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Abstract: The transition towards a Circular Economy (CE) has been receiving an increasing amount
of attention in the built asset industry. One of the key aspects of CE is traceability, which can enable
the identification and tracking of materials, products, and their associated value throughout their
entire lifecycle. However, achieving traceability has been challenging in the built asset industry
due to the complex nature of construction projects and a lack of awareness about the benefits of
traceability in achieving the circularity of building products and materials. Despite recent studies
and efforts, a limited number of frameworks or guidelines exist to support traceability in the built
asset industry. In many cases, several of the existing traceability standards, strategies, and guidelines
must be identified and framed to support development and implementation of theories and models
applicable within the built asset domain. This paper proposes a traceability framework consisting
of five key components covering: the main purposes of traceability enabling CE principles, the role
of traceability across asset lifecycle stages, the type of data needed to support traceability, the value
of collaboration and coordination among industry stakeholders, and key enablers and drivers of
traceability from technological and organizational perspectives. The proposed framework developed
in this paper contributes to the effort aimed at framing the knowledge domain of CE through the
traceability of products and materials in the built environment.

Keywords: traceability; circular economy; built asset industry; lifecycle information management;
digitalization; sustainability; digital threading

1. Introduction

The built asset industry is a significant contributor to global waste and resource deple-
tion. According to the World Green Building Council, the construction and demolition of
buildings account for 40% of global energy consumption and 30% of global greenhouse gas
emissions and are responsible for 25% of waste [1]. Transitioning to a Circular Economy
(CE) presents a viable alternative that seeks to keep materials and products in use for as
long as possible, thus reducing waste and promoting sustainable resource use [2]. One of
the main goals of CE is to create a closed-loop system in which materials and products are
used and reused as efficiently as possible, without creating waste or depleting resources [3].
This approach is often contrasted with the traditional linear model of production and
consumption in which resources are extracted, transformed into products, and then dis-
posed of, often in a way that is harmful to the environment [4,5]. As the principles of CE
are becoming more prevalent in various fields of research, there are still several barriers
associated with achieving circularity of built assets, including the complex supply chains
involved in the distribution of products [6], the difficulty of tracking materials and prod-
ucts through the various stages of their lifecycle [7], and the lack of incentives or effective
collaboration among industrial practitioners to promote circularity [8,9].

One critical aspect of CE is traceability, which enables the identification and tracking
of materials, products, and their associated value throughout their entire lifecycle. The
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notation of traceability can be defined as the ability to track and trace the history, location,
application, and movement of materials, products, or systems from the point of origin to
the point of consumption or disposal [10,11], while providing detailed information about
the transformation processes, intermediaries, and actors involved in each stage of the value
chain [12]. Such abilities can provide opportunities to address current CE challenges by
enabling full transparency of transformed and shared information throughout lifecycle
stages, as well as supporting potential End-of-Life (EoL) options such as ability to reuse or
recycle the disassembled products and materials [13]. To date, the concept of traceability
and its applications are widely investigated in various domains including food industry,
software engineering, manufacturing, and aerospace. In such domains, several published
frameworks and models can be found describing the key characteristics and components
of traceability to meet CE goals and outcomes [11,14,15].

In comparison to other domains, the literature on traceability studies is relatively
limited in the built asset industry [16]. There is a poor understanding about the role of trace-
ability in enabling circularity of building products and materials across various lifecycle
stages [17]. Most of the existing studies have focused on specific aspects of traceability, such
as the use of advanced information technologies (e.g., blockchain technology) to accelerate
traceability processes [18], or have been limited to case studies of individual projects or
companies. There is an apparent lack of integrated approaches to frame current indus-
trial standards, guidelines, and strategies linking their relationships in real construction
projects [13]. The main reasons for slow adoptions of traceability in the built asset industry
can be investigated due to the fragmented nature of construction projects, very long asset
lifecycles, and a high volume of stakeholders involved [17]. To address such issues, many
academic publications put emphasis on the necessity to develop and implement integrated
traceability frameworks to enable the circularity of products, materials, and systems in the
built asset industry [13,17,19].

Therefore, the motivation behind this research is driven by the need to better under-
stand the notation of traceability and its role in enabling circularity in the built environment.
Due to the fact that CE is about all interrelations between materials, actors, products,
elements, processes, and sectors [20], more research is necessary to describe various as-
pects of traceability and highlight its potential to enable circularity. Previous research
has provided some insight into the relationship between the concept of traceability and
CE principles [7,10,11], but some fundamental research questions remain unanswered,
including the following:

• RQ1: What are the main traceability standards, guidelines, and strategies to enable
circularity in the built asset industry?

• RQ2: How can these standards, guidelines, and strategies be structured and linked
through an integrated approach for future studies and implementations?

Following these research questions, this paper aims to identify and link key compo-
nents of traceability through an integrated framework. To accomplish this, a traceability
reference model was adapted from the literature to articulate the main components of trace-
ability under CE principle. Specifically, these elements were positioned with the intention
of clarifying (i) the primary purpose of traceability in enabling the circularity of built assets;
(ii) the specific information milestones at which assets can be traced; (iii) the significance
of collaboration and coordination among stakeholders; (iv) the nature of data that should
be traced and extracted; and (v) advanced technologies and drivers that promote the
traceability of materials and products. To operationalize the theoretical constructs of the
framework into practice, promising new technologies and digital tools facilitating traceabil-
ity of building materials and products across their lifecycle stages are presented. Advanced
technologies and drivers such as digital threads (DTH), materials passports (MPs), and
collaborative platforms can take traceability to another level by increasing transparency and
insight into the status, movement, and history of a product [18]. Combined with existing
traceability guidelines and principles, this research has the potential to structure the body
of knowledge pertaining to traceability studies and unlock new opportunities to achieve
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circularity goals in the built environment. The work set out in this paper is structured
as follows: it begins with the literature review on the main topics related to CE and the
concept of traceability across domains, followed by description of materials and methods
used to characterize various aspects of traceability in the context of built asset industry.
Finally, a traceability framework is proposed as a result of this research to articulate the
key components of traceability that are essential for achieving circularity in materials and
products across lifecycle stages.

2. Background
2.1. Circular Economy in the Built Environment

Waste generated from construction, renovation, and demolition (CDR) in Canada
generated more than 4 million tons in 2021 [21]. To divert this significant amount of waste
from landfills, the Canadian government is pushing the built asset industry towards a CE
model by replacing the EoL concept with reducing, reusing, and recovering materials across
construction and operational lifecycle stages [21]. While the body of literature pertaining to
a circular future is rapidly growing, many scholars and industry experts have highlighted
the significant challenges in transitioning to this new economic model [5,22–24]. There
are several strategic and political challenges hindering this transition such as resistance
from stakeholders in the industry who are accustomed to traditional linear approaches
and do not see the value of the CE models [8,25] or the competitive nature of markets,
which may make it difficult for organizations with narrow profit margins to justify the
additional investment and effort required for circularity [26]. From a technical perspective,
challenges include effective lifecycle information management to increase the circularity
of materials and products within and between organizations and regulatory bodies in the
built asset industry [27]. Achieving circularity depends heavily on the availability of data
that is relevant, reliable, and readily accessible [28]. Without such data it is hard to track
the properties of materials, products, and systems and measure their economic, social, and
environmental impacts [29].

One opportunity for accessing required data is the use of materials passports (MPs) [30].
MPs are a set of digital documents containing composition data, environmental product
declarations (EPDs), and provenance of building materials and products and showing
their potentials for recovery and reuse [31,32]. A growing number of passport-types have
been proposed by scholars and practitioners [33–35]. However, it may cause difficulties in
collecting and matching incoherent data from multiple MPs [36]. Examples of MPs include
the following:

• Buildings As Material Banks (BAMB): this MP describes data and their implementation
strategies in the built environment. All necessary information about materials and
products pertaining to CE is hierarchically categorized into several levels (Figure 1)
such as material properties, certifications, logistics, etc. The project has also estab-
lished a digital platform which connects individual components of the buildings by
displaying their uses and values in the marketplace [31].

• 3XN Architects: this MP provides guidelines to collect CE data across a building’s
lifecycle stages. The collected data need to be linked to a database enabling traceability of
all building components and parts with their technical and functional specifications [37].

• Madaster: this project frames MP data based on the building’s layers (e.g., structure,
skin, services, etc.). The MP also provides circularity indicators to calculate the amount
of virgin, recycled, reused, and renewable materials that are incorporated within a
building. Madaster’s cloud platform can connect to Building Information Modeling
(BIM)-based models and allows users to create and develop a unique passport for
buildings or objects [38].

In addition to the application of MPs, transition to an advanced CE requires a high
degree of digitalization and automation [39]. The main barriers that hinder this potential
are primarily related to what can be described as an information gap between industrial
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parties [40]. This information gap appears when there is no transparent and common
understanding about what, when, which, where, why, and how CE data are circulated and
exchanged among the involved parties in a project. It is becoming increasingly important to
close this gap by ensuring traceability of all relevant CE-related data and linking them into
a structured knowledge base [41,42]. Nevertheless, disregarding digitization’s upheaval
influence, there are still certain issues which need to be addressed. These might include a
digital gap across lifecycle phases and project stakeholders [43]. Finally, traditional project
delivery practices tend to create barriers between project stakeholders which leads to a
collaboration gap [44]. Figure 2 demonstrates these gaps across asset lifecycle phases. To
fill these gaps, an integrated and automated solution is very much needed to link and put
key components of circularity into relationship.
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2.2. Concept of Traceability across Domains

Traceability of materials and products is recognized as one of the major concerns in an
increasing number of CE studies and practices across various domains [45]. Although there
is no definitional ambiguity that encompasses all aspects of traceability [17], the notion of
“traceability” has been defined in the literature as listed in Table 1.

Table 1. Definitions of traceability.

Ref Definition Context Year

[46] “The ability to trace the history, application, or location of an entity by means of
recorded identifications”. ISO8402 1994

[41]
“The ability to access any or all information relating to that which is under

consideration, throughout its e tire lifecycle, by means of
recorded identifications”.

Food industry 2018

[47]
“Client requirements have to be presented in a manner that will facilitate:

( . . . ) [t]he traceability of design decisions to original requirements throughout
the life cycle of the facility”.

AEC 1 2000

[48]
“Traceability involves knowing where the product or raw material comes from,

real-time location throughout the supply chain, and its conditions regarding
pre-set quality at each stage of the roadmap”.

AEC 2021

[13]
“The ability to follow information related to a product through its supply chain”
(p. 3) providing a number of uses: quality and safety, minimizing scandals that
damage company reputations, improved supply chains, and enhancing trust”.

AEC 2017

1 AEC: Architecture, Engineering, and Construction.

Most academic publications stress the importance of traceability models around which the
tracing processes, tools, and methods can be defined and organized [11,49–51]. Some of the most
common traceability models are described in Table 2. Given models’ vast range of applicability,
specific use cases within specific sectors are required to fully leverage their potential.

Table 2. Traceability models.

Model Description Ref

Physical traceability This model is focused on tracking and tracing physical products, such
as food and manufacturing products, through the supply chain. [52–54]

Information traceability This model is focused on tracking and tracing the flow of information,
such as data and records, within the supply chain. [55–58]

Genetic traceability This model is focused on tracking and tracing the genetic makeup of
biological products, such as seeds, livestock, and crops. [59–61]

Process traceability
This model is focused on tracking and tracing the processes and steps

involved in the production of products, such as manufacturing
processes and quality control procedures.

[62,63]

Event traceability This model is focused on tracking and tracing specific events or
activities, such as deliveries, shipments, and product recalls. [64–66]

Systemic traceability
This model is focused on tracking and tracing the interactions and

relationships between different elements within the supply chain, such
as suppliers, manufacturers, distributors, and consumers.

[67,68]

Hybrid traceability This model combines elements of different traceability models to
provide a comprehensive and integrated traceability system. [69–71]

Recent studies have emphasized the role of information traceability in mitigating qual-
ity and safety issues, optimizing resource productivity, facilitating information retrieval for
management practices, and improving supply chain by increasing trust between suppliers
and consumers in the context of sustainable development [14,19,48]. Organizations can also
utilize information traceability to locate the sources of mistakes or discrepancies in their
data and keep an accurate record of changes made over time [72,73]. In a study conducted
by Moe [74], internal traceability and chain traceability were identified as two common in-
formation traceability methods. Internal traceability can be performed within a single stage
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of the product lifecycle, allowing for improved planning and optimization of raw material
use as well as identification of causes and effects to conform to product standards. Chain
traceability, on the other hand, enables the tracking of product information throughout its
entire lifecycle, from early stages such as planning and conceptual design to end-of-life
(EoL). This level of traceability is essential for accessing information about a product’s
history and ensuring compliance with regulations, standards, and quality control [75]. Data
related to information tractability can be obtained from entities, processes and activities
(services), project context, and stakeholders involved in a product’s supply chain (e.g.,
suppliers’ name and their responsibility) [31]. However, it is still not clear how to use such
data and at which lifecycle stages data should be traced to meet circularity requirements.

Different traceability methods, models, and frameworks have been proposed in differ-
ent domains to improve the tracking and flow of information for sustainability purposes.
For example, Anastasiadis [76] proposed a holistic transability framework emphasizing the
relationship between sustainability principles and agri-food supply chains. The proposed
framework consists of several key elements, including stakeholder analysis, supply chain
analysis, development stages, testing through multiple real case scenarios, and assessment
stage. Based on the defined elements of this framework, it can be found that effective
information exchange and collaboration among stakeholders through the use of innovative
technologies such as cloud computing, big data, blockchain, and the Internet-of-Things are
essential to meet consumer needs and sustainability goals in general. Such findings support
an argument that any traceability approach should meet the demands of major stakeholders
while having positive impacts on economic, social, environmental, and governance aspects
of the sustainable development.

Katenbayeva et al. [13] integrated some of the key concepts related to traceability with
respects to sustainability (Figure 3), including their relationship and breadth of application.
Traceability in this approach is closely linked to transparency and responsible sourcing. At
the management level, organizations use traceability as a tactic to increase the transparency
in their business decisions. In addition, all operations within an organization can be actively
traced to ensure responsible use of natural, financial, and human resources [77]. As an
ultimate goal, the consistent integration of traceability into decision-making and practices
can result in ethical growth for businesses and industries, while also promoting sustainable
trade practices.
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Each stakeholder plays a critical role in ensuring the traceability of products and
processes [78]. It is important that they work closely together to ensure that the system
is effective, and that accurate information is maintained throughout their lifecycle. Poor
communication between stakeholders can result in gaps in information and misunderstand-
ings that can hinder traceability. Ramesh and Jarke [79] introduced a simple “traceability
reference model” emphasizing on what, who, where, how, why, and when information
should be traced. Such simple questions were categorized as key dimensions that need to
be addressed for ensuring the accuracy and effectiveness of traceability systems. Using
these dimensions in traceability practices can increase transparency, reduce the risk of
product recalls, and enhance consumer confidence in the products they purchase [79].
Similarly, Ouertani et al. [80] proposed a standardized framework and defined similar
dimensions (what, who, where, how, why, and when) to support traceability of product
knowledge during lifecycle stages. Using these dimensions, the authors systematically
mapped traceability requirements through the lens of various stakeholders (e.g., planners,
owners, regulators, etc.) and identified specific enablers, development phase, and activities
that support traceability applications. Adoption of these research dimensions permits
contextualization of all related concepts and strategies in the built environment.

2.3. Traceability in the Built Asset Industry

Implementation of information systems and practices enabling traceability in the built
asset industry varies depending on the region, sector, and specific application. In general,
the industry has been relatively slow in adopting these systems and practices compared
to other industries [48]. One reason for this is the industry’s notorious fragmentation [48].
The built asset industry is made up of various stakeholders that each have their own set
of requirements and standards. Another reason for this slow adoption is the lack of a
standardized approach. Unlike other industries, such as food or pharmaceuticals, there is
no universally recognized guideline or standard for tracking and tracing building materials
and components [13]. Some organizations have developed domain-specific guidelines
for tracking and tracing building materials and products, such as the Building Research
Establishment (BRE) in the UK [81] and the Green Construction Board’s Supply Chain
Sustainability School [82]. In 2014, BRE established BES 6001 requirements (Figure 4)
for the responsible sourcing of construction products, which considers factors such as
environmental and social impacts, ethical sourcing, and supply chain management. The
standard covers a wide range of construction products, including metals, timber, aggregates,
and insulation materials. Traceability is an important element of the BES 6001 standard,
as it helps to ensure that the construction products being used are responsibly sourced
and sustainable. BES 6001 requires construction companies to demonstrate the traceability
of their products by identifying the sources of the raw materials, as well as the suppliers
involved in the production and delivery of the finished products. This includes identifying
any potential environmental or social risks associated with the sourcing of the materials,
such as deforestation, human rights violations, or other unsustainable practices [81].

Digitalization of a traceability process is another critical aspect that should be consid-
ered by leveraging the next generation of automated tools or systems [83]. Companies can
establish a comprehensive and accurate record of the origin and movement of their construc-
tion products through digital traceability technologies [16]. This includes capturing and
making available data about the source of raw materials, streamlining processes, and reduc-
ing the time and effort required to collect and manage any relevant information about the
product and the supply chain. Regarding current regulations, in the European Union (EU),
the Construction Products Regulation (CPR) requires that construction products must be
traceable through their entire supply chain, from raw materials to the finished product [84].
The CPR also requires that products be accompanied by a Declaration of Performance (DoP)
that provides information on the asset’s performance characteristics, such as fire resistance
and mechanical strength. In the United States, the Environmental Protection Agency (EPA)
requires that contractors performing renovation, repair, and painting projects that disturb
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lead-based paint in homes, childcare facilities, and schools built before 1978 follow specific
practices to prevent lead contamination [85]. This includes maintaining records of lead-safe
work practices used on each job. Additionally, some voluntary certification programs,
such as Leadership in Energy and Environmental Design (LEED), encourage traceability
by awarding points for using materials with recycled content, sustainable sourcing, and
transparency in reporting the product’s environmental and social impacts [86].
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In accordance with the existing guidelines and strategies, Watson et al. [17] proposed
a wholistic digital recording framework (Figure 5) supporting the traceability of building
materials and products across their lifecycles. The framework is designed to enable an
accurate and reliable record of every traceable resource unit (TRU) from requirements to
in-use chains. Here, TRU can be any unit of material, component, or finished product that
is assigned a unique identifier (e.g., barcode or serial number) and recorded as it moves
through the various chains. This unique identifier can be used to retrieve data on the TRU’s
origin, processing, transportation, storage, and distribution [19]. As TRUs can be found in
both physical and information chains of an asset, digital recording occurs at key points in
time which are indicated as “traceable events” in Figure 5. Understanding the relationships
between such traceable events is crucial as it provides stakeholders broader insight from
all processes and activities throughout different chains. Most recently, the application of
DTHs has provided opportunities to seamlessly link and harmonize multiple TRUs across
lifecycle stages [87].

Based on the key principles of digital recording framework by Watson et al. [17],
Li et al. [88] integrated BIM, IoT, and distributed ledger technology (DLT) to enhance trace-
ability of digital data recorded from initial design phase to the maintenance and operation
(M&O) phase of an asset. This integration of technologies and systems automates transfer
of data between stakeholders and linking of relevant information that are digitally recorded
across an asset’s lifecycle. Having the linked data available can significantly accelerate a
traceability process and improve management and operational effectiveness. There are
currently many advanced technologies enabling data linking for traceability purposes
such as application of blockchain technology [89] or digital threading of critical lifecycle
information needed to trace physical/digital built assets [90]. However, integrating such
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technologies under CE principles and implementing them for domain-specific traceability
scenarios requires the development of an integrated framework which is currently missing
in the literature.
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Overall, improving traceability in the built asset industry requires a multi-faceted
approach that involves various stakeholders throughout the requirements, design, con-
struction, supply, and in-use chains. Many scholars and industrial experts have agreed
on certain necessary actions such as establishment of clear standards and guidelines [13],
adoption of innovative digital technologies (e.g., blockchain systems) [48], encouraging
collaboration and communication among project parties [19], regular monitoring and verifi-
cation of supply chain performance [51], etc. However, there is still a lack of comprehensive
understanding of such actions in relation to CE requirements in the built asset industry.

2.4. Summary of Research Gaps

Despite the increasing interest in traceability of materials and products throughout
built asset lifecycle stages, there is a notable lack of research and understanding around
its framing, application and integration into existing standards, strategies, and guidelines
to support implementation [13]. Stantana and Ribeiro [11] conducted a comprehensive
literature review to map the existing traceability models and frameworks across domains.
The authors of this study listed a few traceability models in the construction sector with a
focus on effectiveness of technological systems (e.g., RFID system, GPS tags, blockchain
technology) for tracking the building fabrication process or construction site logistics [91,92].
To date, only a few studies have highlighted other aspects of traceability in the built asset
industry and discussed the actions needed to enable circularity of building materials and
products across lifecycle stages [13,14]. This includes poor understanding of the main
types of data enabling traceability, lifecycle stages where data can be potentially traced,
key technologies to facilitate traceability in data management and documentation, and
the relationship among stakeholders involved in the traceability process. These gaps in
the literature are significant, as they prevent a complete understanding of the concept of
traceability through the lens of CE. Current research often emphasizes single aspects of
traceability, such as documentation management or change control, rather than examining
the broader impact of traceability on the circularity of products and materials. Therefore,
there is a need for further research to investigate the relationship between different aspects
of traceability and their potential to support CE principles in the built asset industry.



Sustainability 2023, 15, 8278 10 of 23

Such research can provide valuable insights for industry practitioners and policymakers,
deriving progress towards a more sustainable and circular built environment.

3. Materials and Methods

The principal objective of this research is to develop a material and product infor-
mation traceability framework for the built asset industry and to pilot its application to
pursue principles of CE. To achieve this objective, the concept of traceability and its role in
enabling a circular economy has been defined, developed, and framed through a series of
research activities and workshops with industry experts. These activities are explained in
the following sections.

3.1. Adoption of a Traceability Reference Model

Based on the traceability reference model proposed by Ramesh and Jarke [79], the frame-
work is expected to explain all relevant dimensions of traceability including the following:

• Why are we tracing: refers to the purposes and drivers of traceability to all stakehold-
ers. The framework should cover specific needs and goals of stakeholders and provide
a rationale for why traceability is necessary in each case. Some possible drivers for
traceability include improving quality control, ensuring compliance with regulatory
requirements, increasing transparency and accountability, supporting sustainability
and environmental goals, and reducing risk and liability in specifying, procuring,
installing, and reusing or recycling products and materials.

• What are we tracing: refers to the materials, products, or systems that require traceabil-
ity and the data elements that need to be traced for each item. Determining what needs
to be traced can be influenced by various factors, such as regulatory requirements,
project-specific requirements, and stakeholder needs.

• How are we tracing: refers to the strategies and enablers that are used to trace and
manage data and how stakeholders are involved in the process. The framework
should provide guidance on how data are captured, managed, and shared and how
stakeholders can access and use the data.

• Who is tracing: refers to the stakeholders responsible for implementing and main-
taining traceability and how they can contribute to and benefit from the traceability
efforts. This includes various stakeholders involved in the built asset industry, such as
designers, manufacturers, suppliers, contractors, and owners. The framework should
also provide guidance on the roles and responsibilities of each stakeholder in the
traceability process.

• When are we tracing: refers to the specific stages or chains of the asset’s lifecycle when
traceability is necessary, as well as any time constraints or deadlines that may apply.
For example, traceability may be necessary during the design and planning stage to
ensure that the specified materials and components meet the required specifications
and standards. It may also be necessary during the construction stage to ensure that
the specified materials and components are actually installed in the building, and that
they meet the required quality standards.

3.2. Developing the Traceability Framework

Addressing each dimension of the traceability reference model requires a thoughtful
articulation of the existing standards, guidelines, principles, enablers, and strategies into a
logical framework. For this purpose, we took four steps to define the main components
of the traceability framework. Accordingly, a series of four workshops were organized to
involve the solution team and the industrial experts for evaluating the reviewed literature,
future outcomes, application of the traceability framework, and identification of use cases
and their values in the built asset industry. The selection of industry experts was carried
out based on their professional background, interest, education level, and participation
within the partner organization of the Center for Intersectoral Studies and Research on
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the Circular Economy (CERIEC). Table 3 summarizes the participants’ profiles and their
demographic information in subject matter.

Table 3. Industry expert profile.

Participant ID Professional Background Interest Educational Level

1 Project manager Environmental management—
sustainable development. Master’s

2 Project consultant Construction materials—
sustainable development—energy efficiency. Diploma

3 Senior director and consultant Technology research (chemistry and materials)
and sustainable innovation. Ph.D.

4 Professor Construction materials—lifecycle assessment. Ph.D.
5 Project director Traceability systems for contaminated soils. Bachelor’s

6 Marketing director
Traceability and transparency along the supply

chain—traceability solutions for natural
resources and environment.

Bachelor’s

7 Engineer
Evaluation of carbon reduction and circular

economy strategies—life cycle assessment and
circularity concepts.

Bachelor’s

8 Project consultant CRD waste management—
sustainable development Master’s

9 Construction consultant Sustainability metrics—
sustainable business development Master’s

10 BIM specialist BIM—information requirement management
research/improvement initiatives Master’s

11 Architectural designer BIM management—raw and residual
materials—traceability solutions Diploma

To begin with, the concept of traceability in the built asset industry had to be framed,
along with its obstacles, developments, and prospects as outlined in the literature. This
involved searching academic publications, industrial reports (e.g., Arup, BAMP), books,
and other sources related to the research objectives. Over 200 publications in the fields of
CE and traceability were narrowed down based on their relevance to the subject matter and
number of citations. The initial content analysis was conducted to identify key concepts
such as principles of information traceability, barriers and potentials of CE, traceability
strategies and techniques in the context of built asset industry, etc. Each item was broken
down into small and manageable categories that could be scrutinized separately. All spe-
cific characteristics and qualities of traceability were examined precisely, as well as their
instances and applications in different domains. Next, the initial workshop, which aimed
to introduce the participants to the latest advancements and gather their thoughts on why
traceability is crucial in this domain was conducted. Additional feedback on the applica-
bility of the traceability framework and its potential to bridge the existing research gaps
were collected. The second step served to synthesize the findings from the literature review
and the first workshop. This involved identifying common themes, patterns, and com-
monalities across data sources, including (i) standards and guidelines from organizations
such as ISO, IEC, and CEN; (ii) guidelines and best practices from industry associations
and government agencies such as BAMP and BRE; and (iii) case studies and examples of
traceability initiatives in the industry. During the second workshop, industrial experts
critically evaluated the summary of findings and suggested areas for future research. In
the third step, all meaningful principles, strategies, drivers, and enablers were grouped
and linked to the traceability reference model in order to formalize the key components of
traceability framework. The defined dimensions of the work by Ramesh and Jarke [79] were
used to assess whether any themes are related, different, or overlapping. In this process,
each traceability component was critically analyzed in relation to its detailed elements.
After multiple revisions of the proposed framework, the third round of workshops was
held with participants from lab construction and other industrial experts from various
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disciplines. Based on the results of the third workshop, various avenues were discussed
to identify the link between traceability components and CE, evaluation of data that are
needed to enable traceability across lifecycle stages, and how traceability framework can
enable CE through its defined components.

In the last step, the final and revised version of traceability framework was presented
to construction lab and industrial experts involved in the research project. The outcome of
this step was identification of potential applications and use cases of the framework for
future research. The framework development process, including workshops, is summarized
in Figure 6.
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ity framework.

4. A Traceability Framework for the Built Asset Industry

The overarching outcome of this research is a traceability framework that articulates
the different components defining traceability and its facilitating factors to improve the
circularity of the built asset industry. This section presents the traceability framework by
bridging the key findings from the literature and workshops to the traceability reference
model by Ramesh and Jarke [79].

While the traceability reference model can be applied to various domains, it is im-
portant to understand how it relates to the context of the built asset industry and what
principles, drivers, enablers, and strategies need to be considered to facilitate circularity
across an asset’s lifecycle stages. The result of this contextualization is defined through the
traceability framework as shown in Figure 7. In the following sub-sections, each component
of the framework is described.
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4.1. Why: The Importance of the Sustainable Development

With the increasing application of CE models as a sustainable substitute for the
conventional linear economy, the significance of traceability in the built asset industry
is expected to rise [25]. One of the common purposes to apply traceability is tracking
and recording the movement of materials and products throughout the asset’s lifecycle
stages [13]. However, the purpose of traceability should go far beyond the management
of building products and resources. Most often, leading companies may find it difficult
to design a building with the end in mind. In other words, architects and designers
may plan the buildings without a view that they will be disassembled or deconstructed
for future reuse or recycling. In such circumstances, an effective traceability system can
capture accurate and reliable information about the origin, composition, and impact of
products and materials throughout the asset’s lifecycle. Once data has been collected
and structured, it becomes easier to address circular options by tracing and optimizing
the second life of products and materials under CE principles. According to Durmiševic
et al. [93], inadequate reuse and recovery of materials and products is frequently caused
by a lack of information on the current composition of built assets, as well as their actual
location, condition, and history. Traceability allows stakeholders to obtain a comprehensive
insight from the past, current, and future status of built assets, promoting smarter use of
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products and materials and extending their lifespan. As the result, stakeholders may find
it easier to decide which 9R-strategies, as listed in Figure 8, are optimal and aligned with
project context and goals [94]. Overall, sustainable development can be regarded as an
ultimate goal to apply traceability in the built asset industry. Therefore, the purpose of
any traceability system should directly or indirectly address environmental, financial, and
human concerns under sustainability principles.
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4.2. What: The Main Data Types Enabling Traceability

When considering the use of traceability across an asset’s lifecycle stages, stakeholders
significantly rely on data to make effective decisions about the performance or quality
of their products, services, and processes [27]. The review of MPs showed that actors or
machines involved in traceability must be able to recognize and extract the correct type
of data [31]. Different types of data have different characteristics and require different
methods for handling and analysis. Indeed, determining the suitable algorithms or methods
to analyze the data can be a difficult task if the required data type is unknown. Based on the
previous studies presented in Section 2.1, data that enable traceability can be categorized
into six types: (i) entity; (ii) process; (iii) activity; (iv) system; (v) context; and (vi) actor.
Entities, such as products, components, or materials, are typically included within the
system to track their movement and location and to ensure that they meet their defined
requirements. Processes and activities are traced to identify the steps involved in the
production or delivery of a product and to ensure that each step is completed correctly.
Systems may also be traced to identify the dependencies between their constituent parts
and to ensure that changes to one part of the system do not have unintended consequences
for other parts. Actor data refers to information about the individuals, organizations, or
their relationships that are involved in the provisioning or delivery of projects, handling,
or use of the product or entity being traced. This can include information related to the
identity of the actors, their roles and responsibilities, and their interactions with other actors
or with the system, entity, and processes. Lastly, context data can enable a traceability system
to provide valuable insights into the external factors that impact the performance and quality
of the system. For instance, tracing contextual data about user demand can help to identify
areas where materials and products should be optimized, or tracing regulatory compliance
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data can help to ensure that the asset is meeting all relevant standards and requirements. In
addition to these main data elements, other data that may be traced in a traceability system
could include requirements, specifications, test results, and audit records.

4.3. When: The Role of Traceability across Lifecycle Stages

Traceability plays a crucial role in every stage of the asset’s lifecycle, from intent to
deliver new asset to intent to reuse existing asset. According to Succar and Poirier [95],
there are eight milestones for information that can be transformed and exchanged across
an asset’s lifecycle. The term “information milestone” is a marker along the path that
information travels along an asset’s lifecycle [96]. In fact, it allows practitioners to trace
information through the following milestones: (1) intent to deliver new asset; (2) expected
physical deliverables; (3) targeted digital deliverables; (4) needed resources and methods;
(5) available resources and methods; (6) actual digital assets; (7) actual physical asset; and
(8) intent to reuse existing asset. Of interest in the context of this paper, information can
be traced from the initial understanding of what the primary intent is to trace an asset to
its potential R-strategies (e.g., reuse, recycling, refurbishment, etc.) that can be explicitly
decided at the eighth milestone. BRE [81] and stressed on the role of the traceability at EoL
of an asset by providing the record of the asset’s history, components, and its functional
and technical condition. Such information is essential for making informed decisions about
the most appropriate reusability and recycling strategies for the products and materials [30]
and for ensuring that the process is carried out in a circular and responsible way.

There are several ways to ensure traceability across lifecycle stages. According to
Pinheiro [51], products and materials can be traced either forward or backward. Forward
traceability is the ability to trace the flow of materials and products forward in time, from
the requirement phase to the end use of the built asset. This helps to investigate the impact
of changes and to ensure that the materials and products used in the construction of the
asset meet the desired quality, safety, and environmental standards. Backward traceability,
on the other hand, involves tracking the flow of materials and products backward in time,
from the end use of the built asset to its origin and initial requirements. Tracing backward
allows users to reveal all historical information associated with a product or material. This
becomes particularly useful in the case of renovation and refurbishment projects when
all digital records may be used to support decisions on the reusability or recycling of the
existing materials and products.

4.4. Who: Effective Collaboration and Coordination

The successful implementation of traceability relies significantly on close collaboration
and coordination among project teams [44,97]. Lack of coordination, which results from an
inability to share data and knowledge between actors, unclear ownership of specific activi-
ties supporting traceability, the absence of standardized collaboration processes, and the
resistance to change from development teams, have been reported as the most common bar-
riers to effectively implement of traceability solutions in the built asset industry [48,95,98].
Understanding the relationships between traceability actors is critical as it increases the
transparency, trust, and accountability in lifecycle phases and enables the identification and
resolution of CE issues [15,99]. In practice, information enabling circularity can be traced
and used by strategic traceability users and operational traceability users [51,79]. In general,
strategic traceability users are interested in managerial issues such as a facility manager
determining what information must be traced and by whom or a regulator looking for com-
pliance with all applicable regulations related to circularity, including waste management
regulations, EPR (extended producer responsibility) requirements, and recycling standards.
Operational traceability users are more interested in technical issues within a traceability
system, process, or activity—for example, a coordinator who documents transformation
of requirements to design and simulation or a manufacturer who decomposes design
properties of a component for fabrication purposes.
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There are several ways to encourage traceability actors for active collaboration and
coordination, such as the following:

• Shared vision and objectives: develop a shared vision and set of objectives for the
traceability project that align with the CE goals of all stakeholders involved [100].

• Communication and information sharing: foster open and effective communication
channels and process knowledge management between stakeholders and share rele-
vant information about the traceability project and its progress [98].

• Incentives and benefits: identify and communicate the incentives and benefits that
arise from the successful implementation of traceability, such as improved efficiency,
cost savings, and enhanced reputation for all project members [101].

• Capacity building and training: provide capacity building and training opportunities to
cycle actors to enhance their knowledge and skills related to traceability and CE [45,101].

• Standardization and certification: promote the adoption of standardization and certi-
fication schemes for traceability systems to increase the trust and acceptance of the
technology among stakeholders [102,103].

• Continuous improvement and evaluation: continuously evaluate the traceability
system and its impact on CE goals and use the feedback to improve the system and
increase stakeholder buy-in [104].

While such examples may contribute to close the collaboration gaps among traceability
actors, the importance of traceability should also be actively promoted and taught. This
results in appropriate traceability awareness among project actors and enhances them to
make effective decisions at various circumstances.

4.5. How: Traceability Enablers and Drivers

If companies decide to implement traceability practices, they have to come up with
effective drivers and enablers to support any traceability process or activity [19]. Un-
derstanding how information should be traced and linked to multiple components of a
traceability system is crucial before any implementation. As mentioned, an extensive num-
ber of publications emphasized the role of material passports to enable circularity through
traceability systems [30,36,105]. MPs particularly categorize traceable information (as
shown in Figure 1) related to properties of building materials and guide traceability actors
to which data need to be traced through RFID tags, barcodes, unique identifiers, etc. [31].
To better integrate multiple passports data, a material passport platform (MPP) has been
recently introduced by BAMB [36], enabling project parties to share and customize their
products’ data based on MP guidelines. Such a platform and its database can be used by
actors to obtain a transparent digital record of materials, as well as a diverse set of insights
from various disciplines. In addition, the use of product data templates (PDTs) describes
the detailed properties of products in a way that can be traced to a credible source. PDTs can
also help to ensure the quality and safety of products by providing information about their
designing and manufacturing processes. Such information can be used to identify potential
hazards and risks associated with a product, as well as to monitor compliance with relevant
regulations and standards [106]. PDTs become product template sheets (PDSs) when they
are used as a basis for creating a specific product template for a particular product [107].
By using a PDS, designers and engineers can ensure that all necessary information about a
product is included, such as its dimensions, weight, materials, manufacturing processes,
and other relevant data. Both PDTs and PDSs serve traceability as a common framework to
manage most up-to-date data and provide transparent and credible data sources.

An appropriate use of information sources is another important aspect that should be
well-planned at early phases of any traceability project. BIM plays a crucial role to accumulate
lifecycle information of buildings into a shared and collaborative manner [108]. The integra-
tion of MPs in BIM environment provides opportunities to document materials compositions,
represent materials and products embedded in the built assets, and show various design
combinations for reusing or recycling potentials [32]. Using a BIM-based MP provides trace-
ability actors a centralized database consisting of all relevant data described in Section 4.2.
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To overcome possible interoperability issues, openBIM is a collaborative approach that pro-
motes seamless exchange of information among stakeholders regardless of what software and
systems they use [109]. At its core, openBIM can contribute to the traceability of products
and materials by enabling better communication, data sharing, increased transparency, and
collaboration between stakeholders involved in a traceability practice.

Outside of the BIM environment, information may need to be transformed and ex-
changed across multiple disciplines to deliver an asset to its end users. Traceability becomes
a daunting task in such circumstances where certain disciplines may face interpretability
issues [110]. For example, design teams typically opt for BIM-based software to plan or
model a specific asset. However, manufacturers may not have the same familiarity with
BIM and would prefer to use domain-specific software for the fabrication process. One of
the promising solutions to overcome this issue, thereby closing the information gap and the
collaboration gap, is the concept of Digital Threads (DTHs) [111]. The concept of DTH has
recently received attention by industry and academia as a data-driven approach supported
through integrated technologies particularly for Product Lifecycle Management (PLM) and
additive manufacturing [112]. Characterizing DTH under CE principles can help overcome
various traceability barriers and challenges associated with transparency in supply chain,
real-time data capturing, process visibility (e.g., logistic, transportation), decision making
under uncertainty, and optimization of processes and products across lifecycle phases [113].
Additionally, DTH can be deployed to facilitate circularity principles, as characterized
through MPs, which include material data requirements, balancing industrial input and
output, process chain analysis, resource management, etc. [30].

Application of DTH in linking traceable information across lifecycle stages provides
an avenue to ensure the accuracy, completeness, and integrity of data related to product
development, manufacturing, and use. By enabling data capture, integration, and analysis
across the entire asset lifecycle, DTH provide organizations with a comprehensive view
of their products and help to identify areas for improvement and support better decision-
making. Moreover, DTH is capable of linking and harmonizing multiple data inputs stored
at decentralized databases or blockchain platforms into material and product traceability
systems. By driving data and information along the DTH, traceability actors would not
need to remember all links that were made to information and could follow a chain of
links that goes beyond the initial point of a traceability process [51]. Although the benefits
of DTH are becoming evident, there are still difficulties in properly aggregating a large
volume of dispersed data generated by multiple users and transforming them into a unified
or standardized format [87]. Such data processing and interoperability issues must be
further investigated to take full potential of DTH for traceability purposes. While different
solutions have been developed to enable parts of the DTH principle, namely openBIM
principles and PDTs, more work is needed to push their development and adoption.

5. Discussion

Adoption of general traceability dimensions recommended by Ramesh and Jarke [79]
revealed that the main purpose of traceability should not be limited to tracking the recorded
information at planning, design, and construction stages but also using it to support
9R-strategies of CE. Tracing of key data will enable stakeholders to optimize EoL decisions
of built products and materials with circularity in mind. In order to accomplish this purpose,
practitioners should be acquainted with (1) various data types that should be correctly
selected and used; (2) information milestones of the built assets; (3) effective strategies and
mechanisms to close the collaboration and coordination gaps among parties; (4) integrated
technologies and guidelines to facilitate data processing and sharing.

To successfully operationalize traceability in a CE perspective, companies and indi-
viduals need a clear vision about the product or material’s path from raw materials to
deconstructed entities. Once critical information milestones of a traceability scheme are
identified and all the meaningful data is extracted, it is important to have robust and reliable
enablers and drivers in place for tracing and verifying lifecycle information, thereby closing
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the information gap. From an organizational point of view, using MPs and PDTs can derive
common ground for actors to ensure that they all have access to the same information about
materials and their detailed properties. Despite these contributions, quality of data inputs,
data credibility, data accuracy, and data collection have remained key challenges that must
be addressed to overcome the “garbage in, garbage out” issue in MPs [30].

From a technological standpoint, the built asset industry is undergoing a digital
transformation, and implementation of information technologies for traceability pur-
poses requires adequate infrastructures, comprehensive standards, and technical exper-
tise. Although several BIM-based approaches have been proposed in the context of
CE [108,114,115], some barriers still exist such as interoperability issues [110], size and
scales of the projects [4], and general resistance for data sharing [116], among others. Ap-
plications of open-access platforms and DTH principles can significantly contribute to
overcome such barriers and ultimately close the digital gaps among systems and machines.

Closing the collaboration gap among actors was identified as another critical factor
that should be encouraged through transparent collaboration and coordination. While
several individuals and teams may be involved in a project and over the lifecycle of an
asset, the establishment of a collaboration platform can facilitate communication and
knowledge sharing for traceability purposes. However, encouraging all project parties
to use an integrated approach to traceability would be challenging due to poor change
management or unwillingness to overcome technical and financial barriers. Therefore,
effective strategies should be adopted to communicate the potential benefits and incentives,
increase awareness on the importance of traceability, or engage in small pilot projects to
demonstrate the value of collaboration in support of traceability across lifecycle stages.

All of the identified traceability components discussed in Section 4 are theoretical
implications that are associated with existing CE principles. However, there are some
limitations in this study. The first limitation concerns the material choices of this research
that were constrained by limited number of theoretical foundations particularity in the
context of the built asset industry. It is possible that there are other traceability reference
models or frameworks in different domains that were overlooked while doing this research.
Moreover, the generalizability of the results is limited by collected feedback from industry
experts who participated in the workshops. Therefore, some data biases may exist due to
the appropriate type or professional scope of participants. Last but not least, it is necessary
to validate the reliability and effectiveness of the traceability components proposed in the
research by testing them in practical use cases.

Despite the mentioned limitations, the findings of this paper contribute to a clearer
understanding of the concept of traceability in the built asset industry. If companies
are to effectively transition from a linear economy to a circular one, the consideration
of traceability components presented in this research could serve as the catalyst for im-
plementing traceability with a holistic approach mindset. As such, in light of the many
challenges discussed, individuals committed to CE and sustainable practices will recognize
the opportunities that traceability can provide in terms of material and product circularity.

6. Conclusions and Future Research

This paper emphasized the significance of traceability in the built asset industry as
a response to mounting circularity concerns. Although various standards, guidelines,
and strategies exist in the literature to facilitate the traceability of materials and products
throughout their lifecycle stages, there was still a need to integrate and frame such findings
with respect to CE principles. Based on the traceability reference model by Ramesh and
Jarke [79], a traceability framework was proposed including five main components to
integrate: (i) the main purpose of traceability in the built asset industry; (ii) the role of
traceability across lifecycle stages; (iii) the data required to support traceability; (iv) the
techniques and approaches that promote collaboration among the traceability actors; and
(vi) potential traceability enablers and drivers from both technological and organizational
standpoints. These components of the presented framework can be used to achieve CE
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goals by enabling smarter use of products and materials and extending their lifespan.
The research aimed at achieving this purpose by showcasing the latest advancements in
traceability methods (e.g., digital recording), digital information technologies (e.g., DTHs,
BIM-based approaches), and collaborative platforms (MPPs, openBIM). Leveraging such
new methods and strategies may enable stakeholders to increase the circularity of all
entities, activities, and processes within their companies. Since the built asset industry
lacks a common framework that brings together various aspects of traceability in a holistic
way, the findings of this research can contribute with an integrated traceability framework
that could be used as a foundation for measuring building circularity in the future.

As such, the next steps are to continue to develop the traceability framework by
overpassing its limitations that influence credibility and reliability of components and
elements. This encompasses testing the proposed traceability framework with a wider
group of industry professionals, gathering up-to-date information from the various parties
and sources involved in a traceability process, and implementing actual use cases to
demonstrate the framework’s effectiveness in addressing issues related to circularity. A
follow-up paper will be communicated in the future to present the specific use cases of this
study and report the results of the testing and validation of the proposed framework. The
potential use cases will be used to determine the applicability of the research implications
in real-world situations, as well as calculation of product and material circularities using
the potential CE indices and a BIM-based approach for information management of the
built assets.
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