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ABSTRACT

The built environment requires extraction and consumption of enormous quantities
of raw materials, water, and energy. While these materials remain in use for several
years or decades, growing global populations and aging infrastructure are driving
widespread generation of one of the largest and most challenging waste streams to
manage. There is growing interest from communities in integrating circular econo-
my (CE) strategies in the context of construction & demolition (C&D) material man-
agement. Many approaches for doing so focus on small-scale CE applications like
individual products, materials, or projects. However, greater understanding is needed
at the city-scale given communities’ complex position at the frontlines of local de-
velopment, resource consumption, and waste management. This study summarizes
the development of an evaluative framework for community-based C&D circularity
at a city or regional level. The framework expands upon a mixed methods approach
called the Circularity Assessment Protocol (CAP), which integrates aspects of urban
metabolism, geospatial analysis, and qualitative research methods to examine plas-
tic waste management in communities. To advance convergent CE research, here,
we aim to adapt the CAP framework to C&D. We describe our adaptation of the CAP
to C&D through a conceptual review describing research, methods, and strategies
related to seven elements of a local CE context: C&D Analytics, Building Material
and Design, Community, Use, Collection, End-of-Cycle, and C&D Emissions. This work
describes a novel yet preliminary conceptualization for developing a baseline under-
standing of circular C&D material management and a holistic examination of barri-

1. INTRODUCTION

Integration of diverse expertise, disciplines, and re-
search methodologies will be crucial for addressing in-
creasingly complex environmental and sociotechnical
issues the world faces. Though convergence research is
not new, recent efforts have begun calling for such inte-
gration of scientific disciplines and researchers to develop
strategies for tackling compelling topics ranging from nat-
ural hazards and disasters (Peek et al., 2020), to health-
care (Sharp & Hockfield, 2017), and nanotechnology (Roco
& Bainbridge, 2013). With at least two billion metric tons
of municipal solid waste (MSW) generated globally every
year, research in sustainable waste management similarly
needs integrated expertise and research methodologies
given the economic, social, governmental, and technical
aspects of managing materials. While all waste streams
are salient, much attention has been given to plastic waste

ers, affordances, and opportunities for improving city-wide circularity.

in the last decade, with elevated public visibility derived
from the estimated 8 — 15 million metric tons entering the
ocean annually (Forrest et al., 2019; Jambeck et al., 2015),
primarily from land-based sources (Jambeck et al., 2020;
Law, 2017). As a lightweight material, plastics comprise a
small portion of construction & demolition (C&D) debris by
mass (a typical metric for reporting waste quantities) rel-
ative to higher-density materials such as concrete, metal,
lumber, etc. However, substantially greater quantities of
global waste are from the C&D context, with nearly twice
as much C&D waste generated (1.68 kg per capita) com-
pared to municipal solid waste (0.74 kg per capita per day;
(Kaza et al., 2018)). As a result, material from the built en-
vironment (BE) in which plastics are managed may be a
ripe context for convergent research to develop complex
interventions. In particular, the circular economy (CE) has
been one of the leading concepts in both plastics and BE
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material management, aiming to shift traditional linear
(take-make-waste) systems into looping systems that ef-
ficiently maximize material use and minimize, if not com-
pletely remove, waste.

Given the integration of plastics and C&D materials,
this paper reports on the progress of adapting a holistic,
community-based assessment of plastic material manage-
ment, called the Circularity Assessment Protocol (CAP), to
the wider context of C&D materials to uncover ways to lev-
erage community knowledge, research methods, and vary-
ing expertise related to plastics to better understand how
to sustainably measure materials regardless of context or
waste stream. We define C&D materials to include the ma-
terials during all the phases of the BE, from raw material
extraction to production, construction, use, deconstruction,
demolition, and reuse. Through integrating CE concepts in
the BE, C&D waste management practices, and the CAP
(herein, we refer to CAP as the original CAP developed
for plastics), we aimed to develop a convergent approach
for C&D that incorporates aspects of building design and
planning, community interactions with the BE, C&D waste
collection and treatment, and losses of material to the en-
vironment. We incorporate aspects of the original CAP that
include a synthesis of the role of local government, eco-
nomics, and technology. To this end, this work aims to an-
swer the primary research question: How can the Plastics
CAP be adapted and expanded for the C&D sector?

1.1 Abbreviations

MSW:  Municipal solid waste

C&D: Construction & Demolition

CE: Circular Economy

BE: Built Environment

CAP: Circularity Assessment Protocol
EOC: End-of-Cycle

NGO:  Non-Governmental Organization

LCA: Life Cycle Assessment
LCC: Life Cycle Costing

CBA: Cost-Benefit Analysis
MFA: Material Flow Analysis
MSA:  Material Stock Analysis

BIM: Building Information Modeling

DT: Digital Twin

PET: Polyethylene terephthalate

PP: Polypropylene

NSI: National Structure Inventory

CBPR: Community-Based Participatory Research
PESTEL: Politics, Economy, Social, Technology, Ecology,
and Law

EPA: Environmental Protection Agency

UN: United Nations

2. BACKGROUND & LITERATURE REVIEW
2.1 Summary of the CAP

The CAP is a standardized assessment tool used to aid
decision-makers through collaboratively collecting com-
munity-level data on material usage and management of
plastics. The CAP consists of seven spokes: Input, Com-
munity, Material and Product Design, Use, Collection, End-

of-Cycle (EOC), and Leakage. At the center, the system is
driven by policy, economics, and governance with key influ-
encers including non-governmental organizations, indus-
try, and government. International or national fieldwork for
CAP is conducted by compensated local implementation
partners, who have input on the context-sensitive design of
CAP are trained virtually on the methods of data collection,
and then contribute to the analysis and dissemination of
the data. For a CAP focused on the material of plastic pack-
aging, quantitative data collected through the CAP process
includes documenting the types of materials available for
the packaging of fast-moving consumer goods (i.e. tobac-
co products, chips, candy, and grab-and-go beverages) in
stores and restaurants; articulating common alternatives to
plastic packaging (such as organic and compostable ma-
terials); quantifying the distance of the parent companies
and manufacturers of these products; documenting the
broader context of frequency and availability of various dis-
posal methods throughout the community; and quantifying
the amount of litter found in random sample sites through-
out the area using the free and open data app developed at
the University of Georgia, Marine Debris Tracker (herein re-
ferred to as “Debris Tracker”) (Jambeck & Johnsen, 2015).
Interviews with key stakeholders, including government
officials, plastic manufacturers, non-governmental organ-
izations (NGOs), grassroots groups, activists, and waste
management experts are conducted. These interviews are
thematically analyzed to provide a complementary qualita-
tive analysis of the quantitative data collected.

To date, CAPs focused on plastic packaging have been
conducted or are underway in 56 cities in 16 countries.
Successful applications of the CAP process and results
include use in the Urban Ocean program with multiple part-
ners and many stakeholders in 11 cities around the world.
An example of an intervention from the first six cities in-
cludes the creation of a waste sorting facility based on
community input in Semarang, Indonesia after engaging
with CAP data (150 jobs created; (Maddalene et al., 2023).
Similarly, the CAP in Metro Manila revealed prominent pat-
terns of plastic material attributes in the city, such as a high
concentration of products sold in single-use multilayer film
format that offers low value for recycling, which could be
connected to the high prevalence of food packaging litter
documented by the study (Jambeck et al., 2024). Plastics
are interwoven with and are the backbone of many materi-
als and products. Thus, we explored, in this paper, how to
expand beyond plastics. We focused on construction and
demolition based on the findings from our report (Bilec et
al., 2020). We anticipate that this newly developed C&D
CAP will continue to evolve as we pilot in regions around
the world, along with exploring additional materials such
as textiles and electric vehicle batteries.

2.2 Circular economy in the construction & demoli-
tion context

The concept of CE is wide-ranging, which leads to a va-
riety of ways in which the CE is defined, applied, and meas-
ured over time (Kirchherr et al., 2018). Broadly, the CE has
been defined as an economic system that shifts away from
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atraditional and extractive linear economy toward a looping
system that ultimately reduces or eliminates the concept of
waste through systems that return products and materials
back into production and distribution for re-consumption.
Historically, the CE has largely focused on manufactured
goods and products with relatively short lifespans (Singh &
Ordofiez, 2016), while CE in the built environment remains
relatively underdeveloped, yet emerging, due to the individ-
uality of construction projects, long lifespans, and unique
life cycles of buildings, which themselves comprise a mul-
titude of composite materials or products assembled into
components (Pomponi & Moncaster, 2017). Unlike plastic
packaging which has an average lifetime of one year, con-
struction materials and products are designed for decades
of useful life, emphasizing the substantial lag between pro-
duction and manufacturing of building components and
their end-of-life collection and management (Aktas & Bilec,
2012; Geyer et al.,, 2017). These innate phases mean that
assessing or applying CE strategies must also encompass
a range of dimensions such as early feasibility, planning,
and design efforts, material manufacturing, construction
activities, building operation, and ultimately end-of-cycle
management (Cimen, 2021), which all occur over decades
and potentially experience periodic changes due to build-
ing renovations, refurbishments, and even ownership.

In translating CE from an abstract concept to an applied
framework, the CE can be assessed at the micro- (products,
companies, consumers), meso- (eco-industrial parks), and
macro-scales (city, region, nation) (Kirchherr et al., 2018;
Pomponi & Moncaster, 2017). Within the built environment,
there are also generally five dimensions of circularity in-
cluding governmental, economic, technological, environ-
mental, societal, and behavioral (Cruz Rios et al., 2027;
Ossio et al., 2023; Pomponi & Moncaster, 2017). Interven-
tions within these dimensions can further be oriented as
top-down approaches led by national or regional entities
such as market incentives for salvaged materials, extend-

ed producer responsibility policies and regulations, and
green building rating systems, or bottom-up approaches
such as marketing initiatives, material tracking, and prefab-
rication and modularization that might be led by individual
businesses or grassroots organizations (Cruz Rios & Grau,
2020; Pomponi & Moncaster, 2017). Ossio et al. (2023)
also identified five clusters of conceptual approaches to
assessing circularity in the BE, which included focusing
on C&D waste management systems, the “R” framework
(“reduce, reuse, recycle”), life cycle assessment, building
design approaches, and/or business models or networks
that can be applied across the three scales (Figure 1). Fur-
ther, ARUP & EMF (2024) developed four key principles on
circularity specific to the built environment which focus on
closing the loop for building materials including 1) Build
nothing, 2) Build for long-term value, 3) Build efficiently, and
4) Build with the right materials. Among each of these, they
have developed indicators and metrics that can be used
to target specific interventions and measure impacts. This
framework is adaptable across scale (i.e., micro, meso,
etc.) as well as specific BE components (e.g., lighting sys-
tems, timber structures, etc.) and digital solutions (e.g.,
material passports), emphasizing the diversity of how CE
can be evaluated in the C&D context.

2.3 Evaluating construction & demolition circularity
at the city scale

There are several frameworks for evaluating the CE in
the built environment at scales such as circularity of build-
ings (Bozeman et al., 2023; Honarvar et al., 2022; Khadim
et al,, 2022), construction projects (Tokazhanov et al.,
2022), and building materials and products (Dréger et al.,
2022). Common tools for assessing CE in construction and
other sectors include life cycle assessment (LCA), life cycle
costing (LCC), cost-benefit analysis (CBA), material flow
analysis (MFA), or a combination of these, but historically
they have focused on waste management, building design,

Macro
Subnational Nations
regions World
Cities regions
Meso
Districts/parks (neighborhoods,

commercial parks, industrial districts)

FIGURE 1: Evaluation scales for Circular Economy in the Built Environment and Construction and Demolition contexts (adapted from Kirch-

herr et al. (2018) and Gimen (2021).
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or product design, with lagging attention on environmen-
tal impacts (Lépez Ruiz et al., 2020; Lovrenci¢ Butkovi¢
et al., 2023). At the city scale, CE applications have been
published in recent years, though few incorporate the full
life cycle of materials and products to account for losses
of C&D materials to the environment (Table 1). In mapping
recent city-scale CE assessments across the CAP spokes,
some studies incorporate multiple aspects of material life-
cycles, but these tend to be concentrated in waste applica-
tions. Additionally, few studies integrate community-based
information into their material management assessments,
and only one recent CE assessment accounted for losses
of material (Zhu et al., 2022).

While focusing broadly on circular material manage-
ment, the CAP aims to elevate aspects of the community in
identifying specific interventions, filling a key gap in CE as-
sessments in the C&D context. Place-based assessments
are useful for supporting the just transition to and feasibili-
ty of local C&D CE. For example, Yung et al. (2014) focused
on community-led research examining a bottom-up model
of adaptive building reuse in a Shanghai historic district,
finding that residents experienced an overall improve-
ment to quality of life in connection with the preservation
of historic structures and heritage, highlighting the value
of interviews in retaining knowledge within communities.
Other city and community-focused frameworks review
completed technical assessments of the building and land
use within a city as well as reviewing community efforts for
sustainability (Sharifi & Murayama, 2014; Yigitcanlar et al.,
2015; Zheng et al., 2017). Similarly, Doughty and Hammond
(2004) reviewed “linear metabolisms of cities compared to
“circular metabolisms of cities,” illustrating the importance
of sustainable city planning to reverse the current linear

use of materials. While these approaches provide utility
within a specific locale and geographic scale, aspects of
waste management, such as collection and emissions of
debris to the environment, were not considered.

3. ADAPTING THE CAP TO CONSTRUCTION
& DEMOLITION

We identified gaps in key areas to advance C&D circu-
larity — authentic engagement with community, pragmatic
solutions derived from quantitative and qualitative meth-
ods, and holistic elements from policy, governance, and
economics. Thus, we adapted the proven CAP for C&D. The
development of the C&D CAP involved six iterative steps
(Figure 2). Step 1 included developing a deep understand-
ing of the CAP and building familiarity with previous appli-
cations through publications and working with the original
developers. Steps 2 and 3 (the scope of this paper), includ-
ed a literature review assessing circularity in the C&D con-
text (summarized in Section 2), and the conceptual devel-
opment of the C&D CAP (this section). Future publications
focus on Steps 4 through 6.

While balancing our adaptation of the existing CAP, we
conceptualized our translation of each CAP spoke to the
C&D context through Patil et al’s (2023) four key phases
of circularity assessments including 1) goal setting and
scoping based on stakeholder interests, 2) data acquisition
from reliable sources, 3) circularity measurement against
reference points and benchmarks, and 4) assessment of
circularity impacts on system and relative stakeholders un-
der investigation. Since the CAP and C&D CAP are intend-
ed to be conducted concurrently, we aimed to retain the
underlying essence of the CAP spokes (i.e., Input, Material

TABLE 1: Examples of recent construction & demolition (C&D) circularity assessments in cities mapped across Circularity Assessment
Protocol (CAP) spokes (IN = Input; CM = Community; PD = Product design; CL= Collection; EOC = End of cycle; LK = Leakage).

CAP Spokes
Reference City, Country
IN CM PD USE CL EOC LK

Barbaro et al. (2022) Sicilian municipalities, Italy X X
De Medici et al. (2018) Ortigia, Italy X
Corral et al. (2022) Almcita, Spain X X
Bao and Lu (2020) Shenzhen, China X X
Bao et al. (2019) Suzhou, China X
Lederer et al. (2020) Vienna, Austria X X X X
Mohammadiziazi et al. (2021) : Pittsburgh, USA X
Arora et al. (2019) Singapore X
Pearlmutter et al. (2019) @ Negeyv, Israel X

Rende, Italy

Malmo, Sweden

Freiburg, Germany
Lynch (2022) Vancouver, Canada X X X
Yu et al. (2022) Nanjing, China X X

Shanghia, China

Hangzou, China
Oliveira et al. (2021) Manaus, Brazil X X
Zhu et al. (2022) 26 cities, China X

aEvaluation conducted at building project scale
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Scope of this paper

STEP 1 STEP 2 STEP 3 STEP 4 STEP 5 STEP 6
Reviewing
k literature of Adapting Plastics Testing C&D CAP | k Applying C&D
P&f’é""gip current C&D CAP for the C&D to a case study c::ﬁf'r':r'f C&':k CAP to future
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FIGURE 2: Process of adapting the Circularity Assessment Protocol (CAP) on the bottom left to the newly developed construction & demo-
lition CAP on the bottom right. The scope of this paper is focused on Steps 2 and 3. Table 2 details changes.

& Product Design, Leakage, etc.), but adapt them to make
practical sense in our sectoral application. Due to the inher-
ent structural variation between the plastic and C&D con-
texts, we modified some spoke names, methods, and ap-
proaches where applicable to reflect characteristics most
relevant to C&D materials in this initial version (Table 2).
For example, we retained attributes such as rates of land-
filling and recycling from the original CAP as criteria for
the End-of-Cycle (EOC) spoke, but we modified the original
Input spoke, which encompasses field surveys at retailers
throughout the city under investigation to generate a profile

of common plastic consumer packaging. In contrast, for
the C&D CAP, we translated the Input spoke to C&D Analyt-
ics which aims to reflect attributes such as construction
rates relative to city or community growth and common
materials used in local construction projects and applica-
tions (i.e., residential, commercial, etc.). Finally, as we de-
veloped modifications of the CAP, we explored the availa-
bility of relevant data (including global, national, and local
datasets), published scientific and grey literature related to
circular C&D material management city, and sought regular
discussions with the original CAP developers.

TABLE 2: Summary of conversion of the Circularity Assessment Protocol (CAP) to the construction & demolition CAP.

Spoke * Plastic CAP approach 2°¢ C&D CAP approach
) Identifying local vs. non-local producers of fast-moving con- Rates of new construction, demolition, and deconstruction,
C&D Analytics (Input) ) ] X
sumer goods through retail sampling geographic trends, key sectors
c . Thematic analysis of semi-structured interviews with relevant stakeholders
ommunity

(Local knowledge, education and awareness campaigns, etc.)

Building materials &
construction
(Product design)

Attributes of common retail or takeaway consumer goods
(e.g., weigh, material, brand, product type, etc.)

Common building materials, local regulations for green build-
ing design, local building examples

Operation (Use)

Identification of plastic alternatives or product delivery sys-
tems for common retail or food goods

Land use, building and property utilization rates, rate of
renovations

Collection

Municipal solid waste collection practices, regulations, and
infrastructure; Surveys of waste bins and collection status

Construction & demolition waste collection practices, regula-
tions, and infrastructure; Deconstruction activities

End-of-Cycle

Plastic waste generation, composition, treatment methods

C&D waste generation, composition, treatment methods

C&D Debris Emissions
(Leakage)

Litter density and composition via Debris Tracker ¢ surveys,
pollution abatement and prevention measures

Locations and issues related to illegal dumping and C&D
littering via Debris Tracker ¢ surveys; pollution abatement and
prevention measures

* Original CAP spoke names in italics; * Maddalene et al. (2023); ® Jambeck et al. (2024); © Youngblood et al. (2022); ¢ Jambeck and Johnsen (2015)
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4. DESCRIPTION AND DEVELOPMENT OF
EACH C&D CAP SPOKE

Because of the variability in methodologies, study con-
texts, and research objectives, we found some similarities
and distinctions that helped inform the C&D CAP spokes
criteria in relation to the CAP. We compiled examples of
previously reported measures of circularity relevant to C&D
and collated them based on the CAP spokes. We found that
metrics related to ‘hard’ infrastructure were commonly rep-
resented in previous literature, which supported our met-
rics applied in the Operation, Collection, and EOC spokes
such as reported waste treatment rates, composition stud-
ies, and identification of existing or needed local waste
management facilities to draw CE conclusions. For exam-
ple, many C&D CE studies have focused on adaptive reuse
(Sharifi & Murayama, 2014; Yung et al., 2014; Zheng et al.,
2017). However, few studies reported direct connections to
environmental losses of C&D material despite ubiquitous
recognition of the role the CE may play in preventing emis-
sions of waste debris into the environment. Few studies
incorporated mismanaged debris as criteria informing the
overall assessment of the circularity of a city, district, build-
ing, or material. As such, we have adapted each CAP spoke
to leverage various approaches for data collection and
analysis as described in detail in the following sections.
We first summarize the overarching goals, approaches,
and examples from previous plastic-based applications of
the CAP. We then make recommendations for the C&D CAP
structured around Patil et al’s (2023) key phases of circu-
larity assessments by 1) defining applicable goals and/or
scope of each spoke, 2) identifying outlets for relevant data
acquisition and relevant reference points or benchmarking
for measurement, and 3) considering potential impacts to
the community and relevant stakeholders.

4.1 C&D analytics

CAP Input summary: The original CAP Input spoke aims
to explore what products are sold in the community under
investigation and where they originated. To understand lo-
cal plastic production and input of plastic goods, the CAP
involves field surveys of products sold in common retail
environments (e.g., grocery stores, convenience stores,
restaurants, and food vendors) and desktop research to
identify local producers of plastic products. For exam-
ple, Youngblood et al. (2022a) surveyed plastic-packaged
fast-moving consumer goods across retailers in communi-
ties in India and Bangladesh, with a focus on snacks, candy,
beverage, and tobacco items, ultimately creating a distribu-
tion map of producers and manufacturers and determin-
ing that many brand decisions were made in high-income
locations away from where goods are sold, consumed, and
impact participating communities.

Defining C&D Analytics goals and scope: In the C&D
context, individual products and materials are difficult to
survey as they are often in composite formats, difficult to
access, or manufacturing information is unavailable or un-
feasible to gather at the city-scale. There are two primary
goals of this C&D spoke. The first goal is to take a ‘pulse’
of a city's C&D activity, exploring how population, geogra-

phy and topography, and industries play into trends related
to urban planning, a key component to circularity in cities
(Petit-Boix & Leipold, 2018). The second goal is to explore
the relationship between population trends and construc-
tion activity; thus, we refer to this spoke as ‘C&D analytics’
to reflect our focus on the city’s growth/degrowth and ur-
ban planning trends used to understand the general needs
and flow of building materials, which includes collecting
available data on C&D trends. The geographical scope of
this spoke is the city or community under consideration.

Data acquisition and benchmarking: Avoiding new con-
struction and building for long-term value are key aspects
of the EMF framework for evaluating CE in the built envi-
ronment (ARUP & EMF, 2024), which uses metrics such
as percent of reused floor area and building occupancy to
determine if buildings are reaching their maximum utility.
At the city scale, some recent studies have examined the
interplay of urban development and planning issues with
CE, as the volume or rate of construction compared with
the rate of population change may be an indicator of cir-
cularity. Some qualitative case studies have been conduct-
ed such as De Medici et al. (2018), who documented the
role of CE in the historic urban landscape of Ortigia, Italy
by evaluating how knowledge and decision-making among
educational, industrial, and governing institutions reflected
in the broader cultural and historical development. Corral
et al. (2022) similarly conducted an analysis in Almdcita,
Spain, a rural community dealing with depopulation, to
examine how the CE has been implemented across the
PESTEL elements: Politics, Economy, Social, Technology,
Ecology, and Law (PESTEL). In another study, an analysis
of social and economic circularity in Sicily, Italy, Barbaro
et al. (2022) used the ratio of land consumption rate to the
population growth rate as an indicator to explore the bal-
ance between development, population, and building use,
ultimately finding that a surplus of underutilized buildings
was failing to meet residential needs, potentially leading to
building deterioration, decay and reduction in urban servic-
es, and threatened community identity.

Building on the work of Barbaro et al. (2022), we recom-
mend assessing rates of construction relative to population
change. By comparing construction rates and population,
larger systemic issues can be revealed regarding building
material management within a community. Depopulation
within cities can also cause social, economic, and environ-
mental challenges (Sutradhar et al., 2024). For example,
if the population is decreasing within a community while
new construction is increasing there may be an excess of
raw material extraction, unnecessary site clearing and de-
velopment, and ultimately construction waste, particularly
if there are existing available and developed properties,
structures, and buildings that are otherwise unoccupied or
underutilized due to population shrinkage or migration out
of the community.

Thus, we recommend informing the C&D CAP Analyt-
ics spoke with publicly available population datasets. For
historical assessments, as well as consistency between
CAP cases, population data can be sourced from national
or international population datasets (e.g., US Census Bu-
reau (2023) or the United Nations Statistics Division), or
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global geospatial datasets for estimating (e.g., Oak Ridge
National Laboratory LandScan population data (Sims et
al., 2023)). Many cities also collect data on building, dem-
olition, and renovation permitting. In the US, for example,
the US Census compiles residential building permit data
through the Building Permit Survey, which reports national,
state, and municipal building quantities and values part of
its annual economic statistics (US Census Bureau, 2024).
Lastly, depending on the level of detail or data availability,
construction permits or value of construction put in place
on a more granular spatial scale (e.g., neighborhood or zip
code) and displaying this information geospatially can be
used to elucidate potential material stocks, storage, and
disparities in where construction is occurring.

Impact and stakeholders: Understanding a communi-
ty’s C&D ‘pulse’ can effectively highlight systemic planning
issues that can help or hinder advancing local circularity.
As mentioned, depopulation within cities can cause so-
cial, economic, and environmental challenges (Sutradhar
et al,, 2024). Key stakeholders relevant to the C&D Analyt-
ics spoke can encompass a wide range of professionals,
government representatives, and the public. In particular,
government representatives such as legal authorities, lo-
cal development agencies, and civic institutions can raise
awareness around circularity, encourage circular business
practices, and use fiscal or regulatory tools to encourage
sustainable development (Munaro & Tavares, 2023).

4.2 Community

CAP Community summary: The original CAP Com-
munity spoke aims to explore what conversations are
happening around plastic consumer goods and what are
stakeholders’ attitudes and perceptions. Rooted in mixed
methodology design, the CAP leverages knowledge from
the community to better understand local perceptions of
operations, affordances, and challenges to complement
typically quantitative and technical data collected in oth-
er spokes. In previous CAP applications, researchers and
local implementation partners have led interviews with
key stakeholders and ‘influencers’ on the management of
plastic consumer goods such as retail and food business
owners, plastic and waste industry representatives, local
government and regulatory officials, NGO operations, com-
munity leaders, informal waste workers, and members in
local academia (Jambeck et al., 2024; Maddalene et al.,
2023). Some CAP applications have also included social
media analysis and workshops, aiming to uncover impor-
tant community beliefs, attitudes, and values related to
consumption and waste management behaviours (Jam-
beck et al., 2024).

Defining C&D Community goals and scope: The goal of
the C&D community spoke, in alignment with the original
CAP, is to work with the community to ensure the com-
munity’s voice is heard and represented using a Commu-
nity-Based Participatory Research (CBPR) framework,
which aims to build trust and foster collaboration be-
tween the community. CBPR focuses on producing ac-
tionable outcomes that benefit the community directly,
sharing power and resources fairly, and developing local
capabilities. A crucial element of CBPR is jointly identi-

fying problems and solutions with the community, rather
than simply generating knowledge for academic purpos-
es (Rickenbacker et al., 2020). The CBPR framework aims
to not only support the community but also provide the
community with technical expertise to co-create authen-
tic solutions that are long-lasting through shared knowl-
edge and action.

Data acquisition and benchmarking: There are several
approaches to working with the community ranging from
community action teams to conducting interviews (Shack-
leton et al., 2021). Interviews are regularly used in the C&D
waste management context for developing holistic assess-
ments of communities that are in complex social-ecologi-
cal system. Several studies have used semi-structured in-
terviews to explore the adoption of low-waste technologies
at various stages of construction projects in Hong Kong
(Zhang et al.,, 2012), determine the effect of a national
green building strategy on C&D waste (Bao et al., 2020),
and examine barriers and countermeasures experienced
by Chinese C&D recycling enterprises (Ding et al., 2023).
Similarly, Ottosen et al. (2021) used semi-structured inter-
views to build understanding related to scaling CE princi-
ples in Danish C&D contexts, citing the need for robust ter-
minology in the sector, methods for documenting progress
toward CE, incorporating technology such as digitaliza-
tion and building passports, and supporting CE transition
with improved value chains. Nghiem et al. (2020) similarly
complemented their quantification of C&D waste in Viet-
nam with interviews investigating demolition contractors’
awareness of and challenges associated with policies reg-
ulating C&D waste.

For adapting the CAP to C&D, we recommend utilizing
the CBPR framework. As a first step, we suggest leveraging
semi-structured interviews guided by a protocol designed
to elicit participant responses related to their role and ex-
perience in their C&D context and local processes related
to C&D debris management (Table S1). Like previous lit-
erature, interview participants could be selected based on
input from the local implementation partners and snowball
sampling (Parker et al., 2019). Similar to the CAP, C&D CAP
participants should include representatives from a range
of roles in academia, government, non-profits, and local
businesses, and interviews should be designed to gain
insight from community members to understand what ef-
forts have already been made, what has worked, and what
has not been attempted, ultimately strengthening a holistic
co-understanding of gaps and opportunities. In future pub-
lications, we will consider broadening the scope to explore
additional strategies for CBPR consideration.

Impact and stakeholders: The focus of the aforemen-
tioned surveys was pragmatic and expansive, yet they
may have not considered authentic community outcomes.
Engaging with societal complexities is needed for evalu-
ating and advancing CE strategies in the BE (Cruz Rios et
al., 2021). Including the public, in particular, can increase
trust and visibility of the CE, while also encouraging greater
participation in the CE agenda and local projects (Munaro
& Tavares, 2023). Given the participatory nature of CBPR,
CAP Community stakeholders can encompass a wide
range of professionals, government representatives, and
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the public. In particular, community representatives, aca-
demic researchers, environmental authorities improve lo-
cal CE awareness and lead CE-related projects that can ad-
vance more mindful consumption behaviors and attitudes
(Munaro & Tavares, 2023).

4.3 Building materials & construction

CAP Product design summary: The original CAP Prod-
uct design spoke aims to explore what materials, formats,
and innovations are found in products, particularly packag-
ing. Materials and design are critical aspects of the circu-
lar economy as upstream systemic changes in the design
phase can reduce material dependencies, reduce waste,
and attempt to harness it as valuable material inputs for
circularity. To explore product materials and design, the
CAP product samples collected during the retail and food
business surveys are used to identify types of plastic
packaging material and attributes such as mass, materi-
al type, and brand. Analysis of these products illuminates
common formats of plastic products as well as prevalent
materials. For example, Maddalene et al. (2023) found that
polypropylene (PP), a low-value plastic in terms of recycla-
bility (Moss, 2017), was prevalent among to-go packaging,
representing the need for appropriate waste management
strategies such as education around how to properly segre-
gate PP items to avoid contaminating the recycling waste
stream.

Defining C&D Building materials & construction goals
and scope: In the C&D context, procuring and evaluating
products and materials this way is less practical, as the BE
comprises a range of materials, components, and products
that provide specific, and often large-scale, utility such as
structures, roofing, flooring, waterproofing, etc. Further, in-
stock material quantities in the C&D context can be difficult
to measure as the primary components of C&D materials
are particularly heavy (e.g., concrete, asphalt, masonry,
etc.), which can eclipse other materials like lightweight
plastics used for interior and exterior finishes, waterproof-
ing, etc. (Mohammadiziazi & Bilec, 2022). This overshad-
owing is evident in US estimates of C&D material consump-
tion with concrete making up 68% of C&D debris by mass in
2018, followed by asphalt concrete (18%) and wood prod-
ucts (6.8%) (US EPA, 2019). As such, the goal of this spoke
is to examine the existing building material stock, and the
scope is within a defined time period in the geographical
region of the city.

Data acquisition and benchmarking: For our adapta-
tion to develop the C&D CAP, we explored proxy outlets for
estimating common building materials and design norms
in the community depending on data availability. To ac-
count for all building materials used for construction in
communities, we recommend three major considerations:
(1) existing buildings, (2) material origins, (3) examination
of construction sites, and (4) adoption of green building
standards in the community.

For determining the material composition of existing
buildings, a multi-level system based on readily available
data and information is recommended, largely focusing
on the core and shell of the buildings (Figure 3). The first
and most basic level of assessment is a visual inspection

of buildings. We harness the random stratification ap-
proach used by the CAP to determine sampling locations
throughout the community (See for example, (Maddalene
et al,, 2023); Youngblood et al. (2022)). Additionally, visual
inspections should span various building types and oc-
cupancy classifications such as commercial businesses,
education, industrial, residential, institutional, and utility
buildings. This approach fosters active data collection and
detailed observations of buildings, however, depending on
the city size, the sample may not be representative.

The second level utilizes the publicly available National
Structure Inventory (NSI) generated by the US Army Corps
of Engineers, which at this time is limited to locations in the
US. The NSI database was developed for hazard planning
and includes a wide range of attributional data for buildings
such as occupancy type, structure value, construction ma-
terial types, foundation type and height, and square foot-
age and number of stories (US Army Corps of Engineers,
2022). For the C&D CAP, the NSI provides spatialized data
including categories for material types used per building
that can be extracted based on community administrative
boundaries in ArcGIS Pro. While this approach provides a
spatially broader sample for analysis for the city compared
to visual inspections the accuracy is limited to the materi-
al categories offered by the NSI (e.g., concrete, masonry,
steel, wood, and manufactured).

Regarding levels one and two, a tiered approach should
be considered. First, the top five local “heavyweight” mate-
rials (e.g., concrete and brick) should be identified through
semi-structured interviews and/or searches of local con-
struction commodities as typically heavy-weight material
is more local. For example, concrete aggregate, bricks, and
metals may have a more local footprint. Second, regional
specifications should be identified through online sources
such as governmental building codes, and if possible, ob-
taining specifications on specific projects is recommend-
ed to garner additional levels of depth. The material type
and manufacturers should be noted and reviewed to show
where materials are being manufactured and imported.

The third level is urban building material stock analysis
(MSA), which is a stock-driven tool for quantifying the to-
tal available stock of material within a system (Augiseau &
Barles, 2017), typically within a defined boundary such as
building type, building components, geospatial, and/or the
temporal scale (Mohammadiziazi & Bilec, 2022). Similarly,
material flow analysis (MFA) focuses on the circulation of
material through a system, that is, the sources, pathways,
and sinks of material (Brunner & Rechberger, 2016), while
MSA focuses on the material quantities. One way that can
be utilized for C&D CAP is the MSA process developed by
Mohammadiziazi and Bilec (2023), which estimated quan-
tities of building materials used for existing buildings and
renovations using geospatial and remote sensing data
(e.g., LIDAR scans). A detailed analysis can provide a more
in-depth overview of in-stock building material. For exam-
ple, this model can account for interior flooring that cannot
be seen during visual inspections.

The fourth level incorporates modeling technology,
such as Building Information Modeling (BIM) or digital
twins (DT) at the city scale. BIM is a process that generates
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FIGURE 3: Levels of implementation for the building materials & construction spoke.

a computer-simulated building model that can be used to
manage the planning, design, construction, or operations
(Azhar et al.,, 2012). These models can be useful for es-
timating material stocks as they can aggregate a bill of
materials, specifically listing the material type and quantity
for all building components, including interior and exterior
components (Zima, 2017). Similarly, a DT is a virtual rep-
resentation of a physical entity that exchanges data in a
real-time (Singh et al., 2021). DTs can be developed from
different data streams, including but not limited to laser
scanning and BIM, and “can make BIM a living instrument”
(Lee et al., 2021), allowing for predictive modeling related
to deconstruction and renovations (Kineber et al., 2023).
While BIM has become an industry standard in recent
years, DTs are a rapidly developing technology and have
yet to become fully operationalized in the field of urban
metabolism applications (Geremicca & Bilec, 2024). While
BIMs and DTs offer promise, communities may not have
the technical expertise, data, and digital infrastructure to
support these models.

Impact and stakeholders: Implementing circular de-
signs in the built environment can have many positive
impacts not only on building systems in use but also in
terms of sustainable materials management, for example,
through uptake of bio-composite materials, prioritizing na-
ture-based solutions in design, and selecting green build-
ing sites (Pearlmutter et al., 2019). By exploring existing
building materials and design culture in CAP cities, we can
identify outlets for improving the adoption of green build-
ing designs and advanced building stock management to
aid in material recovery at the end of buildings’ useful life.
Relevant stakeholders include design, building, and con-
struction professionals, as well as waste management
subcontractors, who can integrate low-waste building
techniques, specify construction waste audits, advance
a culture of sustainability materials management in the
local building industry, create integrated information sys-

tems through BIM or DTs, and implement design criteria to
better manage C&D debris generation (Munaro & Tavares,
2023).

4.4 Operation

CAP Use summary: In a review of macro-scale circular-
ity assessments, Harris et al. (2021) found indicators from
the use phase has largely been lacking from existing liter-
ature, with a major focus on raw materials, waste genera-
tion, and recycling and recovering indicators in evaluation
frameworks. Filling this gap, the original CAP Use spoke
aims to explore community trends around use and reuse of
various product types. The Use spoke assesses how prod-
ucts are procured and consumed throughout a community,
including identification of broad efforts to engage the pub-
lic to use alternatives to plastic or participate in plastic re-
duction schemes such as refill stations or bulk buying. For
example, previous CAPs have surveyed if and how retailers
and food businesses offer packaging alternatives such as
reusable bags or implement reduction strategies such as
product bans or fees. Maddalene et al. (2023)documented
examples of non-plastic alternatives for to-go packaging,
which may have resulted from city responses to national
bans on certain plastic items.

Defining C&D Operation goals and scope: Translating
this spoke to the C&D context, the goal of the Operation
spoke is to understand what is occurring in the collective
“use” phase of the community’s building stock. In the EMF
Circular Buildings Toolkit reuse, renovations, and repurpos-
ing an existing asset are key to avoiding new construction
and building efficiently. Previous studies have explored
land consumption and unused buildings as a critical fea-
ture of circularity. For example, along with examining land
consumption rates relative to population changes in Sicil-
ian municipalities in Italy, Barbaro et al. (2022) also evaluat-
ed unused building stock based on the Italian census data.
For the C&D CAP, we suggesting using indicators such as
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use and rate of land development, building and property uti-
lization rates, and rate of renovations.

Data acquisition and benchmarking: Determining va-
cant land locations can be useful for cities because it
provides the potential for reuse or bringing community
members together, for example, by creating a community
garden. The next aspect to review is the building and prop-
erty utilization rates. The goal is to determine what already
exists within a city, what is needed, and what is excess.
If available, buildings will be determined to be in use or
vacant. Determining the building’s occupancy status can
better inform cities about what type of construction or de-
construction is necessary for growth. For example, if there
is an excess of vacant homes or apartments, cities could
take advantage of existing but under utilized building ma-
terials to construct more housing units. Lastly, the rate of
renovation is considered. Commercial and residential ren-
ovation permits will be examined to see the frequency of
renovation compared to new construction within a city. If
renovation is being utilized, it can indicate cities are reduc-
ing their environmental impact by limiting new construc-
tion.

Impact and stakeholders: Strategic land usage can im-
pact the community’s heat island effect, promote biodiver-
sity, and help a city withstand the impacts caused by cli-
mate change (Colding, 2007; Coseo & Larsen, 2014; Sachs
et al., 2019). If cities are physically expanding while also
experiencing land vacancies and abandoned structures, it
may indicate that they are experiencing urban sprawl and
missing sustainable growth opportunities. Governmental
authorities and organizations can play several important
roles relevant to the Operation spoke. For example, gov-
ernment stakeholders can improve awareness among
construction professionals, waste management servicers,
and the public, provide financial aid, and manage fiscal and
regulatory actions to advance circularity of local C&D ma-
terials (Munaro & Tavares, 2023).

4.5 Collection

CAP Collection summary: While the upstream aspects
of the CAP diverge for the two material streams (i.e., plastic
consumer goods versus C&D materials), properties of ma-
terial management begin to converge in downstream phas-
es such as waste collection, treatment, and emissions. The
CAP Collection spoke aims to explore how much and what
types of waste are generated in communities, as well as
how much waste is collected and by what means. When
relevant, the approach also gathers information related
to informal waste collection processes that contribute to
a community’'s waste management system. For example,
Jambeck et al. (2024) identified collection challenges asso-
ciated with maintaining public waste receptacles through-
out Manila as well as household waste segregation that led
to inefficiencies in recovering potentially recyclable waste.

Defining C&D Collection goals and scope: We define the
goal of the C&D Collection spoke to encompass documen-
tation of quantities and types of waste from C&D activities
and corresponding collection practices. C&D waste is his-
torically challenging to quantify due to several factors such
as inconsistent C&D material definitions, whether there is

infrastructure in place to measure and report quantities,
and how contractors operate relative to the other waste
streams (i.e.,, MSW) (Clark et al., 2006; Kaza et al., 2018).
Further, waste generation and respective collection activi-
ties can vary widely due to local economic conditions, loca-
tion seasonality, and occurrence of disasters or manmade
events. Additionally, C&D waste stream composition can
vary from place to place due to climate-specific needs, lo-
cal availability of materials, building costs, and aesthetics
(Townsend & Anshassi, 2023).

Beyond quantifying waste generation and composition,
identifying local systems, regulations, and organizations
that contribute to collection of waste can uncover gaps
or inefficiencies throughout the C&D waste management
system. In the MSW context, waste is commonly collected
door-to-door at a pre-determined frequency or deposited
by households in central containers or locations for pick
up and transport for disposal (Kaza et al., 2018). In the
C&D context, debris generated on-site, including unused
or scrap material, as well as packaging, can be managed
through a range of options based on the phase of construc-
tion and is primarily overseen by building contractors and/
or waste management servicers. Common approaches for
waste collection during construction include placement
of material-specific containers on site that are regularly
hauled to a disposal facility, hiring of a job-site clean-up
service that stages and removes debris periodically, direct
utilization of primary contractor crew and equipment, and
requiring subcontractors to manage their own waste stag-
ing, processing, and transport for disposal (e.g., requiring
an electrical subcontractor to manage their debris). Dem-
olition waste differs from construction waste in that it in-
cludes whole components and/or composite building ma-
terials, and often these materials are in various conditions
due to use and aging.

In the context of CE, there are several demolition meth-
ods ranging from unselective demolition such as mechan-
ical and implosive demolition, as well as hand demolition,
selective salvaging, deconstruction, and soft stripping,
which follow strict methods for abatement of hazardous
materials that are managed separately (Townsend & An-
shassi, 2023). The adoption of circular C&D waste collec-
tion methods can vary substantially, with local governance
often driving uptake through incentives and ordinances as
well as strategic funding or partnerships that encourage
the development of local markets for salvaged materials.
For example, deconstruction, which encompasses planned
building disassembly to maximize recovery of reusable and
recyclable materials, is required in only a few cities across
the US (CROWD, 2023), highlighting the lack of widespread
integration of this important circular materials manage-
ment strategy.

Data acquisition and benchmarking: Despite these
challenges, there are some established and widely adopt-
ed approaches for estimating C&D waste generation and
composition to help approximate demolition job costs,
inform governance and policy approaches, and anticipate
community planning needs (Table 3 summarizes US-based
estimation methods). Such approaches include relying on
historically reported data when available, taking physical
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measurements and sorting, correlative statistics using
building and economic statistics, and MFA (Townsend &
Anshassi, 2023). For the case of estimating waste gener-
ation and composition at the city or regional scale, math-
ematical modelling approaches may be better suited and
are commonly used in extant literature. For example, Leder-
er et al. (2020) conducted a city-scale MFA of construction
mineral wastes in Vienna, Austria, finding that the city con-
sumed 4.4 metric tons of concrete, masonry, asphalt, and
aggregate in 2014, which they ultimately used to explore
various scenarios advancing local CE efforts.

Impact and stakeholders: The C&D CAP will document
how C&D waste generation and collection are managed
and monitored in local cities to ultimately inform steps to
create more sustainable outlets that are appropriate for
the community. By identifying quantities and types of C&D
waste generated in a community, the CAP can help identify
targeted waste reduction interventions. Similarly, CAP C&D
findings can inform strategies for segregation and collec-
tion operations such as regulating or incentivizing on-site
waste segregation to maximize material recovery. Relevant
collection stakeholders include construction professionals
such as designers, contractors, and builders, as well as
waste management suppliers such as haulers and service
providers (Munaro & Tavares, 2023). Together, these stake-
holder groups lead jobsite management decisions, the
development of guidelines related to on-site waste gener-
ation and segregation, and hauling and processing opera-
tions that are key to efficient C&D debris management and
material recovery. Additionally, government stakeholders
play an important role in incentivizing deconstruction ac-
tivities that contribute to advancing CE at the city scale.

4.6 End-of-cycle

CAP EOC Summary: The original CAP EOC spoke aims
to explore how waste is disposed in (or near) the commu-
nity. While waste reduction is a high priority, effectively
treating waste that is generated is critical for recovering
reusable or recyclable goods and preventing losses to the
environment. To understand the CAP community’s solid
waste management system as part of the local CE, the
CAP maps the local treatment infrastructure related to
consumer plastic goods, such as landfills, material recov-
ery facilities, or composters. Additionally, this spoke can
uncover the role of alternative treatment streams and local
systems. For example, in addition to identifying both for-
mal and informal waste collection outlets in Manila, Jam-

beck et al. (2024) also uncovered the role that informal junk
shops played in recovering rigid plastics and clean PET
which could be sold for recycling.

Defining C&D EOC goals and scope: In alignment with
the original CAP developed for plastics, we similarly define
the goal of the C&D EOC spoke to explore how C&D waste
is managed and treated in the community under investiga-
tion. Broadly, non-hazardous C&D waste is often collected
and treated in conjunction with MSW, however, some mu-
nicipalities and countries require separate collection, sort-
ing, and treatment. EOC treatment for C&D debris includes
similar treatment outlets as plastic goods, such as recy-
cling, landfill and permanent storage, and energy recovery.
When C&D debris is not recovered for salvage, reuse, and
refurbishment, there are several treatment methods that
are driven by material type as well as local levels of infra-
structure and economic development. In the US, 52% of
C&D debris is managed via conversion to aggregate, fol-
lowed by landfill (24%), and conversion to manufactured
products (22%). A small fraction (<1%) is managed via con-
version to fuel, soil amendments (excluding composting),
and compost and mulch (US EPA, 2020). Like other phases
of C&D material life cycle, the treatment of C&D waste can
vary drastically from place to place. For example, in the
US, regulations of C&D waste are largely under the purview
of each state, resulting in a wide range of policies target-
ing the management of C&D waste ranging from how it is
defined, how C&D landfills are designed, requirements for
C&D facility permitting, and whether proximal groundwater
monitoring is required (Clark et al., 2006). Additionally, re-
cycling is heavily dependent on local drivers such as costs
of recovering and market conditions, the presence of green
building programs, regulatory programs or requirements,
and local desire to work toward environmental or sustaina-
bility goals (Townsend & Anshassi, 2023). Taken together,
understanding how various types of waste are managed
can help to inform reduction targets and alternate treat-
ment options.

Data acquisition and benchmarking: The modeling ap-
proaches to estimate C&D waste generation quantities and
composition as described in the previous section (Collec-
tion) can also inform waste treatment targets. As such, we
recommend using common data sources for the Collection
and EOC spokes, with additional EOC-specific input from
stakeholder interviews, inventories of local infrastructure,
potential salvage or resale markets, and waste treatment
facilities to determine where C&D waste is disposed of and

TABLE 3: Examples of US-based approaches for estimating quantities of construction & demolition waste generation, composition, and
end-of-cycle management (Adapted from Townsend and Anshassi 2023).

Approach Source

General method description

Construction statistics US EPA, Franklin Associ-
ates (1998)

renovation.

Estimates building-related debris using correlation of production statistics for six con-
struction & demolition sectors: residential and non-residential construction, demolition, and

Cochran and Townsend
(2010)

Consumption statis-
tics-based material flow
analysis

Estimates total construction & demolition debris generation based on type of construction
project (e.g., new vs. renovation) with consideration of material input

Disposal statistics-based
material flow analysis
(“CDDPath”)

Townsend et al. (2019)

material types

Estimates construction & demolition debris generation and incorporates end-of-life man-
agement pathways (e.g., landfill, recycling, etc.) and secondary feedback and markets for 12
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identify outlets for landfill diversion and improved recycling
and reuse. Like the Collection spoke, waste quantities can
be used as benchmarking metrics to help examine how
various EOC interventions are impacting waste treatment
over time.

Impact and stakeholders: The EOC spoke can help
identify gaps in the local waste management system, as
well as identify potential outlets for material recovery. Im-
proving EOC waste treatment encourages efficient use of
material resources and prevents C&D debris emissions to
the environment. For example, Blengini (2009) showed that
recycling of building materials can be environmentally ben-
eficial by offering reductions in energy consumption and
greenhouse gas emissions. Further, improving the capture
and treatment of C&D debris that cannot be recycled or re-
used can lead to reduced environmental impacts such as
land degradation and pollution. Relevant EOC stakehold-
ers include government authorities and establishments,
who might advance integrated CE processes, guidelines,
and funding into the local waste management system, as
well as waste management suppliers such as haulers, pro-
cessers, and service providers (Munaro & Tavares, 2023),
who may lead decision-making around waste operations,
including data collection and reporting.

4.7 C&D Emissions

CAP Leakage summary: The CAP Leakage spoke aims
to explore what materials end up in the environment and
relevant leakage pathways. To do so, the CAP documents
litter via field transect surveys and observations, establish-
ing a litter density and composition which can then be con-
nected with findings from interviews with local stakehold-
ers and literature to develop strategies for intervention.
Both Maddalene et al. (2023) and Youngblood et al. (2022a)
found variation of litter densities across sampled cities and
population densities in south and southeast Asian commu-
nities, finding that higher populations did not necessarily

correspond to higher litter densities. Similarly, the CAP re-
vealed that the proportion of plastic in litter found in Ma-
nila, Philippines (Jambeck et al., 2024), was less than that
found in cities with relatively developed economies located
in the United States (UN Environment, 2021).

C&D Emissions goals and scope: In the case of C&D,
we similarly define the scope of the C&D Emissions spoke
to explore what and how C&D materials end up in the en-
vironment. First, C&D debris emissions can encompass a
wide range of materials including such as concrete, roof-
ing, lumber and wood products, gypsum board, steel, fin-
ishes and components such as carpeting, paint, appliances
and electronics, insulation, ducting, and inert waste such
as aggregate, dirt, and sand (Townsend & Anshassi, 2023).
Additionally, there are a range of emission pathways for
C&D debris throughout the building life cycle (Figure 4),
such as littering and illegal dumping/fly-tipping (Du et al.,
2021), natural disasters (Dubey et al., 2007), and building
wear and tear (Miller et al., 2020). Active C&D job sites
may be an important source of lost materials (Zadjelovic
et al., 2023), though most construction pollution research
is focused on managing particulate emissions (Cheriyan
& Choi, 2020) rather than solid waste debris losses, which
may often be presumed to be collected and managed. As
such the scope of the C&D Emissions scope must be ex-
panded to include various leakage pathways relevant to the
C&D life cycle.

Data acquisition and benchmarking: The C&D CAP can
leverage similar approaches as the CAP to document de-
bris losses (i.e., transect surveys), but due to the variation
in seasonality and building and construction lifetimes, oth-
er supplemental methods might include surveys of C&D
jobsites and illegal dumping hotspots. Few methods have
been established to specifically target C&D macro-debris
losses, potentially due to unclear definitions delineating
C&D emissions from other sources and sectors. However,
few studies exist that specifically document jobsite losses,
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FIGURE 4: Sources of C&D debris emissions and exemplary references.
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highlighting a need for establishing survey procedures. Za-
djelovic et al. (2023) conducted field surveys proximal to a
construction site in Chile to document losses of expand-
ed polystyrene material used in sidewalk expansion joints,
while Jarlskog et al. (2021) sampled stormwater inlets,
street swept debris, and road dust to examine pollutants
lost from a reconstruction project in Gothenburg, Sweden.
The C&D CAP could similarly track losses adjacent to active
construction areas, in addition to documenting other poten-
tial pathways for construction losses to the environment.
Findings from the C&D CAP can be referenced against pre-
vious surveys that may have been conducted by the com-
munity, local nonprofits, or academic researchers. Addition-
ally, C&D CAP cases can be compared based on leakage
density or product and material composition. In cases that
have not yet established litter surveys, the C&D CAP will act
as a benchmark, providing critical knowledge around C&D
material losses such as materials or products that can be
targeted, hotspots or community areas that can be mitigat-
ed via enforcement or continued monitoring activities, etc.

Impact and stakeholders: Ultimately, knowing the pro-
file and locations of C&D debris losses can help inform
upstream efforts to curb them such as monitoring, en-
forcement of litter and dumping policies, and education
efforts that are adapted to the local community. As one
of the most impactful issues of material management, re-
ducing impacts from pollution can bring important change
to communities. Losses may be prevented by integrating
CE-based strategies into construction and building poli-
cies, with one recent study finding that CE policies may re-
duce construction-related air pollution by 2.92% (Zhu et al.,
2022). Further, connecting upstream strategies to leaked
materials could aid in offsetting costs for cleaning up ille-
gal dumpsites (Du et al., 2021). Key stakeholders for this
spoke include community members who may be impacted
by inadequately managed C&D waste, local contractors or
businesses who may contribute to illegal dumping, organ-
izations that conduct cleanups and education campaigns,
and policymakers who decide on local ordinances that en-
courage and regulate sound waste management systems
and prevent leaked materials from reaching the environ-
ment in the first place (Santos et al., 2019).

5. RECOMMENDATIONS & CONCLUSIONS

Importantly, we propose an iterative process to allow
for community empowerment, progressive assessment,
and reflection. CE assessments offer an essential utility
by generating baseline measurements that can be used as
reference points to monitor impacts and make informed
decisions (Patil et al., 2023). Therefore, we recommend the
following: 1) compilation of initial findings/assessment; 2)
review of the initial findings with the community and then
refinement of the assessment; and 3) reporting of findings
and identification of strategies (Figure 5). The initial as-
sessment is the first phase of the C&D CAP providing a gen-
eral overview of construction and demolition materials be-
ing used and discarded within a city. Information gathered
from the initial assessment is presented to stakeholders
within the community. Based on the objectives determined

by groups, the C&D CAP will be reassessed within the city.
Based on the results from the focused C&D CAP, oppor-
tunities are provided and implemented by stakeholders.

We note that in its current form, the C&D CAP has been
conceptualized based on exploring data outlets and acces-
sibility with a US-based and urban perspective given the
authors’ positioning. As a result, the initial concept of the
C&D CAP presented here is based upon assumptions of
data availability and access that may need to be adjusted
in locations where reporting of construction, demolition,
or general waste management data are not common or
consistent. To address this limitation, future iterations of
the C&D CAP will aim to explore ways to integrate the use
of proxy representations or maximize the use of standard-
ized, global datasets when needed.

Further, the CAP comprises a wide range of topics,
knowledge, and methods. Here, we have generated a brief
overview of potential evaluation tools relevant to each
spoke, with the anticipation that future work will further in-
vestigate theory, methods, and relevant applications to ful-
fill C&D CAP needs in arobust manner, including application
and testing of methods in C&D CAP case cities. Additional-
ly, a key facet of the original CAP method is the co-creation
of community knowledge with local implementation part-
ners. As we examine outlets for generating understanding
of C&D debris management at the city-scale, we anticipate
identifying areas for inclusive and participatory ways for
community members to be involved in the work beyond
stakeholder engagement. For example, trained community
members could lead visual inspections as part of the Build-
ing materials & construction spoke or could contribute to
documenting C&D litter and illegal dumping locations as
part of the C&D Emissions spoke.

We note that the approach used by the CAP aims to
generate transferable, rather than generalizable findings,
such that practical interventions are case-specific but can
offerinsights to other locales in the form of lessons learned
or best practices. The nature of case studies means that
the trajectory of evaluation is not always systematic or lin-
ear, which highlights the importance of considering data
reliability, issues that the methodology has been criticized
for in the past. However, these issues can be addressed
throughout the case study research process by clearly de-
fining the research goal and design, establishing a robust
data collection and case analysis protocol, and elaborating
on methods in reporting (Quint&o et al., 2020). Additional-
ly, validity techniques such as triangulation and member
checking can help support validating study findings, while
researcher reflexivity can help identify prior assumptions or
biases that could influence qualitative data collection and
analysis (Mays & Pope, 2000; Torrance, 2012). Lastly, rely-
ing on public datasets, such as those generated by munic-
ipalities or local contractors, could lead to inconsistencies
in methods, reporting, units, and definitions that can make
assessing solid waste challenging (Kaza et al., 2018). One
recent project adapting climate change methods to the is-
sue of plastic pollution called Project Drawdown created a
rating system for various data sources used in their case
evaluations that could be similarly useful in the application
of the C&D CAP (Royle et al., 2022).
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FIGURE 5: Iterative process of C&D CAP assessment.

By assessing the full life cycle of C&D materials at the
macroscale (e.g., cities, communities), we can identify op-
portunities for aligning various parts of the local CE. For
example, by understanding community needs, we can iden-
tify outlets for workforce development, capacity building,
and potential issues of safety and well-being in relation to
the C&D activities. Further, the nature of the CAP as a com-
munity-based framework portends that outputs and deliv-
erables of the CAP are both specific to each case as well
as accessible to a wide audience in order to foster open
dialogue and collaboration. Supporting cities’ transitions
to the CE can be instrumental for advancing global circu-
larity. The methodological concept presented here aims
to strengthen implementation of such local transitions by
looking across the full life cycle of C&D, while also paving a
pathway for convergence among multiple sectors.
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