of C&D waste management. A circular
economy-based model developed in this study, LoOWMoR, guided
the analysis of the Australian literature review. Overall, this study
provides an insight into the C&D waste management situation in
eleven stages of the construction materials lifecycle, as depicted
in Fig. 2. Key issues related to operations (e.g., lack of operational
adherence to the WMP, quality control, inadequate waste sorting
and storage facilities, lack of consistent reporting on operations)
and laws and regulations (e.g., unsupportive regulatory framework,
a ban on waste exports, the complexity of policy establishment)
were uncovered across a number of stages in the construction
materials lifecycle. Key strategies related to collaboration (e.g., re-
verse logistics, sustainable procurement, stakeholder engagement,
collaboration across key experts, well-coordinated waste transfer),
laws and regulations (e.g., upfront levy liability, harmonised levy
rates, effective distribution of levy revenues, levy exemptions,
EPR) were highlighted in LoWMOoR stages. Based on the synthesis
of the key findings, the authors provide recommendations on
fostering research collaboration; analysis of stakeholders’ needs
and requirements in devising a waste minimisation plan; and
the need for federal government-led harmonisation of C&D waste
management systems in Australia.

The study contributes to the body of knowledge in two ways.
Firstly, policymakers and authorities can use the developed LoW-
MoR model to devise action plans for waste minimisation activ-
ities; it is also beneficial to research studies seeking to achieve
a circular economy and resource efficiency in various industries.
Secondly, the study can provide an agenda for further research
into Australia’s C&D waste management climate. Further research
is recommended in the following areas: the benefits of I-UE in the
AEC and WMRR industries; the impact of technologies in achieving
waste minimisation objectives in Australia; waste minimisation op-
portunities during construction material transportation; analysing
the economic impacts of the framework (e.g., through a LCA or
EIA); and the direct impact of sustainability rating tools in C&D
waste minimisation.
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