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Abstract: Decisions made at every stage of the built environment life cycle impact how materials in that environment are eventually man-
aged at the end of their life, whether in a linear or cyclical manner. Linear fates often terminate in landfills, whereas more sustainable cyclical
fates are continuously extended through reduction, reuse, repair, recycling, and recovery (5Rs) practices. Despite a notable increase in the
literature on sustainable construction and demolition waste (CDW) management, there is still a lack of studies comprehensively addressing
the full life cycle of the built environment. A gap also exists in the understanding of the root causes underlying unsustainable CDW man-
agement practices. To address these gaps and shortcomings, this study synthesizes the literature on CDW management to identify the causal
factors contributing to the current unsustainable management practices, their root causes across the life cycle of the built environment, and
sustainable strategies with proven efficacy in mitigating the detected root causes. Considering the implications of these strategies on the
management of CDW, as well as their applicability across different stages of the built environment life cycle, this study characterizes them
using the 5Rs waste hierarchy and using a five-stage built environment life cycle framework: interim, planning, construction, use, and end of
life. All such information is integrated into a single ranking framework that proposes prioritized sustainable strategic pathways to address the
most relevant root causes of unsustainable CDW management across the entire built environment life cycle. The actual implementation of the
proposed framework for the sustainable management of the built environment is demonstrated through an analysis of Louisiana, in which
peacetime construction/demolition and disaster debris generation and reconstruction/demolition have resulted in large amounts of CDW that
often ended in landfills. Future decision makers can avoid similar fates by mitigating their own root causes of unsustainable waste management
by better utilizing relevant mitigation strategies. DOI: 10.1061/JMENEA.MEENG-4759. © 2023 American Society of Civil Engineers.
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Introduction

In the built environment, every structure has a life cycle, originating
from natural resource extraction and processing, continuing with
construction, operation, and maintenance, and ending in final
disposition (Koroneos et al. 2013; Singh et al. 2011). The majority
of the waste generated at the final stage of the built environment
life cycle (i.e., structure’s peacetime demolition or destruction by
disaster events) often ends up in landfills without appropriate seg-
regation and treatment (Bovea and Powell 2016). With the high
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volume of construction and demolition waste (CDW) being gener-
ated and subsequently dumped (Ding et al. 2018; Jalloul et al.
2022c¢), limited landfill space is being depleted (Akanbi et al.
2018), particularly in the US where the maximum holding capac-
ities of most landfills are soon to be reached (Anuranjita et al.
2017). Environmental impacts associated with low recovery rates
of CDW also include high energy consumptions and depletion of
valuable resources during the production of building materials, for
both new construction and postdisaster rebuilding, rather than using
existing waste materials (Jalloul et al. 2022a; Ruiz et al. 2020).

Acknowledging the need for more sustainable management
practices within our built environment, several studies tackled the
issue of CDW management. The application of circular economy
(CE) principles (i.e., reducing, reusing, and recycling) to the man-
agement of CDW has been a particularly prevalent focus of recent
literature. For instance, Ruiz et al. (2020) developed a theoretical
framework comprising 14 strategies to enable the adoption of CE
in CDW management. Ghisellini et al. (2018) aimed to investigate
the feasibility of adopting a CE approach when managing CDW, in
the first place, by exploring the environmental and economic costs
and benefits of doing so. Cimen (2021), Ginga et al. (2020), and
Joensuu et al. (2020) presented reviews of the available literature on
the application of CE practices in the built environment, particu-
larly for the management of CDW. These reviews tried to identify
the general research trends in the studied literature, as well as high-
light existing knowledge gaps such as the impact on the life cycle
stages, roles of different stakeholders, and the limited effectivity of
current CDW recycling and reuse practices (Cimen 2021; Ginga
et al. 2020).
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Aside from CE-related studies, some previous research works
also investigated the sustainable management of CDW, either with
a focus on a specific aspect or a certain region. Wang et al. (2017),
for example, discussed the challenges faced during every stage of
CDW management, with a particular focus on the role of govern-
ments and enacted policies. Yuan et al. (2018) focused on the role
of project managers in reducing CDW generation during the project
execution stage. Cruz Rios et al. (2021), on the other hand, focused
on the design stage, investigating the enablers and barriers to build-
ing design that facilitate the recycling and reuse of the generated
CDW. As for region-specific research on the management of CDW,
examples include studies on CDW management practices in China
(Huang et al. 2018; Jin et al. 2017; Liu et al. 2020; Yuan 2017),
India (Kar and Jha 2021), the UK (Ajayi and Oyedele 2017), Italy
(Balletto et al. 2021), Ireland (Duran et al. 2006), Australia (Park
and Tucker 2017), and Canada (Yeheyis et al. 2013).

As demonstrated, the sustainable management of the built
environment has been of interest to many researchers. Each of
the previous studies in the area of CDW management touched upon
some of the reasons behind the current dearth in the implementation
of sustainable management practices and/or some of the recom-
mended mitigation strategies. However, an integrative research
endeavor that delineates all such reasons and strategies in a com-
prehensive manner has been hitherto lacking. Within this regard,
having a holistic view of the focused insights from prior work
would provide a deeper understanding of the problem and the
potential solutions. As such, in this study, a systematic review
of the literature is conducted to comprehensively identify all causal
factors, along with their corresponding root causes, contributing to
the unsustainable management of what remains following the last
stage of the life cycle of our built environment (i.e., CDW).

In addition to detecting the source of the problem, this study
identifies the recommended mitigation strategies corresponding
to each of the detected root causes. Because the application of dif-
ferent mitigation strategies depends on the stage of the life cycle of
the built environment at the time of implementation, the mitigation
strategies are characterized based on a five-stage built environment
life cycle framework: interim, planning, construction, use, and end
of life. Further, because these mitigation strategies have different
implications on the management of CDW, this study characterizes
them using the 5Rs waste hierarchy: reduce, reuse, repair, recycle,
and recover. Lastly, because resources available for mitigation are
often limited, mitigation strategies need to be prioritized. As such,
this study ranks identified mitigation strategies using an integrated
prioritization scoring system.

The knowledge synthesized in this study presents a basis for
a practical holistic framework that can be utilized by stakeholders
at every stage of the built environment life cycle to better identify
and prioritize sustainable CDW management strategies within the
context of fundamental causes. To investigate how this framework
can be applied in practice, the management of CDW in Louisiana
throughout peacetime and disaster is taken as a case study. Relevant
root causes of unsustainable CDW management practices were
identified, and accordingly, their corresponding mitigation strate-
gies were prioritized.

The remainder of the paper is structured as follows. First, this
paper presents a background on the built environment life cycle and
the waste management hierarchy, followed by the description of the
employed methodology. The, this paper presents the results of the
literature review in terms of the identified causal factors and root
causes of the unsustainable management of CDW. The mitigation
strategies corresponding to each of the identified root causes are
presented and characterized. These mitigation strategies are sub-
sequently ranked and prioritized. The application of the proposed
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framework for the sustainable management of the built environ-
ment is demonstrated thereafter through a case study of Louisiana,
investigating the management practices of the CDW generated in
recent decades from disasters and urban expansion. Finally, the
conclusions of this study are presented.

Background

Built Environment Life Cycle

The life cycle stages of the built environment are most commonly
defined in the literature by the standards set by the International
Organization for Standardization [ISO 21931-1:2010 (ISO 2010)]
and the British Standards Institution and European Committee
for Standardization (BS EN) [BS EN 15978 (BSI 2011)]. The ISO
21931-1 standard provides a broad baseline for building sustain-
ability, and the life cycle stages it has defined are often used when
assessing the environmental performance of the built environment
(Wu et al. 2017). Those include production, construction, in-use,
and end of life (ISO 2010). BS EN 15978, on the other hand, is
a European standard that outlines procedures for conducting life
cycle assessments (LCA) of buildings (Thibodeau et al. 2019).
Similar to the ones defined by ISO, the stages of the building life
cycle defined in the BS EN 15978:2011 standard are product,
construction process, use, and end of life.

Despite the widespread adoption of the four stages of the built
environment life cycle presented in ISO and BS EN standards,
some researchers critiqued their spatiotemporal limitations and rec-
ommended considering broader system boundaries, including
methodological and functional dimensions (Broto et al. 2012; Pan
et al. 2018). One of the suggested approaches to study the built
environment life cycle is using the concept of urban metabolism.
This approach fundamentally looks at the exchange processes
that create urban environments in the same way that metabolic ex-
change processes create and maintain cells (Broto et al. 2012). As
opposed to isolated and linear processes, as presented in the ISO
and BS EN standards, urban metabolism considers elements of the
built environment as part of a larger ecosystem with material and
energy flows. Dijst et al. (2018) acknowledged that the traditionally
described stocks and flows of materials, as tracked through material
flow analysis under the urban metabolism approach, are interrelated
with drivers, needs, facilitators/constraints, and activities in urban
environments. All of this is subject to a spatial and temporal flex-
ibility in the built environment and implies that the CDW stocks
and flows will be unevenly distributed throughout the built envi-
ronment over its life cycle with some geographic regions having
periods of zero input/output.

However, despite the lack of material flow, the aforementioned
drivers, needs, facilitators/constraints, and activities in urban envi-
ronments may still influence future flows. As such, this idea of a
broader ecosystem is important when discussing a sustainable
built environment because there are dynamics involved in struc-
ture sustainability existing long before and after construction is
finished.

Waste Management Hierarchy

The concept of waste management hierarchy has been commonly
adopted in the literature (Bovea and Powell 2016; Esa et al. 2017;
Gharfalkar et al. 2015; Zhang et al. 2022). Despite that, there is
no consensus on the number of levels, commonly known as
the R-imperatives, that make up the hierarchy, or on what these
R-imperatives represent (Tserng et al. 2021). The 3Rs waste
hierarchy, which promotes reduction, reuse, and then recycling
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before disposal in a landfill, is the most commonly mentioned when

discussing concepts of circular economy (Liu et al. 2020; Ruiz et al.

2020). However, specifically in regard to waste management, the

5Rs topology is predominant (Reike et al. 2018) because it provides

a more defined and clear hierarchy. Based on the type of the waste

stream, variations of the 5Rs hierarchy exist, accounting for the

impact of the waste stream properties on the sustainability and fea-

sibility of its management imperatives (Bovea and Powell 2016).

With regards to CDW management, the five R-imperatives that are

most relevant are reduce, reuse, repair, recycle, and recover, and

they can be defined as follows:

* Reduce: Strategies that aim to reduce CDW waste at the source
by using nonmaterial alternatives to products and minimizing
resource usage (Tserng et al. 2021).

* Reuse: Reuse strategies are focused on utilizing salvaged con-
struction materials again in building and construction applica-
tions (Huang et al. 2018).

e Repair: Repairing involves restoring and maintaining materials
harvested from the CDW stream to serve their original purpose
(Morseletto 2020).

* Recycle: The application of recycling consists of processing
CDW waste to be used in the manufacturing of construction
materials instead of relying on virgin materials (Ruiz et al.
2020).

* Recover: Recovery strategies within the context of CDW mainly
refer to the production and recovery of energy from components
of the CDW stream with high energy content, such as wood and
plastics (Chau et al. 2017).

Research Methodology

In this study, the authors adopted a three-step research method-
ology, as illustrated in Fig. 1. The following subsections provide
further explanation of the details of each of the three adopted
steps.

Step 1: Identification of Causal Factors, Root Causes,
and Mitigation Strategies for Unsustainable
Management of CDW

The identification of the causal factors and root causes behind the
unsustainable management practices of CDW, along with the rec-
ommended strategies needed to address them, was carried out by
means of a systematic literature review. This enabled synthesizing
the current body of knowledge and answering the research question
in a reproducible and clear manner (Cook et al. 1997). Specifically,
the guidelines proposed by Kitchenham and Brereton (2013) were
followed to systematically review the literature, which necessitate
thoroughly explaining the adopted search strategy and providing
the inclusion and exclusion criteria adopted during the screening
and selection process. These guidelines have been widely used
to systematically review the existing literature in various contexts,
including the management of CDW (Cimen 2021; Ghisellini et al.
2018; Ruiz et al. 2020).

To find all relevant literature, two major databases were queried:
Google Scholar and Web of Science. Relevant technical reports
published by governmental agencies and international organiza-
tions, including the USEPA, FEMA, and USACE, were also col-
lected. Using these resources, the search and review process was
conducted in a three-phase manner.

Phase (a): Identification of Causal Factors

The first phase of the search and review process aimed to identify
all causal factors contributing to the unsustainable management of
CDW. A structured keyword search was used to identify the rel-
evant literature. Specifically, combinations of keywords pertaining
to (1) the built environment waste, and (2) the causal factors for its
unsustainable management were used as outlined in Table 1.

Phase (b): Discovery of Root Causes

Following the identification of the main causal factors behind the
unsustainable management practices of CDW, the second phase of
the search and review process was conducted to detect their root
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: RESEARCH OBJECTIVES
: 1. Identifying the causal factors, root causes, and mitigation strategies for unsustainable management of
CDW
: 2. Characterizing the identified mitigation strategies with respect to the life cycle stage of their
| | implementation and where they fit in the waste hierarchy
| | 3. Prioritizing the mitigation strategies to enable efficient allocation of resources
R _ ~
.
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Table 1. Keywords used in Phase (a) of the search and review process

Aspect Keywords

Built environment waste Built environment, construction and
demolition waste, C&D waste, CDW,
construction waste, demolition waste,
disaster debris, disaster waste
Sustainable waste management,
sustainable construction management,
circular economy, life cycle analysis, life
cycle costing, recycling, reusing,
reducing, 3Rs, deconstruction, building
information modeling

Causal factors for
unsustainable management

Search Engine:
Google Scholar Web of Science

Phase (a): Identification of causal factors
Y

causes, or what is known as root cause analysis (RCA). In this
phase, the causal factors identified in Phase (a) were utilized as
keywords to find the relevant literature. Resulting root causes de-
termined during this phase, along with the previously identified
main causal factors, were organized in a fishbone diagram, serving
as a structured approach to understanding the problem and the
causes contributing to it (Ilie and Ciocoiu 2010). To guide the
organization of the main causes and their root causes in the fish-
bone diagram, the SW1H method was followed, during which the
questions of who, what, when, where, why, and how were asked.

Phase (c): Identification of Strategies

The third and final phase of the search and review process aimed to
identify the appropriate solutions or mitigation strategies to address
the previously detected root causes of unsustainable management
of CDW over the life cycle of the built environment. During
this phase, keywords such as CDW “policy,” “management,”
“economics,” and “logistics” were used to refine the search.

Fig. 2 depicts details of the conducted search and review pro-
cess. The results of the keyword search used during each of the
aforementioned three phases of the search and review process were
either selected for further analysis or discarded based on a set of
inclusion and exclusion criteria covering the document type, lan-
guage, full text availability, and focus (Fig. 2). More specifically,
the retrieved studies and reports were screened by first examining
their titles, then reviewing their abstracts, and finally assessing their
full text based on the adopted inclusion and exclusion criteria.

The search and review process ended in the selection of 101
documents that were carefully reviewed to extract the causal factors
and root causes behind the unsustainable management practices of
CDW, along with their recommended mitigation strategies. The
selected documents spanned across various disciplines including
waste management, construction management, materials science
and engineering, disaster recovery, urban planning, public policy,
and economics. They comprised 89 peer-reviewed journal papers,
five conference papers, five technical reports, and two book sec-
tions, spanning the time period 2006-2022. The distribution of
the documents based on their type and publication year is presented
in Fig. 3. Most of the reviewed documents were published during
2017-2021. This reflects an increase in academic attention and
interest of researchers toward sustainable management practices,
particularly relating to the waste generated across the life cycle
of the built environment.

Step 2: Characterization of Mitigation Strategies

To provide insights about the implications of the identified mitiga-
tion strategies for unsustainable CDW management, they were
characterized based on where they fit in the waste management
hierarchy. For such characterization, the previously defined five
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Fig. 2. Search and review process methodology.
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g. 4. Ability to impact the sustainability of CDW management during different stages of the built environment life cycle.

R-imperatives that are most relevant to CDW management
(i.e., reduce, reuse, repair, recycle, and recover) were used.

Further, to guide their implementation, the identified mitigation
strategies were characterized based on when they can be imple-
mented during the life cycle of the built environment. In this regard,
this study used a modified version of the ISO/BS EN standards for
the built environment life cycle to address their previously dis-
cussed shortcomings. Specifically, to incorporate a broader ecosys-
tem or system boundaries, an interim stage was defined to represent
the period of time, for any given piece of land, preceding the plan-
ning for any structure in the built environment to be constructed in
that land. Accordingly, the mitigation strategies identified in this
study were characterized using a five-stage framework to the built
environment life cycle: interim, planning, construction, use, and
end of life. It is important to note that these life cycle stages are not
explicitly linear, nor must they occur in isolation. A structure in the
use stage, for example, could also be considered in the planning
or construction stage if major refurbishments or repairs are under-
way. As such, some mitigation strategies were characterized to be
applicable to more than one stage of the built environment life
cycle.

Step 3: Prioritization of Mitigation Strategies

Identified and characterized mitigation strategies were ranked using
an integrated prioritization scoring system. The system considers
the merit of a mitigation strategy across the life cycle of the built
environment and with respect to the end-of-life material manage-
ment to be dependent on three scoring criteria: (1) applicability,
(2) effectiveness, and (3) environmental preference, each having
a normalized subscore of up to 10 points for a total perfect score
of 30 for a given mitigation strategy. Strategies can then be priori-
tized based on their merit in each criterion (e.g., which strategy is
most applicable), or according to their holistic priority indicated
by their total score (i.e., which strategy is the most applicable,
effective, and environmentally preferred). The following sections
describe each of these criteria and how its subscore was computed
for each mitigation strategy.

Applicability

The applicability of a mitigation strategy is assessed based on the
life cycle stages of the built environment during which this strategy
can be applied. Within this regard, it was assumed that the level of
impact a mitigation strategy has on the sustainable management of
the built environment varies based on when it is applied during the
built environment life cycle. A similar concept has been used in the
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area of construction project management when describing the level
of influence changes have on the cost of a construction project dur-
ing different stages of its life cycle. Within this regard, a typical
cost/influence curve for a construction project would show a de-
creasing trend of influence along the project’s life cycle, highlight-
ing that the ability to influence costs is highest during the earliest
stages (Messner 2019). In this study, such a cost/influence curve
was adapted to the context of sustainability of the built environment
(Fig. 4).

The earliest stages of the built environment life cycle,
i.e., interim and planning, would still be the most impactful when
promoting sustainable CDW management practices due to their
downstream effects. More specifically, significant potential reduc-
tions in the generation of CDW can be attained through sustainable
design and planning practices (Kozlovskd and Spisakova 2013),
and more effective implementation of sustainable CDW manage-
ment practices can be realized when policies and waste diversion
goals are established early on in the built environment life cycle
(Yeheyis et al. 2013). Similar to the construction project manage-
ment cost/influence curve, the impact of mitigation on the sustain-
ability of CDW management decreases during subsequent life cycle
stages. During the construction stage for example, with plans being
already finalized and designs being often completed, reducing the
amount of CDW to be generated is limited to mitigation strategies
that target constructability and material management practices
(Ekanayake and Ofori 2004). The impact of mitigation on the
sustainability of CDW management further decreases during the use
stage, during which only maintenance, monitoring, and assessments
practices can be amended (Mohammed et al. 2020).

This impact, however, increases during the end-of-life stage,
during which deconstruction/demolition operations occur that
largely impact the reusability and recyclability of the waste gener-
ated (Abdullah et al. 2003). These end-of-life actions also influence
decisions on how this waste will be managed, i.e., disposed versus
diverted (Mohammed et al. 2020). The applicability subscore for
each mitigation strategy was computed by summing the score of
each life cycle stage during which this strategy can be applied.
The scores of different life cycle stages ranged from 1 to 3, as
presented in Table 2, to reflect the level of impact each stage
has on the sustainable management of the built environment which
was illustrated in Fig. 4. The prioritization of strategies that impact
multiple life cycle stages is intended to support more integrated and
holistic approaches to sustainable management of the built environ-
ment as supported in the life cycle thinking literature (Petit-Boix
et al. 2017).
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Table 2. Applicability criteria scoring

Table 4. Environmental preference criteria scoring

Stages of the built environment

Domains of the waste

life cycle impacted Score hierarchy utilized Score
Interim 3 Reduce 5
Planning 3 Reuse 4
Construction 2 Repair 3
Occupancy 1 Recycle 2
End of life 2 Recover 1

Table 3. Effectiveness criteria scoring

Proportion of root causes of unsustainable

management of CDW addressed Score
<20% of the identified root causes 2
21%—40% of the identified root causes 4
41%-60% of the identified root causes 6
61%—-80% of the identified root causes 8
>81% of the identified root causes 10
Effectiveness

The effectiveness of a solution usually refers to how well it can
solve a problem. As such, in this study, the effectiveness of a mit-
igation strategy was assessed based on its ability to address the root
causes of unsustainable management of CDW. More specifically,
the effectiveness subscore for each mitigation strategy was assigned
based on the percentage of the identified root causes it addresses, as
described in Table 3. The scoring guidelines are given in terms of
percentages and not discrete counts to make the proposed scoring
system applicable in any scenario.

In practice and depending on the scenario studied, some and not
all of the identified root causes might exist. As such, the effective-
ness subscore of a mitigation strategy would be determined de-
pending on the number of root causes addressed out of the total
number of root causes identified in the scenario under study.

Environmental Preference

The environmental preference of a mitigation strategy was assessed
based on the waste hierarchy domains utilized by the mitigation
strategy within the 5Rs waste hierarchy. Although all 5Rs serve
as basis for sustainable waste management within the built environ-
ment, they have been ranked by scholars and practitioners from the
most to the least environmentally preferred as reduce, reuse, repair,
recycle, and then recover (Zhang et al. 2022). As such, the envi-
ronmental preference subscore for each mitigation strategy is com-
puted by summing the score of each R that a strategy supports, as
outlined in Table 4.

This study adopted the SRs waste hierarchy as a widely appli-
cable hierarchy, but any hierarchal system that ranks waste man-
agement methods with regards to their environmental impacts
can be used. Waste management hierarches may change depending
on material properties/conditions and preference, and locally rel-
evant hierarchies may serve best. If that is the case, the final pri-
oritization score will still indicate the strategy that is most preferred
for the environment in question.

Identification of Causal Factors and Root Causes of
Unsustainable Management of CDW

Information obtained from the systematic literature review indi-
cated that the sustainability of waste management, specifically that
of CDW, is largely impacted by materials’ conditions, applicable
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policies and regulations, governing economic factors, the support
of stakeholders, available logistics and infrastructure capabilities,
and the level of coordination and planning. For the aforementioned
six causal factors, the conducted root cause analysis (Fig. 5) led to
the identification of the corresponding 18 root causes behind the
unsustainable management of CDW in the built environment.

Challenging Material Conditions

Challenging material conditions are a fundamental causal factor of
unsustainable management of CDW that can be minimized and
managed but never eliminated. With respect to the SRs waste hier-
archy, the most effective means of addressing the root causes is
reduction (Ginga et al. 2020; Yeheyis et al. 2013). Simply put,
fewer components in a building or infrastructure result in less waste
to manage during the end-of-life stage. It is often the high volumes
of CDW, whether the whole or a fraction of it, that make it so hard
to manage sustainably due to limitations in the resources and infra-
structure needed (Brown and Milke 2016; Duran et al. 2006;
Galvez-Martos et al. 2018; Kim et al. 2018).

Yet even at lower volumes, or in systems that can handle a
high throughput of CDW, the challenges of contamination (Brown
and Milke 2016; Duran et al. 2006; Galvez-Martos et al. 2018) and
complex heterogeneous mixtures (Aboutalebi Esfahani 2020;
Akinade et al. 2018; Dahlbo et al. 2015; Duran et al. 2006; Lahtela
et al. 2019; Luther 2006; Sormunen and Kérki 2019) complicate
sustainable management options by increasing the complexity
and worker power needs of processing or, as is sometimes the case
with contamination, making materials too dangerous to process.
Addressing each of these root causes leads to sustainable manage-
ment by making the 5R waste hierarchy easier to implement. Lower
volumes of CDW already account for reduction but also make the
necessary steps for reuse, repair, recycling, and recovery more
manageable because required limited resources can be effectively
allocated to the processes. Similarly, when contamination and high
heterogeneity are less of a problem, existing CDW management
infrastructure has a better capacity to meet the demand.

These root causes of high waste volume, contamination, and
complex heterogeneous mixtures strongly dictate the causal factor
of challenging material conditions in affecting sustainable CDW
management. Even if all of the other causal factors are perfectly
addressed, this causal factor would still dictate the sustainability
of the waste management process overall. This is because the sus-
tainability of CDW management is fundamentally a question of the
quality and quantity of materials used. In other words, a near-
perfect CDW management system that cannot manage these root
causes will falter in attaining sustainability.

Ineffective Policies and Regulations

Insufficient implementation of policies and regulations at any level
of government directly results in unsustainable CDW management
(Liu et al. 2020). This is because policies and regulations impact
every stage of the built environment life cycle and are scalable to be
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Ineffective Policies and
Regulations

Challenging Materials
Conditions

Insufficient stakeholder
support/understanding

High total/fractional
volume of CDW

Contamination of CDW with
hazardous materials

Poorly defined CDW
terminology /policy problems

High heterogeneity of CDW

material types/conditions

Behavioral, socio-cultural, and/or
educational resistance to CODW ——»
diversion
Stakeholder choices favoring Insufficient resources for
non-recyclable or complex —»
materials infrastructure development

Varying stakeholder
quality demands for ——»
recycled aggregates

Insufficient CDW recycling-

_—
focused network management

Insufficient
Logistics/Infrastructure

Inadequate
Stakeholder Support

Insufficient resources to
implement policy

Unsustainable CDW Management in the Built Environment

Insufficient CDW recycling-
focused network design

CDW recycling-supportive ~——»

Non-supportive
Economic Factors

Improper or nonexistent
methods (i.e., taxesand ——»

subsidies) to regulate CDW

recycling markets

Insufficient demand for
recycled CDW products

Insufficient communication
between stakeholders due to
low awareness and motivation

Non-conducive regulatory
environments for
coordination/planning

Dearth of relevant CDW data ——»

Lack of clear leadership ——»

Insufficient Coordination
and Planning

Fig. 5. Ishikawa diagram for the causal factors and root causes of unsustainable management of CDW.

effective at the local, regional, state, national, and international
levels. One example of this can be seen in the building codes that
dictate planning, construction, repair during use, and more. This
can be analyzed at the level of a single home, but cumulative effects
of structural code can be seen in the broader built environment as
well. Effective policies and regulations can mitigate or eliminate
issues that arise through challenging material conditions, economic
factors, logistics/infrastructure, and coordination/planning by guid-
ing stakeholder choice.

The prevalence of illegal dumping is a good example of stake-
holder support and economic factors not supporting policies and
regulations (Blaisi 2019). In a sustainable CDW market, weak sup-
port of policies and regulations, or a lack of understanding, from
stakeholders at any level can result in unsustainability (Menegaki
and Damigos 2018). With illegal dumping, it is often a lack of
financial incentive combined with low buy in from stakeholders
that make dumping of CDW in prohibited places a viable option.
If the key actors and decision makers do not follow the relevant
policy or regulation in a CDW management system, then the
policy/regulation must be modified to include more appropriate
checks and balances. This lack of checks and balances can be
caused by another root cause relating to the insufficiency of resour-
ces to implement the policies and regulations (Giorgi et al. 2018;
Huang et al. 2018; Di Maria et al. 2018; Menegaki and Damigos
2018). This insufficiency can leave legislation futile by not ena-
bling ground-level stakeholders to affect change.

Even when stakeholder support and resources for implementa-
tion align with the governing policies and regulations, a weak def-
inition of what CDW is, or what the policy problem is, can still lead
to unsustainable CDW management (Aboutalebi Esfahani 2020;
Dahlbo et al. 2015; Duran et al. 2006; Hoang et al. 2020a, b;
Mailia et al. 2013; Mihai 2019). Due to regional variations in
material availability and construction practices, what qualifies as
CDW can change. Similarly, the context of problems corresponding
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to the CDW to be managed will change. Policies and regulations
must explicitly state what counts as CDW, what does not, and why.
The legislation must also clearly define any challenges being
addressed within a local/regional context. If either CDW definition
or policy problem definition are left too general, this can exacer-
bate the other root causes of insufficient stakeholder support/
understanding and insufficient resources due to lack of specificity
in what is needed to address the problem.

Nonsupportive Economic Factors

CDW practices in the built environment are part of broader social
and economic dynamics. The literature on circular economies has
highlighted this fact by considering how CDW by-products from
the built environment serve as a source for downstream products
such as recycled aggregates (Galdn et al. 2019; Jiménez-Rivero
and Garcia-Navarro 2017; Lahtela et al. 2019). Markets that dictate
the flow and availability of these CDW materials often require
explicit economic intervention (e.g., landfill taxes and recycling
subsidies) to balance supply and demand (Duran et al. 2006).
Otherwise, in unregulated environments, illegal dumping and/or
cost-prohibitive recycling might dominate (Marzouk and Azab
2014).

Unsustainable CDW markets are often characterized by two root
causes: improper or nonexistent methods to regulate waste markets,
such as taxes and subsidies (Agamuthu 2008; Hoang et al. 2020a;
Huang et al. 2018; Di Maria et al. 2018), and an insufficient de-
mand for recycled products (e.g., aggregates) relative to natural
products (e.g., newly mined stone or freshly cut timber) (Dahlbo
et al. 2015; Duran et al. 2006; Hoang et al. 2020a; Luther 2010;
Mihai 2019). If economic instruments can be utilized alongside
systems to bolster demand for recycled products (i.e., quality con-
trol), it becomes possible to create a supportive economic environ-
ment for sustainable CDW management.
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Inadequate Stakeholder Support

The key stakeholders influencing sustainable management of the
built environment are the government, designers, CDW producers,
community members, and CDW recyclers (Jiménez-Rivero and
Garcia-Navarro 2017; Shan et al. 2017). Government stakeholders
range from the local to international levels and influence every level
of the built environment life cycle. Designer groups are the stake-
holders who have a strong influence in the planning stage of a struc-
ture, such as architects, engineers, and owners. CDW producers
include construction companies as well as the manufacturers mak-
ing the component parts of a structure. The community exists as a
broad stakeholder designation accounting for the occupants and
regional neighbors to a structure who might influence its use stage.
Finally, CDW recyclers are private and/or public entities engaged in
all end-of-life material processing that do not include landfilling.

The described distinct groups of stakeholders often have differ-
ent objectives that play out across varying spatiotemporal dimen-
sions (Pan et al. 2020). This leads to variations in stakeholder
support regarding sustainable management of the built environ-
ment. These variations can arise from one of the root causes of this
causal factor, which is behavioral, sociocultural, and/or educational
resistance to CDW diversion (Menegaki and Damigos 2018; Zhang
et al. 2019). Whether by psychology, culture, or educational back-
ground, stakeholders can be predisposed to resist certain paths of
CDW management.

Interrelated with this is the second root cause, which is the
occurrence of stakeholders actively favoring non-recyclable or
complex materials. This often reduces the likelihood of sustainable
management (Liu et al. 2020). In CDW markets, another root cause
of insufficient stakeholder support is varying quality demands for
recycled aggregates (He and Yuan 2020; Silva et al. 2017). The
ultimate result of stakeholder choice in a CDW market heavily
influences the sustainability of that market.

Among the stakeholder groups, some people have more influ-
ence than others. The most influential actors on sustainability in the
built environment are the designers and the government (Hollberg
et al. 2020; Jin et al. 2017). Their respective choices have far-
reaching implications that not only influence downstream life
cycle stages from the point of action but also influence life cycle
outcomes for other structures. For example, a designer’s choice to
use design for deconstruction principles in the planning stage (Ding
et al. 2016) increases the likelihood of a future structure being more
sustainably built from reused components. However, government
policy during the interim stage, before the structure was designed,
might impose ill-informed code restrictions on the more sustainable
design for deconstruction principles.

Insufficient Logistics/Infrastructure

A well-designed (reduced, repairable, and reusable), sustainably
sourced (reusable, recyclable, and recoverable), well-maintained
(reusable and recyclable), and selectively demolished structure
(reusable, recyclable, and recoverable) can still meet a linear fate
in a dump. From the perspective of the SRs waste hierarchy, sus-
tainable waste logistics and infrastructure must support reduction,
reuse, repair, recycling, and energy recovery. The last two, in
particular, rely heavily on well-regulated waste logistics and infra-
structure (Aydin 2020; Gélvez-Martos et al. 2018). Not only must
the appropriate facilities and equipment exist, but they must also be
situated in accessible locations and managed in coordination to
ensure long-term survivability. Broadly speaking, sustainable strat-
egies implemented prior to a structure’s end of life should reduce
it and also make it more repairable, reusable, recyclable, and recov-
erable. It is the sufficiency of logistics and infrastructure that helps
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realize these goals by actually facilitating repair, reuse, recycling,
and energy recovery.

For waste logistics and infrastructure to be a causal factor in
the overall sustainability of CDW management, it is important
to address the root cause insufficiencies in recycling-focused net-
work design (Pan et al. 2020), resources to expand infrastructure
(Lockrey et al. 2016; Mihai 2019), and recycling-focused network
management (Hoang et al. 2020b; Huang et al. 2018). It is
effectively the sufficient design, management, and availability of
resources for CDW management logistics and infrastructure that
determine their success. Physical facilities must be available and
function well to take a sustainable structure and process its materi-
als whether by reuse, recycling, or recovery. Logistic choices must
also be made and supported so that sustainable buildings can be
repaired during their lives.

Insufficient Coordination and Planning

Insufficient coordination and planning are a common cause among
the other causal factors for unsustainable CDW management. In-
sufficiencies in logistics and infrastructure, stakeholder support,
economic factors, policies and regulations, and even material
conditions can all be explained, in part, as products of insufficient
coordination and planning (Huang et al. 2018; Pan et al. 2020).
This reflects the fact that each causal factor can be found in the
others, and, as such, all of the root causes addressed here should
not be considered as isolated causes but instead as existing at vari-
ous points upstream to more proximal manifestations of unsustain-
able decision-making.

In a broad sense, coordination and planning is undermined by
four root causes. These include (1) insufficiencies in communica-
tion between stakeholders due to low motivation, low awareness,
and/or poor infrastructure (Huang et al. 2018; Lockrey et al. 2016);
(2) nonconducive regulatory environments for coordination/
planning (Menegaki and Damigos 2018; Yuan 2017); (3) insuffi-
cient clear leadership (Yuan 2017); and (4) insufficient relevant
CDW data (Giorgi et al. 2018; Hoang et al. 2020b; Jalloul et al.
2022b; Menegaki and Damigos 2018; Yuan 2017). Good commu-
nication, supportive regulatory environments, strong leadership,
and actionable data are essential for coordination and planning.
The significance of relevant CDW data bears special attention as
it facilitates communication, regulation, and leadership.

Identification and Characterization of Mitigation
Strategies for Unsustainable Management of CDW

Each of the root causes of unsustainable management of CDW
presents an opportunity for intervention. The literature review fa-
cilitated the identification of these intervention opportunities in the
form of 26 mitigation strategies that can be implemented across
different life cycle stages and in support of different levels of the
5Rs waste hierarchy (Table 5). For each mitigation strategy, the key
decision-making stakeholders involved, the resulting action, the
impacted life cycle stages, and the domains of the SRs waste hier-
archy utilized are presented in Table 6.

Table 5. Abbreviations for the life cycle stages and waste hierarchy

Life cycle stages Waste hierarchy

Interim (I) 1. Reduce
Planning (P) 2. Reuse
Construction (C) 3. Repair

Use (U) 4. Recycle
End of life (E) 5. Recover
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Table 6. Identified and characterized mitigation strategies for unsustainable management of CDW

‘Who makes the

Life cycle stage Waste hierarchy

Code  Mitigation strategies References decision Result of the action involved level supported
S1 Control and separate the Aboutalebi Esfahani (2020), CDW producer, This creates homogenized CDW C, U E 2,4,5
CDW stream as early as Brandon et al. (2011), Galin CDW recycler  streams that are easier to manage
possible et al. (2019), Huang et al. and results in higher quality
(2018), Lahtela et al. (2019), CDW products.
Mialia et al. (2013), Menegaki
and Damigos (2018), and
Ruiz et al. (2020)
S2 Add standard materials ~ Aboutalebi Esfahani (2020), CDW recycler =~ Conforming to materials’ E 4
to the CDW stream to Akhtar and Sarmah (2018), standards makes end-products
meet end-product and Tam et al. (2009) more appealing to consumers.
technical/normative
standards
S3 Improve building and Huang et al. (2018), Lahtela Government, Improving design standards with LPC UE 1,2,3,4,5
material design standards et al. (2019), and Ruiz et al. designers sustainability in mind makes all
(2020) other life cycle stages easier to
manage and improves end-of-life
recyclability.
S4 Use prefabrication and ~ Amaral et al. (2020), Cimen Designers, Prefabrication and modular ILP,C, U E 1,2,3,4,5

construction make end-of-life
material harvesting easier. Using
CDW sourced materials supports
a robust CDW product market.

modular construction,
ideally using CDW
sourced materials

(2021), Mignacca and
Locatelli (2021), Poon
(2007), and Whittaker et al.
(2021)

CDW producer

S5 Create certifications/ Aboutalebi Esfahani (2020), Government These certifications and standards LE 4
normative standards for ~ Duran et al. (2006), and Liu ensure aggregate quality and help
recycled aggregates et al. (2020) maintain demand for CDW
(RAs) products.
S6 Develop policies that Fetter and Rakes (2012), Government, The EU has successfully done ILPC U E 1,2,3,4,5
explicitly support Galvez-Martos et al. (2018), CDW recycler  this, and a broader international
sustainable (SRs) CDW  Huovila et al. (2019), Di effort to do the same will make it
hierarchy and the Maria et al. (2018), and Yuan easier to create international
development of the (2017) CDW standards and markets.
needed local CDW Also, the 5Rs waste hierarchy
infrastructure developed in concert with
appropriate infrastructure is
proven to increase sustainable
end-of-life decisions for building
materials.
S7 Create policies that Galan et al. (2019), Government A consistent CDW definition ILC, E 1,2, 4
define CDW using a Gilvez-Martos et al. (2018), opens up other opportunities for
definition that works in  and Hoang et al. (2020b) broader policy action, data
accordance with collection, consistent research,
regional, national, and and more.
international efforts
S8 Ban backfilling as a Galan et al. (2019), Giorgi  Government Backfilling prevents any potential E 2,4
CDW management et al. (2018), and Jiménez- valorization of CDW.
strategy Rivero and Garcia-Navarro
(2017)
S9 Support green building/ Hoang et al. (2020a, b), Government An established green building ILPC UE 1,2, 3,4
public procurement Jiménez-Rivero and procurement policy
Garcia-Navarro (2017), and institutionalizes the act of using
Menegaki and Damigos sustainable materials and
(2018) practices.
S10  Support public—private ~ Hoang et al. (2020b), and Government, PPPs blend the funding and LPC UE 1,2,3,4,5
partnerships (PPPs) Huang et al. (2018) CDW recycler  resources of the public sector
with the innovation of the private
sector. They diffuse risk and
improve efficiency.
S11  Develop local policies Jiménez-Rivero and Government Policies addressing specific LPC UE 1,2,4,5
(in concert with Garcia-Navarro (2017), and materials, as opposed to broad
economic instruments) to  Tam et al. (2009) sweeping CDW policies, ensure
address specific material that the unique management
types and guide their needs of each material type are
management met in the most optimal way
possible.
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Table 6. (Continued.)

‘Who makes the

Life cycle stage

Waste hierarchy

Code Mitigation strategies References decision Result of the action involved level supported
S12  Before creating and Li et al. (2020) Government Although policy creation may be I, P, C, U, E 1,2, 4
implementing a policy one of the most powerful tools for
for CDW management, CDW management, it must be
check that all factors done in line with available
related to the policy resources, local markets, and
environment and policy sociocultural concerns.
implementation are
supportive
S13  Economic instruments Duran et al. (2006), Fetter Government Profit is a strong motivator for ILPC, U E 1,2,4,5
(e.g., taxes on natural and Rakes (2012), CDW producers and other CDW
aggregates, taxes on Galvez-Martos et al. (2018), stakeholders. Economic
landfilling, and Huang et al. (2018), Mdlia instruments are a necessary tool
subsidies) must be used et al. (2013), Di Maria et al. to ensure a strong CDW market as
to support sustainable (2018), and Tam et al. (2009) well as a well incentivized CDW
CDW management management structure.
choices.
S14  Community members Ruiz et al. (2020) Community Community members U, E 2,3,4
should play a role in the (i.e., families and business
repair, refurbishment, owners) play a critical role in
and remanufacture of maintaining properties and
built environment delaying the end-of-life stage of
elements, which structures (i.e., reducing the
prolongs structure life CDW load).
and delays CDW
creation
S15 Community members Li et al. (2020) Community When community members help ILPC U E 1,2,3,4,5
should help dictate dictate CDW related policy, it
policy direction helps to ensure that the policy can
actually be enacted in the
community it is meant to impact.
S16  Design recycling Brown and Milke (2016), CDW recycler  This is necessary to incentivize E 4,5
networks to optimize Correia et al. (2021), Di CDW recycling over landfilling
cost, psychosocial, and ~ Maria et al. (2018), and Pan and increase its feasibility.
environmental health et al. (2020)
considerations
(multiobjective reverse
logistics network design
is effective)
S17  Develop recycling Duran et al. (2006), and Government, Increasing the economic E 4,5
facilities in accordance  Di Maria et al. (2018) CDW recycler  feasibility of CDW recycling
with the concept of would increase its
economies of scale implementation.
(i.e., build in locations
with high volume
demand)
S18  Provide training for Bakshan et al. (2017), Begum Government, Proper CDW management, P,C, U E 1,2,3,4
CDW workers on et al. (2009), Hoang et al. CDW producer implemented considering end-of-
sustainable management (2020a), and Liu et al. (2020) life material recyclability, is
practices and follow up critical for recapturing materials
with enforcement from structures for use as
secondary products.
S19  Develop a robust cyber  Gdlvez-Martos et al. (2018), Government, CDW data are essential for more I, P, C, U, E 1,2, 4
infrastructure for CDW  Giorgi et al. (2018), Hoang CDW recycler, advanced research and policy
data collection and et al. (2020b), Jalloul et al. CDW producer development. Information about
database management (2022b), Kleemann et al. the quantity and composition of
(2017), Lietal. (2022), Malia CDW is critical for making
et al. (2013), Menegaki and sustainable management
Damigos (2018), and Mihai decisions.
(2019)
S20  Establish a centralized Galvez-Martos et al. (2018), Government, Centralized, systemized, and ILP,C, U E 1,2, 4
CDW management Karunasena et al. (2012), and CDW recycler  quantified CDW management
framework that relies on Kim et al. (2018) allows for more strategic control
a systematic and of the supply chain and enables
quantitative approach new policy to take effect more
easily and be better informed and
more effective.
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Table 6. (Continued.)

‘Who makes the

Life cycle stage

Waste hierarchy

Code Mitigation strategies References decision Result of the action involved level supported
S21  Use building information Akanbi et al. (2018), Akinade Government, Greater coordination among LPC U E 1,2, 4
modeling (BIM)-based et al. (2018), Amaral et al.  designer, CDW  stakeholders regarding
CDW management in (2020), Ozorhon and recycler, CDW  management of building
coordination with other ~ Karahan (2017), and Won producer materials and improved decision
stakeholders et al. (2016) making facilitates sustainability.
S22 Tailor CDW Brown and Milke (2016) Government, Management contracts are E 2,4,5
management contracts CDW producer another important tool to
to match local needs incentive CDW recycling over
(i.e., lump-sum contracts landfilling.
when disposal costs are
high)
S23  Create coordinated CDW Gélvez-Martos et al. (2018), Government, When CDW management is ILPC, U E 1,2,4,5
management plans at and lacoboaea et al. (2019) CDW recycler  coordinated across multiple
national, regional, and scales, it becomes easier to pool
local levels resources, enact policy, and
maintain a robust market for
CDW products, among other
benefits.
S24  Focus on collaborative Brandio et al. (2020), Liu CDW recycler Much like PPPs, these business- LPC UE 1,2,4,5
relationships with et al. (2020), and Long et al. to-business collaborations can
cooperative enterprises (2020) lead to innovation, risk sharing,
for a new supply chain and a more evolved supply chain
management for CDW management.
S25  Use selective Correia et al. (2021), Galan CDW producer  Selective deconstruction makes it E 1,2,4,5
deconstruction et al. (2019), Giorgi et al. easier to sort CDW, determine its
(2018), Kamrath (2013), and quantity and composition, and
Ruiz et al. (2020) manage it properly.
S26  Conduct preconstruction Giorgi et al. (2018), CDW producer  Preconstruction and P, C, U E 1,2,3,4,5

and predemolition audits Menegaki and Damigos
(2018), and Ruiz et al. (2020)

predemolition audits clarify the
nature of the materials present
and allow for strategic
management during occupancy
and postdemolition.

To develop a sustainable CDW management within the built
environment, it is necessary to implement mitigation strategies that
impact multiple root causes across the life cycle of structures. Sup-
ported by the literature, Fig. 6 correlates causal factors, root causes,
and mitigation strategies to better understand where each strategy is
most applicable.

Prioritization of the Mitigation Strategies

Addressing unsustainable CDW management in the built environ-
ment is an effort that competes against other objectives and must
be completed with limited resources. Using the integrated scoring
system presented in this study, all 26 strategies were scored and
prioritized based on their (1) applicability, (2) effectiveness, and
(3) environmental preference. The effectiveness subscores of the
mitigation strategies were computed in the case when all listed root
causes of unsustainable CDW management are present (i.e., 18 root
causes). Fig. 6 was used to find the number of root causes ad-
dressed by each strategy to subsequently calculate the effectiveness
subscores. For example, according to Fig. 6, S5 addresses 6 out of
the 18 root causes (i.e., 33%), resulting in an effectiveness subscore
of 4 as per the scoring guidelines provided in Table 3. Fig. 7
presents the resulting total and subscores of all 26 mitigation strat-
egies in a descending order, from the highest ranked strategy (S6) to
the lowest ranked strategy (S2).
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The top strategies for sustainable management of the built envi-
ronment from the life cycle perspective are, in order, S6 (score
of 28); S10, S11, and S23 (tied with a score of 26); and S9 and
S12 (tied with a score of 25.33).

S6: Develop Policies that Explicitly Support a
Sustainable (5Rs) CDW Hierarchy and the
Development of the Needed Local CDW Infrastructure

Policymakers at all levels of government are responsible for devel-
oping legislation that explicitly enforces the 5Rs waste hierarchy.
However, this enforcement must be paired with mechanisms
established in statutes that develop structural and operational infra-
structure aligning with the 5Rs. In practice, this might look like a
reduction policy that requires more stringent design standards paired
with the provision of building information modeling (BIM) software
(Huang et al. 2018) or improved urban planning with subsidized
continuing education and mandated best-practice documents.
This strategy primarily depends on government and CDW
recyclers to be effective but is supported by the political action of
community occupants, as well as the policy adherence of CDW
producers and designers. Government stakeholders (i.e., policy
makers) shape the 5Rs mandate for a region through legislation,
and CDW recyclers actualize this mandate by fulfilling the benefits
of recycling and recovery. CDW producers and designers also
help implement the mandate by supporting actions related to reduc-
tion, reuse, and repair and maintaining requirements for increased
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Causal
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Contamination of CDW with hazardous
materials

Challenging
Materials
Conditions

High heterogeneity of CDW material
types/conditions

Insufficient stakeholder
support/understanding

ion:

Poorly defined CDW terminology and
policy problems

T [Insufficient resources to implement
policy

Improper or nonexistent methods to
regulate CDW recycling markets

Ineffective Policy

tive

Factors

Insufficient demand for recycled CDW
products

Behavioral, socio-cultural, and/or
educational resistance to CDW diversion

Stakeholder choices favoring non-
recyclable or complex materials

Support

Varying stakeholder quality demands for
recycled aggregates

Insufficient CDW recycling-focused
network design

Insufficient resources for CDW recycling-
infrastructure development

Insufficient CDW recycling-focused
network management

Insufficient stakeholder communication
due to low awareness and motivation

Insufficient
Logistics
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Non-conducive regulatory environments
for coordination/planning
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Insufficient Coordination
and Planning
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Fig. 6. Mapping between the identified mitigation strategies and the root causes they address.

recyclability and recovery. Community occupants, as the voting
populace who determine which policy makers are in power, ulti-
mately influence policy formation indirectly and play a critical role
in the success of this strategy.

S6 can be seen in action with the European Waste Framework
Directive (WFD). Published in 2008 by the European Union (EU),
the WFD set standards for waste management, including recycling
goals, and required member states to create national waste preven-
tion programs and incorporate the WFD into their national policies.
Although issues of CDW regulation, data quality, underdeveloped
logistics, and market readiness still plague some member states, the
EU managed to reduce landfilled CDW from 22% in 2010 to 12%
in 2014 (Sdez and Osmani 2019). Specifically, among the four
member states (France, Portugal, Slovenia, and Spain) that devel-
oped specific CDW regulations related to the WFD, three (Portugal,
Slovenia, and Spain) were among the member states with the
lowest CDW generation in the EU. The relative success of the WFD
shows that a well-coordinated alignment of enforceable policy/
regulation with a prioritized sustainability framework can be effec-
tive, and it supports the use of this strategy.

S10: Support Public—Private Partnerships

As described by Hoang et al. (2020b), public—private partnerships
(PPPs) combine the benefits of the public sector and private sector
to support commercial feasibility in the private sector and realize
goals of the public sector. Within the context of sustainable CDW
management, PPPs enable public entities to partner with the private
sector in establishing CDW recycling infrastructure, thereby pro-
viding potential for upfront capital and increased coordination with
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other CDW stakeholders in the CDW management process. In such
partnerships, the motives of the private sector CDW producers and
collectors are profit-related, whereas the public sector is account-
able to a broader constituency with overlapping economic, environ-
mental, and societal goals (Hoang et al. 2020b). Bringing these
motives into alignment is a potential benefit of formalized PPPs
and a necessity for sustainable CDW management across the life
cycle of the built environment.

S11: Develop Local Policies (in Concert with Economic
Instruments) to Address Specific Material Types and
Guide Their Management

S11 parallels the lessons of S6 in that policy is a powerful mecha-
nism for ensuring the sustainability of the built environment, but
it must be implemented strategically and in alignment with other
elements of the process in question. Specifically, S11 recommends
that policy makers develop CDW management legislation that
simultaneously considers the critical components of economic in-
centive and material variability. The importance of considering
these together comes from the fact that the different material types
present in CDW require varying tools, processes, and skills to sus-
tainably manage them.

For example, some timber elements may be selectively decon-
structed and reused in another structure (Ramage et al. 2017), and
concrete may be hauled to a crusher and used to produce recycled
aggregates (Silva et al. 2017). The variation in time and effort
required for each material type means that CDW management
policy must consider economic incentives and disincentives for
each material flow.
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Fig. 7. Rankings of the mitigation strategies.

S23: Create Coordinated CDW Management Plans at
National, Regional, and Local Levels

Strategies S6, S10, S11, and S12 all included elements of increased
coordination, which emphasizes the critical need for coordination
to facilitate sustainable management. However, because these
strategies primarily focus on policy and partnership, they do not
adequately address other important aspects of coordination, namely
planning and scope. Strategy S23 specifically calls for coordinated
CDW management planning at varying geographical scopes.
Although CDW management planning is important under any
circumstances, it is critical that it is done at the local, regional,
and national levels in a coordinated manner so that one plan is
supported by the others (Sdez and Osmani 2019).

Variations in regional resources, as well as in the nature of criti-
cal CDW producing events (e.g., disasters) in the life cycle of the
built environment, imply that there will be regional differences in
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CDW production and management (Mdlia et al. 2013). A simple
example of this might exist if a high-CDW-producing county with-
out CDW recycling infrastructure is located near a low-CDW-
producing county with robust CDW recycling infrastructure. From
the perspectives of these counties, both local and national CDW
plans might help improve sustainable management of CDW
material flows prior to the end-of-life stage. However, at the end-
of-life stage, a regional plan that is coordinated with the local and
national plans would help ensure that the high-CDW-producing
county can access the other county’s CDW recycling infrastructure.

S9: Support Green Building/Public Procurement

Green building/public procurement (GPP) is often government-led
and requires the procurement of goods and services, having fewer
environmental impacts when compared with others over the life
cycle of the built environment (Cheng et al. 2018). At its simplest,
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GPP supports a built environment constructed out of environmen-
tally conscious materials with environmentally conscious methods.
Research has indicated that GPP can stimulate the private sector’s
adoption of sustainable construction standards even in regions
without their own GPP policy and, more broadly, has the ability
to influence regional channels of supply and demand that are es-
sential for broader sustainability markets (Simcoe and Toffel 2014).
Simcoe and Toffel (2014) noted that government procurement
policies have the power to stimulate local demand for green build-
ings, lower prices for green building components by attracting new
suppliers, leverage economies of scale, instigate learning effects,
and solve market coordination issues for green buildings.

The improvements from GPP in structural material sustainabil-
ity and overall sustainability market dynamics lower the barriers to
entry for reduction, reuse, repair, recycling, and recovery, thus en-
abling the 5Rs waste hierarchy. Effectively, a mandate to use more
environmentally positive materials in building construction benefits
upstream and downstream life cycle stages and makes sustainable
CDW management easier.

S12: Before Creating and Implementing a Policy for
CDW Management, Check that All Factors Related to
the Policy Environment and Policy Implementation Are
Supportive

S12 can qualify as a metastrategy for the implementation of other
strategies that involve policy at any level (e.g., national, local, and
regional) because it guides the strategic development and deploy-
ment of policy. Although many critical factors influence sustainable
CDW management, studies have shown that policy instruments are
often the most influential (Jiménez-Rivero and Garcia-Navarro
2017; Liu et al. 2020). However, because a policy is created and
implemented in highly complex and changing environments, its ef-
ficacy is variable and dependent on several factors (Li et al. 2020).

Li et al. (2020) extensively explored policy instrument choice for
CDW management and found that command-and-control, market-
based, and information-based methods were the most common.
These policy instruments appeared as the most common throughout
the literature as well. From their analysis of policy instrument choice,
Li et al. (2020) identified resource availability, policy problem/goal
clarity, legitimacy, acceptance of targeted groups, and environmental
concern of the public as the most crucial factors influencing that
choice. Policymakers are encouraged to apply S12 by investigating
these crucial factors before developing and implementing policy for
sustainable CDW management in the built environment. Other stake-
holders should consider relevant implications of this strategy at their
respective levels as well.

Case Study: Sustainable Management of Louisiana’s
Built Environment

The knowledge synthesized in this study presents a guide for a
holistic three-step framework for the sustainable management of
the built environment. The first step entails the identification of
the causal factors and root causes of unsustainable CDW manage-
ment that are present in the area under study from those outlined in
Fig. 5. Following the identification of the causes of the problem,
stakeholders in the second step should identify mitigation strategies
applicable to the root causes present in their community, guided by
the information presented in Fig. 6 and Table 6. During the third
step, identified relevant strategies should be ranked using the
developed integrated scoring system to prioritize their implemen-
tation amid typical limitations on available resources for actionable
planning and mitigation.
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The state of Louisiana was taken as a case study to demonstrate
how the framework proposed in this study can be applied to a geo-
graphic region that has experienced large outputs of CDW. In the
last 2 decades, the state has experienced major changes in the built
environment that have instigated construction and demolition
activities generating significant CDW. These can be categorized
into two groups: (1) construction/demolition due to the develop-
ment of new buildings and infrastructure with the expansion of
the urban areas; and (2) reconstruction/demolition due to redevel-
opment activities after major disasters. Outside of construction,
reconstruction, and demolition, recurrent disasters have been a ma-
jor source of CDW in and of themselves due to their destructive
nature.

Louisiana is a coastal state on the Gulf of Mexico, which makes
this state prone to disasters such as hurricanes, floods, and tropical
storms. Over the life cycle of the built environment, the frequent
occurrence of disasters punctuates periods of relative peace and
drives CDW production. For example, Fig. 8 illustrates the number
of privately owned house permits issued in Louisiana from 2000 to
2021, revealing how disasters can affect the construction industry
(US Census Bureau 2022).

Each of the illustrated disasters generated massive amounts
of CDW. For instance, as a result of Hurricane Katrina, about
64.3 m illion cu yd (49.16 million m®) of CDW were generated
(Luther 2006). In the years since Hurricane Katrina, the state has
also witnessed an internal population flux with northern and rural
parishes losing population as people move to urban and suburban
centers (US Census Bureau 2020). Specifically, the New Orleans
region, Baton Rouge, and parts of Calcasieu Parish experienced
significant increases in population. Concurrently, investments in
petrochemical plants and energy infrastructure (Wendland 2020),
along with several other upcoming infrastructure projects (Wood
2022), contributed to nondisaster mediated CDW streams.

Step 1: Identification of Causal Factors and Root
Causes

The first step toward implementing the proposed framework is
to identify the causal factors and root causes that could contribute
to unsustainable CDW management in the built environment of
Louisiana. Upon reviewing the literature, along with Louisiana’s
legislation and regulations, 11 root causes, relevant to 6 causal
factors, were identified (Table 7).
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Fig. 8. Number of new privately owned housing permits issued be-
tween 2000 and 2021 alongside major natural disasters that occurred
during this period. (Data from US Census Bureau 2022.)
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Table 7. Identified causal factors and root causes contributing to the
unsustainable CDW management in Louisiana

Causal factor Root causes

Challenging materials
conditions

High total/fractional volume of CDW
Contamination of CDW with hazardous
materials

High heterogeneity of CDW material types/
conditions

Ineffective policies and
regulations

Poorly defined CDW terminology and policy
problems

Insufficient resources for policy
implementation

Nonsupportive economic ~ Improper or nonexistent methods to regulate
factors CDW recycling markets

Inadequate stakeholder Stakeholder choices favoring nonrecyclable or
support complex materials
Varying stakeholder quality demands for
recycled aggregates

Insufficient logistics/ Insufficient CDW recycling-focused network
infrastructure design
Insufficient CDW recycling-focused network
management

Insufficient coordination  Dearth of relevant CDW data
and planning

Challenging Materials Conditions
With large-scale development and redevelopment in Louisiana,
CDW management systems have been challenged by complex
CDW conditions, often resulting in unsustainable CDW linear
fates. Hurricane Katrina alone generated about 64.3 million cu
yd of debris in 8 days in Louisiana (Luther 2010). According to the
Louisiana Department of Environmental Quality (LDEQ) (LDEQ
2020c), such a high rate of CDW generation challenged the CDW
management strategies in place in the affected areas in Louisiana.
In addition to the high CDW generation rate, the contamination
of CDW with hazardous materials is another factor contributing to
unsustainable CDW management in Louisiana. An example of such
hazardous material is asbestos. According to a survey conducted by
LDEQ, there were traces of asbestos in at least 21 CDW landfills up
to 2019 (LDEQ 2020b), indicating the contamination of the disposed
CDW, which might have impeded its sustainable management.
CDW also contains various materials with a wide range of con-
ditions which could pose a challenge to effectively implementing a
sustainable management plan. The extreme cases of this challenge
can be found in postdisaster circumstances, where other wastes
streams (e.g., white goods, vegetative debris, and vehicle parts)
mix with CDW, as was the case during many disasters in Louisiana
(LDEQ 2020b; Luther 2010).

Ineffective Policies and Regulations
There are various laws and regulations, both at the federal and state
level, in place regarding the management and handling of CDW in
Louisiana (LDEQ 2020c; Louisiana Division of Administration
2021). For example, LAC 33: VII discusses the standard of han-
dling CDW in detail. This code acts as the backbone of the CDW
management system in Louisiana, and supplementary codes and
regulations are dedicated to answering specific challenges like the
management of CDW contaminated with asbestos in the aftermath
of a disaster (Louisiana Division of Administration 2021).

To be specific, the state’s comprehensive plan for disaster clean-
up and debris management enforces restrictions on handling CDW
and in which conditions they can be sent to landfills in times
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of emergency. This plan was introduced in response to Hurricane
Katrina in 2005 and revised several times afterward. The state’s
comprehensive disaster clean-up and debris management plan,
however, does allow the contractor to landfill the majority of the
CDW generated during disasters (LDEQ 2020c).

Nonsupportive Economic Factors

Contractors that recycle solid waste can benefit from tax credits
under LAC 33: VII (Louisiana Division of Administration 2021).
Corporate recycling tax credits are also available for tax-paying
entities who purchase qualified new recycling manufacturing
or processing equipment per LDEQ. Other options such as the
Restoration Tax Abatement Program in Baton Rouge are available
to some communities to encourage “‘the reuse, expansion, improve-
ment and renovation of existing buildings” (City of Baton Rouge
2022). However, beyond tax programs like these, there is very
limited information available on the current state of economic
incentives and disincentives available for landfilling versus the
S5R-imperatives in the state of Louisiana.

Inadequate Stakeholder Support

Although governmental agencies in the state of Louisiana do broadly
support recycling efforts (i.e., LDEQ), there is little to be found on
explicit support for sustainable CDW management. Similarly, with
almost no major CDW recycling infrastructure, the CDW recycler
stakeholder group is minimal in the state. Continuing this trend,
querying the Louisiana Engineering Society (2022) website using
keywords such as CDW and sustainable did not return any results,
reflecting a broader limitation in finding designer stakeholders
advocating sustainable CDW management in the state.

Insufficient Logistics/Infrastructure

According to USEPA’s Incident Waste Decision Support Tool
(I-WASTE DST), the state of Louisiana has only one registered
CDW recycler, which is located just outside Lake Charles in
Calcasieu Parish (USEPA 2022). Although this may not be a
completely accurate representation of the condition of CDW recy-
cling infrastructure in the state, there is limited information to
indicate otherwise. This limited availability of information also
indicates insufficiencies in logistics and infrastructure. By contrast,
I-WASTE DST did identify 49 inert or construction and demolition
landfills in the state.

Insufficient Coordination and Planning

Louisiana drafted multiple plans to forge effective communication
among stakeholders and to coordinate the efforts of the entities in-
volved in the built environment. These plans engaged all stakehold-
ers in the environment and outline a clear leadership role (LDEQ
2020a, c; Louisiana Division of Administration 2021). Further-
more, Louisiana requires all entities to keep detailed records of
all activities and materials that fall into the category of solid wastes,
including CDW, even after a disaster (Louisiana Division of
Administration 2021). However, more extensive data on the quan-
tity and quality of the CDW in the state are not reported in state
legislation or the literature. Although the LDEQ does offer infor-
mation and educational materials for stakeholders in the state and
broadly supports recycling, CDW sustainable management practi-
ces and waste hierarchies are not specifically addressed.

Step 2: Identification of Relevant Mitigation Strategies

Based on the identified causal factors and root causes, the relevant
strategies that help in supporting sustainable CDW management are
presented in Table 8.
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Table 8. Root causes identified in Louisiana and their relevant mitigation

strategies

Root cause

Relevant mitigation strategies

High total/fractional volume of CDW

Contamination of CDW with hazardous materials

High heterogeneity of CDW material types/conditions

Poorly defined CDW terminology and policy problems
Insufficient resources for policy implementation

Improper or nonexistent methods to regulate CDW recycling markets
Stakeholder choices favoring nonrecyclable or complex materials
Varying stakeholder quality demands for recycled aggregates
Insufficient CDW recycling-focused network design

Insufficient CDW recycling-focused network management
Dearth of relevant CDW data

S3, S4, S6, S9, S11, S 14, S17, S21, S24, S26
S1, S3, S4, S6, S9, S11, S14, S18, S21, S24, S25, S26
S1, S2, S3, S4, S6, S9, S11, S14, S21, S23, S24, S25, S26
S5, S6, S7, S9, S11, S12, S15, S19, S21, S23
S6, S10, S12, S13, S16, S17, S20, S23
S6, S10, S12, S13, S22
S3, S4, S5, S6, S9, S11, S13, S16, S21, S24, S26
S2, S5, S10, S11
S6, S10, S12, S16, S17, S19, S20, S23
S5, S8, S10, S11, S12, S16, S19, S20, S21, S22, S23, S24
S1, S7, S19, S20, S21, S23

Table 9. Rankings of mitigation strategies in the Louisiana case study (11 root causes present) compared with the general framework prioritization (all 18 root

causes present)

Setting Priority of the mitigation strategies

Louisiana case study S6, S10, S11, S9, S21, S3, S4, S23, S24, S12,

S26, S13, S15, S19, S20, S18, S7, S25, S1, S14, S5, S22, S8, S16, S17, S2

General framework S6, S23, S11, S10, S12, S9, S24, S15, S3, S21, S20, S13, S19, S26, S4, S18, S7, S25, S14, S1, S5, S22, S16, S8, S17, S2

Step 3: Prioritization of Mitigation Strategies

Following the identification of the relevant mitigation strategies,
they were prioritized using the integrated prioritization scoring
system presented in this study. In application, the scoring system
necessitates accounting for the total number of present root
causes of unsustainable CDW management when calculating
the effectiveness subscores. This because the effectiveness sub-
score of each strategy is based on the proportion of root causes it
addresses.

Taking S1 as an example, a total of 11 root causes were iden-
tified in this case study, and S1 impacts three of them. This results
in S1 having an effectiveness subscore of 4 because it addresses
3/11 (i.e., 27.3%) of the root causes present in this case study.
Meanwhile, when generally considering all of the identified 18 root
causes of unsustainable management of CDW, S1 impacts 3/18
(i.e., 16.6%) of them, for an effectiveness subscore of 2. This means
that S1 is more effective in the context of this case study compared
with the general context. The updated prioritization order of the
mitigation strategies in the Louisiana case study can be compared
with the general framework prioritization order in Table 9.

Discussion

One of the benefits of a retrospective analysis with the framework
proposed in this study is the ability to compare recommended strat-
egy implementation with actual implementation to identify gaps in
practice that, if filled, could significantly improve the sustainability
of CDW management in a region. In this case study, 11 root causes
of unsustainable CDW management were identified as persistent
issues for the state of Louisiana during both peacetime and disaster.
These root causes were then correlated with their suggested miti-
gation strategies, and those strategies were prioritized with respect
to the root causes present. This discussion aimed to highlight the
highest ranked strategies and explore gaps, if any, that exist in their
implementation in Louisiana over the last decades.

Applying the prioritization framework revealed that S6 is the
highest-ranking strategy for Louisiana’s root causes of unsustain-
able CDW management, just as it is the highest ranking for the
general review. This was followed by S10 and S11 tied for second
place and S9 and S21 tied for third. When compared with the

general review prioritization, the differences indicate some key

takeaways:

* S6 is still the highest priority strategy. Policy based on the 5Rs
hierarchy that aligns with CDW infrastructure development is
still the most impactful.

e S10 and S11 remained in thesecond place. PPPs (i.e., S10) and
local policy developed in concert with economic instruments to
address certain material streams (i.e., S11) still remain top stra-
tegic approaches.

e S23 fell to a tied fourth place ranking alongside S3 and S24,
which remained static, and S4 which increased in priority.
S23 advocates coordinated CDW management plans at national,
regional, and local levels, and this may be less of a priority for
Louisiana due to increased policy cohesion post-Katrina. The
increased priority of S4, using prefabrication and modular con-
struction, may be due to the low influence of the causal factor of
insufficient coordination and planning in which S4 has no
impact.

* SO remained at third place priority, whereas S21 rose to third
place from a fifth place position in the general review. Green
public procurement (i.e., S9) remained just as important, but the
use of BIM-based CDW management practices in coordination
with other stakeholders (i.e., S21) gained priority based on the
needs of Louisiana.

When these top priority strategies are taken into consideration
alongside the identified root causes, it is notable that S6, S9, S10,
S11, and S21 collectively address all 11 root causes. However,
some root causes are more comprehensively addressed than others.
For example, all root causes related to challenging material condi-
tions are addressed by all the strategies except for S10. By contrast,
other root causes are variably addressed by the strategies. The
dearth of relevant CDW data, for example, is addressed only by
one mitigation strategy (S21).

Further investigation of these high priority strategies in the con-
text of Louisiana’s built environment revealed that little to no in-
formation is publicly available that indicates the state is actively
pursuing any of them. The LAC33: VII and the -WASTE DST
identification of one CDW recycler in the state falls short of ful-
filling S6. With regards to S10, there is legislation through the state
Department of Transportation supporting PPPs, but otherwise no
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significant evidence of this being broadly done in the practice of
CDW management (Louisiana State Legislature 2022). For S11,
there is a lack of conclusive policy documents highlighting specific
CDW management by waste stream, and it has already been estab-
lished that there are insufficient economic mechanisms to regulate
CDW management in the state. Similarly, for S9, there is not
sufficient evidence of green public procurement in the state nor
widespread BIM-based CDW management in coordination with
stakeholders, as suggested by S21.

If the state of Louisiana were to adopt any one of the aforemen-
tioned priority strategies, let alone all of them, it is expected that
there would be measurable drops in CDW landfilling and increases
in the reduction, reuse, repair, recycling, and recovery of structures,
ultimately benefiting the built, natural, and social systems of the
state.

Conclusions

When investigating the life cycle of the built environment from a
cradle-to-grave perspective, current CDW disposal practices were
found to only result in the cradle (i.e., natural resources) becoming
depleted and the grave (i.e., landfills) becoming full. Ensuring the
sustainability of our built environment, however, will not be pos-
sible with the status quo; it rather requires reframing how the built
environment is managed, particularly with respect to what is nor-
mally considered as the end of life for materials (i.e., landfilling or
incineration of CDW).

Through a systematic literature review, root cause analysis,
and other methodologies, the causal factors and root causes of
unsustainable CDW management in the built environment were
identified in this study. This was accompanied by the identification
of strategies to mitigate the unsustainable impacts of those root
causes. When combined with a prioritization scoring system, this
created the paper’s proposed framework for identifying the most
effective mitigation strategies for the unsustainable management
of CDW. To demonstrate its implementation, this framework was
then applied to the state of Louisiana due to its high levels of CDW
generation from construction, reconstruction, and demolition due to
disaster recovery and peacetime urban expansion. It was found that
11 root causes were present, and a selection of prioritized strategies
were suggested that are not currently widely implemented in the
state.

Although the overall identification of root causes and mitigation
strategies within this study was intended to be generalized enough
for a global audience, it is important to recognize that national,
regional, and local variations in the built environment are signifi-
cant enough to require root causes, strategies, and prioritization
systems sensitive to those needs. There may not be a one-size-
fits-all solution, and the concepts in this paper should be considered
as a loose guide by which communities can develop their own
causes, strategies, and priorities. It is also important that commun-
ities acknowledge the importance of integrated and holistic sustain-
able CDW management methods. Although it is tempting to
allocate resources to certain critical life cycle stages, sustainably
managed structures can still end up in landfills, and completely
mismanaged structures can still be recycled.

Delving into causal factors and root causes of unsustainable
CDW management over the life cycle of the built environment
provides the necessary perspective to develop effective mitigation
strategies that can be implemented with priority. This same ap-
proach can be applied to other waste streams (i.e., not just CDW)
for a more holistic understanding of sustainability in the built
environment. There is also a need to expand the framework to
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include natural and social systems (e.g., human factors) to develop
a more integrated and comprehensive understanding of sustainable
material management. Ultimately, identified and prioritized tar-
geted mitigation strategies may move the built environment away
from linear fates like landfilling and make truly circular commun-
ities a reality.
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