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Abstract: The construction industry impacts resource consumption and waste production and thus
necessitates solutions that promote sustainable practices. In particular, it must address challenges
surrounding data collection and digital management services that often hinder the recycling or
reuse of materials. The purpose of this study is to develop an integrated platform-based digital
tool that seamlessly incorporates circular economy principles into construction processes, with a
particular focus on circular resource utilization in the building envelope components’ life cycle. This
tool aims to address the challenges in the construction industry related to resource consumption,
waste production, and sustainability by promoting sustainable practices and improving material
management. This paper reports industrial joint research to develop an integrated platform-based
digital tool that seamlessly incorporates circular economy principles into construction processes,
focusing on circular resource utilization in the building envelope components life cycle. By combining
different platforms and services from the previous research, this study’s results enhance and integrate
comprehensive thinking approaches and services. These include promoting raw material substitution,
reducing supply chain arrangement time, minimizing waste throughout the building component
lifecycle, enhancing disassembly processes, and improving life cycle environmental assessments.
The tool design was informed by user-driven narratives and requirements, and demo case testing
procedures, ensuring usability and industry relevance. Furthermore, integration with product
lifecycle management software and data management platforms enhanced data sharing and accuracy.
This study highlights the potential of integrated tools to revolutionize supply chains and promote
circular economy, transforming construction paradigms. They can contribute to the reshaping
of material management towards environmental consciousness, fostering resource-efficient green
building solutions, and enabling more circularity in the construction industry.

Keywords: supply chain management; material management; construction waste recycling; eco-
design tool; data management platform; augmented reality; production management and innovation

1. Introduction

The construction sector extensively utilizes resources and energy during its life stages.
Still, there is a lack of a comprehensive life cycle perspective when implementing building
components and systems, with consequential resource and energy loss occurring in end-of-
life scenarios. This sector is estimated to account for 50% of all raw material usage and 36%
of global energy consumption [1,2]. In the EU, around 924 million tons of waste were gener-
ated from the disposal of buildings in 2016, more than 35% of the total. Moreover, in China,
a total of 2.36 billion tons of waste were generated in 2018. This production of construction
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waste is anticipated to rise further in the upcoming years [3]. The recycling and recovery of
building materials varies greatly across the EU, with rates ranging from less than 10% to
over 90%. Despite the high recycling rates of some countries, secondary materials are rarely
utilized in construction. For instance, while The Netherlands recycles more than 95% of its
construction waste stream, only 3-4% of secondary materials are used in the construction
sector, compared to over 50% in civil engineering [4,5]. Nonetheless, building stages offer
multiple opportunities to reduce waste and promote circularity, and numerous approaches
and concepts have been devised by the construction industry to facilitate the shift towards a
circular economy. Nonetheless, these methods often fall short in terms of reusability and are
restricted to design-centric approaches. Hence, there is a pressing requirement to establish
the circularity of constructions and establish corresponding evaluation mechanisms [6].
Surely, the designing stage is crucial to allow life cycle optimization, and is capable to
address for making modular and easily disassembled components, aiding manufacturers
to prioritize separating materials, reducing complexity, and minimizing energy use during
manufacturing [7]. Yet it is essential to consider several factors when these components
and materials reach their end-of-life stage, such as overseeing demolition and renovation
work to ensure the quality of materials for recycling and reuse [8,9]. The actions to be taken
in this last stage consist of performing material audits before demolition, devising waste
management plans, segregating high-quality materials for recycling, executing precise and
selective disassembly operations, preparing materials for re-utilization and recycling, and
enhancing traceability, quality assessment, and certification of construction and demolition
waste streams [10].

These actions occur during different stages of the life cycle of building components
and require tools to facilitate their implementation. However, the construction sector
faces several barriers that must be overcome to achieve these goals and ensure successful
completion:

e  Poor quality data and difficulty in digitizing information about the origin of waste
and recycled aggregate materials;

e Lack of digital services for creating new value chains and organizing information on
raw materials;
Uncompetitive pricing of secondary materials, and lack of trust in their quality;
Along delay between implementing circular actions and their effect on waste management;
A need for guidance in calculating sustainability parameters for new recycled
materials [11,12].

To address these barriers, the utilization of data-driven digital tools and circularity
plans have emerged as a key driver for promoting not only circularity but also a low-
carbon economy and social development in the construction sector. This trend has gained
significant momentum globally (with different emphases depending on regional charac-
teristics), as it challenges the factors that impede sustainable growth and progress in this
industry [13-16]. In this scientific scenario, this article will present the digital composing,
methodologies, development, and results of industrial joint research aimed at developing a
digital tool to improve and integrate circular economy thinking and services in the building
sector, focusing on building envelope components (BECs). This research was undertaken
under the framework of the CE4Con (Circular Economy for Construction Industries) project.
CE4Con’s objective is to develop a one-stop Integrated Platform-Based Tool (IPBT) to aid
manufacturers of BECs that seek to create building envelope products tracking LCA and
circularity Key Performance Indicators (KPIs) from the designing stage to the dismantling
phase. Particularly, the developed digital tool aims to act in two life cycle stages of the
BECs: (1) the design stage, assisting in selecting building materials for the processes and
products under development, considering recycled composite, near-distance market, and
low-carbon aspects; and (2) the construction and dismantling stage, supporting material
auditing, product disassembly, and material pre-treatment to facilitate recycling. Finally, to
validate the tool, prefabricated facade modules were chosen as real demo testers for their
advantages in circular and sustainable development [17]. Indeed, the lean management
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and practices of that type of facade industry further contextualize CE4Con in their main
research dimensions, which include data-driven intelligent decision making and activity
process optimization [18].

Adopting an IPBT for circularity solutions can contribute to implementing the best
practices indicated above, as opposed to the barriers that need to be overcome. The solution
also provides comprehensive services to establish connections and collaborations among
various construction and circular economy stakeholders.

In the following sections, this paper presents the materials and methods (Section 2)
employed in this study, providing an overview of the materials used, including the cloud-
based multi-sided platform for circularity data management (Section 2.1.1), the product
lifecycle management software (Section 2.1.2), the Life Cycle Assessment Simulation Engine
(Section 2.1.3), the augmented reality snag list and dismantling support tool (Section 2.1.4),
the blockchain platform (Section 2.1.5), as well as the use cases for the demo tester (Sec-
tion 2.1.6). The subsections detailing the methods encompass the explanation of the stages
behind the platform’s development, including the analysis and investigation (Section 2.2.1),
the adoption of an end-user-centric approach (Section 2.2.2), the definition of the platform’s
functionalities and development (Section 2.2.3), and the final tool validation (Section 2.2.4).
Building upon the materials identified and the methodology set up, this article presents the
results (Section 3), commencing with the structure definition and data collection for circular
entities (Section 3.1) and subsequently the definition of user stories and requirements
(Section 3.2) to identify the most promising approach for the operational flowcharts and
tool development (Section 3.3) and finally the overall tool validation for early stage tests
(Section 3.4). The paper proceeds to offer insights into the discussion (Section 4), providing
an analysis of the correspondence between the development’s goals and the achieved
results for the integrated platform. In the conclusions (Section 5), the article summarizes
the outcomes achieved and highlights open issues that point to opportunities for further
investigation.

2. Materials and Methods

The following sections present the materials and methods used for developing the
one-stop Integrated Platform-Based Tool (IPBT).

Software and tools integrated at the starting point of the development are considered
materials for this research as well as the use case demo testers chosen to validate the IPBT.
On the other hand, the methodology applied focused on an end-user-centered approach for
developing the tool, which is centered on eight specific usage scenarios (e.g., Scenario #3:
management of the supply chain).

2.1. Materials

Figure 1 illustrates the software used for the IPBT implementation and typical users
through the life cycle of the building components. These platforms and tools, which are
considered materials of the research, include the following:

A cloud-based multi-sided platform for circularity data management.
A product lifecycle management software.

A Life Cycle Assessment Simulation Engine.

An augmented reality snag list and dismantling support tool.

A blockchain platform.

2.1.1. Cloud-Based Multi-Sided Platform for Circularity Data Management

To promote circularity in construction, the IPBT proposal relies on a data management
cloud-based multi-sided platform (DMP). This platform allows users, such as designers,
managers, quality departments, and procurement teams, to manage and obtain pertinent
information, thanks to a user-friendly solution. The DMP used in this study is designed to
handle digital polymorphic entities subject to changes throughout their life cycle (including
rework, reuse, or recycling), and collects all the available environmental and circularity
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data about supplier options and storing data about their life cycle. Namely, in CE4Con,
the employed DMP is REUse, which enables the recycling of composite materials through
access to digitalized information and services [19]. REUse facilitates the entire value
chain by matching demand for new materials with the availability of recycled products.
Additionally, it gathers information on the latest materials and waste treatment processes to
ensure the ongoing availability of recycled materials while also considering their technical
properties. REUse was developed for the needs of the FiberEUse H2020 project [20], which
conducted studies and campaigns for the same purpose [21].

AN

End-of-Life stage

! Precedent |  Detail Procurement and

: J COIlStEI'uCIiOI’I Reverse
i studies | design phase Manufacturing : ; logistic :
| Data Management cloud-based multi-sided Platform (DMIP) | REUse
System development Purchase
: #1.2: : : :

:and Technical department department

i 3 s B S i :‘
{Augment Reality Snag Listing and Dismantling Tool for Construction (ARTC) | Rialto
‘ Technicians Dismantling and

on site ; recover company

Blockchain platform | KYKLOS 4.0 BLOCKCHAIN |

Life Cycle Assessment Simlulation Engine | KYKLOS 4.0 LCA X
T : Caption:
Tender ! :

A pepartment #1+2 Project Data Life-Cycle

[ Tool's materials usage
: Platform User
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Figure 1. Project data cycle and materials timeline.

2.1.2. Product Lifecycle Management Software

In addition to the so-called environmental data related to the supply chain, which are
collected in the DMP, it is essential to integrate the IBPT with computer-aided technologies
used by building component manufacturing companies, particularly for retrieving project
data related to building materials and components. Linking the IPBT to a product lifecycle
management (PLM) is essential since it acts as a central repository, enabling seamless data
sharing and coordination across different project phases and users, e.g., designers and man-
ufacturers. Through it, the IPBT would gain access to crucial data and information about
materials, processes, and stakeholders. This integration enhances the accuracy of material
data, improves supply chain transparency, and streamlines decision-making [22,23]. Lastly,
a PLM ensures a holistic approach to sustainable construction, enabling better-informed
choices throughout the entire project life cycle [24].

Specifically, the KYKLOS 4.0 PLM was integrated into the CE4Con tool. KYKLOS 4.0 is
an H2020 project whose primary goal is to establish a circular manufacturing ecosystem that
generates customized goods with prolonged lifespans utilizing advanced technologies [25].
By using international standard formats for data exchange and storage, the PLM is a vital
contributor to CE4Con. The PLM module uses ISO 10303 standards for data exchange,
sharing, and archiving, including file exchange, APIs, and web services [26].

2.1.3. Life Cycle Assessment Simulation Engine

To handle the possibility that the suppliers cannot provide all the required data for
an accurate environmental assessment of the analyzed products through IPBT, it was
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decided to incorporate an ecological impact quantification tool. This tool can perform a
Life Cycle Assessment (LCA) [27] of the product and gather secondary environmental data
from external databases to fill any data gaps left by the suppliers. This can help various
departments, e.g., design teams and quality departments.

Linking the IPBT to a LCA tool is crucial in achieving comprehensive sustainability
goals in the construction sector [28,29]. It allows to draw a comparison of different project
options based not only on economic aspects, technical factors, and end-of-life possibilities
but also on relative greenhouse gas emissions and other environmental impacts [30]. The
tool can detect hotspots in all aspects of the supply chain, from raw materials to manufac-
turing, distribution, use, and disposal. The LCA tool used for this purpose in CE4Con is
also part of the ecosystem of KYKLOS 4.0 [25].

2.1.4. Augmented Reality Snag List and Dismantling Support Tool

Within the specific IPBT developed in this project, an Augment Reality Snag Listing
and Dismantling Tool for Construction (ARTC), based on a mobile app, was integrated. A
snag list is an auditing report performed by on-site technicians and used in construction
projects. It includes a list of all the detected faults and defects in construction items [31]. In
this way, the contribution of the tool to the platform can be two-fold. Firstly, the “snagging”
function allows the user to take note of damages in on-site installed components so they
can be more easily cataloged and remain visible during dismantling in the future. Through
the use of a mobile application, it makes issue management more efficient and less time-
consuming. Secondly, the dismantling section provides real-time information on the
availability and recyclability of building materials and components.

The AR-based tool developed as ARTC used in CE4Con is Rialto, which, compared
to current snag list applications, adds other advanced features to the IPBT, such as the
automatic location and measurements through mobile cameras and sensors, automatic
displaying information over objects, overlaying and comparing design models to as-built
models and voice entry capabilities. This allows for the entering of snag list entities, quickly
and rapidly. Moreover, integrating Rialto with the digital platform allows bidirectional
communication between devices and workers on site and the backend systems on cloud
(Figure 2).

‘ Digital snag list tool 0
t [ Augmented Reality .
g\. [ capabilities ’ ‘ Cloud solution 1 m
A
Automatically detected RIALTO Fast input by vocal o~
geolocalization / ARTC dictation

Figure 2. Main features diagram of Rialto.

2.1.5. Blockchain Platform

Blockchain technology provides transparent, immutable, and traceable data, which
makes it suitable for applications that require trust and accountability, fitting for cases such
as circular economy. CE4Con can leverage blockchain to guarantee that data related to
recycled and reused materials and certifications are tamper-proof and easily accessible to all
stakeholders. This technology fosters trust between participants, verifies the authenticity of
materials, and facilitates the development of a sustainable circular economy by providing a
secure and auditable data infrastructure.

In the KYKLOS 4.0 ecosystem, the blockchain platform used in CE4CON is another
essential component. It has been studied as a potential solution to the problem of securely
storing designs in an immutable way that can also be verified externally.
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2.1.6. The Use Case Demo Tester

While integrating these IT materials and validating the tool, a real demo tester use case
was deemed necessary. In choosing the appropriate type of building envelope component
(BEC) for this purpose, prefabricated and custom facade modules were selected. In the
construction sector, the prefabricated facade technology brings some advantages thanks
to the off-site construction in lean manufacturing, which leads to the optimization of the
use of materials, enhancing the assembly and dismantling phases, and reducing waste
generation, as well as saving time and money [32-34]. Prefabricated facades are complex
and require detailed information on energy use, carbon footprint, and material sources.
This makes it challenging to evaluate alternatives and disclose the data on the end-of-life
stages. For this reason, the CE4Con solution has been validated on Prefabricated Modules
for Curtain Walls (PMCW).

The PMCWs selected as use cases are as follows:

e Two facade modules designed in the H2020 Project RenoZeb to develop Plug and
Play Facade integrating insulation and energy generation systems to address building
renovation of existing stocks [35,36].

e  One spandrel facade module with external aluminum fins designed for the 1 Broadgate
building, a major fourteen-stores office-led development located in London [37].

Pictures of these modules are in Figure 3. These facade types offered a sufficiently
broad scenario of the possibilities of materials, components, and processes that a typical
PMCW can contain and a perspective in both the research scenario and the actual market.

(b)

Figure 3. (a) Installed on-site RenoZeb facade modules; (b) 1 Broadgate project’s external aluminum

fins modules mockup.

2.2. Methods

The CE4Con methodological development is divided into four stages:
Preventive analysis and investigation of required information;

Definition through an end-user-centric approach of the requirements of the tool;

Definition and development of the platform functionalities;
Tool validation.

2.2.1. Preventive Analysis and Investigation

The first step in this methodology involves carefully selecting data that meet the
requirements of the IPBT’s integrated services for circular and ecological construction
components. To achieve this, specific rules and prerequisites defined by rating systems,



Buildings 2023, 13, 2630

7 of 28

environmental assessment methods (such as LCA), scientific literature, and construction
companies’ targets are considered. This process requires a comprehensive analysis of the
life cycle of BECs, gathering relevant information to accurately describe and track them,
and evaluating any difficulties or practices associated with the circular economy.

2.2.2. End-User-Centric Approach

The main goal of the second phase is to define the technical requirements of the IPBT.
This is completed by analyzing the typical commission job actors that could affect the life
cycle of a typical PMCW and who typically manage the data highlighted in the first stage.
To achieve this goal, a depicted platform-based framework that connects stakeholders
involved across the construction life cycle is necessary. The data gathered in phase one,
together with this framework, highlight different types of interaction with the platform-
based tool and describe the actors involved and their related data inputs and outputs.
This leads to the definition of roles, scenarios, and system requirements that shape the
architecture of CE4Con.

2.2.3. Definition of the Platform’s Functionalities and Development

In the third phase, the design of the software architecture of the IPBT occurs. This
involves establishing a relationship between the various materials that make up the one-
stop tool to ensure that all the necessary data are available for the system to work effectively.
In practice, this consists of defining the relationships among the various materials that will
be part of CE4Con and the flowcharts useful for planning, communicating, and developing
the complex processes of the IPBT. The different components are able to obtain the data
from others via their APIs, which relate to the relay of product or process information.

2.2.4. Tool Validation

Lastly, functional testing, which involves systematic testing of each feature and Ul
evaluation, and user acceptance testing, involving feedback from end users as well as test
scenarios to evaluate real-world usage, were performed to validate CE4Con functionalities.

3. Results

This section presents the development and related outcomes of t study, following the
methodological stages.

3.1. Circular Entities Structure Definition and Data Collection

REUse, the DMP integrated into CE4Con, focuses on collecting, connecting, and
enriching data to associate with digital object entities. The atomic unit of the data model is
the circular entity (CE) and its attributes, which were already defined in the platform and
adapted for CE4Con.

CEs are defined as representations of categories of objects, or sets of objects, with
similar characteristics. In fact, in REUse, the concept of CE replaces the concept of a static
product entity. It is designed as a CE, i.e., an entity that can transform itself during its life,
interact with processes, re-manufacturing, and logistics, and cope with non-standardized
and dynamically changing parameters. From an IT standpoint, these kinds of CEs are
designed to satisfy specific architectural requirements to deal with the needs of changing
parameters, such as those often encountered in the circular economy. As shown in the class
diagram in Figure 4, attributes can be as numerous as required. This means that the entity
data model is not predefined but can be created according to user needs. The attributes
describe parameters that to help define the entity. As it is possible to add many attributes,
they have been designated as expandable attributes.

The class diagram reflects the concept of polymorphic data. Polymorphism of data
defines thedata as extensible and able to serve different product histories through high-
level object-oriented design [38]. These functionalities are helpful for the first step of
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the methodology, which involves identifying required data and their organization in a
standardized system for the adaptation to PMCW.

REUSE's ( Materials [ | + Processes [ | + Services [ |
CIRCULAR ENTITY | + (Insourcing )
COMPOSITION I Circular Entity [ ] [ & |
25— 2 2
| Circular Entity |—4| External Circular Entities [ ] | Outsourcing |
External Circular Entities

| P )

L (End of Life Waste)

Figure 4. Definition of circular entity for company recursion in REUse.

Although there is a lack of specific policies regarding construction components, there
are proposed solutions that could be implemented to improve circular design [39]. These
solutions include performance indicators based on legal frameworks, product circularity
documents, and LCA methodology [40,41]. Regarding facade-related static and dynamic
data, these encompass administrative documents, such as manuals for assembly and main-
tenance, detailed drawings of technical systems, components, and materials, performance
statistics, and connections to building ratings and certificates. Establishing the necessary
criteria must consider LCA impact categories, specific rules for labeled scopes, and other
certifications [42]. Moreover, when evaluating intricate building components such as
PMCW, it is crucial to categorize them by their various parts and materials. This categoriza-
tion should distinguish materials with different usage cycles and lifespans [43]. Therefore,
the first step consists of identifying the CEs and their attributes that need to be stored in the
DMP, as previously described. To that end, the ideal life cycle of a PMCW was analyzed,
with attention being paid to the components and materials that could ideally compose it.
There are two classifications of CEs: those related to the PMCW, called “Facade Module
CE”, and those associated with the individual materials or components that make up the
module, called “Component Supplier CE”. Their definition according to the REUse logic
and their association with the real component of a typical PMCW are depicted in Figure 5.

Facade Module Circular Entity

Component Supplier Circular Entity

Component options

on the market (new or recycled)

REAL FACADE
MODULE Facade moduie’s components
A

COMPOSITION ]
Prefabricated Modules
for Curtain Wall
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_ v ‘I\"\ a N

N

|
% SupplierA

-]

Glass and others|

L
Circular Entity Types

CE4CON'S CE's attributes from PLM [ ] CE's attributes related to
CIRCULAR ENTITY product info [ ]
COMPOSITION +
Fagade ro—ra : (Circular Entity Type [] ]
At the end of the design Module Component Supplier Circular Entity =

phase, each PMCW's
component must have its
own "Facade Module CE"
related toa or NULL
e .o PrpRmp— (End of Life Wagcte)
Component Suppiier CE \=nc o Luewvasie)

Circular Attachments, if any

Entity

+
(_Circular Entity Type [] ]

-
Attachments, if any Each potential product that could
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e A Th e Oae e A0 O
iOGILE 1iGS (LS OWil aigitdl efitity

Figure 5. Definition of the two circular entities in CE4Con.
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In addition, it is essential to identify “CE Types” capable of assigning a specific field
to each CE, to facilitate the association between the “Facade Module CE” and “Component
Supplier CE”. These “CE Types” can be further subdivided into several “Material Types”
that can encapsulate within them the categories of all the elements of the facade module
(e.g., extruded profile, gaskets, glass sheet). Based on this list of keys, “Material Types”,
a list of attributes describing the CEs has been developed, which is able to describe CEs
during their life cycle. In Figure 6, the list of “Material Type” and each of the CEs’ attributes
are listed, specifying which category they belong to and in what form this data will be
collected and transmitted. It is important to note that each “Facade Module CE” is linked
to a "Component Supplier CE" representing the material or component that characterizes it.
Finally, Figure 6 specifies which information collected in the DMP can typically be retrieved
from the PLM system and which can be uploaded or displayed on the ARTC.

Facade Module Circular

Component Supplier Circular

* Each "Fagade Module Circular Entity" includes within it as many "Supplier Circular
Entities" as materials or components make up the facade module.

(
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(
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Figure 6. CE4Con’s circular entities and attributes diagram.
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Considering the components of the demo cases, appropriate CEs have been gathered
in REUse, focusing on authentic supplier products that could be used for the PMCW's
constitution. Additionally, the facade manufacturing company that proceeded with the
demo cases conducted an internal data retrieval operation to collect the project data that
would later be stored in the PLM. The collected data were then analyzed and prepared
for upload to both REUse and PLM for further processing. The data collected was chosen
based on industry standards and best practices found in the existing literature, ensuring it
was relevant and aligned with the industry’s standards.

3.2. Definition of User Stories and Requirements

To achieve the purpose of the one-stop Integrated Platform-Based Tool (IPBT), it is
necessary to create a comprehensive framework that connects stakeholders across the entire
construction life cycle. Based on the data highlighted by the CE’s attribute selection, various
types of interactions with the IPBT have been identified throughout the data life cycle.

All the steps involved in the data life cycle are illustrated in Figure 7, which represents
the complete life cycle processes, the roles of the users involved, and the type of platform
through which they exchange data during a commission job [44]. This includes defining the
types of interaction between the platform and the user (i.e., CEs and attributes upload, CEs
and attributes consultation, documentation) and the types of exchanged data (i.e., project
data, use phase data, end-of-life data). A list of roles and scenarios has been identified from
each interaction analyzed and then described in the figure.
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Figure 7. Circular entities” data life-cycle diagram; process and interactions with the platforms and
users involved.
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The platform caters to multiple stakeholders with distinct roles. These roles are
identified based on their involvement in different phases of the construction process, such
as design, procurement, installation, and end-of-life considerations. By mapping out these
roles, the platform design team gained insights into the range of interactions and needs to
be addressed in different scenarios. A scenario accurately predicts how actors will interact
with a technical system. In Appendix A, Tables A1-A7 reporting these are presented. The
tables include information about actors involved in the scenarios, their goals, starting
points [45], and user stories. These stories describe a connected sequence of actions that
should be taken by the operators [46]. By using an end-user-centric approach, scenarios
are used to establish the requirements of the platform. These technical requirements form
the foundation of the platform’s abilities and features, and they connect the user stories to
the actual implementation of the platform. The requirements include various aspects such
as user interfaces, data storage, integration with other systems, and performance metrics.
Here is a list of the eight main requirements that have resulted from the analysis.

3.2.1. R.1. User Web Interface for CE and Attribute Management (REUse)

The platform necessitates an intuitive web interface administered by a backend, en-
abling stakeholders along the supply chain (e.g., suppliers, quality department) to update
CE data and generate new entries. This interface should facilitate effortless uploading and
retrieval of documentation such as Environmental Product Declarations (EPDs) for CEs.

A streamlined interface enhances user experience, facilitating data navigation and
action execution. The platform acts as a collaborative hub, organizing a responsive supply
chain that caters to dynamic manufacturing needs while optimizing the synergy between
processing facilities and logistics services.

3.2.2. R.2. Dynamic Attributes for Comprehensive CE Descriptions (REUse)

In addition to fixed attributes, the solution must empower users to provide supple-
mentary attributes pertinent to CE recycling, reuse, or future disposal. These dynamic
attributes enrich the description of CEs, conforming to international standards and physical
properties essential for end-of-life considerations.

3.2.3. R.3. Search Template for CE Identification (CE4Con’s Frontend Tool)

The platform needs a specialized search tool that can filter and identify environmen-
tally friendly CEs based on specific parameters, exploiting key “CE Type” and “Material
Types”. This search feature is vital whenever manufacturers introduce new facades to the
platform, as it helps align components with CEs that meet the necessary requirements.

3.2.4. R.4. Integration with LCA Component (KYKLOS 4.0)v

Environmental data from the IPBT integrated with the LCA component align with the
project data to facilitate environmental assessments, enabling sustainability evaluation and
circular envelope design. An ideal platform-LCA integration empowers environmental as-
sessment for sustainable design, aligning data sources for comprehensive LCA calculations.

3.2.5. R.5. Integration of a Conversion Factor (CE4Con’s Frontend Tool)

The LCA data can come from different suppliers, regions, or sources, each using their
functional units. These units might need to be converted to a standard unit to enable
meaningful comparisons and analyses. A conversion factor allows systems to transform
the data into a standard unit, ensuring that LCA results are accurate and can be compared
across products.

3.2.6. R.6. Integration with PLM Component (KYKLOS 4.0)

Integrating IPBT and PLM components speeds up environmental assessments, cor-
relating project data (e.g., dimensions, profiles, glass stratigraphy) with CE attributes for
efficient module assessment and end-of-life scenarios.
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3.2.7. R.7. ARTC Integration for Snag List Facilitator (Rialto)

The tool must have the capability to integrate the ARTC mobile app with the DMP
backend, facilitating on-site examination of mounted facades. This integration should
enable technicians to utilize augmented reality (AR) to identify and monitor defects.

The inclusion of AR features with the ARTC within the tool should be emphasized,
as they provide a distinct advantage for defect identification and monitoring. These AR
capabilities should significantly improve accuracy and efficiency compared to currently
available solutions.

3.2.8. R.8. ARTC Integration for Dismantling (Rialto)

ARTC integration with the DMP backend is a mandatory feature, enabling the re-
trieval of dismantling and pre-treatment data. This integration is crucial for optimizing
disassembly processes and ensuring the accurate updating of end-of-life information for
disassembled CEs. Operators in dismantling and recovery companies can benefit greatly
from ARTC’s integration. This integration streamlines data retrieval and ensures timely
updates of CE end-of-life information.

These functional requirements collectively shape a comprehensive, user-centric plat-
form catering to the circular economy’s demands within the construction sector.

3.3. Definition of the Operational Flowcharts and Tool Development

Moving forward with the application of the methodology, it focuses on the detailed
planning of CE4Con as the IPBT developed in the project. As graphically summarized in
Figure 8, the main integration tool, which is taking advantage of KYKLOS 4.0 components
and the other materials, is a frontend tool developed for designers and the related backend
logic, which is highlighted as necessary by a previous analysis. However, the DMP is the
central core of the system.

CE4CON
COMPONENTS IEI:;TT g
/IPBT i
Designer Front-End REUse
/ Logic Backend \ / DMP Core

*
KYKLOS 4.0 N

v
COMPONENTS[ PLM j/ [ LCA ] [Blockchain]

Figure 8. CE4Con’s materials integration diagram.

3.3.1. Multi-Sided Platform for Data Management Set Up: REUse

The DMP represents the core component for both major stages of use in CE4Con: (1)
assisting in selecting building materials for the processes and products under development
and (2) supporting end-of-life stage decisions. This is the first fundamental part of the
platform’s operation is the “Component Supplier CE” upload. To do that, the suppliers or
the manufacturing company’s quality department connect to REUse to create a new CE,
and log in into the web interface of REUse where they can also modify or delete old CEs.
These constitute actions available on REUse are represented in the flowchart in Figure 9.
Having registered the suitable components and kept them updated, this essentially creates
the base of thedata necessary for further design steps.

The objective related to the DMP core within the project was to create a sufficient
number of CEs on REUse to provide diverse options for the various PMCW components
within the selected demo cases. In total, 38 CEs were created, reflecting the diversity of
the data required for different components and use cases. These data were adequate for
comparing various options and attributes within the project’s scope, ensuring that only
few attributes were left empty or non-applicable.
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Figure 9. REUse flowchart.

3.3.2. Frontend Tool Setup: The “Designer Interface”

The frontend is the tool conceived to move from preliminary studies to the detailed
design phase in the early stages of the product life cycle. A flowchart related to the frontend
tool showing integration with REUse and Kyklos 4.0 components during the design support
phase is presented in Figure 10. User icons show the scenarios involved in the different
parts of the process.
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Figure 10. Designer frontend tool flowchart.
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As seen in Section 3.3.1, the suppliers or manufacturing company’s quality department,
having registered the possible components, created and developed the DMP necessary for
further design steps.

The next stage, which during the study has defined as the “Design stage”, is where
integration with other materials practically happens. By accessing the frontend tool, design-
ers can identify suppliers for each BEC with the lowest environmental impact and better
circularity characteristics (Scenario #1.2).

Initially, when accessed, User Interface 1 (UI1) prompts the designer to input an ID
code of the PMCW (Figure 11). By entering this, the backend connects to the Kyklos 4.0
PLM service to load all the project data linked to the particular PMCW code, taking the
designer to the UI2 screen, represented in Figure 12, and displaying all the information
related to the PMCW being designed.

~—

CE4Con - DESIGN TOOL

Module ID-CODE
000038CE1119-001

SEARCH MODULE

Entering the PILM 's ID-Code,
it will be possible to enter in the
Facade Module Dashboard in
order to start the designing support

Figure 11. Frontend tool for design support—UI1 graphic.
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Figure 12. Frontend tool for design support—UI2 graphic.

The UI2 concept presents a universal interface that allows designers to compose a
list of materials from the REUse components. They can select and add materials to this
interface, which consolidates the information in one place.
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The “List of Materials and processes” in the facade module is automatically filled
in with the data from PLM following the entry of the PMCW identification code. At the
beginning of the “Design stage”, no CE from REUse was initially selected as an option
for the various facade module components. By clicking on each empty entry in the list,
the designer is taken to another section of the interface (UI3, Figure 13), which is the
“Fagade Material and Component definition Dashboard”. Here, two of the areas displayed
are linked with Kyklos 4.0, and one area is linked to REUse. The designer can select
the materials in the “Material type” and “Circular Entity Type” fields and enter keys for
searching for possible circular entities in REUse, as identified in requirement R.3. Lastly, if
necessary, they can apply a correction to the LCA attributes by inserting a conversion factor
that is multiplied with the attributes depending on their functional units, and is identified
in requirement R.5.
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Figure 13. Frontend tool for design support—UI3 graphic.

By selecting these two necessary data sources from the PLM service and REUse, the
backend has enough data to communicate and make a REST call to the Kyklos LCA to
obtain the necessary impact assessment information. Thus, it populates the “Module Life
Cycle Impact Assessment” fields.

At this point, the designer has a complete overview of all the material data, process
data, impact assessment data, and circular data available to them to make a suitable choice.
They can confirm or modify their design until they are satisfied with the choices that have
been made, after which they click on the save option and are taken back to the UI2 screen.

Moving forward, the designer clicks on the next “Material or process ID” field
and proceeds to follow the steps again until the list is a complete representation of the
facade design.

When the design stage is completed, UI2 will now represent a complete picture that
comprises the information from all the PMCW. At this stage, all the information the designer
wants to know to finalize the design is available to them in a unified interface, and the
module design is complete.

As an additional feature, the designer can save their work, which creates all the
“Facade Module CEs” in REUse containing the PLM information along with a link to the
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*

chosen “Component Supplier CEs”. These “Fagade Module CEs” serve as the foundation
for the next stages of the CE4Con process, which encompasses the construction and dis-
mantling phases. Additionally, it is possible to make a request to the blockchain module to
store these design data to ensure its immutability. This marks the end of the design phase
and satisfies all the requirements of the design scenarios.

3.3.3. Rialto Platform Set up and Integration

While the frontend is the CE4Con’s implementation tool in the early stages of the
process, the ARTC is the main tool for its implementation in the construction and end-of-life
stages. The role of Rialto is to support the core functionalities of the REUse platform in the
following two ways:

By examining the mounted PMCW to obtain or update a snag list;
By allowing the retrieval of dismantling and pre-treatment information to facilitate
the disassembly and the update of end-of-life information of the PMCW.

The diagram shown in Figure 14 details the interaction of the users with Rialto, as well
as its integration with the REUse DMP. For each functionality, the figure also reports the
targeted scenarios.

Create, edit and delete
an audit

{ List of audits

#4

ID-Code input, or
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Figure 14. Rialto app flowchart.

On the Rialto home page, the user is asked to enter the unique ID code of the PMCW
to be assessed. The app also supports barcode or QR code scans, which is useful because
those who take care of the operations only have access to the facade and do not know
the production codes that are used in the PLM. Once the facade module data have been
identified, the user can navigate through the bottom navigation bar and choose between
the snag listing of a given module (Scenarios #4.1 and #4.2: identification and monitoring
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of defects in the facade) or its dismantling (Scenario #5: end-of-life scenario). In the snag
list section of the app, the user can see and edit existing audits, as well as create new ones.
The same holds for defects: once an audit has been activated, it can be associated with
one or multiple defects. The defect can be placed in the 3D space using the AR or just by
providing a text description (written or converted from voice).

In the dismantling section, the user can download the module’s technical drawings to
guide and ease the dismantling of the module. Then, through the “CEs list”, it is possible
to see the list of components (i.e., circular entities) within the module. For each of them,
Rialto allows the user to see the relevant properties, notify the dismantling by setting the
corresponding status (dismantled, not dismantled, unknown), and provide a description of
the dismantling process. Finally, textual on-site disposal describes the possible end-of-life
scenario of the component.

Audits, defects, and CEs are stored both locally and in REUse through the use of REST
APIs. This allows making the data available in subsequent audits as well as to other team
members in real time.

Figure 15 shows some of the main screenshots of the application, namely the home
page, the barcode scanning functionality, the list of circular entities in a facade module, and
the dismantling of a circular entity.
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Figure 15. Rialto interface screenshots.

Rialto introduces three main innovations in the construction site: a virtual environ-
ment for team working, the adoption of on-site AR applications, and the bidirectional
communication between on-site devices and workers and backend systems on remote
servers or the Cloud. This allows for a virtual cooperation place where team members can
meet from different locations and support/monitor people in the construction site. In this
regard, compared to Rialto’s main competitors, which are often part of ecosystems with
proprietary platforms, the possibility of having bidirectional communication with any CDE
through APIs allows Rialto to achieve better interoperability with a variety of applications.
This allowed to easily integrate Rialto with the REUse platform.

It is claimed that digital collaboration solutions, mobile and AR devices, and advanced
information management platforms play a vital role in the construction sector’s digitaliza-
tion [47]. AR technology merges physical surroundings with the computer-generated data,
driving efficiency, accuracy, and confidence in construction projects. It reduces errors, saves
manhours, and cuts costs [48].
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3.4. Tool Validation

In order to validate the functionalities of CE4Con, the digital tool underwent both
functional testing and user acceptance testing [49]. Efficiency evaluation is an ongoing pro-
cess that requires periodic review as technology advances, user needs evolve, and business
objectives shift. It is crucial to involve stakeholders, such as users and IT personnel, in the
evaluation process to gain a comprehensive understanding of the tool’s efficiency from
different perspectives. This holistic approach will ensure that CE4Con remains effective
in meeting its intended purposes. The validation phase has been completed up to the
current state of development, which is prototyping (TRL 6-7). Recognizing the impor-
tance of third-party market evaluations is critical as they provide a real-world operational
and commercial environment for the tool. These external assessments are invaluable in
confirming the tool’s actual functionality, mitigating cognitive biases, exploring potential
business models, and delivering empirical evaluations that can significantly enhance the
tool’s performance and relevance in the broader market landscape. Table 1 provides an
overview of the stakeholders who were involved in validating the various development
phases of the tool and those expected to participate in future market testing and evaluation.

Table 1. Tool development process of stakeholder outline (X: actor involved in the phase; X *: the
actor involved was assumed by the facade manufacturer company).

. On Market
Prototyping (TRL 6-7) (TRL 8-9)
User Tool Validation in a Customer
Requirements Development Relevant Validation on the
Definition Environment Market
Facade designer | Scenario #1 X X X
Supplier | Scenario #2.1 X* X
Quality department | Scenario #2.2 X X* X
Purchase department | Scenario #3 X* X
Technician on site | Scenario #4 and #5 X* X* X
Front- and backend developers X X
SW technology providers X X

Functional testing involves a thorough and systematic examination of each function
and feature of the tool, ensuring that it performed as expected. Additionally, the user
interface was evaluated to ensure that it was intuitive and user-friendly. Automated testing
frameworks and tools were also utilized in order to provide comprehensive coverage and
demonstrate the tool’s efficiency. These tests revealed the strengths of CE4Con, as well
as areas that could be further optimized. One of the notable strengths of CE4Con is its
efficiency in completing tasks related to design and on-site stages. The use of “Material
Types” and “Circular Entity Types” proved to be a functional approach for the agile selection
of design and supply options. However, for particularly complex facade modules, assigning
each element a CE can be time consuming, although still less so than traditional methods.

The error rate assessment considered both the frequency and severity of errors. Still, no
high-severity errors were found during development. While a few marginal errors did occur
infrequently, which were resolved before the validation phase. Finally, workflow integration
was also evaluated in order to minimize disruption to existing processes. Integration
between CE4Con and Kyklos 4.0 components was achieved through APIs. The adaptability
of the tool to different workflows and systems was assessed, considering the data formats,
protocols, and compatibility. The validation stage of the digital tool’s efficiency assessment
provided confirmation of its performance. Overall, the tool demonstrated a high level of
efficiency in tasks completion, resources utilization, and error management.

On the other hand, the user acceptance testing (UAT) plays a vital role in evaluating
user satisfaction with a given tool. This process involves obtaining feedback from end
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users or stakeholders to ensure that the tool meets their needs [50]. The UAT applied in
the validation of CE4Con is an integral part of the adoption process and methodology,
and is based on the Concerns-Based Adoption Model [51]. That is why adoption of new
technologies and innovations is a complex process that involves multifaceted factors,
including social, cognitive, and developmental aspects. Therefore, any attempts to facilitate
technology adoption must address a broad range of concerns, from emotional to factual
to contextual. The primary objective of the UAT is to obtain validation and acceptance of
the CE4Con IT platform by users and pilots. Acceptability is evaluated through a survey
questionnaire that covers various aspects such as the environment, setup and deployment,
usability, training, handling of new business requirements, collaboration channels, and
tester knowledge; the survey asked for an evaluation from 1 (strongly negative) to 5
(strongly positive). Participants reported being either satisfied or very satisfied with the
functionalities they were concerned with and found the environment adequate or very
suitable for development. Table 2 reports average evaluations of the UAT carried out
in CE4Con.

Table 2. Summary of CE4Con UAT results (1: strongly negative; 5: strongly positive).

Environment, Setup Perception of the

and Deployment Ufablhj[y Basic ".l"ralm.ng Possible Impact on
. . Satisfaction Functionality .
Satisfaction Business
Facade manufacturing company 4.0 3.7 5.0 45
Front- and backend developers 4.5 47 47 4.5
SW Technology providers 4.5 3.7 4.0 3.5

4. Discussion

This chapter provides a comprehensive analysis of the outcomes obtained during
CE4Con, with a discussion on how the achievements have contributed to addressing the
barriers that hinder circular transition in the construction sector.

4.1. Quality and Digitization of Circularity Data

The REUse platform within CE4Con provides a comprehensive and centralized reposi-
tory to collect the technical data on various materials and products available on the market.
Besides collecting data about leftover and dismantled materials from BECs, this can enable
stakeholders to make informed decisions about raw material substitutions. Moreover, the
integration of REUse with Kyklos 4.0 components ensures seamless data sharing and en-
hances the availability of information functional for decision making during the entire life
cycle process. The project has made progress in researching working strategies to reduce
the setup time needed for supply chain organization. This platform integration allows for
streamlined communication and matchmaking between manufacturing companies and
suppliers, promoting efficient reuse and recycling of materials, which is also enabled due
to the tracking of materials and components throughout their life cycle.

Furthermore, blockchain integration introduces a layer of transparency, traceability,
and immutability to the circular economy ecosystem. Besides standardizing the data
formats and protocols, reinforcing accountability [52], and elevating the level of certification
and transparency of materials and components within the construction industry, this
integration is expected to enhance the tracking of reusable materials according to predefined
scenarios. However, the construction industry appears unwilling to adopt blockchain
technologies. Many stakeholders lack the necessary knowledge and expertise to implement
and use blockchain effectively in their operations. Education and training are essential but
time-consuming processes.

4.2. Digital Services for Circular Management Support

The CE4Con interface for building materials suppliers and manufacturing companies
envisions a future where construction waste and second-hand materials can be reintroduced
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into their businesses, further optimizing resource utilization. The projected achievement
of a reduction in setup time signifies the potential of the platform to revolutionize supply
chain processes. In addition, a streamlined interface enhances user experience, facilitating
data navigation and action execution. The platform acts as a collaborative hub, organizing
a responsive supply chain that caters to dynamic manufacturing needs while optimizing
the synergy between processing facilities and logistics services. For all those reasons, it
helps to overcome the barrier of limited existing digital services for creating new value
chains and organizing information on raw materials.

As anticipated, the design phase is the most crucial step to reduce the environmental
impact of building envelope components. In this sense, CE4Con’s design support interface
was developed, and became a vital point of the value proposition.

4.3. Secondary Materials Warranty and Cost Analysis Considerations

CE4Con can reduce waste by matching supplier production waste with potential
buyers or recycling facilities. However, businesses” lack of confidence in products from
reverse logistics may be a detriment to their use. To address this lack of trust in secondary
material quality, CE4Con has implemented some valuable features. First, the transparent
and traceable information system can contribute to this goal. Blockchain technology
ensures accountability, maintaining detailed records and documentation for each batch of
component suppliers. Moreover, the inclusion of reputable and established suppliers of
recycled materials among the platform users is crucial. Suppliers with specific certifications
and a track record of providing high-quality materials are more likely to instill trust.
However, while CE4Con offers the conditions for using virtuous materials, it is necessary
to acknowledge that the ultimate decision lies with the designer using the platform.

CE4Con faced challenges when it came to integrating economic evaluation aspect
within its functions. Gathering the precise economic data from the circular entity providers
proved to be difficult, which made it challenging to incorporate a feature that would allow
for a direct component cost comparison. Unlike the certified data on environmental impact
or product composition, component costs can vary and are dependent on numerous factors.
This makes it inaccurate to rely on stored prices in enterprise resource planning software,
as previous purchase costs may have differed, and component suppliers are often hesitant
to publish their prices, which would also have to be continually updated on REUse. As
of this point, it has not been possible to integrate effective economic evaluation features
while considering the materials embedded in CE4Con. However, as the time required for
material identification and organizing reverse logistics can be reduced, significant cost
reductions for recycling and new product manufacturing can be achieved.

4.4. Accelerating Circular Actions Implementation and Waste Management

In addition to the design phase, the second stage of the BEC’s life cycle in which
CE4Con focuses is the disassembly and disposal part. In this stage, the challenge of long
delays between implementing circular actions is addressed with Rialto functions, which
offer a significant contribution. Rialto integrates Kyklos 4.0 PLM and REUse to collect
comprehensive material and component information for PMCWs, which is essential for
monitoring, reporting, and efficiently dismantling operations. In this way, CE4Con can
enable a real-time data update system for tracking circular initiatives. This allows stakehold-
ers to input and access data as soon as changes occur, documenting and tracking recycling
or reusing materials. To expedite the process further, CE4Con can integrate with existing
waste management systems used by construction companies and municipalities, thanks to
standardized languages. This integration would allow for efficient communication between
circular actions taken on the platform and waste collection and processing activities.

Additionally, the implementation of a snag listing support function in Rialto enhances
the ability to catalog damages and defects during the facade’s lifecycle which aids in
keeping a log of performed maintenance operations up to date. The project aims to
reduce the dismantling time, and Rialto can play a crucial role in achieving this goal by



Buildings 2023, 13, 2630

21 of 28

expediting the retrieval of essential information, thereby enhancing disassembly processes
and contributing to project timelines.

4.5. Supporting Guidance about Sustainable and Circular Parameters

The CE4Con project aims to promote holistic sustainability evaluation in the con-
struction industry by integrating the methodology for environmental assessment and
encouraging the use of primary data, which significantly improves the accuracy of analy-
sis [53]. To achieve this, the platform combines the primary project data from the Kyklos
PLM with primary environmental data from suppliers’ information uploaded on REUse.
The goal is to bring the adoption of LCA practices to 100% for all products analyzed in the
platform, while also using secondary data provided by the Kyklos LCA when the primary
data are unavailable. This achievement signifies the contribution of CE4Con-like tools to
promoting sustainability in construction.

By using CE4Con, stakeholders can define Key Performance Indicators (KPIs) to assess
circularity based on their scope and targets. These KPIs could include metrics such as waste
reduction, supply chain setup time, successful material matches, and increased components
reuse. By quantifying these outcomes, CE4Con users can demonstrate their effectiveness
in promoting circular economy practices, track progress toward sustainability goals, and
make data-driven decisions for future projects. Likewise, Rialto functionalities enable
users to set KPIs related to waste reduction on site and receive regular updates on their
achievement (e.g., percentage of materials sent to reverse logistics instead of end-of-life
processes). This transparency can motivate stakeholders to take more immediate action.
However, it is important to note that sustainability standards and best practices evolve
over time. Therefore, CE4Con should commit to keeping its standards up to date with the
latest developments in sustainability assessment methodologies.

The CE4Con solution presents a robust framework for promoting circular economy
practices in the construction sector. The achievements of the project highlight the potential
of the IPBT to reshape traditional construction processes, optimize resource utilization, and
foster sustainable building practices for a more environmentally conscious industry.

5. Conclusions

In response to the need for sustainable practices within the construction industry,
this study has developed an Integrated Platform-Based Tool (IPBT) with a high-potential
solution for the design, construction, and disassembly management and innovation of
BECs. It combines a Data Management Platform (DMP), an Augmented Reality Snag
Listing and Dismantling Tool (ARTC), and integrates the LCA simulation engine, PLM
software, and blockchain technology. This IPBT, named CE4Con, explored a wide range of
services, including environmental and circularity assessments, supply chain optimization,
and circular material management. CE4Con’s achievement of information integration and
interoperability empowers stakeholders with accessible and trustworthy data, driving
efficiency and collaboration within the construction industries across different phases of the
BECs’ life cycle. User stories played a key role in shaping the tool’s functionalities. They
were taken into consideration, ensuring a user-centric design approach focused on indus-
trial and label needs. The platform’s interface was carefully customized for different user
categories, optimizing usability and ensuring the integration of investigated requirements.
Demo cases provided evidence of the platform’s effectiveness and successful integration
with its components. The data collections in DMP were executed with proficiency, resulting
in a robust and diverse dataset. The integration of its primary environmental data into the
Kyklos LCA through the DMP database significantly enhances the accuracy and reliability
of environmental assessments. However, further developments and accurate economic
data from suppliers would be necessary for implementing cost analysis considerations of
potential materials and components. Active engagement of manufacturing suppliers can
enable robust economic assessments and a clearer understanding of the cost implications of
recycling and using recycled materials. As these platforms evolve and more suppliers join
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them, the potential for achieving economic benefits through enhanced cost comparisons
becomes increasingly viable.

The project outlines other potential avenues for future advancements. An area of
notable potential lies in the possible integration of IPBTs with Digital Product Passports
(DPPs) and Digital Building logbook frameworks. By collecting and organizing data
regarding products’ end-of-life dispositions, they can contribute to standardized DPPs,
which streamline future disassembly processes and reverse logistics [54]. Furthermore, the
establishment of Digital Building logbooks offers comprehensive and accessible repositories
of building information from inception to completion. Acknowledged by the European
Commission, these logbooks hold promise in promoting sustainability. To maximize their
adoption, a systematic and enhanced approach to data capture, processing, exchange, and
storage is essential [55].

A further and influential possible development is the integration of the ecosystem logic
within the supply chain, marking a pivotal development in fostering virtuous networks in
the construction and deconstruction industry. IPBTs have the potential to connect waste
providers, producers, constructors, manufacturers, designers, and various stakeholders
with waste recyclers and reverse logistics providers. This incentivizes sustainable practices
and drives demand for eco-friendly materials. IPBTs have become a catalyst for market
transformation, encouraging innovation in material design and waste management. This
aligns with the global shift towards sustainability and circular economy practices and
allows for the exploration of diverse alternatives [56].

In conclusion, CE4Con serves as an example of how integrated solutions can bring
a transformation in traditional construction practices. By fostering resource efficiency
and sustainability, these solutions have the capacity to make a significant impact on the
construction industry’s environmental impact and waste output. By adopting a circular
economic outlook and a resolute commitment to responsible material management, the
platform offers a direction towards a sustainable future for the construction industry.

Author Contributions: Conceptualization, L.M., E.A.C. and A.P,; methodology, L.M., M.D. and
A.P,; software, M.D., LE. and P.P; validation, L.M. and A.P,; formal analysis, L.M., M.D. and LF;
investigation, L.M. and M.D.; resources, E.A.C., PP. and A.P; data curation, L.M.; writing—original
draft preparation, L.M. and M.D.; writing—review and editing, L.M., M.D,, LE, EA.C., PP. and
A.P; visualization, L.M.; supervision, E.A.C., PP. and A P.; project administration, E.A.C.; funding
acquisition, E.A.C., P.P. and A.P. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by the European Project H2020 “KYKLOS 4.0” under grant
agreement no. 872570.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author, with the permission of third parties. The data are not publicly available due to
the third parties” privacy regulations.

Acknowledgments: The results in this study as well as this study are part of the results obtained in
the CE4Con project: “Circular Economy for Construction Industries” (2023). This information only
reflects the author’s views and neither the Agency nor the Commission are responsible for any use
that may be made of the information contained herein.

Conflicts of Interest: The authors declare that they have no financial interest or personal relationships
that could have influenced the work presented in this article.

Appendix A

This section summarizes scenarios by describing the types, goals, and operations of
different CE4Con users.
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Table Al. Scenario #1 summary table.

Scenario #1: Curtain Wall Module Design (Attribution of Circular Entities)

Purpose

Identify and select Component Supplier Circular Entities (CEs) for the facade module materials and components designed.
User Equipment

Unit system developers, tender, and system developer Laptop (CE4Con’s frontend tool).

department.

Input Output

Project data regarding unit components (from PLM). Those Facade module CEs.

have to match with existing Component Supplier CEs. The
system department provides the “Disassembly instruction”
document useful for end-of-life information.

Starting Point
A new facade module from the manufacturer has to be added to the platform through a frontend tool in order to evaluate and select
Component Supplier CEs depending on their environmental impact and circularity value.

CE4CON solution

With a frontend tool, the platform will permit searching for the Component Supplier CEs that satisfy the parameters required and
to choose the feasible option with the lowest CO2eq impact and with the highest recycled content. This can encourage adoption of
more virtuous materials in the design of new products.

Scenario

User#1 identifies the facade module that they would like to assess;

User#1 connects to the platform through the frontend as a manufacturer;

User#1 adds the facade module and its components to the platform by entering a module identification code;

User#1 verifies the requirements that each material and component, and the whole module has to satisfy;

User#1 selects the components of the unit that has to be linked with a Component Supplier CE;

User#1 selects the search template available for the selected component;

User#1 chooses one of the available Component Supplier CEs that fulfilled the requirement;

Repeat 5 to 7 until all the components of the unit have been linked with a Component Supplier CE;

User#1 considers the results of the whole module assessment and eventually can modify some Component Supplier CEs.

O 0NN

Table A2. Scenario #2.1 summary table.

Scenario #2.1: Addition of Component Supplier Circular Entities in the Database (the Supplier)

Purpose
Provide new Component Supplier Circular Entities (CEs) available for the market, or update ones already in the platform.
Eventually, upload documentation (e.g., EPD, etc.).

User Equipment

Materials, components, or treatments from the supplier. Laptop (REUse).

Input Output

Component Supplier CEs and their attributes of their new Component Supplier CEs information.

products, update of their Component Supplier CEs.

Starting Point

New materials, components, or treatments from the supplier have to be added to the platform as CE available for the customers.
CE4CON solution

Upload on REUse information about the products in order to make it easier for the clients to access the needed data. This can help
in organizing new supply chain, reducing setup time. Moreover, REUse services could be used by suppliers to optimize recycling of
production waste.

Scenario

1.  User#2.1 has a new CE (or some CEs) to offer to the market that has finished its tests;
2 User#2.1 connects to the platform through REUse as a supplier (login, etc.);

3. User#2.1 uploads (or updated) the CEs and their attributes;

4 Eventually, User#2.1 uploads the documentation regarding the CE.
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Table A3. Scenario #2.2 summary table.

Scenario #2.2: Addition of Component Supplier Circular Entities in the Database (Quality Department)

Purpose
Provide new Component Supplier Circular Entities (CEs) available for the market, or update ones already in the platform.
Eventually, upload documentation (e.g., EPD, etc.).

User Equipment

Quality department. Laptop (REUse).

Input Output

Component Supplier CEs and their attributes of their new Old Component Supplier CEs.

products, update of their Component Supplier CEs, and
eventually update the attributes of the facade module CEs.

Starting Point
New element materials, components, or treatment singled out from the quality department have to be added to the platform as the
available Component Supplier CE for the manufacturing company.

CE4CON solution

Upload on REUse information about the products in order to make it easier for the clients to access the needed data. This can help
in organizing new supply chain, reducing setup time. Moreover, REUse services could be used by suppliers to optimize recycling of
production waste.

Scenario

1. User#2.2 has a new CE (or some CEs) to upload on the platform;

2. User#2.2 connects to the platform through REUse as a quality specialist (login, etc.);
3. User#2.2 uploads (or updates) the CEs and their attributes;

4 Eventually, User#2.2 uploads the documentation regarding the CE.

Table A4. Scenario #3 summary table.

Scenario #3: Management of the Effective Supply Chain

Purpose

Support the procurement of facade modules’ components.

User Equipment

Purchase department. Laptop (CE4Con’s frontend tool).

Input Output

Update the attributes of the facade module circular entities Component Supplier CEs selected during the design
(CEs). development for the units.

Starting Point

The materials and components that will be part of the assembled module have to be purchased and supplied. Eventually, the
Component Supplier CEs’ attributes selected during the design have to be updated.

CE4CON solution

The purchase department has the ability to preview which suppliers are able to meet project requirements, including from a
sustainability standpoint, that have already been selected by system designers. This speeds up and facilitates the process of
retrieving materials and components.

Scenario

1. User#3 identifies the elements’ requirements of the unit;

2. User#3 connects to the platform through the frontend as a purchasing department (login, etc.);

3. User#3 verifies that the requirements that each component and the whole module must satisfy are still satisfied by the
selected Component Supplier CEs;

4. Check the available suppliers.
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Table A5. Scenario #4.1 summary table.

Scenario #4.1: Snag List: Identification of Defects in the Installed Facade

Purpose

Performing the examination of the installed facade modules to obtain a snag list (faults and defects description).
User Equipment

Technician on site. Android mobile device (Rialto).

Input Output

Mounted facade. Snag list on the facade thanks to XR.

Starting Point

User#4.1 arrives and needs to add a defect after auditing.

CE4CON solution

Through Rialto, the possibility is offered to group all building snag lists related to the facade in one place. These indications will
then also be visible during disassembly because they are saved in REUse.

Scenario

1.  User#4.1 identifies the facade;

2. User#4.1 starts auditing the installed facade

3. User#4.1 identify a snag in the facade;

4 User#4.1 uses Rialto on their mobile phone to record the defect, possibly attaching images and descriptions, and describing
the issue;

Rialto gets the location in which User#4.1 wants to put a tag (anchor);

6. Information is stored in the Rialto Cloud backend system.

St

Table A6. Scenario #4.2 summary table.

Scenario #4.2: Snag List: Monitoring of Defects in the Installed Facade

Purpose

Performing the examination of defects in the installed facade module that were detected in previous audits.
User Equipment

Technician on site. Android mobile device (Rialto).

Input Output

Mounted facade, AR snag list. Snag list on the facade thanks to XR.
Starting Point

User#4.2 arrives and has to audit the facade.

CE4CON solution

Through Rialto it is possible to view and retrieve both in a summary list and through XR the facade defects.

Scenario

1. User#4.2 identifies the facade;

2 Thanks to the Cloud system, User#4.2 sees in the AR the tags where the issues were detected;

3. User#4.2 retrieves the description, pictures, and other information about the issues from the application;

4 User 4 decides if the issue is solved, eventually including some pictures about the current status and some textual information.

Table A7. Scenario #5 summary table.

Scenario #5: End-of-Life Scenario

Purpose
Retrieve dismantling and pre-treatment information and use it to plan the dismantling of the facade modules. Update end-of-life
information on the dismantled circular entities in the platform.

User Equipment
Operator of the dismantling and recovery company. Android mobile device (Rialto).
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Table A7. Cont.

Scenario #5: End-of-Life Scenario

Input Output
Existing facade module CEs and related component supplier End-of-life information about the CEs in the facade.
CEs’ attributes.

Starting Point
Information about the facade to dismantle and its circular entities already in the platform.

CE4CON solution
Facilitate the disassembly and the update of end-of-life information of the facade, time reduction, and related reduction in cost.

Scenario

1.

User#5 identifies the facade;

2. User#5 retrieves dismantling and pre-treatment information on the facade;
3. User#5 starts the dismantling;
4. User#5 confirms dismantling and adds entities to the platform.
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