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ABSTRACT: Digital Twin (DT) developments and applications in the Architectural Engineering Construction
(AEC) Industry are emerging. However, insufficient publications synthesised the existing literature on DT of
existing buildings, including energy retrofit and challenges as part of Net-zero strategies. When developing DT
systems, it is vital to include the existing buildings primarily captured in 2-Dimensions (2-D) static data. To date,
the implementation of DT has been minimal in applications in existing buildings in the UK. Despite DT benefits
for maintenance (O&M) managers, facilities management (FM) as a comprehensive source of consistent data for
predictive maintenance. This study explored the challenges faced by DT adoptions in existing buildings through
a systematic review of the extant literature. A systematic approach is adopted to search the Scopus database using
relevant keywords such as "Digital Twin.", "Built Environment" and "Existing Buildings.". the study focused on
publications from the past five years (2018 to 2023) and prioritised articles in Scopus. The findings of this paper
showed that the practitioners, O&M managers, and academics in built environments need more proper knowledge
and technical expertise on digital twins as part of Industry 4.0 (14.0). Evidence from the literature resulted in low
empirical case studies and applications. The complexity of real-time data integration and interoperability were
highlighted as part of the challenges despite the need for comprehensive knowledge of DT in the built environment.
Scarce publication on the study was noted. The directions for comprehensive solutions and future research on
digital twin applications in existing buildings towards achieving efficient energy retrofits, cost reductions, and
net-zero goals were highlighted.
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1. INTRODUCTION

The emergence of Industry 4.0 has shifted the trajectory in the built environment. Digital Twin (DT) is essential
to implement Building 4.0 (Delgado et al., 2023). There is more interest in DT technology as a building block of
the metaverse and a vital pillar of Industrial 4.0 that needs to be harnessed (Hassani, Huang, & MacFeely, 2022).
What is the place of DTs in constructed facilities projects? (Khallaf, Khallaf, Anumba, & Madubuike, 2022). The
Digital Twin framework is based on Building Information Modelling (BIM) and a newly created plug-in to receive
real-time sensor data from the physical instance (H. Hosamo, Hosamo, Nielsen, Svennevig, & Svidt, 2023). The
built environment needs to move from a static sustainability assessment to a DT- based and [oT dynamic approach
to turn climate and environmental challenges into opportunities and support the sustainability decision processes
throughout the whole building’s life cycle (Tagliabue et al., 2021). DT has become a ‘hot topic’ among academic
circles and commercial communication in the industry. However, the DT is often misunderstood or misused as it
is ‘trendy’(Zhou, Zhang, & Gu, 2022).

Why DT instead of a traditional monitoring system? Traditional or human monitoring systems resulted in
wastages, siloed documentation, and incorrect monitoring activities (Agrawal, Thiel, Jain, Singh, & Fischer, 2023;
Khalil, Stravoravdis, & Backes, 2021; Sagarna, Otaduy, Mora, & Leon, 2022). Change is required, and DT could
solve these problems better. The awareness of the interaction of humans and DT is vital to eliminate costs, strategic
misalignments, misallocation of resources, and unrealistic expectations from DTs due to DT technology’s
immaturity (Agrawal et al., 2023).

DT is needed for prediction and stimulation due to the inability of the 2-Dimensioal (2D) or 3-Dimensional (3D)-
BIM) data on its own to give a suitable platform for prediction. The local and global market dynamic changes
require more robust and innovative operational BIMs in the AEC-FM sectors. The static 3D model needs an active
approach (Harode, Thabet, Jamerson, & Dongre, 2023). However, the existing maturity models lack DT
implementation comprehensively and quantitatively (Chen et al., 2021). The levels and advancement of
digitalisation in the AEC industry have different capabilities. The AEC industry is fragmented into the pillars of
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SECTION F - DIGITAL TWIN

Industry 4.0: the Internet of Things (IoT), big data, augmented reality, advanced visualisation, Virtual Reality
(VR) and simulation, additive manufacturing, system integration, cloud computing, autonomous systems, and
cybersecurity (Pour Rahimian, Dawood, Ghaffarianhoseini, & Ghaffarianhoseini, 2022). There are issues with
minimising the cost and manual labour of the automated segmentation of individual instances for more efficiency
and valuable outcomes for geometric digital twins (Agapaki & Brilakis, 2021).

The global goals to address environmental challenges in the construction industry and operational assets' life
cycles warrant a change of approach. The concept of digital twins’ application as one of the solutions has a
knowledge gap for its adoption in the industry. Integrating loT, BIM and Al as parts of the digital twin to automate
the monitoring and control of emissions from existing assets evidence interactive trends and patterns from
collected data through the integration of machine learning. It enhances facility management as a potential for net-
zero targets. However, there are limitations, such as digital shadow usage instead of real-time digital twins
(Arsiwala, Elghaish, & Zoher, 2023). Nearly Zero Emission Buildings (NZEBs), reducing the energy consumption
of the existing building is necessary, and the need to manage energy consumption is supported (Agostinelli, Cumo,
Guidi, & Tomazzoli, 2021; Francisco, Mohammadi, & Taylor, 2020; Kaewunruen, Rungskunroch, & Welsh, 2019;
Tang et al., 2023). Still, the viability of digital twins' financial and technical implementation has been questioned.
However, the BIM-Digital Twin integration for detailed energy stimulation was used in a case study in the United
Kingdom (UK); it was proven that digital twin implementation has the potential for a 23-year return period for
renewable technology for an existing building (Kaewunruen, Rungskunroch, et al., 2019).

The DT-based approach could provide an adaptive comfort model, energy-saving strategies, and building comfort
optimisation. Exploiting the digital twin approach supports sustainability decisions through the whole adoption
cycle for climate issues and environmental challenges; it can be used for energy-saving in different types of
buildings (Tagliabue et al., 2021). The effectiveness of implementing a digital twin for asset management is
lacking for adoption in the housing sector and industry practitioners for predictive monitoring in buildings
(Arsiwala et al., 2023). Existing research indicates that DT is still needed in stimulation during system run-time
and different lifecycle phases in academic and industrial communities (M. Liu, Fang, Dong, & Xu, 2021).

With all the above in mind, this paper aims to develop a direction for research on digital twin applications in
existing buildings towards achieving the net-zero target. The objectives are 1) to explore the challenges in using
DT in existing buildings? And 2) to investigate how the built environment sector could use predictive maintenance
system-based DT in the UK. The rest of the paper sections are 2) the adopted methodology in the study, 3) digital
twins research for predictive maintenance, 4) research significance and contributions, and 5) the conclusion and
recommendations for future studies to leverage the adoption of DT for predictive maintenance in the built
environment.

2. METHODOLOGY

According to Webster and Watson (2002), the literature review aims to uncover the past to identify the gaps and
chart future directions by identifying aspects that research should focus on. The benefits of using a systematic
literature review in this paper are: 1). to identify where evidence may be lacking, contradictory or inclusive, and
2). justify why a problem is worthy of further study (Aromataris & Pearson, 2014). See Figure 1.

Keyword “Digital Limited to Articles Keyword within
Twin” (n=5,896 documents) “Existing Building” Content analysi
(Based on titles, (n=90 documents) Onent anarysts.
abstracts. and 3 3 (n=76 documents)
keywords) Keyword within Limited to English
14,263 Documents D . ’
Built Environment Language
(n=427 documents) (n=89 documents)

Fig 1: Systematic Selection Flowchart

The systematic review methods framework is based on the Initiation, Exclusion, Exclusion and Final phases
criteria based on research studies by Kitchenham et al. (2010) and Mastan, Sensuse, Suryono, and Kautsarina
(2022). For the inclusion and exclusion stage, Scopus was used to filter relevant keywords for the study to reduce
the likelihood of bias, as the largest database of peer-reviewed research compared with Google Scholar or Web of
Science and PubMed. The keywords searched from titles and abstracts were “Digital Twin”, “Built Environment”,
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and “Existing Building” as the relevant terms to the research study and the domain, which were used on papers
published over a timeframe between 2018 and the present.

Articles were chosen from different journals written in English. The selected articles were then narrowed to 76
articles in the Scopus database using the process described in Figure 1. The articles were categorised broadly into
1). BIM-DT Maturity Model 2). DT in the AEC industry 3). DT for Maintenance of Buildings 4). DT for Net Zero
in Existing Buildings (NZEB) 5). DTs for Facility Management 6). DTs for Energy Management. However, the
emphasis was an overview analysis of the DT technology for existing buildings management within the AEC
industry. NVivo software was used for the systematic content review and visualisation analysis. The NVIVO
software aided rigorous data extraction, evaluation, and categorisation of the large amount of data generated by
the 76 selected articles.

3. DIGITAL TWINS RESEARCH FOR PREDICTIVE MAINTENANCE

The following sub-sections will show cases of the attributes and challenges of DT adoptions within the articles
selected. These are: 1). BIM-DT Maturity Model 2). DT in the AEC industry 3). DT for Maintenance of Buildings
4). DT for Net Zero in Existing Buildings (NZEB) 5). DTs for Facility Management 6). DTs for Energy
Management for an overview of limitations faced within the built environment.

3.1 BIM-DT Maturity Model

The emergency of real-time connectivity and deployment in an environment increases the potential for DT
concepts in the built environment. Noted to be in an early stage of adoption, the analysis indicated unrealised and
unexploited possibilities of the DT concept for building management; further studies as a baseline were
recommended (Deng, Menassa, & Kamat, 2021). BIM and DTs are disruptive technologies to be embraced by the
construction industry due to the recent increase in advanced automation and autonomous technologies at the
organisation, and need to be adequately leveraged (Sepasgozar et al., 2023). Notably, DT proved to be a valuable
tool for the entire lifecycle management of buildings since BIM cannot handle the sensory information and
complexities of existing buildings (Banfi, Brumana, Salvalai, & Previtali, 2022).

Existing BIM standards (ISO 19650) were proposed to promote a better interoperable digitalised built
environment to develop DTs in the AEC sector (Nour El-Din, Pereira, Pogas Martins, & Ramos, 2022). DT-BIM-
based model reduced load bearing and risk in existing highway infrastructures. However, concerns were
information collection and analyses for inspection, maintenance planning, and data sharing and visualisation
limitations. The BIM-based model provided solutions and insights for high-quality construction and maintenance
to minimise rapid degradation and component failures in infrastructures. Owners and stakeholders would achieve
higher operational efficiency and sustainability outcomes over the life cycle, especially the expensive phases
(Kaewunruen & Lian, 2019). DT-BIM-based model is recommended for the whole life-cycle mitigation of risks
and uncertainties of exposure to extreme weather conditions for construction industry stakeholders (Kaewunruen,
Sresakoolchai, Ma, & Phil-Ebosie, 2021).

Integrations of human-centred approaches, Virtual Design Construction (VDC), digital twin and artificial
intelligence will transform the future of the AEC industry and create research opportunities. The integrations can
simultaneously optimise, predict, and provide significant cost savings for the industry work processes, which
should be noted for the main line of future research (Rafsanjani & Nabizadeh, 2023). BIM, IoT, and Al-supported
systems are beneficial for prediction and data-driven retrofitting strategies, a step towards achieving the net-zero
targets (Arsiwala et al., 2023). Multi-layer DT called BIM-IoT-Data integration (BIM-IoTDI) indicated
capabilities to overcome interoperability and be suitable for smart buildings (Eneyew, Capretz, & Bitsuamlak,
2022). Al, DTs, and scanning technologies are valuable for maintenance strategies. However, some challenges are
associated with technological, cultural, market and regulatory factors (Cetin, Gruis, & Straub, 2022).

Two-directional interactions between humans and computers should be part of the development to reach a high
maturity level. Further studies, including advanced technologies like Al, BIM, and Geographic Information
System (GIS) cloud computing, are essential to cope with the complex urban challenges of multidisciplinary DTs
(Masoumi, Shirowzhan, Eskandarpour, & Pettit, 2023). Automation and robotisation are resources for
management improvement in construction and existing buildings-the BIM data are programmed to a robot and
visual format as the digital twin of the real-world building revealed valuable results that need further studies on
the data reliability, interoperability of the BIM and 3D-Robot connections, and update of the BIM model based
on robot feedback (Pauwels, de Koning, Hendrikx, & Torta, 2023). Likewise, the Mobile BIM Technology (MBT)
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functions can help researchers and practices in digitalisation, lean construction, evaluation perspectives and data-
driven approaches to enable DT. Legal and security perspectives should be considered (Jowett, Edwards, &
Kassem, 2023).

The proposed DT and Cloud BIM-Extended Reality (XR) platform development using the Scan-to-BIM-to-DT
process to a 4D multi-user live app to improve building comfort, efficiency and costs was validated for energy
improvements for existing buildings and facade renovations (Banfi, Brumana, Salvalai, et al., 2022). Implemented
DT used scan-to-BIM with sensor data as an Industry Foundation Classes (IFC) BIM platform to monitor the
structural health of the building walls. It can benefit FMs for planning and maintenance activities and the long life
cycle of a building (Longman, Xu, Sun, Turkan, & Riggio, 2023). The lack of a clear process roadmap is partially
a factor. Still, Digital Twin Construction was proposed as a comprehensive construction mode that prioritises
closing the control loops instead of an extension of BIM tools integrated with sensing and monitoring technologies
(Sacks, Brilakis, Pikas, Xie, & Girolami, 2020). DT cannot be limited to the focused aspects like 3D modelling,
monitoring, and visualisation of DTs (Masoumi et al., 2023). Tagliabue et al. (2021) supported shifting from a
static sustainability assessment to a digital twin-based and IoT-enabled dynamic approach for real-time evaluation,
sustainability criteria control, and user-centred viewpoint in the built environment. A roadmap is required to
support decisions and policymakers to aid implementations for the next ten years (2030) (Sepasgozar et al., 2023).

It should be noted that DTs are extensions of engineering information (EI) leveraging modern information and
communications technology (ICTs) and do not have their unique technical characteristics (Zhou et al., 2022). The
integration of DT roles as an observer, analyst, action executor and decision-maker is useful in helping
practitioners systematically plan DT deployments, clearly communicate goals and deliverables, and lay out a
strategic vision (Agrawal et al., 2023). Digital Twins are the future of the metadata required for a socio-technical
collaborative and sustainable ecosystem based on a virtual representation of the physical instance in a real-time
operational state superseding static 3D- Building Information Modelling or traditional 2D of assets for the
multidisciplinary AEC domains for operational efficiency and cost reduction (Pregnolato et al., 2022) updated
information to analyse and optimise ongoing design, planning and production, lean construction, and data-centric
construction management (Sacks et al., 2020).

The widespread traction of DTs for constructed facilities projects reveals the benefits of DTs as the ability to
reduce operating costs and human error, automate energy demand, manage assets throughout their lifecycle, and
structural health monitoring in real-time (Khallaf et al., 2022) with robot-Assisted reality capture in larger spaces
(Xu, Xia, You, & Du, 2022). The application of DTs and Machine Learning helps predict and analyse prestressed
steel structures needed for intelligent monitoring techniques and control methods to ensure safety (Z. Liu, Yuan,
Sun, & Cao, 2022). IoT and DT connection and integration produce real environments to boost automation,
Industry 4.0 transformation and cost-effectiveness (Al-Dhlan, 2021) with robot-assisted reality capture in larger
spaces (Xu et al., 2022). Likewise, DTs in the UK are used for highway asset management to achieve minimum
human input and have very high accuracy (Jiang, Ma, Broyd, Chen, & Luo, 2022).

Multi-layer DTs proved to be a valuable tool for the entire lifecycle management of buildings since BIM cannot
handle the comprehensive DT technology that can be supported with socio-technical approaches to reach maturity.

The integration of IoT with DT has proven to be valuable with the application of DTs in the multidisciplinary
AEC domains, even though some challenges were indicated in Tables 1-5.

3.2 DT in the AEC Industry

The articles in Table 1 are on DT research in the AEC Industry and the challenges encountered. Infrastructure
assessment and construction management were highlighted.

Table 1. Articles on DTs studies within the AEC Industry.

Author/Year Focus of Study Employed Tools Challenges /Limitations
(Camposano, Smolander, Awareness of DT of Built Interpretive analysis Inter-organizational
& Ruippo, 2021) assets relative to the software  of semi-structured interviews relationships, data sharing, and
ecosystem technical expertise
(Cetin et al., 2022). Adoptions of digital ~Multiple- case study Circular Technical, cultural, market and
technologies in social housing ~ Economy Digital Twins  regulatory issues. Misalignment
framework of supply and demand. Data
quality and sharing
(Eneyew et al., 2022) Interoperability of smart- BIM-IoT Digital integration Autonomous query decision
building DTs and data sharing
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CONVR 2023. PROCEEDINGS OF THE 23%° INTERNATIONAL CONFERENCE ON CONSTRUCTION APPLICATIONS OF VIRTUAL REALITY

(Jowett et al., 2023)

Mobile BIM technologies
taxonomy in field BIM
interactions with construction
management functions

A longitudinal case study over 12
months, two project workshops,
expert interviews and an industry
survey at project, enterprise, and
industry levels.

Lack of delineation between
related terms used.

(Kaewunruen et al., 2021)

Vulnerability assessment and
risk-based maintenance of
infrastructures

BIM-DT based model

Automated interaction of data,
3D modelling human resources

and standards, IT software
natural and human risk
assessments.

(Longman et al., 2023)

The implementation of DTs to

Scan-to-BIM approach in IFC-

Data integrations and project

support  structural  health  BIM platforms. infrastructure
monitoring (SHM).
(Nour El-Din et al., 2022)  Status of DTs and the Systematic Review Lack of data standardisation

evolution of the concept of
DTs for construction Assets

(Pauwels et al., 2023).

Live semantic data transfers
from building digital twins for
robotic navigation

BIM-based model

(Rafsanjani & Nabizadeh,
2023)

Cost-saving DT capabilities in
construction and operational
phases

VDC-DT based model + VR+AR

Automation, data reliability
and standards

Technical expertise,
Compatible software,
Automation, Human-centric

scenarios, real-time data senses
and analysis.

(Sacks et al., 2020)

Digital twin  information
systems to achieve closed-loop
control systems to monitor
construction.

Conceptual analysis

Lack of comprehensive
information system and
knowledge

3.3

DT for Maintenance of Buildings

Table 2 comprises articles on building maintenance and the challenges of adopting DTs. Emphases are mostly on
historical building restoration.

Table 2. Articles on DTs exploration for maintaining structural buildings.

Author/Year Focus of Study Employed Tools Challenges /Limitations
(Ali, Alhajlah, & Kassem, The status and future trends in ~ Systematic literature review The complexity of the project,
2022) building information modelling  (SLR) methods through co- integration of components and
(BIM) occurrence and co-citation data
analysis.
(Banfi, Brumana, Landi, Data categorising in the digital HBIM model Protection and longevity of
et al., 2022; Khalil et al., documentation of heritage heritage buildings data.
2021) buildings Interoperability and  BIM
standardisation or extended
reality environments and data
formats.
(Cardinali et al.,, 2023; Digital twins for heritage Historic building information Data acquisition constraints and
Moyano, Carrefio, Nieto-  buildings. modelling (HBIM) geometric  difficulties, the scale of the

Julian, Gil-Arizon, &
Bruno, 2022; Noronha
Pinto de Oliveira e Sousa
& Correa, 2023).

model.

building.

(Daniotti et al., 2022). BIM-DT Based Interoperability =~ BIM-DT based model Data integration and
for efficient renovation in standardisation processes
buildings

(Pan, Braun, Brilakis, & How to enrich geometric digital 3D point cloud + Al-based Variation in objects, data

Borrmann, 2022)

twins of buildings, particularly
emphasis on capturing small
vital entities in buildings

image segmentation

collection and occlusion of the
environment

(Porsani, de Lersundi,
Gutiérrez, & Bandera,
2021)

Evaluates of an automated or
semi-automated BIM to BEM
workflow in buildings

BIM-BEM model

Technical expertise, large and
complex buildings

(Sagarna et al., 2022)

Documentation and displaying
inspection-related information
in BIM models to generate a
dynamic information model in
buildings.

Innovative BIM model-State of
Conservation Assessment BIM
Model (SCABIM)

Dynamic  open-source data
integration, technical
workforce, and equipment

(Tan, Leng, Zeng, Feng, &
Yu, 2022).

DT-3D digital replicas record
and heritage buildings survey

BIM
approach,

multi-methodological

Obstruction of the surrounding
environment and data
exchange.
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3.4

SECTION F - DIGITAL TWIN

DT for Net Zero in Existing Buildings (NZEB)

Table 3 includes related articles on efforts towards NZEB and the challenges faced while adopting DTs. BIM-
based models were majorly used to integrate data for simulations.

Table 3. Articles on NZEB research using DTs.

Author/Year Focus of Study Employed Tools Challenges /Limitations
(Godager, Onstein, & BIM in asset and facilities Enterprise BIM (EBIM) Data integration, security and
Huang, 2021) management. management, Naming

convention, Data

infrastructures, and suitable

common data environment.
(Kaewunruen & Xu, 2018)  Assessing the carbon  BIM-enabled data visualisation =~ Computational and technical

footprints of a building in the
design process using BIM
technology.

+ API

expertise, natural light area and
data extraction

(Kaewunruen, Peng, &  Sustainability and DT+ BIM Computational and technical
Phil-Ebosie, 2020;  vulnerability in buildings expertise, structural tolerances,
Kaewunruen, and autonomous integration.
Sresakoolchai, &

Kerinnonta, 2019)

(Lu, Xie, Parlikad, BIM to digital twins for Smart asset management (DTs Technology, Organisation,
Schooling, &  operation and maintenance + Al + ML+ data analytics) information, and data standard-
Konstantinou, 2020) related issues. Domain

alignment, Interaction between
domain and all stakeholders

(Ochs, Franzoi, Monitoring and simulation- MATLAB Simulink simulation Cost analysis, different heat
Dermentzis, Monteleone, based optimisation of two +Building management system  sources, and simulation

& Magni, 2023) multi-apartment for NZEBs

(Shen, Ding, & Wang, Whole-life-cycle net-zero- DT +BIM Building lifecycle  stages.
2022) carbon buildings Automated system and dynamic

sensor data

35

DT for Facility Management

Related articles on building facility management and the challenges of adopting DT approaches are in Table 4.

Studies were mainly based on existing buildings' operation and maintenance phases.

Table 4. Articles on facility management research using DT.

Author/Year Focus of Study Employed Tools Challenges /Limitations
(Badenko et al., 2021) Integration of digital twin and DT +BIM (“Factories of the Systems integration, Training
BIM technologies in FM Future” framework) and investment cost and
technical expertise
(Chacon et al., 2023) Structural Health Monitoring BIM -DT-based model Data integration and

(SHM) systems within the DT
platform

interoperability, and multiple
sources pipelines.

(Chen et al., 2021)

An innovative maturity model
for measuring digital twin
maturity for asset management.

DT +BIM (Gemini Principles)

Domain environment, technical
expertise, Cultural and policy
influence

(Costa, Arroyo, Rueda, &
Briones, 2023)

A ventilation early warning
system (VEWS) for FM

Smart Campus Digital Twin
(SCDT) framework (BIM +IoT

Characteristics of  building
workspaces, data integration

+Al) and interoperability of systems
(Fialho et al., 2022) Prototyping a BIM and IoT- BIM and IoT-based Lack of consistent tools,
based smart lighting methods, and devices for
maintenance system for the FM measuring building
sector components' performance and
restrictions in research
resources
(Harode et al., 2023) System architecture for a digital ~ Structured literature search and  Data  integration, standard,
twin in a healthcare facility analysis +DT environment, interoperability,

(FM) and technical expertise
(H. H. Hosamo, Nielsen, Automated fault source DT + BIM model based on IoT connectivity, BIM systems,
Kraniotis, Svennevig, & detection and prediction for Bayesian networks (BNs). technical and computational
Svidt, 2023a, 2023b) comfort performance expertise, interoperability of

evaluation of existing buildings

systems, occupant profile and
owner funding.

(Jiao et al., 2023)

A sustainable digital twin (DT)
model of operation and
maintenance  for  building
infrastructures,

DT +Bayesian network (BN) +
Random Forest (RF)

Small buildings, equipment,
building space, data collection
and systems
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(Khajavi,  Tetik, Liu, DT for safety and Security in DT +BIM Awareness, cost, data type, real-

Korhonen, & Holmstrom, building Lifecycle time studies, and access to case

2023) studies on other buildings

(Levine & Spencer, 2022)  Post-Earthquake Building BIM-Based Digital Twin Building components and
Evaluation. Framework alignment, BIM systems and

computational systems
(Lu, Xie, Parlikad, & Visualised inspection system AR-supported automated  Environmental conditions, Data
Schooling, 2020; Xie, Lu, for monitoring during daily environmental anomaly  collection, processes, and

Rodenas-Herraiz,
Parlikad, & Schooling,

Operation and Maintenance

detection and fault tree analysis
method

computational expertise

2020)

(Moretti, Ellul, Re Integration of GIS and BIM for DT +BIM +GIS (Geographic = Technical complexity, digital
Cecconi, Papapesios, & built environment condition Information System) expertise, automatic semantic
Dejaco, 2021) assessment in asset mapping, stakeholders,

management decision-making

information gathering, data and
systems integrations

(Pan, Braun, Borrmann, &
Brilakis, 2022)

How to generate geometric
digital twins of the indoor

3D deep-learning-enhanced
void-growing approach

Computational efforts, point
cloud data and occlusion of the

environment  of  buildings environment

automatically.
(Rampini & Re Cecconi, Artificial intelligence in  Literature review +bibliometric =~ Time-consuming and labour-
2022) construction asset management  analysis intensive, technical expertise,

for sustainability Data collection and processes
(Shahinmoghadam, The benefits of BIM, the IoT  BIM+ IoT +VR Sensor placement, Building
Natephra, & Motamedi, and Virtual Reality (VR) for space, and semi-automated
2021) thermal comfort conditions registration of the thermal

image’s method

3.6

DT for Energy Management

Articles focusing on the efficiency of building energy management and the challenges of adopting DT approaches
are in Table 5, exploring energy cost and consumption reduction.

Table 5. Articles on energy management research using DT.

Author/Year Focus of Study Employed Tools Challenges /Limitations
(Borja-Conde, Automatic thermal models of High-fidelity simulator ML techniques, the accuracy
Witheephanich, existing buildings for energy software TRNSYS and robustness of building
Coronel, & Limon, management thermal behaviour modelling
2023).

(Corrado, DeLong, Green metrics and digital twins  Published literature review Real-world metrics standard,

Holt, Hua, & Tolk, for Sustainability planning and computational decision support

2022). governance

(Delgado et al., 2023) The interconnection between BIM ~ BIM-BEM  (Drone  based) Technical expertise and
and building energy modelling framework occlusion of the environment
(BEM) for energy cost reduction.

(H. Hosamo et al, A digital twin of heatingg BIM +DT (MATLAB + Data standards and type,

2023). ventilation, and air conditioning  Artificial neural network +  Ontology techniques to
for optimisation of energy multi-objective genetic  integrate BIM, energy
consumption and thermal comfort  algorithm) management, and thermal

based.

comfort data in one framework.

(Hosseinihaghighi et al.,

Assessment of housing stock and

Smart thermostat integration

Data quality and collection,

2022) smart thermostat data in support model Classification standard
of energy end-use mapping and terminology, occupants’
housing retrofit program planning behaviours, Building

characteristics, real-time data
integration and interoperability

(Kaewunruen, Reconstruction design of an  BIM-based digital twin Data integration, financial

Sresakoolchai, et al., existing building energy building analysis, different functions of

2019) goal renewable technologies, and

computational supports.

(Lamagna, Groppi, Digital twins for smart energy A comprehensive literature Big  data, communication

Nezhad, & Piras, 2021).  management system review protocols, lack of regulation and

a transparent market, uncertain
and unclear framework,
different versions of DTs and
algorithms.

(Spudys et al., 2023). Operational energy performance DT model Lack of required equipment,
of buildings with the use of digital digital environment,
twins infrastructure, occupant

behaviour and building

automation systems
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(Tang et al., 2023). Vertical greenery system (VGS) DT + BIM model Direction and location of the

renovation for building energy building and environmental
efficiency analysis based on conditions
digital twin

(Zhao et al., 2022). Evaluation of public toilet BIM-based digital twin Building cost and construction
ventilation  design  schemes simulations computations,
through a digital twin to maintain cloud-based services,
high environmental quality computations support

4. RESEARCH SIGNIFICANCE AND CONTRIBUTION

The research's significances are to remove silos and allow data and information sharing for effective and holistic
implementation and interactions that reduce wastage and costs in retrofitting and energy consumption in existing
buildings as one of the largest energy consumptions. The research would add insights into energy retrofit and
management cost as part of Net-zero strategies in the UK.

Analysing the existing literature on DT attributes and challenges provides a glimpse into the reality of insufficient
research studies on DT globally, especially in the UK; 25 articles from the UK were within the research scope.
The analysis would contribute to the body of knowledge in the UK and globally. The literature pointed out the
confusion of DT as an extended branch of BIM. However, DT has been revealed as a multi-objective and multi-
scale technology field within the 14.0 that requires an advanced analytical approach through data and stimulation
to support comprehensive and predictive decision-making to save costs and wastages. The door is widened for
researchers to explore viable solutions to overcome the challenges uncovered in the literature to leverage DT
benefits within the built environment.

The research would contribute and benefit suppliers (technologies and platforms), homeowners, landlords,
policymakers, operation and maintenance (O&M) managers, facilities management (FM), and the research
community to reduce costs with predictive decisions based on proactive maintenance rather than reactive
maintenance. It will replace speculative retrofitting actions with factual insights for different types of existing
structural buildings, occupancy behaviour and locality. There are reasonable limitations within the period of the
systematic review and the platform used to select optimal articles based on the research topic due to the low
number of publications. However, more publications could have been added from other platforms like Google
Scholar but not peer-reviewed to ascertain the quality required to maximise the value of the review.

5. CONCLUSIONS AND FURTHER RESEARCH

Digital Twins can integrate information from multiple sources to replicate the operation of the physical spatial
asset in real-time for stimulations and predictive insights. The application of digital twins is still in an emergency
phase as a valuable digital technologies advancement, especially with the built environment and the AEC industry
in the UK. There needed to be more publications on the research topic. The paper set out two objectives: 1) to
explore the challenges in using DT in existing buildings. And 2) to investigate how the built environment sector
could use predictive maintenance system-based DT in the UK.

DT needs to be more understood and consistent in the application or technical tools usage from literature. In
addition, practitioners, AEC managers and academics need more proper knowledge and technical expertise on
digital twins as part of the 14.0, as evidence from the literature resulted in low empirical case studies. The
complexity of real-time data integration and interoperability were highlighted as part of the challenges. Digital
Technologies can be pardoned as a common word for 14.0, are the enabler of all societies and organisations’
productivities, previously a buzz, now overtaken by Artificial Intelligence (AI). The direction to advance digital
twins’ adoptions in existing buildings towards achieving net-zero goals is realism 1). Training for applicable
practitioners in the built environment for the AEC industry. 2). Affordable computations and simulation tools and
systems 3). Cloud-based architecture infrastructure and services 4). Data integration and interoperability 5). Open
sources collaboration 6). Socio-technical influences and sustainable policies.

Finally, based on the literature, predictive maintenance system-based DT with intelligent analysis supported
comprehensive and consistent solutions for rehabilitation, operation, and maintenance management of existing
building life cycle management. However, more steps are needed to leverage the benefits: the future case study
for the built environment sector to use predictive maintenance system-based DT in the UK are 1). the depth of
knowledge of DT with professionals in the built environments, 2). A standard benchmark framework for DT
adoptions 3). Available and accessible computations simulation tools, and systems 4). Funding for the research
5). Socio-Technical influences and training.

1213



REFERENCES

Agapaki, E., & Brilakis, 1. (2021). Instance Segmentation of Industrial Point Cloud Data. Journal of Computing
in Civil Engineering, 35(6). doi:10.1061/(ASCE)CP.1943-5487.0000972

Agostinelli, S., Cumo, F., Guidi, G., & Tomazzoli, C. (2021). Cyber-physical systems improving building energy
management: Digital twin and artificial intelligence. Energies, 14(8). doi:10.3390/en14082338

Agrawal, A., Thiel, R., Jain, P., Singh, V., & Fischer, M. (2023). Digital Twin: Where do humans fit in? Automation
in Construction, 148. doi:10.1016/j.autcon.2023.104749

Al-Dhlan, K. A. (2021). The Current Merging Principles for Digital Twinning and Connecting Internet. /ETE
Journal of Research. doi:10.1080/03772063.2021.2010609

Ali, K. N., Alhajlah, H. H., & Kassem, M. A. (2022). Collaboration and Risk in Building Information Modelling
(BIM): A Systematic Literature Review. Buildings, 12(5). doi:10.3390/buildings12050571

Aromataris, E., & Pearson, A. (2014). The Systematic Review: An Overview. AJN The American Journal of
Nursing, 114(3), 53-58. doi:10.1097/01.NAJ.0000444496.24228.2¢

Arsiwala, A., Elghaish, F., & Zoher, M. (2023). Digital twin with Machine learning for predictive monitoring of
CO2 equivalent from existing buildings. Energy and Buildings, 284. doi:10.1016/j.enbuild.2023.112851

Badenko, V. L., Bolshakov, N. S., Tishchenko, E. B., Fedotov, A. A., Celani, A. C., & Yadykin, V. K. (2021).
Integration of digital twin and BIM technologies within factories of the future. Magazine of Civil Engineering,
101(1). doi:10.34910/MCE.101.14

Banfi, F., Brumana, R., Landi, A. G., Previtali, M., Roncoroni, F., & Stanga, C. (2022). BUILDING
ARCHAEOLOGY INFORMATIVE MODELLING TURNED INTO 3D VOLUME STRATIGRAPHY AND
EXTENDED REALITY TIME-LAPSE COMMUNICATION. Virtual Archaeology Review, 13(26), 1-21.
doi:10.4995/VAR.2022.15313

Banfi, F., Brumana, R., Salvalai, G., & Previtali, M. (2022). Digital Twin and Cloud BIM-XR Platform
Development: From Scan-to-BIM-to-DT Process to a 4D Multi-User Live App to Improve Building Comfort,
Efficiency and Costs. Energies, 15(12). doi:10.3390/en15124497

Borja-Conde, J. A., Witheephanich, K., Coronel, J. F., & Limon, D. (2023). Thermal modeling of existing
buildings in high-fidelity simulators: A novel, practical methodology. Energy and Buildings, 292.
doi:10.1016/j.enbuild.2023.113127

Camposano, J. C., Smolander, K., & Ruippo, T. (2021). Seven Metaphors to Understand Digital Twins of Built
Assets. [EEE Access, 9,27167-27181. doi:10.1109/ACCESS.2021.3058009

Cardinali, V., Ciuffreda, A. L., Coli, M., De Stefano, M., Meli, F., Tanganelli, M., & Trovatelli, F. (2023). An
Oriented H-BIM Approach for the Seismic Assessment of Cultural Heritage Buildings: Palazzo Vecchio in
Florence. Buildings, 13(4). doi:10.3390/buildings13040913

Cetin, S., Gruis, V., & Straub, A. (2022). Digitalization for a circular economy in the building industry: Multiple-
case study of Dutch social housing organizations. Resources, Conservation and Recycling Advances, 15.
doi:10.1016/j.rcradv.2022.200110

Chacon, R., Casas, J. R., Ramonell, C., Posada, H., Stipanovic, I., & Skari¢, S. (2023). Requirements and
challenges for infusion of SHM systems within Digital Twin platforms. Structure and Infrastructure Engineering.

doi:10.1080/15732479.2023.2225486

Chen, L., Xie, X., Lu, Q., Parlikad, A. K., Pitt, M., & Yang, J. (2021). Gemini principles-based digital twin
maturity model for asset management. Sustainability (Switzerland), 13(15). doi:10.3390/sul3158224

1214



Corrado, C. R., DeLong, S. M., Holt, E. G., Hua, E. Y., & Tolk, A. (2022). Combining Green Metrics and Digital
Twins for Sustainability Planning and Governance of Smart Buildings and Cities. Sustainability (Switzerland),
14(20). doi:10.3390/su142012988

Costa, G., Arroyo, O., Rueda, P., & Briones, A. (2023). A ventilation early warning system (VEWS) for
diaphanous workspaces considering COVID-19 and future pandemics scenarios. Heliyon, 9(3).
doi:10.1016/j.heliyon.2023.14640

Daniotti, B., Masera, G., Bolognesi, C. M., Spagnolo, S. L., Pavan, A., lannaccone, G., . . . Cucuzza, M. (2022).
The Development of a BIM-Based Interoperable Toolkit for Efficient Renovation in Buildings: From BIM to
Digital Twin. Buildings, 12(2). doi:10.3390/buildings12020231

Delgado, J. M. P. Q., Guimaraes, A. S., Pogas Martins, J., Parracho, D. F. R., Freitas, S. S., Lima, A. G. B., &
Rodrigues, L. (2023). BIM and BEM Interoperability—Evaluation of a Case Study in Modular Wooden Housing.
Energies, 16(4). doi:10.3390/en16041579

Deng, M., Menassa, C. C., & Kamat, V. R. (2021). From BIM to digital twins: A systematic review of the evolution
of intelligent building representations in the AEC-FM industry. Journal of Information Technology in
Construction, 26, 58-83. doi:10.36680/J.ITCON.2021.005

Eneyew, D. D., Capretz, M. A. M., & Bitsuamlak, G. T. (2022). Toward Smart-Building Digital Twins: BIM and
[oT Data Integration. [EEE Access, 10, 130487-130506. doi:10.1109/ACCESS.2022.3229370

Fialho, B. C., Codinhoto, R., Fabricio, M. M., Estrella, J. C., Neves Ribeiro, C. M., Dos Santos Bueno, J. M., &
Doimo Torrezan, J. P. (2022). Development of a BIM and IoT-Based Smart Lighting Maintenance System
Prototype for Universities’ FM Sector. Buildings, 12(2). doi:10.3390/buildings12020099

Francisco, A., Mohammadi, N., & Taylor, J. E. (2020). Smart City Digital Twin-Enabled Energy Management:
Toward Real-Time Urban Building Energy Benchmarking. Journal of Management in Engineering, 36(2).
doi:10.1061/(ASCE)ME.1943-5479.0000741

Godager, B., Onstein, E., & Huang, L. (2021). The Concept of Enterprise BIM: Current Research Practice and
Future Trends. IEEE Access, 9, 42265-42290. doi:10.1109/ACCESS.2021.3065116

Harode, A., Thabet, W., Jamerson, W. E., & Dongre, P. (2023). A TOOL-BASED SYSTEM ARCHITECTURE
FOR A DIGITAL TWIN: A CASE STUDY IN A HEALTHCARE FACILITY. Journal of Information Technology
in Construction, 28, 107-137. doi:10.36680/J.ITCON.2023.006

Hassani, H., Huang, X., & MacFeely, S. (2022). Enabling Digital Twins to Support the UN SDGs. Big Data and
Cognitive Computing, 6(4). doi:10.3390/bdcc6040115

Hosamo, H., Hosamo, M. H., Nielsen, H. K., Svennevig, P. R., & Svidt, K. (2023). Digital Twin of HVAC system
(HVACDT) for multiobjective optimization of energy consumption and thermal comfort based on BIM framework
with ANN-MOGA. Advances in building energy research, 17(2), 125-171. doi:10.1080/17512549.2022.2136240

Hosamo, H. H., Nielsen, H. K., Kraniotis, D., Svennevig, P. R., & Svidt, K. (2023a). Digital Twin framework for
automated fault source detection and prediction for comfort performance evaluation of existing non-residential
Norwegian buildings. Energy and Buildings, 281. doi:10.1016/j.enbuild.2022.112732

Hosamo, H. H., Nielsen, H. K., Kraniotis, D., Svennevig, P. R., & Svidt, K. (2023b). Improving building occupant
comfort through a digital twin approach: A Bayesian network model and predictive maintenance method. Energy
and Buildings, 288. doi:10.1016/j.enbuild.2023.112992

Hosseinihaghighi, S., Panchabikesan, K., Dabirian, S., Webster, J., Ouf, M., & Eicker, U. (2022). Discovering,
processing and consolidating housing stock and smart thermostat data in support of energy end-use mapping and

housing retrofit program planning. Sustainable Cities and Society, 78. d0i:10.1016/j.s¢s.2021.103640

Jiang, F., Ma, L., Broyd, T., Chen, W., & Luo, H. (2022). Building digital twins of existing highways using map
data based on engineering expertise. Automation in Construction, 134. doi:10.1016/j.autcon.2021.104081

1215



Jiao, Z., Du, X., Liu, Z., Liu, L., Sun, Z., & Shi, G. (2023). Sustainable Operation and Maintenance Modeling and
Application of Building Infrastructures Combined with Digital Twin Framework. Sensors, 23(9).
doi:10.3390/s23094182

Jowett, B., Edwards, D. J., & Kassem, M. (2023). Field BIM and mobile BIM technologies: a requirements
taxonomy and its interactions with construction management functions. Construction Innovation. doi:10.1108/CI-
07-2022-0160

Kaewunruen, S., & Lian, Q. (2019). Digital twin aided sustainability-based lifecycle management for railway
turnout systems. Journal of Cleaner Production, 228, 1537-1551. doi:10.1016/j.jclepro.2019.04.156

Kaewunruen, S., Peng, S., & Phil-Ebosie, O. (2020). Digital twin aided sustainability and vulnerability audit for
subway stations. Sustainability (Switzerland), 12(19). do0i:10.3390/SU12197873

Kaewunruen, S., Rungskunroch, P., & Welsh, J. (2019). A digital-twin evaluation of Net Zero Energy Building
for existing buildings. Sustainability (Switzerland), 11(1). doi:10.3390/sul1010159

Kaewunruen, S., Sresakoolchai, J., & Kerinnonta, L. (2019). Potential reconstruction design of an existing
townhouse in Washington DC for approaching net zero energy building goal. Sustainability (Switzerland), 11(23).
doi:10.3390/su11236631

Kaewunruen, S., Sresakoolchai, J., Ma, W., & Phil-Ebosie, O. (2021). Digital twin aided vulnerability assessment
and risk-based maintenance planning of bridge infrastructures exposed to extreme conditions. Sustainability
(Switzerland), 13(4), 1-19. doi:10.3390/5u13042051

Kaewunruen, S., & Xu, N. (2018). Digital twin for sustainability evaluation of railway station buildings. Frontiers
in Built Environment, 4. doi:10.3389/fbuil.2018.00077

Khajavi, S. H., Tetik, M., Liu, Z., Korhonen, P., & Holmstrom, J. (2023). Digital Twin for Safety and Security:
Perspectives on Building Lifecycle. IEEE Access, 11,52339-52356. doi:10.1109/ACCESS.2023.3278267

Khalil, A., Stravoravdis, S., & Backes, D. (2021). Categorisation of building data in the digital documentation of
heritage buildings. Applied Geomatics, 13(1), 29-54. doi:10.1007/s12518-020-00322-7

Khallaf, R., Khallaf, L., Anumba, C. J., & Madubuike, O. C. (2022). Review of Digital Twins for Constructed
Facilities. Buildings, 12(11). doi:10.3390/buildings12112029

Kitchenham, B., Pretorius, R., Budgen, D., Pearl Brereton, O., Turner, M., Niazi, M., & Linkman, S. (2010).
Systematic literature reviews in software engineering — A tertiary study. Information and Software Technology,
52(8), 792-805. doi:10.1016/].infsof.2010.03.006

Lamagna, M., Groppi, D., Nezhad, M. M., & Piras, G. (2021). A COMPREHENSIVE REVIEW on DIGITAL
TWINS for SMART ENERGY MANAGEMENT SYSTEM. International Journal of Energy Production and
Management, 6(4), 323-334. doi:10.2495/EQ-V6-N4-323-334

Levine, N. M., & Spencer, B. F., Jr. (2022). Post-Earthquake Building Evaluation Using UAVs: A BIM-Based
Digital Twin Framework. Sensors, 22(3). doi:10.3390/s22030873

Liu, M., Fang, S., Dong, H., & Xu, C. (2021). Review of digital twin about concepts, technologies, and industrial
applications. Journal of Manufacturing Systems, 58, 346-361. doi:10.1016/j.jmsy.2020.06.017

Liu, Z., Yuan, C., Sun, Z., & Cao, C. (2022). Digital Twins-Based Impact Response Prediction of Prestressed Steel
Structure. Sensors, 22(4). doi:10.3390/s22041647

Longman, R. P, Xu, Y., Sun, Q., Turkan, Y., & Riggio, M. (2023). Digital Twin for Monitoring In-Service

Performance of Post-Tensioned Self-Centering Cross-Laminated Timber Shear Walls. Journal of Computing in
Civil Engineering, 37(2). doi:10.1061/(ASCE)CP.1943-5487.0001050

1216



Lu, Q., Xie, X., Parlikad, A. K., & Schooling, J. M. (2020). Digital twin-enabled anomaly detection for built asset
monitoring in operation and maintenance. Automation in Construction, 118. doi:10.1016/j.autcon.2020.103277

Lu, Q., Xie, X., Parlikad, A. K., Schooling, J. M., & Konstantinou, E. (2020). Moving from building information
models to digital twins for operation and maintenance. Proceedings of the Institution of Civil Engineers: Smart
Infrastructure and Construction, 174(2), 46-56. doi:10.1680/jsmic.19.00011

Masoumi, H., Shirowzhan, S., Eskandarpour, P., & Pettit, C. J. (2023). City Digital Twins: their maturity level and
differentiation from 3D city models. Big Earth Data, 7(1), 1-46. doi:10.1080/20964471.2022.2160156

Mastan, 1. A., Sensuse, D. 1., Suryono, R. R., & Kautsarina, K. (2022). Evaluation of distance learning system (e-
learning): a systematic literature review. Jurnal Teknoinfo, 16(1), 132-137. doi:10.33365/jti.v16i1.1736

Moretti, N., Ellul, C., Re Cecconi, F., Papapesios, N., & Dejaco, M. C. (2021). GeoBIM for built environment
condition assessment supporting asset management decision making. Automation in Construction, 130.
doi:10.1016/j.autcon.2021.103859

Moyano, J., Carrefio, E., Nieto-Julian, J. E., Gil-Arizon, 1., & Bruno, S. (2022). Systematic approach to generate
Historical Building Information Modelling (HBIM) in architectural restoration project. Automation in
Construction, 143. doi:10.1016/j.autcon.2022.104551

Noronha Pinto de Oliveira e Sousa, M., & Correa, F. R. (2023). Towards digital twins for heritage buildings: A
workflow proposal. International Journal of Architectural Computing. doi:10.1177/14780771231168226

Nour El-Din, M., Pereira, P. F., Pocas Martins, J., & Ramos, N. M. M. (2022). Digital Twins for Construction
Assets Using BIM Standard Specifications. Buildings, 12(12). doi:10.3390/buildings12122155

Ochs, F., Franzoi, N., Dermentzis, G., Monteleone, W., & Magni, M. (2023). Monitoring and simulation-based
optimization of two multi-apartment NZEBs with heat pump, solar thermal and PV. Journal of Building
Performance Simulation. doi:10.1080/19401493.2023.2227605

Pan, Y., Braun, A., Borrmann, A., & Brilakis, I. (2022). 3D deep-learning-enhanced void-growing approach in
creating geometric digital twins of buildings. Proceedings of the Institution of Civil Engineers: Smart
Infrastructure and Construction, 176(1), 24-40. doi:10.1680/jsmic.21.00035

Pan, Y., Braun, A., Brilakis, 1., & Borrmann, A. (2022). Enriching geometric digital twins of buildings with small
objects by fusing laser scanning and Al-based image recognition. Automation in Construction, 140.
doi:10.1016/j.autcon.2022.104375

Pauwels, P., de Koning, R., Hendrikx, B., & Torta, E. (2023). Live semantic data from building digital twins for
robot navigation: Overview of data transfer methods. Advanced Engineering Informatics, 56.
doi:10.1016/j.2¢1.2023.101959

Porsani, G. B., de Lersundi, K. D. V., Gutiérrez, A. S. O., & Bandera, C. F. (2021). Interoperability between
building information modelling (Bim) and building energy model (bem). Applied Sciences (Switzerland), 11(5),
1-20. doi:10.3390/app11052167

Pour Rahimian, F., Dawood, N., Ghaffarianhoseini, A., & Ghaffarianhoseini, A. (2022). Guest editorial: Enabling
the development and implementation of digital twins. Construction Innovation, 22(3), 405-411. doi:10.1108/CI-
07-2022-247

Pregnolato, M., Gunner, S., Voyagaki, E., De Risi, R., Carhart, N., Gavriel, G., . . . Taylor, C. (2022). Towards
Civil Engineering 4.0: Concept, workflow and application of Digital Twins for existing infrastructure. Automation
in Construction, 141. doi:10.1016/j.autcon.2022.104421

Rafsanjani, H. N., & Nabizadeh, A. H. (2023). Towards digital architecture, engineering, and construction (AEC)

industry through virtual design and construction (VDC) and digital twin. Energy and Built Environment, 4(2),
169-178. doi:10.1016/j.enbenv.2021.10.004

1217



Rampini, L., & Re Cecconi, F. (2022). ARTIFICIAL INTELLIGENCE IN CONSTRUCTION ASSET
MANAGEMENT: A REVIEW OF PRESENT STATUS, CHALLENGES AND FUTURE OPPORTUNITIES.
Journal of Information Technology in Construction, 27, 884-913. doi:10.36680/j.itcon.2022.043

Sacks, R., Brilakis, 1., Pikas, E., Xie, H. S., & Girolami, M. (2020). Construction with digital twin information
systems. Data-Centric Engineering, 1, el14. doi:10.1017/dce.2020.16

Sagarna, M., Otaduy, J. P., Mora, F., & Leon, 1. (2022). Analysis of the State of Building Conservation through
Study of Damage and Its Evolution with the State of Conservation Assessment BIM Model (SCABIM). Applied
Sciences (Switzerland), 12(14). doi:10.3390/app12147259

Sepasgozar, S. M. E., Khan, A. A., Smith, K., Romero, J. G., Shen, X., Shirowzhan, S., . . . Tahmasebinia, F.
(2023). BIM and Digital Twin for Developing Convergence Technologies as Future of Digital Construction.
Buildings, 13(2). doi:10.3390/buildings13020441

Shahinmoghadam, M., Natephra, W., & Motamedi, A. (2021). BIM- and IoT-based virtual reality tool for real-
time thermal comfort assessment in building enclosures. Building and Environment, 199.
doi:10.1016/j.buildenv.2021.107905

Shen, K., Ding, L., & Wang, C. C. (2022). Development of a Framework to Support Whole-Life-Cycle Net-Zero-
Carbon Buildings through Integration of Building Information Modelling and Digital Twins. Buildings, 12(10).
doi:10.3390/buildings12101747

Spudys, P., Afxentiou, N., Georgali, P. Z., Klumbyte, E., Jurelionis, A., & Fokaides, P. (2023). Classifying the
operational energy performance of buildings with the use of digital twins. Energy and Buildings, 290.
doi:10.1016/j.enbuild.2023.113106

Tagliabue, L. C., Cecconi, F. R., Maltese, S., Rinaldi, S., Ciribini, A. L. C., & Flammini, A. (2021). Leveraging
digital twin for sustainability assessment of an educational building. Sustainability (Switzerland), 13(2), 1-16.
doi:10.3390/su13020480

Tan, J., Leng, J., Zeng, X., Feng, D., & Yu, P. (2022). Digital Twin for Xiegong’s Architectural Archaeological
Research: A Case Study of Xuanluo Hall, Sichuan, China. Buildings, 12(7). doi:10.3390/buildings12071053

Tang, Y., Gao, F., Wang, C., Huang, M. M., Wu, M., Li, H., & Li, Z. (2023). Vertical Greenery System (VGS)
Renovation for Sustainable Arcade-Housing: Building Energy Efficiency Analysis Based on Digital Twin.
Sustainability, 15(3), 2310. doi:10.3390/5u15032310

Xie, X., Lu, Q., Rodenas-Herraiz, D., Parlikad, A. K., & Schooling, J. M. (2020). Visualised inspection system
for monitoring environmental anomalies during daily operation and maintenance. Engineering, Construction and
Architectural Management, 27(8), 1835-1852. doi:10.1108/ECAM-11-2019-0640

Xu, F., Xia, P., You, H., & Du, J. (2022). Robotic Cross-Platform Sensor Fusion and Augmented Visualization for
Large Indoor Space Reality Capture. Journal of Computing in Civil Engineering, 36(6).
doi:10.1061/(ASCE)CP.1943-5487.0001047

Zhao, L., Zhang, H., Wang, Q., Sun, B., Liu, W., Qu, K., & Shen, X. (2022). Digital Twin Evaluation of
Environment and Health of Public Toilet Ventilation Design Based on Building Information Modeling. Buildings,
12(4). doi:10.3390/buildings 12040470

Zhou, J., Zhang, S., & Gu, M. (2022). Revisiting digital twins: Origins, fundamentals, and practices. Frontiers of
Engineering Management, 9(4), 668-676. doi:10.1007/s42524-022-0216-2

1218



	title page
	copyright page
	Table of contents
	Conference Committee
	Organizing Institutions
	Foreword
	Daniel Napps, Markus König, Investigation of the Acceptance of Virtual Reality for Planning Decisions in Early Design Phases
	Christoph Blut, Tristan Kinnen, Jörg Blankenbach, Dirk Heidermann, Felix Schellong, Building Inspector XR: Streamlining Scan-to-BIM with Virtual and Mixed Reality  
	Corentin Coupry, Paul Richard, David Bigaud, Sylvain Noblecourt, David Baudry, The Value of Extended Reality Techniques to Improve Remote Collaborative Maintenance Operations: A User Study  
	Mario Wolf, Jochen Teizer, Creation and Acceptance of Low-Threshold Mobile Training on Sustainability in Construction  
	Mohamed Assaf, Rafik Lemouchi, Mohamed Al-Hussein, Xinming Li, A Collaborative Planning Model for Offsite Construction Based on Virtual Reality and Game Engines  
	Anthony Yusuf, Abiola Akanmu, Adedeji Afolabi, Homero Murzi, Prediction of Cognitive Load during Industry-Academia Collaboration via a Web Platform  
	Shahin Sateei, Mattias Roupe, Mikael Johansson, Transitioning from 2D to VR in Design Review – Resistance to Engagement  
	Mikael Johansson, Mattias Roupé, Mikael Viklund Tallgren, Collaborative Site Layout Planning Using Multi-Touch Table and Immersive VR  
	Eleonora D’Ascenzi, Vito Getuli, Irene Fiesoli, Application of Smart Technologies for Assessing Users’ Well-Being for Immersive Design Strategies: A State-of-the-Art Review  
	Girish Srivatsa Rentala, Yimin Zhu, Investigating the Ability of Immersive Virtual Environments to Facilitate Occupant Thermal State Data Collection Involving Face Masks  
	Leonardo Messi, Francesco Spegni, Massimo Vaccarini, Alessandra Corneli, Leonardo Binni, Seamless Indoor/Outdoor Marker-Less Augmented Reality Registration Supporting Facility Management Operations  
	Xiang Yuan, Qipei Mei, Xinming Li, Integrating Real-Time Object Detection into an AR-Driven Task Assistance Prototype: An Approach Towards Reducing Specific Motions in Therbligs Theory  
	Naotaka Sumida, Taira Ozaki, Satoshi Kubota, Dan Hiroshige, Yoshihiro Yasumuro, Visualization of Weather-Aware Ambient Heat Risks 
With Global Illumination in Game Engine  
	Ivan Mutis, Marina Oberemok, Nishanth Purushotham, Improving Sense-Making for Construction Planning Tasks Using Visual and Haptic Stimuli in Virtual Reality Environments  
	Kilian Speiser, Kepeng Hong, Jochen Teizer, Enhancing the Realism of Virtual Construction Safety Training: Integration of Real-Time Location Systems for Real-World Hazard Simulations  
	Roghieh Eskandari, Ali Motamedi, Visibility Enhancement of Crane Operators Using BIM-Based Diminished Reality  
	Khalid Amin, Grant Mills, Duncan Wilson, Karim Farghaly, Adapting BIM-Based AR Positioning Techniques to the Construction Site  
	Rafik Lemouchi, Mohamed Assaf, Mohamed Al-Hussein, Khaoula Boutouhami, Ahmed Bouferguene, Safety Training for Rigging Using Virtual Reality  
	Alessandra Corneli, Berardo Naticchia, Massimo Vaccarini, Alessandro Carbonari, Francesco Spegni, Application of Diminished Reality for Construction Site Safety Management  
	Monica Meocci, Alessandro Terrosi, Andrea Paliotto, Francesca La Torre, Irene Infante, Driving Simulator for Road Safety Design: A Comparison Between Virtual Reality Tests and In-Field Tests  
	Fadi Castronovo, Seyedreza Razavialavi, Abdullahi Abdulrahman, Mohammed Rayan Saiba, Pablo Martinez Rodriguez, Assessing Impacts of Immersive Virtual Reality-Based Design Reviews on Learners’ Self-Efficacy  
	Xuanchang Liu, Ivan Mutis, Cognitive Dynamics for Construction Management Learning Tasks in Mixed Reality Environments  
	Anthony Yusuf, Adedeji Afolabi, Abiola Akanmu, Johnson Olayiwola, Evaluation of Computer Vision-Aided Multimedia Learning in Construction Engineering Education  
	Marco Bragadin, Caterina Morganti, Pier Carlo Ricci, Emlyn Witt, Kalle Kähkönen, Puolitaival Taija, BIM-Based Open Learning Resources Repository for the Benedict Project  
	Aso Hajirasouli, Vito Getuli, Alessandro Bruttini, Tommaso Sorbi, Pietro Capone, Towards a Digital Era in AEC Higher Education: Combining Theory and Technology to Develop and Deliver Architectural Master Classes  
	Caolan Plumb, Farzad Rahimian, Diptangshu Pandit, Hannah Thomas, Nigel Clark, A Framework for Realistic Virtual Representation for Immersive Training Environments.  
	Vito Getuli, Valentina Fornasari, Alessandro Bruttini, Tommaso Sorbi, Pietro Capone, Evaluation of Immersive VR Experiences for Safety Training of Construction Workers: A Semi-Qualitative Approach Proposal  
	Nana Akua Adu-Amankwa, Farzad Rahimian, Nashwan Dawood, Enhancing Collaboration with Blockchain-Enabled Digital Twins: Perspectives from Stakeholders in the Built Environment  
	Xuling Ye, Xingyu Tao, Jack C. P. Cheng, Markus König, Blockchain-BPMN Integrated Framework for Construction Management  
	Xingyu Tao, Xingbo Gong, Moumita Das, Yuqing Xu, Hao Liu, Jack Cp Cheng, Chengliang Zheng, Fast and Secure BIM Design Using Blockchain: An Example of Makeshift Hospital Project for COVID-19 Treatment in Hong Kong  
	Xingbo Gong, Xingyu Tao, Moumita Das, Helen H.L. Kwok, Jack C.P. Cheng, Integrating ESG Factors into Construction Projects: A Blockchain-Based Data Management Approach  
	Moumita Das, Xingyu Tao, Yuxing Xu, Jack C. P. Cheng, A Blockchain-Based Secure Submission Management Framework for Design and Construction Phases  
	Lingming Kong, Rui Zhao, Fan Xue, Zero-Knowledge Proof for Trusted Construction Management: A Preliminary Study of Adaptive Blockchain BIM Identity Authentication  
	Oluwatoyin Lawal, Nawari Nawari, Leveraging Smart Contracts in Building Information Modeling (BIM) for Unified Project Execution: A Theoretical Framework.  
	Mehrtash Soltani, Dohyeong Kim, Akeem Pedro, Jaehun Yang, Si Tran, Doyeop Lee, Chansik Park, iSafeIncentive: Transforming Construction Safety Culture through Blockchain Incentives  
	Franck Romuald Fotso Mtope, Sina Joneidy, Diptangshu Pandit, Farzad Rahimian, Multi-Aspectual Knowledge Elicitation for Procurement Optimization in a Warehouse Company  
	David King, Nadeeshani Wanigarathna, Keith Jones, Joseph Ofori-Kuragu, A Systematic Literature Review to Identify a Methodological Approach for Use in the Modelling and Forecasting of Capital Expenditure of Hyperscale Data Centres  
	Zhe Chen, Zhengting Guo, Fan Xue, A Value Stream Mapping Approach to the Identification of Lean Management Opportunities for Off-Site Construction Production: A Case of Reinforced Concrete Slabs  
	David King, Nadeeshani Wanigarathna, Keith Jones, Joseph Ofori-Kuragu, Bayes Theory as a Methodological Approach to Assess the Impact of Location Variables of Hyperscale Data Centres: Testing a Concept  
	Giuseppe Martino Di Giuda, Elisa Cacciaguerra, Francesco Paleari, Marco Schievano, Stefano Campi, Alessandro Tucci, University Asset Digitalization Guidelines: The Pilot Case of Politecnico di Milano Real Estate  
	Giuseppe Martino Di Giuda, Daniele Accardo, Paola Gasbarri, Silvia Meschini, Lavinia Chiara Tagliabue, Laura Scomparin, BIM-GIS and BI Integration for Facility and Occupancy Management of University Assets: The UNITO Pilot Case  
	Mattia Mangia, Carla Di Biccari, Mattias Roupé, Towards a Framework for Railway Network Assets Management Based on BIM/GIS Integration  
	Paola Federici, Daniela Julea, Sara Comai, Kavita Raj, Silvia Mastrolembo Ventura, Giuseppe Rigamonti, Giorgio Paolo Maria Vassena, Angelo Luigi Camillo Ciribini, Integration Between Enterprise Resource Planning and Building Information Modelling  
	Vincenzo Donato, Andrea Bongini, Marco Sparacino, Development of an Automated Workflow in the Field of Fire Prevention Using Building Information Modeling  
	Panos Karaiskos, Tulio Sulbaran, Data-Driven Construction and Operating Cost Decision Support Through Techno-Economic Analysis: Residential Case Study  
	Syed Haseeb Ahmad, Melissa Chan, Wei Yang, Hongyu Jin, Amirhossein Heravi, Building Information Modelling (BIM) for Construction Supply Chain: A Scientometric Analysis  
	Eleanor Hayden, Melissa Chan, David van Kan, Victor Arowoiya, Mohd. Amizan Mohamed, E-Procurement in the Australian Construction Industry: Benefits, Barriers, and Adoption  
	Bartu Kologlu, Deniz Artan, A Preliminary Investigation of Knowledge Management Tools for the Construction Sector  
	Suhyung Jang, Ghang Lee, Improving BIM Authoring Process Reproducibility with Enhanced BIM Logging  
	Nazi Soltanmohammadlou, Sara Rashidian, Carol K. H Hon, Robin Drogemuller, Sara Omrani, Towards Construction Safety Management Maturity Model in the Industry 4.0 Era: A State-of-the-Art Review  
	Silvia Mastrolembo Ventura, Sara Comai, Francesca Noardo, Kavita Raj, Angelo L.C. Ciribini, Integrated GeBIM Requirements Definition for Digital Building Permit  
	Ailin Zerafat, Emmanuel Daniel, Louis Gyoh, A Systematic Review of the Impacts of Digitalization on Project Management  
	Tulio Sulbaran, Evaluating the Comprehension of Construction Schedules of an Artificial Intelligence  
	Xinqi Liu, Jihua Wang,  Ruopan Huang, Wei Pan, Multi-Robot Federated Edge Learning Framework for Efficient Coordination and Information Management in Smart Construction  
	Jochen Teizer, Kepeng Hong, Asger D. Larsen, Marcus B. Nilsen, Robotic Assembly and Reuse of Modular Elements in the Supply Chain of a Learning Factory for Construction and in the Context of Circular Economy  
	Efraim Ljung, Mikael Viklund Tallgren, Mattias Roupe, Mikael Johansson, Identifying and Developing Prerequisites for Takt Planning in a BIM-Based Construction Process  
	Pavan Kumar, Aritra Pal, Yun-Tsui Chang, Shang-Hsien Hsieh, FCM-Enabled Approach for Investigating Interdependencies of BIM Performance Factors in the Sustainable Built Environment  
	Xiao Han, Cheng-Hsuan Yang, Yuxiang Chen, Alejandra Hernandez Sanchez, A Robotic Method to Insert Batt Insulation into Light-Frame Wood Wall for Panel Prefabrications  
	Mehdi Keshtkar, Emmanuel Daniel, Louis Gyoh, The Impacts of Digital Fabrication on the Construction Industry: A Systematic Review  
	Keyur Joshi, Angelina Aziz, Philip Dietrich, Markus König, Efficient Data Curation Using Active Learning for a Video-Based Fire Detection  
	Dai Quoc Tran, Yuntae Jeon, Seongwoo Son, Minsoo Park, Seunghee Park, Identifying Hazards in Construction Sites Using Deep Learning-Based Multimodal with CCTV Data  
	Minsoo Park, Seungsoo Lee, Woonggyu Choi, Yuntae Jeon, Dai Quoc Tran, Seunghee Park, Deep Learning-Based Pose Estimation for Identifying Potential Fall Hazards of Construction Worker  
	Seungsoo Lee, Seongwoo Son, Pa Pa Win Aung, Minsoo Park, Seunghee Park, Deep Learning Based Pose Estimation of Scaffold Fall Accident Safety Monitoring  
	Peter Kok-Yiu Wong, Synge C. P. Lam, Isabel Y. N. Lee, Felix C. L. Ting, Jack C. P. Cheng, Pak Him Leung, Predictive Safety Monitoring for Lifting Operations with Vision-Based Crane-Worker Conflict Prediction  
	Tomu Muraoka, Satoshi Kubota, Yoshihiro Yasumuro, Localizing and Visualizing the Degree of People Crowding with an Omnidirectional Camera by Different Times  
	Syed Farhan Alam Zaidi, Rahat Hussain, Muhammad Sibtain Abbas, Jaehun Yang, Doyeop Lee, Chansik Park, iSafe Welding System: Computer Vision-Based Monitoring System for Safe Welding Work  
	Muhammad Sibtain Abbas, Aqsa Sabir, Nasrullah Khan, Syed Farhan Alam Zaidi, Rahat Hussain, Jaehun Yang, Chansik Park, Computer Vision-Based Monitoring Framework for Forklift Safety at Construction Site  
	Hakan Bayer, Benedikt Faltin, Markus König, Automated Extraction of Bridge Gradient from Drawings Using Deep Learning  
	Abiola Akanmu, Adedeji Afolabi, Akinwale Okunola, Predicting Mental Workload of Using Exoskeletons for Construction Work: A Deep Learning Approach  
	Aqsa Sabir, Rahat Hussain, Syed Farhan Alam Zaidi, Akeem Pedro, Mehrtash Soltani, Dongmin Lee, Chansik Park, Utilizing 360-Degree Images for Synthetic Data Generation in Construction Scenarios  
	Ahmet Esat Keser, Onur Behzat Tokdemir, Machine Learning-Based Construction Planning and Forecasting Model  
	Sven Zentgraf, Sherief Ali, Markus König, Concept for Enriching NISO-STS Standards with Machine-Readable Requirements and Validation Rules  
	Ori Ashkenazi, Shabtai Isaac, Alberto Giretti, Alessandro Carbonari, Dilan Durmus, Transforming Building Industry Knowledge Management: A Study on the Role of Large Language Models in Fire Safety Planning  
	Zhengyi Chen, Changhao Song, Xiao Zhang, Jack Cheng, Scheduling Optimization of Electric Ready Mixed Concrete Vehicles Using an Improved Model-Based Reinforcement Learning  
	Yuan Zheng, Olli Seppänen, Sebastian Seiß, Jürgen Melzner, Testing ChatGPT-Aided SPARQL Generation for Semantic Construction Information Retrieval  
	Si Tran, Nasrullah Khan, Emmanuel Charles Kimito, Akeem Pedro, Mehrtash Sotani, Rahat Hussain, Taehan Yoo, Chansik Park, Extracting Information from Construction Safety Requirements Using Large Language Model  
	Cassia De Lian Cui, Antonio Fioravanti, Edoardo Currà, Davide Simeone, Stefano Cursi, Modelling and Managing Built Heritage Knowledge: An Ontology-Based Approach for Multi-Layered Archaeologies and Historical Production Process Representation  
	Maria Laura Leonardi, Stefano Cursi, Daniel V. Oliveira, Miguel Azenha, Elena Gigliarelli, Linked Data for the Categorization of Failures Mechanisms in Existing Unreinforced Masonry Buildings  
	Chanachok Chokwitthaya, Yimin Zhu, Weizhuo Lu, Virtual Human-Building Interaction Experimentation Ontology (VHBIEO): A VHBIEO-Based Metadata-Driven Exploration  
	Jacopo Cassandro, Claudio Mirarchi, Alberto Pavan, Maria Grazia Donatiello, Carlo Zanchetta, Consistency Verification Between Cost and Geometric Information Based on IFC: Application on Structural Elements  
	Jacopo Cassandro, Claudio Mirarchi, Alberto Pavan, Andrea Zamborlini, Carlo Zanchetta, Semantic Web Based Integration Between BIM Cost and Geometric Domains  
	Sebastian Seiß, Markus Boden, Jürgen Melzner, Yuan Zheng, Delval Thibaut, Rayan El Chamaa, Ontology-Based Construction Inspection Planning: A Case Study of Thermal Building Insulation  
	Chiara Gatto, Maryam Gholamzadehmir, Marta Zampogna, Claudio Mirarchi, Alberto Pavan, An Automated Framework for Ensuring Information Consistency in Price List Tendering Document  
	Karim Farghaly, Khalid Amin, Grant Mills, Duncan Wilson, Enhancing Interactions in Augmented Reality for Construction Sites: Introducing the Archi Ontology  
	Roy Lan, Tulio Sulbaran, A Review of Computer Vision-Based Progress Monitoring for Effective Decision Making  
	Apostolia Gounaridou, Evangelia Pantraki, Vasileios Dimitriadis, Athanasios Tsakiris, Dimosthenis Ioannidis, Dimitrios Tzovaras, Semi-Automated Visual Quality Control Inspection During Construction or Renovation of Railways Using Deep Learning Techniques 
	Benedikt Faltin, Damaris Gann, Markus König, A Comparative Study of Deep Learning Models for Symbol Detection in Technical Drawings  
	Haritha Jayasinghe, Ioannis Brilakis, Topological Relationship Modelling for Industrial Facility Digitisation Using Graph Neural Networks  
	Mingkai Li, Peter Kok-Yiu Wong, Cong Huang, Jack Chin-Pang Cheng, Indoor Trajectory Reconstruction Using Building Information Modeling and Graph Neural Networks  
	Marco Lorenzo Trani, Federica Madaschi, Image Segmentation Applied to Urban Surface and Aerial Constraints Analysis  
	Youngjin Yoo, Hyun Jeong, Youngchae Kim, Seung Hyun Cha and Jin-Kook Lee, Generative Design Intuition from the Fine-Tuned Models of Named Architects’ Style  
	Hayoung Jo, Sumin Chae, Su Hyung Choi, Jin-Kook Lee, Planning Alternative Building Façade Designs Using Image Generative AI and Local Identity  
	Fangli Hou, Jun Ma, Jack Cheng, Helen Kwok, Early Detection and Reconstruction of Abnormal Data Using Hybrid VAE-LSTM Framework  
	Sumin Chae, Hayoung Jo, Bomin Kim, Jin-Kook Lee, Reflecting Users’ Physical Characteristics in Spatial Visualization  
	Hyun Jeong, Youngchae Kim, Youngjin Yoo, Seunghyun Cha, Jin-kook Lee, Gen AI and Interior Design Representation: Applying Design Styles Using Fine-Tuned Models  
	Bomin Kim, Sumin Chae, Youngjin Yoo, Jin-Kook Lee, Early Visualization Approach to the Generative Architectural Simulation Using Light Analysis Images  
	Liu Yang, Boyu Wang, Jack C.P. Cheng, Peipei Liu, Hoon Sohn, Real-Time Geometry Assessment Using Laser Line Scanner During Laser Powder Directed Energy Deposition Additive Manufacturing of SS316L Component with Sharp Feature  
	Youngsun Chung, Daeyoung Gil, Ghang Lee, Optimal Number of Cue Objects for Photo-Based Indoor Localization  
	Stefano Cascone, Integrating Green Roofs into Building Information Modeling (BIM): A Computational Approach for Sustainable Building Design  
	Milad Katebi, Mani Poshdar, Mostafa Babaeian Jelodar, Morteza Zihayat, Enhancing Disaster Resilience Studies: Leveraging Linked Data and Natural Language Processing for Consistent Open-Ended Interviews  
	Gregorius A. Sentosa, Agung Fajarwanto, Amy R. Widyastuti, Achmad Luthfi Naufal, Ni Putu Pande Dhea, Abdul Rahman Kadir, Muhammad Yunus Amar, Engineering Analysis Impact on Carbon Emission Reduction of an Infrastructure Project: A Case Study of Semantok D
	Carlo Zanchetta, Martina Giorio, Maria Grazia Donatiello, Federico Rossi, Rossana Paparella, Solar Potential and Energy Assessment Data in U-BEM Models: Interoperability Analysis Between Performance Simulation Tools and OpenBIM/GIS Platforms  
	Aya Ali Shihata, Mohamed Anwar Fekry, Wessam Hamdy Abbas, Implementation of Building Information Modeling (BIM) for Economic Sustainable Construction Minimizing Material Waste in Terms of Value Engineering  
	Aritra Pal, Yun-Tsui Chang, Chien-Wen Chen, Chen-Hung Wu, Pavan Kumar, Shang-Hsien Hsieh, Building Rooftop Analysis for Solar Panel Installation Through Point Cloud Classification - A Case Study of National Taiwan University  
	Yikun Yang, Yiqun Pan, Georg Suter, Semi-Automatic Workflow for Air-Conditioning System Zoning and Simulation  
	Dragana Nikolic, Ian Ewart, Going Beyond Energy Consumption: Digital Twins for Achieving Socio-Ecological Sustainability in the Built Environment  
	Nnaemeka Nwankwo, Ezekiel Chinyio, Emmanuel Daniel, Louis Gyoh, Application of the Internet of Things (IoT) for Energy Efficiency in Buildings: A Bibliometric Review.  
	Jiajia Wang, Geoffrey Qiping Shen, Fan Xue, Carbon Tracking in the Building Sector: A ‘CABBAGE’ Framework  
	Elena Imani, Huda Dawood, Nashwan Dawood, Annalisa Occhipinti, Retrofitting of Buildings to Improve Energy Efficiency: A Comprehensive Systematic Literature Review and Future Research Directions  
	Carlo Biagini, Alberto Aglietti, Andrea Bongini, A BIM-Based Approach to the Management of Historic Bridges  
	Nobuyoshi Yabuki, Tomohiro Fukuda, Ryu Izutsu, As-Built Detection of Structures by the Segmentation of Three-Dimensional Models and Point Cloud Data  
	Stefano Tagliatti, Marco Alvise Bragadin, Fire Safety Engineering: The Computational Simulation of the Escape in a Historic Building in Bologna  
	Shirin Malihi, Frederic Bosche, Martin Bueno Esposito, Quantifying the Confidence in Models Outputted by Scan-To-BIM Processes  
	Nao Hidaka, Naofumi Hashimoto, Tetsuya Nonaka, Makoto Obata, Kazuya Magoshi, Ei Watanabe, Construction of a Practical Finite Element Model from Point Cloud Data for an Existing Steel Truss Bridge  
	Carlo Biagini, Alberto Aglietti, Luca Marzi, Andrea Bongini, A BIM-Based Framework for Facility Management Data Integration in Heritage Assets  
	Wafa Bounaouara, Louis Rivest, Antoine Tahan, Combining Large-Scale 3D Metrology and Mixed Reality for Assembly Quality Control in Modular Construction  
	Cecilia Maria Roberta Luschi, Alessandra Vezzi, Building’s Twin Reconstruction  
	Alessandro Bruttini, Philipp Hagedorn, Felix Cleve, Vito Getuli, Pietro Capone, Markus König, A Semantic Digital Twin Prototype for Workplace Performance Assessment  
	Modupe Sobowale, Faris Elghaish, Tara Brooks, A Systematic Review of Digital Twin as a Predictive Maintenance Approach for Existing Buildings in the UK  
	Rizky Agung Saputra, Agung Fajarwanto, Amy Rachmadhani Widyastuti, Sari Gita Wardani, Danang Aris Munandar, Herdy Setiawan, Abdul Rahman Kadir and Amar Muhammad Yunus Amar, Project Management Information System (PMIS) Dashboard as a Digital Twin to Enhanc
	Abiola Akanmu, Adedeji Afolabi, Akinwale Okunola, Human-in-the-Loop Digital Twin Framework for Assessing Ergonomic Implications of Exoskeletons  
	Alessandra Corneli, Marianna Rotilio, Urban Centres Management: A Digital Twin Approach  
	Chady Elias, Raja Issa, Digital Twins for Smart Decision Making in Asset Management

