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Abstract: In 2011, the term Digital Twin was originally introduced by Michael Grieves to define the
synchronization between two realities: physical objects placed in a real space and virtual objects
within in virtual space, linked through the mutual exchange of data throughout the entire lifecycle,
both in real-time and asynchronously. Nowadays, Digital Twin is among the principal and emerging
technological innovations of both Industry 4.0 and the emerging Industry 5.0, enabling an interaction
between physical and virtual objects, Big Data, Internet of Things, and Artificial Intelligence. The
construction sector, too, is now exploring the potentialities offered by the Digital Twin approach in
enhancing innovative, responsible, and sustainable governance of buildings’ lifecycles. Concerning
these issues, this paper proposes visualizing future challenges with a specific focus on the operation
and maintenance phase and its related impact on decarbonization via a critical literature review of the
current statements. The applied methodology is based on three different questions related to certain
research issues performed in the Scopus database. The selected findings were filtered, classified, and
discussed. Some future challenges on specific issues have been identified, defining and promoting
novel research ideas.

Keywords: digital twin; BIM; maintenance; intelligent/smart building; decarbonization/carbon

emission

1. Introduction

The digital transition launched at the European level has identified key enabling
technologies (KETs) as one of the principal innovative and implementing factors. Their
mainly digital matrix expresses the dual purpose of supporting innovation and operativity,
promoting improved digital solutions for processes, products, and services. KETs combine
and establish a strong integration between research and industry. Furthermore, they
focus on the interdisciplinary and transdisciplinary aspects connected to Big Data and the
management of related information processes, combining the following three different
levels of bidirectional exchange of information: man to man; man to machine; and machine
to machine. By moving away from the simple digitization phase, they are driving the
digital transformation processes of the different production sectors [1].

Today, some 15 years after the promulgation of the European document, which ratified
the introduction of KETs, European digital policies reaffirm and strengthen the same
principles contained therein [2-5].

The strategies of Industry 4.0 first, and later, of Industry 5.0, explain the visions,
methods, and operational tools dealing with both the ecological and digital transition.

Industry 4.0 has introduced the interconnection between the physical and digital
world in the management of industrial processes. It has assumed the integration of cyber-
physical systems, interoperability, virtualization, decentralization, and real-time monitoring
strategies as founding principles [6,7].
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Industry 5.0 later outlines renewed human—-machine-environment interactions, which
find concrete implementation in the use of cloud platforms that are able to control pro-
duction services, optimizing the cost and quality of the final product. It supports the
implementation of processes aimed at saving resources, reducing waste, and recycling, fo-
cusing on Artificial Intelligence (AI) and, therefore, on bots, intelligent software, and cobots
programmed to interact with humans in production processes and shared workspaces [8].

In this very complex scenario, digitalization is a key element, playing the role of a
macro-strategy enabling these transformations to function sustainably. This is a role stated
in many principles contained in some European communications specifically addressing
the various industrial sectors [9,10]. New economic and production models have arisen
and become established. The Internet of Things (IoT), Big Data, 3D printing, robotics, cloud,
and virtual and augmented reality (VR, AR) are just some of KETs now directly associated
with today’s new technological potential. Digital Twin (DT) approaches appear alongside
these. Their experimentation and widespread application constitute the most advanced
frontier of innovation, referring to the general Lifecycle Management (LCM) of systems,
products, and components in the whole industrial sector [11-13].

In the construction sector, the sustainable Lifecycle Management of buildings and
related digital processes has become a crucial topic over the past decades, to face which
some action has been taken. Nowadays, the following are still ongoing: the definition of
new standards and new methodologies, the development of specific tools and methods,
and the construction of effective databases [14,15].

The European Commission with the Renovation Wave Strategy has set these priorities,
emphasizing the goals concerning existing heritage recovery, reducing greenhouse gas
emissions for climate neutrality, and starting digitalization in the building sector [16].
However, there is still a lack of integrated approaches that can address all of the issues
connected with the whole lifecycle of buildings. The Digital Twin approach is a research
area that identifies many of the current and potential future challenges [17,18].

The paper questions the issues related to the level of transfer of DT approaches to the
construction sector, their application in the operation and maintenance phase (O&M), and
the type of contribution that their use can make in terms of the activation of decarbonization
processes in the sector. This paper views future challenges via a critical literature review, as
introduced in Paragraph 3, specifically concerning the following three questions performed
in the Scopus database.

1.  What are the main aspects concerning the integration of Digital Twin in the Building
Construction sector?

2. What is the level of application of Digital Twin in the O&M phase in the Building
Construction sector?

3. In which way could the Digital Twin approach be applied in the O&M phase to
contribute to the sustainable transformation of the Building Construction sector with
regards to decarbonization and carbon emission/footprint reduction?

The selected findings were filtered, classified, and discussed. Some future challenges
on specific issues have been identified, defining and promoting original research topics.

Moreover, and relevant for the growth and affirmation of studies in the specific area,
the authors have included other references not directly referred to the Scopus database.

2. Background
2.1. The Growth of the Digital Twin Approach

Since the 1990's, in different industries, the need for a holistic approach to information
management throughout a product’s lifecycle has led to the definition of tools such as
Product Lifecycle Management (PLM) that integrated computer-aided design solutions
(CAD), computer-aided manufacturing (CAM), and computer-aided engineering (CAE).

The aim of PLM was to support the process of managing the lifecycle of a product
starting from the optimization and rationalization of all activities, systems, and information
during the product development phase, production, use, and end of life [19].
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In 2006, Michael Grieves, now the Executive Director of the Digital Twin Institute
at the Florida Institute of Technology, presented an innovative PLM prototype, defining
it simultaneously as a dynamic virtual system and a mirror of the real system. On that
occasion, he introduced the fundamental characteristics of the future Digital Twin concept.
Physical objects placed in a real space and virtual objects placed in a virtual space interact
with each other through the bidirectional exchange of data between the two dimensions.
For this reason, he first called it the “Mirrored Spaces Model” and, subsequently, the
“Information Mirroring Model”. He had defined an extremely dynamic operational tool
in which the real and the virtual were connected during the entire lifecycle of the system,
from design to production, to manufacturing, to use, and, finally, to its disposal at the end
of life [20].

A few years later, in 2011, the new term Digital Twin was coined by Michael Grieves,
defining simultaneously both the digital and virtual reality of a physical object. A set
of digital information describes, in a virtual space, a real or potential object from the
micro-atomic level to the macro-geometric level [21].

However, the first experimentation with a simulation process comparable to Digital
Twin dates back to several decades earlier.

In 1970, for the Apollo 13 Mission, NASA experimented, for the first time, with a
simulation procedure through a digital prototype, creating an adaptive and dynamic digital
system. This was a virtual replica of the spacecraft and of its behavior, which was used to
predict and simulate potential operating problems in a controlled context. The prototype
was created to analyze and control its behavior with realistic conditions that could be
activated during the use phase [22,23].

2.2. Digital Twin Development and Ongoing Implementation

Nowadays, following Grieves’s vision, through applied research in different fields of
science, the Digital Twin concept is increasingly affirming its importance.
Some developments and applications are listed below.

e DT is configured as a technological evolution/revolution that affirms the transition
from atoms to bits, from a material dimension to a virtual one, with a strong intercon-
nected, informational, and immaterial character [24].

e DT is defined as a virtual representation of physical objects, associated with functional
and technical outputs and with the monitoring of real-time conditions of the related
processes, activities, or functioning [25].

e DT use introduces enormous development chance and opening in various production
areas and, in all of those complex contexts in which a forecasting activity, implemented
at the design or operational phase, can reduce the problematic unknowns connected
to the occurrence risk of malfunction or delay in management and productive pro-
cess. Regardless of the production sector, thanks to the availability and possibility
of using DT, the design process and subsequent operational verification potentially
become faster and more efficient. It is possible to perform otherwise difficult tests and
simulations on real mock-ups, test the potential of alternative solutions, and evaluate
different spatial articulations. The bit model can be used for durability testing and to
evaluate the wear of parts. It is equally possible to carry out aging tests, artfully accel-
erating the passage of time to evaluate several years of operation in a very short time.
Conversely, in the event of these dysfunctions or malfunctions, time can be “slowed
down” to observe a representation of what could happen in intervals of seconds or
even milliseconds [26-29].

e DT isbased on three-dimensional digital models of complex objects and/or individual
components. It enables the simulation of their functioning in ordinary conditions
and/or under stress [30,31].

e The DT maturity level is expected to rapidly increase. Its technological upgrade
will accelerate as its use increases in industrial areas, including the construction
sector [32,33].
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e The DT idea and its use could be expected to play a nodal role in facilitating and
impacting sustainable transformation through widespread technological develop-
ment [34,35].

A survey conducted in 2019 by Gartner Inc. in the field of information technology
stated that DT is among the five emerging trends that will drive technological innovation
over the next decade.

The survey stated that almost half of the companies (48%) that were working on
projects related to IoT were simultaneously experimenting with DT. The same study also
predicted that, in 2020, there would be 21 billion sensors connected to each other [36]. Their
diffusion over recent years has confirmed further predictions connected to the experimen-
tation and increasingly pervasive use of DT [37,38].

2.3. Digital Twin for the Built Environment: An Open Development Field

The strategies connected to the ongoing dual ecological and digital transition, as well
as the challenges relating to nodal environmental issues, outline the characteristics of a
true revolution. This is both ambitious and essentially no longer deferrable for landscapes,
territories, cities, and communities [39-43].

These ineluctable urgencies may become opportunities, highlighting the potential
arising from the emerging technological innovations applied to the entire construction
sector, which is increasingly committed to overcoming instrumental and process
gaps [44-46].

DT is, today, widely applied in many sectors, from aerospace to aeronautics, from
complex industrial scenarios to automotive and medicine scenarios. It is equally applicable
to the construction industry, and, despite its well-known atavistic slowness, represents
a fundamental tool for the innovative and sustainable governance of the entire lifecy-
cle of buildings. This is a perceived revolution, dealing with the major themes of built
environment transformation [47,48].

DT can be considered as the combination of the Product Lifecycle Management (PLM)
approach [19,20] with the Building Lifecycle Management (BLM) and Lean principles
and approaches.

At the beginning of the 1990s, Lauri G. Koskela hypothesized the transfer of the
Lean approach derived from the Toyota production chains of the 1950s to the construc-
tion sector in order to improve the predictability of projects, reducing possible critical
issues in the construction and management phases. His studies are the basis of Lean
Construction [49,50].

Today, alongside the consolidated dimension of Lean Construction Management, the
general principles and the concept of collaborative integration, linked to the continuous
exchange of information, are matched by the evolving and in-process operational features
of the DT approach [51-54].

When transferring these principles, methodologies, and techniques to the construction
sector, the DT approach integrates the data generation and information management
process for lifecycle planning and lifecycle assessment [55-57].

Therefore, DT could allow and implement process optimization in the construction
sector; increase the quality and productivity; stimulate interest in the integration of auto-
matic and smart systems; combine the goals of enhancing the digital technological level of
buildings; reduce waste and costs; support decision-making process functionalities; and
guarantee more efficient and safe living and better customer satisfaction [58-61].

The DT concept could greatly benefit the built environment; however, the lack of
appropriate methodological approaches, effective standardization actions, and capability
of data management reduces the extent to which it could advantage the architecture,
engineering, construction, and operation sector (AECO) [27,62-65].
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3. Materials and Methods

This investigation explored the recent efforts of DT application in the built environ-
ment, identifying some dominant research topics.

The exploration for related papers was performed in the Scopus database.

It was carried out focusing on the following criteria: “Subject area:” “Engineering,”
“Computer Science,” “Environmental Science,” and “Energy”.

Furthermore, the “Document Types” investigated were “Article” and “Review;” and
the “Source Types” were “Journal” and “Book series”.

The literature review process was based on three different main research questions.

The applied methodology is described in Figure 1.

SCOPUS DATABASE FIRST QUESTION

TITLE, ABSTRACT, KEYWORDS, “What are the main aspects concerning integration of Digital Twin

ENGINEERING, COMPUTER SCIENCE, in the Building Construction sector?”

ENVIRONMENTAL SCIENCE, ENERGY

ARTICLE AND REVIEW 456 Relevant Findings
JOURNAL AND BOOK SERIES ("Digital Twin") OR ("Digital Twins") AND ("Building Construction")

TIME BOUNDARY: 2016-2024 AND ({"BIM") OR ("Internet of Things")

SCOPUS DATABASE SECOND QUESTION

TITLE, ABSTRACT, KEYWORDS, ARTICLE “What is the level of application of Digital Twin in the O&M phase

ENGINEERING, COMPUTER SCIENCE, in the Building Construction sector?”

ENVIRONMENTAL SCIENCE, ENERGY 60 Relevant Findings
ARTICLE AND REVIEW
JOURNAL AND BOOK SERIES
TIME BOUNDARY: 20212024

(“Digital Twin”) OR (“Digital Twins”) AND (“Building Construction”) AND (“BIM") OR from 456
(“Internet of Things”) AND (“Operation and Maintenance”)
OR (“Building Maintenance”)

SCOPUS DATABASE THIRD QUESTION

“In which way could the Digital Twin be applied in the O&M Phase to
contribute to sustainable transformation of the Building Construction sector
with regards decarbonization and carbon emission/footprint reduction?”

TITLE, ABSTRACT, KEYWORDS, ARTICLE
ENGINEERING, COMPUTER SCIENCE,
ENVIRONMENTAL SCIENCE, ENERGY
ARTICLE AND REVIEW

JOURNAL AND BOOK SERIES

TIME BOUNDARY: 2021-2024

11 Relevant Findings
{“Digital Twin”) OR (“Digital Twins") AND (“Building Construction”) AND (“BIM”) from 60
OR (“Internet of Things”) AND (“Operation and Maintenance”) OR (“Building

Maintenance”) AND (“decarbonization”) OR (“carbon emission”)

Figure 1. Literature review process and applied methodology.

The first question was as follows: “What are the main aspects concerning integration
of Digital Twin in the Building Construction sector?”

The analysis was led firstly on the title, abstract, and keywords.

A search string was defined to develop the study on the specific subjects connected to
DT in the Building Construction sector, as follows:

(“Digital Twin”) OR (“Digital Twins”) AND (“Building Construction”) AND (“BIM”)
OR (“Internet of Things”).

A total of 456 papers were found (Table 1).

Table 1. First question and related research string.

1. What Are the Main Aspects Concerning Integration of Digital Twin in the Building Construction Sector?

First String Search Findings

(“Digital Twin”) OR (“Digital Twins”) AND (“Building A total of 456 papers
Construction”) AND (“BIM”) OR (“Internet of Things”) were filtered
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Firstly, a time boundary was defined from 2016 to 2024, due to a lack of available
findings prior to 2016.

Subsequently, the findings selected by the identified search criteria were filtered
through a second deep and qualitative analysis of the content of both the title and abstract.

While the present work recognizes sustainability as a major goal for the Building
Construction sector, it specifically focuses on those aspects also connecting DT experimental
application and the O&M phase. In this phase, the lifecycle incurs the major environmental
and economic costs, impacting growth exponentially.

Then, further verification was carried out on the resulting 456 relevant documents,
filtered to include a new specific issue focused on DT in the O&M phase.

A second question was proposed as follows: “What is the level of application of Digital
Twin in the O&M phase in the Building Construction sector?”

A new search string was created to develop the study on the refined specific studied
subject, as follows:

(“Digital Twin”) OR (“Digital Twins”) AND (“Building Construction”) AND (“BIM”)
OR (“Internet of Things”) AND (“Operation and Maintenance”) OR (“Building
Maintenance”).

At first, the search concentrated on the title, abstract, and keywords.

The same specific filters were repeated, as follows: “Subject area:” “Engineering,”
“Computer Science,” “Environmental Science,” and “Energy;” “Document Type:” “Article”
and “Review;” and “Source Type:” “Journal” and “Book series”.

The time boundary was initially from 2016 to 2024, however, since all of the publica-
tions were related to the last three years, it was reduced to 2021 to 2024.

A total of 60 papers were filtered (Table 2).

Table 2. Second question and related research string.

2. What is the Level of Application of Digital Twin in the O&M phase in the Building Construction Sector?

Second String Search Findings

(“Digital Twin”) OR (“Digital Twins”) AND (“Building
Construction”) AND (“BIM”) OR (“Internet of Things”) AND

A total of 60 papers from 456
were filtered

(“Operation and Maintenance”) OR (“Building Maintenance”)

An in-depth qualitative content analysis was performed successively.

From this analysis, three words appear several times, both isolated and associated
with each other, as follows: monitoring, virtual reality, and simulation.

Three specific strings were then created. Each string combines an initial common part
with one of the three aforesaid words (Table 3).

Table 3. Second question. Added string search and related findings.

Common Part

Specific Word Findings

(“Digital Twin”) OR (“Digital Twins”) AND
(“Building Construction”) AND (“BIM”) OR
(“Internet of Things”) AND (“Operation and (“Simulation”)
Maintenance”) OR (“Building Maintenance”)

AND

A total of 50 papers from 60

(“Monitoring”) were filtered

A total of 46 papers from 60
were filtered

A total of 25 papers from 60

(“Virtual reality”) were filtered

According to these results, a different search was performed to highlight topics and
potential contributions within the scope of sustainability in the built environment.

Therefore, a third specific question was defined as follows: “In which way could
the Digital Twin be applied in the O&M phase to contribute to the sustainable trans-
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formation of the Building Construction sector with regards decarbonization and carbon
emission/footprint reduction?”

A new search string was created by adding to the same previous common part decar-
bonization and carbon emission, as follows:

(“Digital Twin”) OR (“Digital Twins”) AND (“Building Construction”) AND (“BIM”)
OR (“Internet of Things”) AND (“Operation and Maintenance”) OR (“Building Mainte-
nance”) AND (“Decarbonization”) OR (“carbon emission”).

The titles, abstracts, and full texts of the 60 relevant documents were analyzed to filter
the relevant documents specifically related to the third question.

A total of 11 papers were filtered (Table 4).

Table 4. Third question and related research string.

3. In Which Way Could the Digital Twin Be Applied in the O&M Phase to Contribute to the Sustainable Transformation of the
Building Construction Sector with Regards Decarbonization and Carbon Emission/Footprint Reduction?

Third String Search Findings
(“Digital Twin”) OR (“Digital Twins”) AND (“Building
Construction”) AND (“BIM”) OR (“Internet of Things”) AND A total of 11 papers from 60
(“Operation and Maintenance”) OR (“Building Maintenance”) were filtered

AND (“Decarbonization”) OR (“carbon emission”)

Table 5 highlights the findings addressed by topics regarding the second and third
questions. While not representing the results of traditional sensitive analysis, it does
describe and evaluate the different impact of the topics.

Table 5. Findings addressed by topics.

Topic Findings
DT in Building [27-29,31,32,34,41 43 47 48 54,61-108]
Construction
0&M [28,29,41,43,54,61,64,65,68-70,76-79,81,84,86,91,93,96-99]
BIM [27-29,31,32,34,43,47,62-87,91,92,94-102,104-108]
IoT [32,71,74-77,80-84,87-90]
Monitoring [28,29,31,32,47,48,61,62,64,65,71,74-84,86-89,91,93,97-99,101,109]
Simulation [28,31,32,47,48,62,63,67,68,71-83,86-89,91,92,94,98-102,104-110]
Virtual reality [31,32,47,63-65,67,68,71-76,30-83,86,88,104-107]
Decarbonization [48,84,85,96-103]

The analyzed findings are comparable to each other and sufficiently free from bias;
moreovet, they are also uniform and not too dissimilar in type and outcome.

4. Findings

The following section outlines the considerations developed from the applied method-
ology and concerns firstly the analysis of the 456 relevant documents. The title, abstract,
and keywords were considered only.

Subsequently, the 60 specifically filtered samples were thoroughly analyzed, exploring
and discussing their methodologies and relevant findings in order to identify some potential
future challenges and verify some existing research gaps to fill.

The contents of the sub-paragraphs below include the results of the research and other
relevant references not directly related to the Scopus database, which were added by the
authors to define more precisely the research areas investigated in this paper.
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4.1. Digital Twin in Building Construction Sector: BIM and IoT

Certain considerations arise from the first question: “What are the main aspects
concerning integration of Digital Twin in the Building Construction sector?”

Firstly, the analysis of the 456 relevant documents highlights the following two nodal
interactions as development scenarios: Digital Twin-Building Information Model (DT-
BIM) and the Digital Twin-Internet of Things (DT-IoT). The double interrelation within
the construction sector commonly concerns the following five areas: planning, design,
construction, operations and maintenance, and decommissioning.

DT-BIM and DT-IoT are, in many ways, interrelated, dealing with some specific and
emerging issues.

e DT, due to BIM, provides opportunities for defining databases concerning the built
environment, facilitating the exchange of information in a common and standardized
digital manner. BIM is now progressively adopted and promoted within the com-
munity regulatory framework, as well as in various national contexts, and is a key
element, functional both to green transition and digital processes [66—-68,111-114].

e DT, through BIM modeling, configures a digital representation, an instrumental modal-
ity capable of returning a three-dimensional representation, replicating geometric,
structural, and performance characteristics. Simultaneously, it enables several emerg-
ing specific development areas, such as 3D visualization and geo-referencing ap-
proaches, through a Geographical Information System (GIS) [69,70].

e DT and BIM together allow for control inefficiencies and increase quality by using
computational, interconnection, and interoperability capabilities of digital technolo-
gies. Furthermore, information can be shared in the cloud in a single data environment
on interoperable and collaborative digital platforms [71-73].

e DT is deeply coupled to IoT, which describes the network that connects smart systems,
software, and technologies through the Internet, as well as the communication of
outgoing or incoming data.

The synchronization between physical reality and virtual reality is guaranteed by
a pervasive communication infrastructure, a real-time data-sharing platform that, using
sensors installed in the building, allows us to have access to the data and their analyses.
In this way, information that is appropriately structured can be extrapolated, shared, and
updated simultaneously for an always up-to-date representation [115-117].

e The DT and IoT network allow operations on digital model integrating views, virtual
reality, augmented reality, and Artificial Intelligence (Al), involving operators and
final users, too [74,75,118,119].

e DT, when combined with IoT, becomes a dynamic informative repository concern-
ing construction during its lifecycle, from the design to construction, to real-time
monitoring during the in-use phase [76,77].

e DT, BIM, and IoT overcome the common and critical limitations of the construction
sector, such as the inability to create prototypes of buildings and manage information
during the lifecycle, particularly in the in-use phase [78,79,120]. DT permits an ap-
proach based on the information available and usable from the design phase to the
end of life, allowing simulation, evaluation, and the ability to check different choices
in terms of technological and performance alternatives. DT concretely opens a new ap-
proach to support design and management in the lifecycle of buildings [80-83,110,121].
Thanks to interoperability and information management, it could improve productiv-
ity; reduce the impact of buildings and infrastructures on the environment; enhance
sustainability, circularity, and green construction; and predict more accurate outcomes
and in-use behavior, reducing waste, risk, and costs in the lifecycle [84,85,122-124].

4.2. Digital Twin in O&M Phase

Several considerations follow from the second question: “What is the level of applica-
tion of Digital Twin in the O&M phase in the Building Construction sector?”
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e DTisrelated to the development/exploitation of the BIM as-built model. The following
is in accordance with ISO 19650-1:2018, thus the as-built dimension corresponds to the
level of development of the virtualized objects [125]. The BIM as-built model holds
general information and technical specifications of the existing building. It represents
the specific construction systems, with the definition of the related management and
maintenance interventions in the whole lifecycle. While BIM has been successfully
adopted in the design and construction phases, it still presents many criticalities and
a limited adoption within the O&M phase and in general in-use asset management.
These are conditions that express the current inability to activate virtuous control
and governance processes of the operational phase and introduce a rapidly growing
research area [76,86,126,127].

e DT, due to IoT in the O&M phase, assumes devices and sensors that enable the moni-
toring and detection of the performance and the control of the operating conditions,
faults, and malfunctions of systems and components. It limits the potential risk situa-
tions, downtime, and inefficiencies, optimizing performance and safety. It also permits
the monitoring of energy, water consumption, etc. [87-90,109,128,129].

e DT ensures structured accessible data and the integration of analysis to activate long-
term data management and connecting it with the structuring of a Building Logbook,
which is a digital and dynamic repository of information relating to the lifecycle of
buildings [91-94,130,131].

Some research areas should also be highlighted, which have already been widely
covered in the literature related to the development of decision-making processes based
on the widespread adoption of Digital Twins within the O&M phase. Among these are
the following:

e The implementation of interoperability tools based on open standards ISO 16739-
1:2018, which direct towards the progressive experimentation of data specifications
of Construction Operations Building information exchange (COBie), to be used as
exchange informative formats between the design and the O&M phase [95].

4.3. Digital Twin Contributing to Decarbonization of a Built Environment

The premise is useful in introducing the third question. Digital transformation could
represent the path through which the construction industry implements and enhances its
ability to meet climate neutrality and sustainability challenges. Then, the third question
appears, as follows: “In which way could the Digital Twin be applied in the O&M phase
to contribute to the sustainable transformation of the Building Construction sector with
regards decarbonization and carbon emission/footprint reduction?”

The first consideration arising from the research is the increasing, yet immature,
penetration and diffusion of this topic (DT, O&M, and decarbonization) in the literature.

An analysis of the texts shows the following:

e DT enhances the potentialities of smart construction, contributing to carbon emission
reduction in the lifecycle of buildings and infrastructure. With regard to the in-
use phase and the related O&M strategies, DT contributes to achieving goals in the
energy sector, enabling sustainable energy management and optimizing building
energy efficiency in order to reduce carbon emissions and the final economic and
environmental costs [96-99].

e DT, through machine learning technologies and the advancement of the building
energy analysis methods, could achieve more accurate predictions by exploring bench-
marks. It could also optimize energy efficiency, guaranteeing a balance between user
comfort and energy consumption, and implement management processes involving
different stakeholders. All of these purposes, in their application to the built envi-
ronment, could facilitate the transfer to clean energy, contributing lastly to reaching
sustainable development goals [100-103].
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e DT, in combination with virtual reality and augmented reality in the AECO sector, is
still limited but increasing. Their combined use has begun to show its benefits, mainly
in integrating users and operators into the cyber-physical system [104-108].

5. Discussions: Open and Future Challenges

DT is a key enabler in implementing both Industry 4.0 and Industry 5.0 principles, as
well as in the Building Construction Sector, where its application represents, nowadays,
a potentially relevant approach within the digital and ecological transition, specifically
supporting the development of smart buildings, smart cities, and smart grids.

Evident critical issues remain today in the concrete and diffused application of DT
to the AECO sector. However, after the findings were discussed, some open and future
challenges have been highlighted within specific development scenarios, as follows:

DT for Renovation Wave Strategy, which was already stated at the European level.
Dt as tool for information management in the lifecycle of buildings, which is commonly
recognized both at the scientific and production level.

e DT for a sustainable approach in the O&M phase, which is generally deemed important
and recognized by authors as a nodal issue.

5.1. DT for Renovation Wave Strategy

The European Commission, with the Renovation Wave Strategy for Europe, has set its
objective of doubling redevelopment interventions on existing assets within ten years. [16].
Some general goals have already been affirmed, despite rarely being placed so explicitly
close to each other, such as the following: the recovery of the existing heritage and, at
the same time, a reduction in greenhouse gas emissions, achieving climate neutrality for
Europe and the improved quality of life of the people living in and using the buildings.

In line with these objectives, operational principles and indicators have been estab-
lished that are capable of measuring the smart readiness of existing buildings, i.e., their
ability to be included in the digital reconversion process of existing buildings. The Smart
Readiness Indicator (SRI) evaluates the ability of buildings to answer the needs of users,
modifying and adapting their functioning, and ultimately improving their energy efficiency
and performance during the in-use phase. For effective application, the SRI makes explicit
reference to the potential gains connected to the use of the digital model and DT of build-
ings. It considers the goals of greater energy saving, comparative analysis, and flexibility,
as well as the functionality and ability to improve performance, thanks to the widespread
use of interconnected and intelligent devices. It includes the assessment of the intelligence
readiness of a building or unit based on key functionalities, the impact criteria, and pre-
defined technical areas, also including additional information on building inclusiveness
and connectivity, interoperability, cybersecurity, and data protection [132,133].

5.2. DT as a Tool for Information Management in Lifecycle of Buildings

DT is an intelligent knowledge management system seeking its own counterpoint
in the application of information technologies (ICT), welcoming innovative approaches
leading to new ways of using sharing data between operators, as well as between operators
and end users. These are issues that, although appropriately studied and theorized, have
so far been almost never actually implemented in operational practices. Likewise, from
the perspective of overall quality assurance in the lifecycle, when associating the terms
“costs”, “efficiency,” and “sustainability” with the design, the need to overcome the lack of
sharing and updating of information emerges, as well as the difficulty in control, the lack
of communication, and interoperability.

In such a context, the cognitive and informational dimension acquires more and more
centrality by bringing all of the management actions of the built environment into a unitary
and interconnected process, achieving positive effects in terms of planning management
activities, timing the implementation of interventions, and the control of the performance
of components and equipment.
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These are all aspects that are equally shared and explained in the founding charac-
teristics of Digital Twin approaches, whose basic principle is information, which becomes
information capital when it can be acquired and exchanged between buildings, digital
models, operators, and users. This fuels the possibility of the effective transformations of
the processes, enhancing the ability to govern the information for the current ecological
and digital transition.

The widespread application of DT highlights a general goal to enhance the processing
capacity of advanced technologies that are already available (BIM and IoT) but not yet
widely implemented together.

The use of both BIM and IoT is increasingly diffused in the construction industry,
but not in combination with each other. Their combined use has not yet been sufficiently
explored, although it could contribute to achieving sustainability. In particular, the potential
of their combined use could be expected to be exploited for simulations, monitoring
processes, and the application of virtual and augmented reality.

There is a growing awareness that the future for Building Construction will enhance
smart aspects connected to the whole functionality of buildings, combining both informa-
tion systems and sensors. DT, devices, and sensors installed for monitoring and Building
Automation Control Systems (BACS) create smart buildings and make the potential up-
grade to cognitive buildings achievable. Physical/digital (phygital) constructions, smart
grid nodes, and smart cities are capable of communicating with other buildings, mobility
systems, and users [108,109].

5.3. DT for a Sustainable Approach in the O&M Phase of Buildings

DT, for the in-use and O&M phases, still appears critical, nevertheless, it repre-
sents the operational area in which the most relevant conditions exist for DT’s punctual
future implementation.

Various studies quantify the consequences of the global emissions of climate-altering
gases, energy consumption, land consumption, and waste production directly attributable
to the building stock in operation.

There is an awareness that, when related to the conservation and transformation of the
built environment, can be traced back with ever greater evidence to the O&M phase and
the need for responsible and sustainable predictive maintenance actions. A phase to which,
today, with equally growing awareness, extra costs are attributed, which are no longer and
not only of an economic nature, but also of an environmental and social nature. The latter
derives from the quantity of energy necessary to heat, cool, power, and manage buildings.
As is known, a large amount of energy consumption relates to the lifecycle of buildings.
Therefore, sustainable energy management and control represent urgent priorities and
criticalities; however, they are not yet sufficient for achieving sustainable construction.

The Chartered Institution of Building Services Engineers (CIBSE) researchers had
already expressed concern about these data. In a 2012 study, they argued that buildings
normally consume double what was estimated at the design stage. This is a statement
that, although not recent, continues to be in line with the energy consumption data of the
building stock [134].

Therefore, with reference to the macro-objective of the decarbonization of the construc-
tion sector, the emergence of a priority critical area constituted by the O&M phase is clearly
stated, as highlighted by the findings explored in the present literature review.

The report of the World Green Building Council (WGBC) affirms that the construction
sector is responsible for 39% of global emissions of climate-changing gases, of which
approximately one third (equal to 11% overall) is attributable to the construction phase.
The remaining two thirds (equal to 28% overall) concern the operation phase [135].

Similarly, in 2016, the European Commission report attributed as much as 40% of
European energy consumption to the existing building stock [136].

These data have undergone exponential growth over the last decade, with a rate of
increase second only to that of the transport sector.
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Between 2017 and 2018, there was a 2% increase in the energy needs of buildings,
with a total increase in 2019 of approximately 8 Exajoules, equal to +7% compared to
2010 [137]. Equally significant is the data offered by the United Nation Environment
Program (UNEP), which provide a snapshot of the state of buildings on a global scale. The
Global Status Report found that total energy consumption and CO, emissions increased in
2021, even when compared to the pre-pandemic levels. This notwithstanding, there has
been a substantial growth in investments and a consequential global reduction in buildings’
energy consumption. The same report documents how the energy demand of buildings has
increased by around 4% since 2020, reaching 135 Exajoules, which is the highest value in
the last 10 years. Moreover, CO;, emissions from building have reached an all-time high of
around 10 GtCOy, an increase of 5% compared to 2020, and 2% compared to the previous
peak in 2019 [138,139].

It seems clear that applying the Digital Twin approach to the O&M phase, as well as
to the decarbonization processes of the sector, is a challenging area.

DT configures as a potential holistic tool for introducing innovative methods and
opportunities supporting maintenance actions and, principally, the widespread use of
predictive maintenance strategies.

According to these potentialities, it is necessary to adequately accompany the ongoing
shift from hard (techniques) to soft (in-training, organization) techniques of study focus and
operational aspects relating to a renewed maintenance approach. As a result, heterogeneous
fields of interest are involved that presuppose multidisciplinary approaches and require
an ever-increasing ability to manage structured data relating both to performance and
operating values and behavioral and experiential aspects concerning the well-being of
end users.

6. Conclusions

The Digital Twin concept, introduced in 2011 by Michael Grieves, has progressively
and differently impacted various industrial sectors.

Closely connected to the application of ICT, DT introduces, within the Building Con-
struction Sector, structured decision-making processes capable of producing effects on the
renewal of both design statutes and construction processes, as well as in the management
processes of the in-use and end-of-life phases in a potentially sustainable perspective.

Certain considerations arise that pinpoint the open and future challenges introduced
in the paper, converging in the centrality of the DT approach.

DT is certainly the tool that best expresses the potential digital and technological
evolutions towards which the construction industry is moving in order to implement the
transformation/revolution of current operative practices in the building process, from
planning, to design, construction, O&M, and decommission.

Moreover, the European strategy for the built environment recognizes DT as a tool
that can play a key role both in the maintenance and the intervention strategies on existing
buildings and in addressing climate change issues.

Therefore, DT plays a clear role in the specific field of O&M, which values the dual na-
ture of DT-BIM and DT-IoT, enabling the real-time interaction and monitoring of buildings’
use and performance conditions.

The combined DT and O&M research area is not yet sufficiently mature in terms of
implementation, operating practices, and related technical tools, despite specific studies of
methodological approaches and general mandatory frameworks.

A profound revision is required, not only of the operating modalities, but also their
diffusion in the current operative practices of all of the operators, including the end users.
This transformation is possible due to DT and the ability to activate real processes of
information sharing, data management, dialogue, and concrete interaction between man
and machine and vice versa. The smart building and the cognitive building are tangible
results of what the DT approach is and can be in concrete terms.
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The present work, and the assumptions derived from it, may lead to the ability to
monitor and manage the “vital functionalities” of buildings with DT in a sustainable way.

The exact reading of the relationship between DT and decarbonization, which is
currently under-explored, highlights the multiple criticalities related to environmental
issues, amplifying the contribution that the pervasive application of DT approaches
could allow.

As discussed in this paper, the issue of decarbonization related to the different aspects
that converge in O&M acquires a value that transcends the simple assessment of CO; emis-
sions. It not only involves the technical aspects of building envelopment and equipment
efficiency, the selection of energy sources, the management of energy resources, and the
procedural aspects of planning and programming maintenance operations, but also of
social behavior.
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