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A B S T R A C T   

A Digital Twin (DT) is a digital copy of a real-world object or process. Although DT has gained traction in 
construction, its relationship with sustainable success remains insufficiently studied. This research addresses this 
gap by investigating barriers to implementing DT in sustainable construction. The study employs a hybrid 
approach involving literature review, expert interviews, and modeling techniques, with data collected from 108 
construction experts based on a number of criteria, including the experience, degree, and familiarity of the 
experts about the Hong Kong building and construction sector Hong Kong. The findings reveal 45 barriers 
categorized into six clusters, including notable obstacles such as "legacy systems," "data uncertainties," and 
"connectivity." The key clusters identified are "performance" and "security," while the "social" aspect of sus-
tainable success is least supported. Recognizing these challenges assists decision-makers in navigating obstacles 
and utilizing DT for environmentally conscious construction, streamlined processes, and positive societal im-
pacts. Future research could delve into integrating sustainability throughout the project lifecycle using tech-
nology adoption theories.   

1. Introduction 

In the era of Industry 4.0, DTs have emerged as a transformative 
technology, revolutionizing industries by leveraging advanced digital 
technologies to create virtual replicas of physical objects and processes 
(Arrichiello & Gualeni, 2020). Their applications span various sectors, 
including manufacturing, healthcare, transportation, and construction. 
DTs hold immense promise in the construction sector, enabling 
improved planning, design, simulation, real-time monitoring, predictive 
maintenance, and collaboration among stakeholders (Ammar et al., 
2022). DTs refer to digital representations or virtual replicas of physical 
assets, systems, or processes in the construction industry. They utilize 
various data sources, including sensors, Internet of Things (IoT) devices, 
and other technologies, to capture and monitor real-time information 
about the physical counterpart. The purpose of DTs is to facilitate 
simulation, analysis, and optimization of the physical asset’s 

performance, enabling better decision-making, predictive maintenance, 
and overall efficiency in construction projects. DTs are a key enabler in 
Industry 4.0 systems (Broo & Schooling, 2021), a digital model intended 
to represent a tangible thing or system faithfully. Aerospace was the first 
industry where DTs were implemented, but today, they are used in a 
wide range of fields, including construction, healthcare, industrial 
manufacturing, aviation and automobiles, meteorology, education, and 
building smart cities and entire countries (Souza et al., 2019). 

The purpose of DTs is to redesign existing physical objects or eval-
uate the designed objects’ performance. Design, production, prognos-
tics, and health management were some of DTs’ most common industrial 
applications. In comparison, various industries have utilised simulation 
techniques, including aerospace, construction, automotive, and oil and 
gas, for several decades (Arrichiello & Gualeni, 2020). DTs are based on 
traditional simulation techniques (e.g., continuous and discrete event 
simulation); their real-time simulation capability opens numerous other 
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applications (Arrichiello & Gualeni, 2020). For instance, there are 
continuous facilities in petrochemical industries, large-batch production 
in cement, and small-batch production in pharmaceutical and food in-
dustries, where DTs have been used (Gunasekaran et al., 2020). In 
addition, three digital models exist, including digital models, shadows, 
and twins (Wang & Wang, 2019). Digital models are 
computer-generated representations of physical objects or systems 
widely used in industries such as architecture, engineering, and design 
(AEC). Shadows are visual effects in computer graphics and video games 
that simulate how light interacts with objects. Twins, on the other hand, 
is a term that requires more context to understand its meaning in the 
digital world. 

DTs have been increasingly used in construction in recent years. DTs 
are virtual replicas of physical assets, such as buildings or infrastructure 
that integrate data from various sources, including sensors, Building 
Information Modeling (BIM) software, and Internet of Things (IoT) de-
vices (Gunasekaran et al., 2020). In construction, DTs can be used to 
simulate the construction process, optimize design, detect potential 
problems, and monitor the building’s performance during its lifecycle. 
For example, a DT can test different construction methods and predict 
how they will impact the building’s energy consumption, structural 
integrity, and overall sustainability (Preuveneers et al., 2018). However, 
there is still a knowledge gap in using DTs in construction. DTs are a 
relatively new technology, and their implementation requires expertise 
in various fields, such as BIM, data analytics, and software development 
(Arrichiello & Gualeni, 2020). 

Furthermore, there are still challenges in integrating different data 
sources into a single DT, ensuring data accuracy, and maintaining the 
DT’s usability throughout the building’s lifecycle. Addressing these 
challenges requires more research and collaboration among various 
stakeholders, including construction companies, software developers, 
and data analysts. This study reviewed the scientific literature to un-
derstand how the DTs operate in Industry 4.0. Having been initially 
developed for the aerospace industry, its application to the construction 
industry was enhanced by defining the role of DTs and identifying their 
benefits (Borangiu et al., 2019). 

Besides assessing health conditions and planning maintenance ac-
tivities, three possibilities of how DTs might be used: are lifecycle 
management, engineering improvements, and numerical analysis to 
improve decision-making (Ammar et al., 2021). Based on the results 
presented, readers could better understand established concepts, cate-
gorize existing literature, and better understand the lifecycle perspective 
on applications, as well as suggest future directions for subsequent 
research (Stark et al., 2019). The definition of the product also included 
domain-specific modeling and simulation in addition to function 
modeling. A life cycle-oriented application of DTs at the product reali-
zation stage includes coping with unexpected events, integrating prod-
ucts with services during product use, and supporting continuous 
monitoring operations during service and maintenance (Lee et al., 
2019). Creating and verifying suitable measuring tools to investigate the 
relationship between DT’s barriers on OSS is essential. Though some 
research has been undertaken on improving the construction-related 
processes using DT-based technologies, there hasn’t been much 
research into the obstacles preventing such deployment, let alone re-
lationships between these barriers and the successful implementation of 
sustainable construction projects. 

Based on the knowledge gaps mentioned above, this study aims to 
tackle the following research questions:  

(1) What are the critical barriers impeding the implementation of DT 
in sustainable construction projects? 

(2) How could the significance of the barriers within the same clus-
ters be unraveled? 

(3) How could the significance of the clusters concerning the adop-
tion of DTs in sustainable construction projects be unraveled? 

(4) What are the relationships between the digital twin imple-
mentation barriers and OSS? 

To prudently answer the abovementioned research questions, this 
study adopts a hybrid methodological approach, combining a systematic 
review, expert interviews, and PLS-SEM analysis. The systematic review 
provides a comprehensive literature overview, while expert interviews 
offer real-world insights. PLS-SEM enables quantitative analysis of the 
data. These methods complement each other, allowing us to address the 
research questions comprehensively. The systematic review identifies 
gaps, expert interviews provide contextual understanding, and PLS-SEM 
quantitatively examines the relationships between barriers and sus-
tainability. This hybrid approach enhances the validity and depth of our 
findings, giving valuable insights into the barriers to DT implementation 
in sustainable construction projects. Data was collected from qualified 
respondents with relevant experience in the Hong Kong building and 
construction sector from academia and industry. The findings of this 
study contribute to our understanding of what influences the imple-
mentation of DTs in construction. Understanding the barriers to DT 
implementation in sustainable construction projects is vital for 
improving construction practices, increasing sustainability, and 
enhancing OSS in the industry. By addressing these barriers, construc-
tion practices can be enhanced through advanced technologies and data- 
driven decision-making, improving project performance. 

Furthermore, overcoming these barriers promotes resource effi-
ciency, reduces environmental impacts, and aligns with global sustain-
ability targets, contributing to long-term sustainability. Enhanced OSS is 
achieved through streamlined processes, cost reduction, stakeholder 
engagement, and positive socioeconomic impacts, ensuring the industry 
meets evolving needs and demonstrates its sustainability commitment. 
The unique contribution of our study lies in its comprehensive exami-
nation of the barriers to DT implementation in sustainable construction 
projects. By integrating a systematic review, expert interviews, and PLS- 
SEM analysis, our research advances our understanding of these bar-
riers, providing valuable insights for the AEC industries, industry 
stakeholders, and policymakers. The findings can potentially guide the 
development of effective strategies for DT implementation, enhancing 
project outcomes and promoting sustainable construction practices. The 
rest of the paper will proceed as follows. Section 2 presents a succinct 
summary of the literature review, previous studies of similar topics, and 
our research hypothesis and model. Section 3 describes the research 
methods. The results of the study are illustrated in Section 4. In Section 
5, the findings are discussed in detail. Sections 6 and 7 elaborates on the 
derived limitations, conclusions, and future works. 

2. Literature review 

2.1. Definition and components of DTs 

DTs are virtual replicas of physical entities that enable real-time 
monitoring, analysis, and simulation. They consist of several essential 
components, including data integration, modeling and simulation, an-
alytics, and visualization. Data integration involves aggregating data 
from various sources, while modeling and simulation create a virtual 
representation of the physical system (Yoon, 2023). Analytics tech-
niques analyze the data and model outputs to derive insights and make 
predictions. Visualization provides intuitive representations for stake-
holders to interact with the digital twin and gain a better understanding 
of the system. DTs have applications across multiple sectors, offering 
benefits such as improved operational efficiency, predictive mainte-
nance, and decision-making support (Tuhaise et al., 2023). 

2.2. Application of DTs in construction 

DTs are described as combining static and dynamic BIM models in 
building operations and maintenance (Jiang et al., 2022). Construction 
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management workflows using DT combine semantic web technologies, 
the Internet of Things, sensors, and higher levels of algorithms and 
artificial intelligence (AI) to oversee and regulate the development and 
building of projects (Lee et al., 2021). Likewise, DTs and Cyber-Physical 
Systems (CPS) bridge both the cyber (i.e., virtual) and physical (i.e., 
physical) models. DT and CPS are two different but related concepts that 
transform how we design, test, and monitor physical systems. DTs are 
virtual models of physical systems that can be used for simulation, 
optimization, and predictive analytics. CPSs are physical systems tightly 
integrated with digital systems, allowing for real-time monitoring and 
control. While both DTs and CPSs offer advantages over traditional 
physical systems, such as increased efficiency and effectiveness, they 
also come with limitations and concerns. One of the main advantages of 
DTs and CPSs is their ability to offer monitoring and control in real-time. 
This allows for quick identification and response to potential problems, 
increasing efficiency and reducing downtime. Another advantage is the 
ability to simulate and optimize physical systems, improving perfor-
mance and reducing costs. However, these technologies also require 
significant investment in digital technology, and there may be concerns 
about data privacy and cybersecurity. DTs enable passive control due to 
their ability to forecast the future condition of the physical model. In 
contrast, the cyber model in CPS is linked to the physical model 
passively or actively using devices like actuators to control the physical 
system’s state (Liu et al., 2021). 

Atkins, an engineering and design company, developed a maturity 
spectrum for DTs application comprising six elements at various levels of 
complexity and interconnectedness (Boje et al., 2020). According to 
their report, DT can be developed at any point in a project’s lifecycle, 
starting with data gathering and reality capture (element 0), followed by 
creating 2D maps or systems (element 1), which constructs an as-built 
model. Element 2 is a static set that contains asset management data, 
design information, specifications, inspection reports, and inspection 
reports derived from element 1. After a project is planned, it is main-
tained, operated, and decommissioned using element 2. Data can be 
transferred from physical and digital assets using sensors and the 
Internet of Things.  In element 3, asset performance is predicted, and 
decisions are supported. Elements 4 and 5 utilize artificial intelligence 
and advanced algorithms to facilitate autonomous operations and 
maintenance of physical and digital assets (Lydon et al., 2019). 

Construction sites that use DTs produce better work quality, have a 
higher level of health and safety performance, and are more efficient 
(Qazi et al., 2022). Furthermore, researchers explained that DT’s take 
multiple data sources, including sensor data, historical data, and simu-
lations, and use them to monitor and diagnose an asset’s condition and 
make preventive predictions (Rafsanjani & Nabizadeh, 2021). A com-
parison has been made between how BIM and DTs are applied. Their 
comprehensive review of the visions and benefits of DTs within the built 
environment was conducted. According to Pour Rahimian et al. (2022), 
BIM is used in buildings to visualize design consistency, detect clashes 
(Tauriainen et al., 2016), implement lean construction (Banihashemi 
et al., 2022), estimate time and costs (Fazeli et al., 2021), and integrate 
stakeholders (Wang et al., 2022). 

Additionally, using DT’s applications in buildings enhances user 
comfort, optimizes resource consumption, analyses what-if scenarios, 
and allows for design loops to be closed (Perno et al., 2022). DTs of 
buildings are derived from BIM data and rendered in real-time using 
various sensors (Jiang et al., 2022). The integrated geometry modeling, 
coordination, Level of Development (LOD), data schemes, and ontol-
ogies provided by BIM and DTs should be incorporated without dupli-
cation of efforts (Shi & Wang, 2022). 

In addition, the framework proposed to oversee and manage building 
projects using DTs enables BIM details, digital representations provided 
by BIM, and interaction with the existing construction site through IoT, 
databases, and other enabling technologies (Li et al., 2021). The adop-
tion of DT in the construction industry can be enhanced through 
IoT-enabled technologies such as WiFi, wireless sensor networks 

(WSNs), 5 G, and low-power wireless LANs (Greif et al., 2020). Simu-
lations of building construction, energy consumption, and emergency 
scenarios can be incorporated into DTs for preventive maintenance and 
prediction of building status (Ammar et al., 2021). Additionally, ma-
chine learning can be used to target parameters such as occupant com-
fort that require ground data. Data-driven decision-making is also 
possible with a DT’s, which uses real-time data collected during con-
struction to inform future choices regarding the building’s energy effi-
ciency and thermal comfort (Luo, 2022). Moreover, another researcher 
developed the SPHERE platform, which allows citizens, construction 
stakeholders, city officials, and developers to access integrated data 
about residential buildings to enhance their design, construction, and 
performance (Broo & Schooling, 2021). 

Despite the numerous studies exploring the construction industry has 
yet to examine the direct use of DT’s frameworks and platforms. DT’s 
systems can monitor building assets, such as pumps and HVAC, by 
attaching sensors. Applications such as these can monitor vibration 
frequencies in pumps or HVAC system quality (Nnaji & Karakhan, 
2020). Multiple data sources were integrated into the proposed model, 
facilitating stakeholder data sharing. A 3D model was developed to 
investigate the response of the Cathedral of Milan under different con-
ditions, in addition to studying the structural integrity of various 
structural members through DTs (Ford & Wolf, 2020). 

Moreover, construction workers can be trained in preventing injuries 
by wearing wearable sensors, VIVE Trackers and using machine learning 
and virtual reality. As well as providing insight into the fill level of 
construction material silos with sensors and IoT technologies, the DT’s 
framework provided support for the digital supply chain. Using the 
proposed model, planners can track and reposition silos in real-time, 
reducing construction materials, transportation costs, and time (Nnaji 
& Karakhan, 2020). 

In addition to academics, construction practitioners are also 
becoming interested in DTs. DTs of physical assets, which are a function 
of National Digital Twins (NDTs), are being created by the centre for 
Digital Built Britain (CDBB) (Zhang et al., 2022). The DT’s Working 
Group (DTWG) was formed by building SMART International in 2020 to 
define and unlock the social, environmental, and societal value of DTs 
(building SMART International, 2021) (Pour Rahimian et al., 2022). In 
2020, the European Commission planned to promote the use of Common 
Building Information Model (CBIM) to increase the utilization of BIM for 
digitizing the built environment (Ammar et al., 2022). Commercial 
Building Information Modeling is an innovative approach to automate 
the production and automation of DTs (Ammar et al., 2021). According 
to Global Data’s report "DT’s in Oil and Gas-Thematic Research”, DT’s 
are being used increasingly in the Oil and Gas sector. 

2.3. Benefits and limitations of DT’s 

DT’s, virtual replicas of physical entities or systems, offer a range of 
benefits across various industries. Real-time monitoring and analysis 
enable proactive decision-making and improved operational efficiency. 
Predictive maintenance capabilities reduce downtime and optimize 
maintenance schedules. Optimization and simulation allow for process 
and design improvements, while enhanced product development sup-
ports faster time-to-market (Liu et al., 2023). Additionally, digital twins 
enable better decision-making through holistic insights. However, DT’s 
face challenges such as data integration complexities, high imple-
mentation costs, privacy and security concerns, data accuracy issues, 
and adoption challenges (Zhu et al., 2023). Addressing these limitations 
is crucial to harness the full potential of DT’s in realizing their benefits 
across industries. 

2.4. DT’s and sustainability 

OSS in construction projects represents the holistic achievement of 
sustainability goals across the social, economic, and environmental 
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dimensions. It entails integrating sustainable practices and outcomes 
into all aspects of the project, considering long-term consequences and 
maximizing positive impacts while minimizing negative ones. In the 
social dimension, OSS aims to create positive social effects by ensuring 
worker safety, promoting fair labor practices, engaging communities, 
and enhancing the quality of life (Su et al., 2023). Economic sustain-
ability involves optimizing resource utilization, fostering economic 
growth, and promoting innovation. Environmental sustainability fo-
cuses on reducing environmental footprints, conserving resources, and 
preserving biodiversity. Overcoming technological limitations, lack of 
awareness, and financial constraints requires a collaborative approach 
involving stakeholders from multiple sectors. By embracing OSS prin-
ciples, construction projects can contribute to a sustainable future by 
balancing social well-being, economic viability, and environmental 
conservation (Xia et al., 2022). Implementing DT in construction pro-
jects can significantly contribute to OSS. DT technology offers a digital 
replica of the physical construction project, enabling real-time moni-
toring, analysis, and optimization of various aspects, such as design, 
construction, operation, and maintenance (Rafsanjani & Nabizadeh, 
2021). By integrating DT with sustainability considerations, stake-
holders can make informed decisions, identify potential issues, and 
implement strategies to enhance sustainability performance throughout 
the project’s lifecycle (Kaewunruen et al., 2020). However, as specified 
in the earlier discussions, barriers related to DT implementation can also 
impact OSS. Addressing these barriers and ensuring effective DT inte-
gration can support achieving sustainability goals and enhance overall 
sustainable success in construction projects. 

Digitalization has been the fulcrum of researchers and practitioners 
to promote the pillars of sustainability (i.e., economic, environment, and 
social). In this regard, several attempts have been made to enhance the 
pillars in the civil and infrastructure sector using DT’s utilization. Kae-
wunruen and Lian (2019) revealed that embodied material emissions 
were the main contributors to carbon footprint, especially during 
manufacturing. Life cycle costs are highest during the reconstruction 
stage. The insight will significantly benefit engineers, project managers, 
technicians, and senior management. DTs were clarified by Sepasgozar 
et al. (2021), who distinguished a 3D model from other advanced 
modeling technologies, digital shadows, and information systems. 

According to Mêda et al. (2021), these concepts contribute to a more 
circular economy. DDT and DBL correspond within an incremental DT’s 
construction (DTC). To the advantage of a data-driven priority, mis-
understandings or conflicts between these three options can be set aside. 
The "Digital data-driven concept" (D3c) was developed in our study to 
reduce misconceptions and increase understanding. Using a 6D building 
information model, Kaewunruen and Lian (2019) demonstrate how the 
King’s Cross station building 3D model has been adopted and trans-
formed. Using the results of this study, construction participants can 
have practical guidance about how to adopt BIM on railway station 
projects to plan, design, and operate environmentally friendly con-
struction projects. 

The IoT and DTs can be used to replace static sustainability assess-
ments, as proposed by Tagliabue et al. (2021). User-centered sustain-
ability criteria can be evaluated and controlled in real-time using this 
revolutionary approach. A UX lab cognitive building at the University of 
Brescia was used to test the framework with some sample applications. 
According to Chen et al. (2021), a DT’s method and life cycle analysis 
can be used to estimate building embodied carbon. This method offers 
two advantages over other LCA methods: (1) it performs cradle-to-cradle 
LCAs, and (2) automatically communicates data between LCAs and BIM 
databases. 

2.5. Gaps spotting 

Based on the prevailing literature reviewed above, four major gaps 
were observed as Follows. Firstly, there lacks a study identifying the 
barriers hampering the implementation of DT within the building and 

construction sector. This research gap highlights the need for a 
comprehensive study that identifies the barriers hindering the successful 
implementation of DT within the building and construction sector, 
which can impede the adoption of digital technologies with trans-
formative potential. Investigating and understanding these barriers can 
shed light on the specific challenges faced by the sector and inform 
policymakers and decision-makers in developing effective strategies. 
Additionally, there is a lack of research exploring the significance of 
barriers within corresponding clusters and their relationship with the 
realization of DT. By examining these clusters, researchers can gain in-
sights into the underlying factors and devise targeted solutions. 
Furthermore, the absence of studies examining the relationship between 
barriers and the utilization of OSS in the building and construction 
sector is another research gap. Understanding this relationship can 
inform decision-making and provide insights into the benefits and lim-
itations of OSS adoption. Addressing these research gaps through a 
hybrid methodological approach, including literature review, expert 
interviews, and PLS-SEM analysis, contribute to a comprehensive un-
derstanding of the barriers, their significance within clusters, and their 
relationship with OSS. This knowledge will enable evidence-based 
strategies and interventions to overcome barriers and promote suc-
cessful DT implementation, leading to enhanced efficiency and sus-
tainability in the building and construction sector.With the above in 
mind, the barriers hampering the implementation of DT in different 
industries were garnered using a comprehensive literature review. Then, 
further interviews with qualified experts to validate these concepts and 
scales provided in (Perno et al., 2022) were undertaken (see Table 1). 

3. Research methods 

This study focuses on the importance of implementing DT’s in the 
construction sector and the potential benefits they offer for sustain-
ability. By incorporating digital twins into construction projects, various 
advantages can be realized, including real-time monitoring, predictive 
maintenance, and process optimization. These benefits contribute to 
improved operational efficiency, reduced environmental impact, and 
enhanced resource utilization, aligning with sustainable practices. 

The study has identified three key objectives to address these aspects. 
Firstly, it aims to identify the critical barriers that impede the imple-
mentation of DT’s in sustainable construction projects. By understand-
ing these specific challenges, the study seeks to provide insights into the 
obstacles that need to be overcome to achieve successful adoption of 
digital twins for sustainability in the construction industry. Secondly, 
the study aims to unravel the significance of the barriers within the same 
clusters. This objective involves analyzing and evaluating the relative 
importance of the identified barriers, considering their in-
terdependencies and potential impact on sustainable construction pro-
jects. By comprehending the significance of these barriers, the study can 
prioritize them effectively and develop strategies to address them 
accordingly. Lastly, the study seeks to unravel the significance of the 
clusters concerning the adoption of DT’s in sustainable construction 
projects. This objective involves exploring the broader categories or 
clusters that encompass the identified barriers, shedding light on the key 
factors influencing the successful adoption of DT’s in promoting sus-
tainability within the construction industry. 

By pursuing these objectives, the study aims to contribute to the 
existing knowledge by emphasizing the significance of DT’s imple-
mentation in the construction sector and its potential benefits for sus-
tainability. Through the identification and understanding of barriers and 
clusters associated with DT’s adoption, the study aims to provide prac-
tical insights and recommendations for enhancing sustainability prac-
tices in construction projects. 

For this to happen, an exploratory study approach was employed to 
conduct a comprehensive literature review, followed by multiple phases 
of data collection from various organizations (Adu-Gyamfi et al., 2022). 
A rigorous review procedure was undertaken to build the hypotheses, 
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Table 1 
DT implementation barriers.  

Main Barriers Code Sub-barriers Refs. 

System 
Integration 
issues 

SI1 A lack of integration 
between systems 

Durão et al. (2018), Jiang 
et al. (2022), Stanke et al. 
(2020) 

SI2 Interoperability issues Glatt et al. (2021), Liu et al. 
(2021), Mabkhot et al. 
(2018), Preuveneers et al. 
(2018), Wang and Wang 
(2019) 

SI3 Integrating legacy 
systems with new ones 

Boje et al. (2020), Mabkhot 
et al. (2018) 

SI4 Modern IoT service 
ecosystems are difficult 
to integrate with legacy 
manufacturing systems 

Kamath et al. (2020),  
Lydon et al. (2019) 

SI5 Ensure data 
transparency is difficult 

Fuller et al. (2020), Liu 
et al. (2022), Qazi et al. 
(2022) 

Security issues 

S1 Protecting intellectual 
property is difficult 

Rafsanjani and Nabizadeh 
(2021), Rasheed et al. 
(2019) 

S2 Involvement of 
multiple parties in 
sharing the DT between 
multiple systems 

Wang et al. (2022), Zhang 
et al. (2017) 

S3 Communicating in real- 
time is difficult due to a 
lack of performance 

Durão et al. (2018), Jiang 
et al. (2022) 

S4  
Large volumes of data 
are difficult to store, 
process, and analyze 

Kaiser et al. (2022), Min 
et al. (2020), Shi and Wang 
(2022), Zhang et al. (2019), 
Zhang et al. (2019) 

S5 Digital and physical 
assets are challenging 
to interact with 
efficiently 

Li et al. (2021), Uhlemann 
et al. (2017) 

S6 Reliability and 
robustness are 
challenging to ensure 

Greif et al. (2020), Leng 
et al. (2019), Uhlemann 
et al. (2017) 

S7 Reporting, tracking, 
and communication are 
difficult to ensure in 
low latency 

Cimino et al. (2019),  
Hehenberger and Bradley 
(2016), Luo (2022) 

Performance 
Issues 

P1 The complexity of 
systems makes 
predictions difficult 

Broo and Schooling (2021),  
Glatt et al. (2021) 

P2 When necessary, it is 
difficult for DT to 
obtain relevant data 

Nnaji and Karakhan (2020), 
Wang et al. (2019) 

P3 Uncertainty about 
accuracy levels 

Ford and Wolf (2020),  
Hasan et al. (2020), Zhang 
et al. (2022) 

P4 Status and usage of 
machines can be 
tracked even without 
an Internet connection 

Nnaji and Karakhan (2020), 
Perno et al. (2022), Wang 
and Wang (2019) 

P5 Using the Internet of 
Things to discover and 
retrieve data 

Rolle et al. (2019), Zhang 
et al. (2022) 

P6 Scalability is difficult to 
ensure 

Pour Rahimian et al. 
(2022), Wishnow et al. 
(2020) 

P7 Flexibility and 
modularity are 
challenging to ensure 

Alibrandi (2022), Eisen 
et al. (2020), Perno et al. 
(2022) 

P8 Implementation and 
development of DT are 
expected to be 
completed on a high 
timeline 

Ammar et al. (2022), Lee 
et al. (2019) 

P9 Risks arise from 
overfilling bandwidth 

Lu et al. (2020), Perno et al. 
(2022), Tao et al. (2019) 

P10 Insufficient (and 
irrelevant) information 
exists despite an 

Borodulin et al. (2019),  
Zhao et al. (2022)  

Table 1 (continued ) 

Main Barriers Code Sub-barriers Refs. 

abundance of (relevant) 
information 

P11 Knowledge assessment, 
bureaucracy, and 
cultural inertia 

Damjanovic-Behrendt and 
Behrendt (2019), Xia et al. 
(2022) 

P12 Insufficient expertise 
and specialists 

Borangiu et al. (2019),  
Kaiser et al. (2022), Perno 
et al. (2022) 

P13 Inability to centralize, 
simplify, and 
standardize 

Hasan et al. (2020), Opoku 
et al. (2021) 

P14 Unrealistic 
expectations and lack of 
trust 

Borodulin et al. (2017), Lee 
et al. (2021) 

Firm-related 
Issues 

O1 Difficulty in identifying 
clear value propositions 
associated with DT 
solutions 

Arrichiello and Gualeni 
(2020), Perno et al. (2022) 

O2 Insufficient investment Qi and Tao (2019), Stark 
et al. (2019) 

O3 Decision and 
investment difficulties 
in enabling 
technologies 

Ammar et al. (2022), Dunn 
et al. (2011), Preuveneers 
et al. (2018) 

O4 Lack of data 
management, 
fragmentation, and 
stagnation 

Ammar et al. (2022),  
Kritzinger et al. (2018),  
Qiao et al. (2019) 

O5 Compatibility issues 
between the 
manufacturing 
execution system, 
product lifecycle 
management, and 
operability 
management 

Liau et al. (2018),  
Redelinghuys et al. (2020) 

O6 Qualitative and 
quantitative 
uncertainties in data 

Ammar et al. (2022), Leng 
et al. (2019),  
Platenius-Mohr et al. (2019) 

O7 Unavailability of data Boje et al. (2020), Souza 
et al. (2019) 

Data Quality 
Issues 

D1 Data validity is 
challenging to ensure 

Ammar et al. (2022), Lydon 
et al. (2019), Nikolakis 
et al. (2019) 

D2 Managing, governing, 
and owning data is 
difficult 

Qazi et al. (2022), Zhang 
et al. (2019) 

D3 Direct measurement of 
all DT data is 
impossible 

Rafsanjani and Nabizadeh 
(2021), Lu and Xu (2019) 

D4 An inadequate 
methodology and 
toolset 

Damjanovic-Behrendt and 
Behrendt (2019), Wang 
et al. (2022) 

D5 Due to a low maturity 
in the literature, DT 
implementations in the 
industry are hard to 
find 

Ammar et al. (2022), Bauer 
et al. (2019), Jiang et al. 
(2022) 

D6 Advancements 
worldwide 

Shi and Wang (2022), Tao 
et al. (2019) 

Environmental 
Issues 

E1 A wide selection of 
open-source software 
makes it difficult to 
choose the right one 

Li et al. (2021),  
Wärmefjord et al. (2020) 

E2 Connectivity across the 
globe 

Ammar et al. (2022), Greif 
et al. (2020), Shao and 
Helu (2020) 

E3 Multiple scales of 
simulations and virtual 
testing do not have 
high-fidelity models 

Liu et al. (2022), Luo 
(2022) 

E4 A multidisciplinary 
approach to designing 
and developing 
environments 

Broo and Schooling (2021),  
Perno et al. (2022) 

(continued on next page) 
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followed by validating the built-up hypotheses through PLS-SEM 
(Shields & Tajalli, 2006). Three primary steps were utilised to develop 
the proposed model: recognizing model constructions, categorizing 
model constructs, and examining the associations among constructs 
(Chileshe et al., 2018). With this in mind, this research methodology is 
divided into four key phases— systematic review for identifying the 
barriers; pilot study; questionnaire survey development, distribution, 
and collection; and SEM utilization for examining the association be-
tween an independent construct (OSS) and a dependent construct (DT 
implementation obstacles) unraveling the importance of the recognized 
obstacles.(as shown in Fig. 1). 

3.1. Phase I: Systematic review 

Scopus was used in the literature search due to its comprehensive 
coverage of scientific publications (Yuriev et al., 2018). Moreover, 
Scopus is regarded as one of the best search engines, along with Web of 
Science, PubMed, and Google Scholar (Li et al., 2019). The Scopus 
database includes conference papers and indexes more quickly than 
other databases and has more recent publications available (Chen et al., 
2021). This study followed the PRISMA (Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses) workflow, and the workflow 
diagram is shown in Fig. 2. Scopus’s "article title/abstract/keyword" 
field was searched comprehensively using a two-part search string. 
There were keywords related to "DTs," "virtual counterparts," "digital 
replicas," or "virtual twins" in the first part of the search. Those who were 
interested in the second part could choose between "construction" or 

"construction industry" or "construction engineering" or "construction 
management" or "sustainable construction" or "construction engineering 
and management." The primary focus of the study was on applications of 
digital twins within the construction industry, therefore, keywords 
related to other technologies, such as BIM and blockchain, were not 
incorporated. A review of BIM and Blockchain in the construction in-
dustry has already been published, so their inclusion will be a repetition. 
The date range was set between 2012 and 2022 since digital twin ap-
plications are in their nascent stages in the construction industry. 
Additionally, the literature search specifically targeted "articles" or "re-
views" due to their reputation and influence as reliable sources of in-
formation. The terminology used in the search was influenced by a 
previous generic search. 

This comprehensive search returned 508 records. An additional 153 
records were identified, excluding duplicates already found in Science-
Direct. In total, 776 articles were gathered from both ScienceDirect and 
the additional databases. The screening process involved three phases. 
First, 87 duplicate records and studies unrelated to the construction 
industry were removed, leaving 689 articles. The second phase focused 
on reading titles and abstracts, leading to the exclusion of 332 articles 
related to BIM applications and other technologies in the construction 
industry, resulting in 332 records remaining. In the third phase, 168 
records were excluded, comprising conceptual papers (37 records), ar-
ticles focusing solely on one feature or technology of the digital twin (88 
records), and papers emphasizing the service or function area for which 
the digital twin was developed (43 records). 

After the screening process, 164 records remained for full-text 
assessment. The inclusion criteria were applied to these remaining re-
cords, focusing on papers that presented a detailed systematic archi-
tecture for a DT’s application, a methodology for implementation, the 
technologies used in the implementation, and demonstrative case 
studies or laboratory setups. Each study was evaluated to identify the 
barriers to implementing DT’s in construction projects. Finally, 67 
eligible papers meeting the inclusion criteria were selected for the 
identification of barriers, and they are listed in Table 1. The content of 
publications containing discussions on DT’s -based technologies in 
Sustainable Construction Projects was analysed by identifying the bar-
riers associated with their adoption and use. Insights on applications of 

Table 1 (continued ) 

Main Barriers Code Sub-barriers Refs. 

E5 Universities do not 
provide adequate 
education in this area 

Ammar et al. (2022), Ford 
and Wolf (2020),  
Gorodetsky et al. (2020) 

E6 Various equipment 
manufacturers and 
software solutions have 
a high degree of 
heterogeneity 

Alibrandi (2022), Sun et al. 
(2020)  

Fig. 1. Research framework.  
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DT’s -based technology for different purposes or publications with 
limited information on DT’s use. 

3.2. Phase II: Pilot study 

After the compilation of barriers impeding the implementation of DT 
in sustainable construction projects, the research team considered the 
utilization of pilot study (Ali & Kidd, 2015). As Sadeghi et al. (2023) 
mentioned, this stage is paramount since soliciting experts’ knowledge 
and experience compliments the insights derived from the literature. 
Thus, the research team conducted a pilot study with eleven qualified 
experts — as elaborated in (Durdyev et al., 2022) — with the following 
objectives: (1) check the barriers identified from the literature (in terms 
of their definitions, categorizations and relevance), and (2) check 
whether the specified objectives of the research could be met through 
the utilization of the proposed methodological approach. Eleven pri-
mary experts, who chose to pool their expertise, research experience, 
and knowledge of the Hong Kong building industry, participated in a 
pilot survey. The feedback received from these participants indicates 
that, on average, it took around 30 minutes to complete the question-
naire. The majority of the findings from the feasibility test revealed is-
sues such as improper use of dotted lines, incorrect variable counting, 
spelling errors, and orthographic mistakes. These thoughts, findings, 
recommendations, and corrections were recorded and incorporated into 
the final draft of the survey instruments. Adjustments were made based 
on these results. To evaluate the interpretive questions, a round of 
feasibility testing was conducted with respondents who represented the 
target population (Hair et al., 2011). The accuracy of the upcoming 

conduct regarding the data obtained has been assured. The objective 
was to assess participants’ comprehension of the questions and identify 
any potential ambiguities. As indicated in Kineber et al. (2021), the pilot 
tests allowed questions to be clarified. In order to ensure the suitability 
of participants, the selection process for the eleven qualified experts in 
the pilot study involved specific criteria. The following factors were 
taken into consideration during their selection:  

• Expertise: A high level of knowledge and expertise in the relevant 
field, specifically related to the Hong Kong building industry, was 
required. This expertise could be demonstrated through academic 
qualifications, research experience, professional background, or 
relevant publications.  

• Research Experience: Preference was given to individuals with a 
proven track record of conducting research in the field.  

• Familiarity with the Hong Kong building industry: Considering the 
specific focus of the study, it was important to include experts who 
were familiar with the unique characteristics, challenges, and trends 
of the Hong Kong building industry. This familiarity could be based 
on their work experience, affiliations with industry organizations, or 
active involvement in relevant projects. 

By employing these criteria, the selection process aimed to identify 
individuals who possessed the necessary expertise, research experience, 
familiarity with the industry, and willingness to effectively contribute to 
the pilot study. It is worth mentioning that the pilot study was structured 
interviews, which were carried out via online video conferencing ap-
plications. During a structured interview, the interviewer typically poses 

Fig. 2. PRISMA workflow.  
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questions to the interviewee. These questions can be categorized as 
either open-ended or closed-ended (Oraee et al., 2022). According to, 
Given the usage of various terminologies, it is important to establish 
three overarching concepts of interview formats: formal, 
semi-structured, and unstructured. These concepts should be employed 
during qualitative data analysis. Furthermore, a well-structured inter-
view enables the collection of crucial data (Kavishe & Chileshe, 2018). 
Considering the multiple ways interviews can be conducted, such as 
face-to-face conversations, phone interviews, or through various social 
media platforms, it is essential to explore different options for the 
interview process. In this research, interviews with respondents were 
conducted using a structured interview technique. Open-ended ques-
tions were employed to thoroughly examine and gather precise, 
dependable information pertaining to the research questions (Ergu & 
Kou, 2012). 

While interviews typically involve one-to-one interactions with in-
terviewees, this approach promotes the asking of direct and relevant 
questions. It allows for a more comprehensive exploration of topics and 
addresses potential misconceptions that are crucial for collecting accu-
rate data (El Baz et al., 2022). Open-ended questions provide re-
spondents with the opportunity to express their opinions, ensuring that 
realistic decision-theoretic constructs are grounded in knowledge and 
impact OSS. Moreover, the flexibility of interviews, combined with the 
structure they provide, enables researchers to gain insights into orga-
nizational and personal behavior patterns (Oraee et al., 2022). 
Furthermore, within a structured interview, the utilization of 
open-ended questions enables the interviewer to address critical topics 
raised by respondents and allows for further clarification in cases where 
uncertain or ambiguous responses are given (Costa et al., 2019). As the 
benefits of data collection through interview has been highlighted, 
Podsakoff et al. (2003) deduced that there may be drawbacks such as 
inconsistent responses, biases in poorly constructed questions, and 
imperfect recollection of knowledge. However, there is also the potential 
for respondents to provide additional detailed information to the 
interviewer. In this study, a structured interview method was employed 
to investigate the challenges encountered by the Hong Kong building 
industry concerning OSS. This method facilitated the researcher in 
gaining insights into the specific issues faced by the industry. 

3.3. Phase III: Data collection 

Once the full list of barriers was identified, this study used Ques-
tionnaire Survey (QS) to unravel the significance of the barriers towards 
the OSS. Multiple suggestions and recommendations were provided to 
construct an effective questionnaire. These recommendations included 
incorporating clear and unambiguous questions, utilizing concise 
question formats, using simple language, avoiding negative phrasing, 
anticipated responses, and double-barrelled questions (Ergu & Kou, 
2012). The proposed questionnaire incorporates both open-ended and 
closed-ended questions. The closed-ended questions do not allow for 
free-form answers and are not ranked in terms of quality. Respondents 
were encouraged to provide honest responses in their own words. The 
closed-ended questions were further divided into grouped items or sets. 
In order to standardize the questionnaire and align with the methodol-
ogy and study objectives, a five-point Likert scale was included for re-
spondents to indicate their level of assessment and reach a common 
understanding. This scale has been widely utilized in previous research 
studies within the construction industry (Bello et al., 2023; Kumar et al., 
2023). This QS comprises three major sections: the respondent’s de-
mographic profile, DT’s implementation barriers (Table 1), OSS factors, 
and open-ended questions allowing the respondents to include any 
barriers they deem necessary to identify. The questions found therein 
are not excessively long nor dull. 

To do so, relevant built environment specialists from key construc-
tion businesses in the Hong Kong building and construction sector were 
taken into account. Hence, a random probability-based sampling 

technique was used to realize reflective results from the involvement of 
connoisseurs, as elaborated in (Tabatabaee et al., 2022). Thus, the 
research team contacted the respondents who met the following criteria 
(from both academia and industry): (1) had at least three years of 
experience in working with BIM-related software in the construction and 
infrastructure sector, (2) had at least three years of experience in the 
area of sustainability within the construction and infrastructure sector, 
and (3) had at least bachelor’s degree in the relevant area. Following 
this, several sources for the collection of required data were taken into 
account, including personal contact (e.g., researchers and practitioners 
working in the related institutions and firms in Hong Kong), social media 
(such as ResearchGate, LinkedIn, and Tweeter), and relevant organiza-
tions (such as Hong Kong Green Building Council, and Hong Kong 
Construction Industry Council). After shortlisting the qualified re-
spondents, the research team tried to develop the related QS. The related 
QS was developed in Google Docs to facilitate data collection and 
improve the precision of related procedures (Mohandes et al., 2022). 
The QS design consisted of two main sections; the initial part of the study 
was dedicated to collecting demographic data from the participants, 
while the subsequent section examined the significance of the identified 
obstacles towards OSS using a 5-point Likert-scale, as mentioned in 
(Kineber et al., 2022). While 150 questionnaires were sent out to the 
selected respondents, 108 were completed and returned, yielding a 
respectable response rate of 70.8 percent. Fig. 3 illustrates the profile of 
the respondents who participated in this study. 

3.4. Phase IV: SEM analysis 

SEM is a multivariate analysis technique that integrates both 
econometric and psychometric perspectives (Shah & Goldstein, 2006). 
SEM has found broad application in various fields such as psychology 
(Smith et al., 2001), management, and organizational behavior (Tawa-
lare et al., 2020), and construction management (Kumar et al., 2023). 
SEM effectively combines multiple regression modeling and factor 
analysis. It serves as a fundamental technique that enables researchers to 
model interactions between latent variables (constructs) generated by 
observed variables (measurement items) in a single analysis (Kumar 
et al., 2023). SEM is frequently employed to examine numerous inter-
connected dependencies and identify computational and modeling er-
rors. As a result, the computation of observed variables and a thorough 
assessment of data assumptions were conducted based on sub-
stantive/theoretical and methodological considerations. SEM allows 
researchers to define a model, visualize it, and explore the complete set 
of relationships and linkages within the data (Ankamah et al., 2021). 
The component-based approach is also referred to as PLS-SEM. It is 
mainly used in exploratory research to develop hypotheses and theories 
(Khan et al., 2022). PLS-SEM can be used to evade constricting as-
sumptions that form a total estimate of the maximum likelihood of 
theories (Durdyev et al., 2018). Moreover, numerous research has 
focused on the pillars of sustainability (Emmanuel Oke et al., 2015). 
Transforming strategic sustainability goals and project procedures can 
be challenging (Olanrewaju et al., 2022). A balance between social 
sustainability, economic viability, and environmental considerations is 
necessary (Martens & Carvalho, 2017). The expansion of sustainability 
in the construction industry has led to a search for practical methods of 
integrating this concept into existing work environments (Fazeli et al., 
2022). The demand for sustainable expansion and the creative corporate 
social accountability philosophy adopted by businesses can potentially 
stimulate the widespread application of DTs in the first strategic phases. 
The contribution of DT to the building process may be equated to the 
three primary facets of sustainability: environmental, economic, and 
social (Kineber et al., 2023). On the other hand, based on the interviews 
with the qualified experts, six major clusters of barriers related to such 
implementation were agreed with the scales/concepts provided in 
(Perno et al., 2022) (see Fig. 4). This study also hypothesized that: 
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H1. There is a substantial relationship among overcoming DT barriers 
and the realization of OSS in construction projects. 

The SEM method was used to investigate how OSS would be affected 
by removing DT implementation obstacles. The SEM approach empha-
sises the relationship between several factors (Al-Mekhlafi et al., 2021). 
The association between OSS and removing DT implementation hurdles 
was examined in this study using an SEM technique, which was shown in 
the association between the stated indicators and each construct 
(Fotovatfard & Heravi, 2021). It is an equation-based process with 
arbitrary factors and structural limits (Zhang et al., 2021). Aibinu and 
Al-Lawati (2010) suggested that hypothesis analysis techniques were 
not always effectively monitored and that SEM has increasingly been 
known as a method for non-experimental research. The relationship 
between OSS and removing obstacles to DT implementation has been 
explored using the Partial Least Square (PLS) model, including reflective 
and formative elements. Though in this work, three important evalua-
tions were used to achieve the PLS-SEM analysis “(common method 
variance, measurement model, and structural model)” (Kineber et al., 
2021). PLS-SEM may link independent and dependent components and 
is widely used as a route model (Sarhadi & Rad, 2020). 

Common method bias (CMB) 
The CMB was developed from the Common Methods Variance (CMV) 

(Kineber et al., 2021). Since data gathering might bring up the trigger 
issues, CMB seeks to clarify the results of the error examination (Ten-
enhaus, 2008). Recognizing any CMV is crucial to be aware of these 
matters and difficulties. Consequently, a formal systematic analysis of a 
single factor was employed, as suggested by Harman’s research (Oke 

et al., 2023). 

Measurement model 
The measurement model clarifies the association between the mea-

surements and their construct” (Al-Ashmori et al., 2020). Reviewing and 
evaluating the measurement model may be seen as a validation pro-
cedure (Alkilani, 2018). PLS is concerned with capturing related con-
cepts while measuring the suitability of particular measurement sets. 
Convergent validity estimates are needed to evaluate the reflective 
model (first order), including estimates of “(1) indicator reliability, (2) 
composite reliability (cr), (3) average variance extracted (AVE), and (4) 
discriminant validity” (Leguina, 2015). 

The reliability (or consistency) coefficient, often known as Cron-
bach’s alpha, quantifies how accurately a set of items measures a single, 
one-dimensional concept (Aibinu & Al-Lawati, 2010). Alpha (α) of 
Cronbach can be expressed as follows (Al-Otaibi & Kineber, 2023): 

α =
N − r

1 + (N − 1) − r
(1) 

Where N is number of matters, and r is the mean relationship be-
tween items. 

Due to the noted discrepancies in Cronbach alpha’s performance 
(Kwong-Kay Wong, 2013), It is necessary to consider a confirmatory 
approach to measure reliability. “The use of composite reliability (ρc)

provides a more robust measure (Kwong-Kay Wong, 2013). Values of ρc 
above 0.7 are necessary for any type of research Kwong-Kay Wong 
(2013); while 0.6 sets a satisfactory threshold for exploratory research”. 

The expression for composite reliability is as follows (Kwong-Kay 

Fig. 3. Profile of respondents who participated in the study in terms of their: (a) qualification, (b) degree, (c) experience, and (d) occupation.  
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Wong, 2013): 

ρc =
(
∑

λi )
2

(
∑

λi )
2
+

∑
var(εi)

(2) 

Where ρc is the score of the composite reliability, λi is each item’s 
component loading to a latent construct, and var(εi) = 1 − λ2

i . 
Cronbach’s alpha does not consider the factor loadings of any objects 

when weighing them. However, because the composite reliability uses 
the item loadings discovered inside the theoretical model, it is better 
than Cronbach’s alpha (Henseler et al., 2016). 

Furthermore, the average extracted AVE was employed to evaluate 
the convergent validity of the latent variables (Henseler et al., 2016). 
AVE is a widely used metric to demonstrate the convergent validity of 
the model’s components. AVE can be measured as follows: 

AVE =

∑
λ2

i∑
λ2

i +
∑

var(εi)
(3) 

In this context, AVE refers to the average variance extracted, where 
λirepresents the component loading of each item onto a latent construct 
and var(εi) = 1 − λ2

i .

In addition, discriminant validity has been conducted to explore. The 
idea is assessed for each construct (Kwong-Kay Wong, 2013). The aim is 
to verify that the assessed construct is empirically distinct or distinctive 
(Hair et al., 2011). 

Structural model 
The structural model was suggested as a major method of simulta-

neously analysing all complex interactions between constructs. Simi-
larly, it was used to generate the structural model to assess the impact of 
DT implementation hurdles on OSS (Amos et al., 2021). The structural 
model conducted in this study is based on two major methods as follows:  

• Collinearity analysis mainly concerns how much variable effects can 
be accounted for or predicted by other variables (Hair et al., 2011). 
The primary issue is that collinearity may misrepresent indicator 
weights’ informative measures (Aibinu & Al-Lawati, 2010). More-
over, collinearity can cause bootstrap standard inaccuracies, possibly 
significantly raising and triggering errors. Collinearity assesses the 
Variance Inflation Factor (VIF), which shows how often additional 
indicators of the same construct can address the variance of an in-
dicator. Hair, Ringle, and Sarstedt (2014) agreed that VIF should be 
below the suggested threshold level 5 to obtain the PLS algorithm 
test report in the Smart PLS 3.0 software. 

The bootstrapping analysis approximates the data point variance 
among sub-samples instead of the parametric assumptions. Boot-
strapping is a resampling technique for sampling analysis. Different 
sample sizes are occupied from one great data set, and the related sta-
tistical data (Expressed as either structural or regression coefficients) are 
measured in a smaller number. This study theorised a causal association 
between £ (overcoming DT barriers) and (OSS). Consequently, “In this 
instance, the interconnection between £, µ, and €1 equation in the 
structural model, referred to as the internal relationship, can be 
expressed as a linear equation as shown below” (Alkilani, 2018): 

μ = β £ + €1 (4)    

• Where (β) is the path coefficient, and (€1) is residual variance. As a 
result, the weight of multiple regression analysis is similar to that of a 
standardised regression analysis. 

4. Results 

4.1. Common method bias 

To determine the variance of the conventional technique, a single- 
factor analysis was conducted on the proposed model (Strandholm 
et al., 2004). It has been determined that if the overall variance of the 
variables is less than 50 %, the usual procedure bias will not impact the 
results acquired (Kineber et al., 2023). Since the common method 
variance is less than 50 %, the conclusion cannot be altered, according to 
the study’s findings showed that the first set of components accounted 
for 38.43 % of the total variance (Durdyev et al., 2018). 

4.2. Measurement model assessment 

4.2.1. Convergent validity analysis 
The measurement model considers the degree of alignment and 

coherence between two or more measurements (barriers) of the same 
concept (Aibinu & Al-Lawati, 2010). Construct validity is assessed in 
terms of the measurement model. The following tests can be used in 
PLS-SEM to gage the suggested constructs’ convergent validity (Aibinu 
& Al-Lawati, 2010): “composite reliability scores (ρc), Cronbach’s Alpha 
(α), and Average Variance Extracted (AVE)”. Table A1 presented that all 
the DT barriers and OSS had a composite reliability > 0.60, therefore 
they were accepted as mentioned in (Amos et al., 2021). Though, as 
illustrated in Table A1, the Cronbach Alpha realized 0.60. Consequently, 
It implies a medium to high degree of dependability, as Durdyev et al. 
(2018) recommended. Furthermore, the AVE was used to evaluate the 
converging validity of the construct variables. The acceptable level of 
AVE should be higher than 0.5 (Tangi et al., 2021), indicating that at 
least 50 % of the variation is absorbed by the measurement variables 
(Amos et al., 2021). The estimations of AVE values in this study, as 
shown in Table 2, are greater than 50 % for all the constructs. These 
findings demonstrated the convergence and internal stability of the 
measurement model. Additionally, it meant that no other construct in 
the study model was quantified by the measurement components for 
each construct, which are all accurately assessed. However, according to 

Fig. 4. Hypothetical model.  
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Kwong-Kay Wong (2013), although a score of 0.70 for external load is 
desired, Values of 0.50 or higher are allowed as long as the analysis 
provides an explanation. All measurements from the first model outside 

loads are presented in Table 2 and Fig. 5. All outside loads are accepted 
except for P3, P13, P14, E3, E4, and E5, which were excluded from the 
initial model because of a subpar loading below 0.5 (Shook et al., 2004). 

Table 2 
Discriminant validity analysis.  

Constructs Data Quality Environmental OSS Organizational Performance Security System Integration 

Data Quality 0.745       
Environmental 0.646 0.762      
OSS 0.158 0.099 0.871     
Organizational 0.028 0.024 0.422 0.734    
Performance 0.119 0.111 0.39 0.205 0.828   
Security 0.075 0.144 0.276 0.141 0.206 0.819  
System Integration 0.188 0.248 0.064 0.079 0.204 0.323 0.819 

Note: The digits in bold represent the square root of AVE. 

Fig. 5. The initial model.  
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It attested to their little influence on linked constructs. The updated 
model was then assessed once these observations were taken out, as 
Table 3 and Fig. 6 indicated. 

4.2.2. Discriminant validity assessment 
In the SEM study, discriminant validity evaluation has grown in 

importance and popularity (Shah & Goldstein, 2006). It attests to the 
notion’s empirical distinctiveness or originality (Shook et al., 2004). 
According to the following methodologies, discriminant validity is 
evaluated in this study: “Fornell-Larcker criteria, Hetrotrait-Monotrait 
Criterion Ratio (HTMT), and Cross loadings”. 

The data in Table 2 show that, based on the Fornell and Larcker 
method, the DT barriers and OSS constructions’ discriminant validity is 
known and approved since the square root of the Average Variance 
Extracted (AVE) ought to surpass the correlation between the indicators 
and variables of the construct (Durdyev et al., 2018). 

Another technique for assessing discriminant validity in variance- 
based Structural Equation Modeling (SEM) is the Heterotrait- 
Monotrait (HTMT) criterion ratio. The HTMT method calculates the 
specific correlation between two constructs, assuming they were 
measured accurately. Tenenhaus (2008) recommended using the HTMT 
method in variance-based Structural Equation Modeling (SEM) to assess 
discriminant validity. A score between 0.85 and 0.90 indicates differ-
entiation between the two constructs. If the constructs are conceptually 
similar, the score should be below 0.90; if they are different, it should be 
below 0.85. Table 3 presents the HTMT values for the examined com-
ponents, and the results confirm adequate discriminant validity. 

In order to evaluate the discriminant validity of DT barriers and OSS 
constructs, the cross-loading method were correspondingly used. It 
checks to see if a variable has a larger cross-loading than all other cross- 
loadings on a latent construct (from other concepts) (Durdyev et al., 
2018). The findings in Table 4 illustrate that all loadings on the loading 
on the highlighted structures are more important than the loading on the 
other constructs. (by row). As a result, it is possible to confirm that each 
construct is one-dimensional. 

4.3. Structural model assessment 

4.3.1. Collinearity analysis 
Increased correlations among measurements of formative measure-

ment models are often unanticipated; meanwhile, this study’s concep-
tions of the DT barriers were formative. All VIF results were below 3.5. It 
suggested that each of these ideas contributed to DTs obstacles. How-
ever, six first-order subscales for DT barriers, counting Data Quality 
Environmental, Organizational, Performance, Security, and System 
Integration, had a substantial path coefficient β, as presented in Table 5. 

4.3.2. Bootstrap analysis evaluation 
Validating the suggested research hypothesis was an important 

portion of the analysis. The bootstrapping procedure was used to assess 
the significance of the model hypothesis (Prasad Das et al., 2021). Each 
path’s value indicates the path coefficient, which gauges how much 
influence one path has on another (Adabre et al., 2021). To compute the 
route coefficient errors for CFA, a bootstrapping method was added to 
the SmartPLS3.2.7 software. Consequently, using 5000 subsamples to 

support a suggestion provided by Henseler et al. (2016), the t-statistics 
for proposition testing were established. For the PLS Model, overcoming 
DT barriers was characterised by a single structural equation that de-
scribes the internal relationships between the constructs and Eq. (1). 
Thus, the route significance for the endogenous construct and the 
standardised (Wong et al., 2020) p-values were examined (Fig. 7). Fig. 7 
and Table 6 describe the bootstrapping analysis findings. According to 
these findings, OSS and overcoming DT obstacles had a favourable and 
substantial impact (=0.485, p = 0.000). Overcoming the BIM hurdles 
and OSS are the two key considerations for this study, and they go in the 
same way. 

4.3.3. The structural model’s explanatory power (R2) 
Assessing the R2 for the OSS is one of the critical evaluations in PLS- 

SEM (Suprapto et al., 2016). The R2 and modified R2 for OSS as the 
dependent factor in this research were 0.236, indicating that the exog-
enous construct can explain 23.6 % of OSS. These findings revealed that 
the DT barrier size is suitable and has a modest influence (Al-Mekhlafi 
et al., 2021). 

5. Discussion 

The discussion section delves into the interpretation and analysis of 
the study’s findings, addressing the research gaps and their broader 
implications. It examines the significance of identified barriers within 
clusters, enabling prioritization for targeted interventions. Additionally, 
it explores the relationships between barriers and OSS utilization, of-
fering insights into OSS’s potential benefits and limitations. The dis-
cussion contextualizes findings within existing literature, acknowledges 
limitations, and proposes practical recommendations for industry 
practitioners and policymakers. These recommendations encompass 
strategies to overcome barriers, effective OSS integration, and fostering 
a culture of innovation for successful DT implementation in the building 
and construction sector. In conclusion, the discussion emphasizes 
evidence-based decision-making to enhance productivity, efficiency, 
and sustainability, contributing to the industry’s advancement through 
DT adoption. 

5.1. Findings 

5.1.1. Cluster 1: Performance issues (P) 
The Results of this paper emphasized the crucial role of performance 

issues with a path coefficient of 0.711. Performance issues are more 
associated with hardware and software resources and limitations asso-
ciated with data exchange among digital and physical twins (Perno 
et al., 2022). Fuller et al. (2020) emphasized the importance of using 
advanced and updated technologies to ensure efficient data steam. Tao 
et al. (2019) indicate the issues associated with big data integration with 
a DT’s, which can hinder effective data exchange between digital and 
physical models. The results also indicate that the “risk of overfilling 
bandwidth” (P9) stands out as the most important barrier with a factor 
loading of 0.874, “bureaucracy and knowledge assessment” (P11), and 
“difficulties in finding the balance between enough information and 
overwhelming information” (P10) were the second and the third most 
important performance-related barriers, respectively. In fact, due to the 

Table 3 
Discriminant validity (HTMT).  

Constructs Data Quality Environmental OSS Organizational Performance Security System Integration 

Data Quality        
Environmental 0.784       
OSS 0.186 0.143      
Organizational 0.102 0.123 0.48     
Performance 0.125 0.144 0.431 0.224    
Security 0.093 0.193 0.299 0.148 0.211   
System Integration 0.218 0.326 0.08 0.11 0.22 0.361   
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huge data diversity, large data truthfulness, and large data creation 
pace, controlling and monitoring of data can be considered as a real 
challenge (Rasheed et al., 2020). Zhao et al. (2022) highlight the chal-
lenges associated with processing human-understandable data into a 
machine-understandable format which can be the main reason for the 
continuous breakdown of data flow. According to Rolle et al. (2019), 
using edge computing methods and 5 G technology can effectively 
alleviate data leakage and facilitate the process of real-time data 
transmission. Others proposed using IOT devices for an efficient stream 
of data (He et al., 2018). In contrast, there are four least important 
observant variables which were removed from the performance-related 
issues, including “Difficulty in ensuring centralization”, “simplification 
and standardization” (P13), “Discovering and retrieving data from the 
IoT” (P5), “Difficulty in ensuring a satisfactory level of accuracy” (P3), 
and “Difficulty in setting realistic expectations and trust” (P14), with 
factor loadings of lower than 0.5. According to the results of the current 
study, it was seen that trustworthiness and level of reliability of data is 
not a real challenge in Hong Kong. Furthermore, since green 

construction includes green standardization for each data, adding 
another standardization can be considered unnecessary and a waste of 
cost and energy. 

5.1.2. Cluster 2: Security issues (S) 
Security and privacy issues are the second most significant hurdle 

against green DT. Since the ever-increasing amount of data operations 
from multiple sources by DT, the risk of breaching data by attackers 
would be increased, including all risks related to data acquisition, pro-
cessing, sharing and data storage (Perno et al., 2022). This is also 
consistent with the results of a study by Stanke et al. (2020), which 
indicates that privacy and security issues as one of the most important 
challenges in digital twin implementation. Privacy and security can be 
alleviated by introducing good regulation or using federated learning, 
while others emphasize the use of blockchain in DT (Rasheed et al., 
2020). The most significant privacy and security barriers limiting the 
implementation of green DT are “Difficulty in ensuring a proficient 
interaction between the digital and physical assets” (S5), “Difficulty in 

Fig. 6. The modified model.  
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ensuring the protection of intellectual property” (S1), and “the Need to 
share the DT among multiple application systems involving multiple 
stakeholders” (S2), with factor loadings of over 0.85. The result also 
aligns with Borangiu et al. (2019) stressed the significance of taking 
data-sharing protection measures against intellectual property issues, 
including reliable cybersecurity infrastructure and data encryption 
mechanisms. 

5.1.3. Cluster 3: Organization integration on issues (SI) 
The results shown in Fig. 6 support a significant effect of organiza-

tional issues on digital twin implementation in sustainable projects, 
indicating that the most important barriers to green DT are “Un-
certainties in the quality and reliability of data” (O6) and “Difficulty in 
identifying clear value propositions associated with DT solutions” (O1), 
with factor loadings of 0.8 and 0.77, respectively. This is also consistent 
with the results of Wishnow et al. (2020), it was stated that many or-
ganisations avoid DT’s because they believe using traditional ways is 
easier and more reliable than digitization techniques. Furthermore, a 
lack of familiarity with digitization is a common problem in many or-
ganizations. Therefore, organizations should clearly understand the 
opportunities that DT provides for them to implement DT in the middle 
of the better (Botín-Sanabria et al., 2022). In addition, setting regula-
tions and standardization by the government can provide a good 
incentive for many organizations to green DT implementation. On the 
other hand, the results also show that “Data unavailability” (O7) is the 
least important organizational barrier, with a factor loading of 0.43, 
which was removed from the structural model. The lack of data about 
DT and how to use this technology is not the main concern in the middle 
of organizations in Hong Kong. 

5.1.4. Cluster 4: System integration on issues (SI) 
According to the results, system integration issues labelled as the 

fourth top hurdles against green DT implementation, particularly 
“Compatibility between new and legacy systems” (SI3) and “Difficulty of 
integrating legacy manufacturing systems with modern IoT service 
ecosystems” (SI4), with factor loadings of over than 0.85. The lack of 

Table 4 
Cross loadings results.  

Items Data Quality Environmental Organizational Performance Security System Integration OSS 

D1 0.694 0.451 0.024 0.044 -0.005 0.052 0.11 
D2 0.784 0.454 0.06 0.159 0.064 0.154 0.163 
D3 0.704 0.469 -0.051 0.074 0.008 0.22 -0.005 
D4 0.808 0.489 0.051 0.056 0.124 0.092 0.219 
D5 0.792 0.572 -0.025 0.125 0.076 0.111 0.145 
D6 0.675 0.458 0.059 0.025 0.032 0.22 0.022 
E1 0.49 0.697 0.036 0.011 0.141 0.2 0.109 
E2 0.546 0.809 -0.033 0.091 0.053 0.166 0.071 
E6 0.453 0.775 0.047 0.132 0.133 0.2 0.055 
O1 0.054 0.038 0.771 0.234 0.094 0.109 0.258 
O2 -0.042 -0.096 0.559 -0.116 0.02 -0.029 0.199 
O3 0.086 0.055 0.737 0.14 0.122 0.006 0.37 
O4 0.021 0.055 0.75 0.047 0.152 -0.004 0.263 
O5 0.006 0.051 0.75 0.141 0.093 0.072 0.415 
O6 -0.058 -0.089 0.809 0.189 0.095 0.092 0.316 
P1 0.064 0.022 0.163 0.779 0.163 0.136 0.281 
P10 0.054 0.048 0.238 0.85 0.172 0.214 0.373 
P11 0.114 0.071 0.238 0.862 0.224 0.209 0.4 
P12 0.053 0.103 0.163 0.74 0.15 0.152 0.245 
P2 0.112 0.078 0.147 0.788 0.156 0.222 0.339 
P4 0.129 0.144 0.201 0.854 0.179 0.137 0.351 
P6 0.116 0.103 0.209 0.863 0.145 0.131 0.3 
P7 0.071 0.097 0.057 0.843 0.144 0.117 0.276 
P8 0.174 0.145 0.082 0.818 0.189 0.159 0.294 
P9 0.089 0.105 0.186 0.874 0.176 0.208 0.348 
S1 0.095 0.135 0.159 0.226 0.869 0.249 0.283 
S2 0.061 0.14 0.105 0.197 0.856 0.317 0.244 
S3 0.052 0.073 0.091 0.076 0.709 0.323 0.182 
S4 0.061 0.105 0.074 0.125 0.813 0.246 0.167 
S5 0.058 0.171 0.113 0.182 0.875 0.332 0.272 
S6 0.059 0.159 0.074 0.087 0.817 0.218 0.189 
S7 0.037 0.037 0.17 0.239 0.778 0.177 0.22 
SI1 0.181 0.25 0.111 0.186 0.29 0.828 0.074 
SI2 0.114 0.208 0.052 0.136 0.29 0.849 0.027 
SI3 0.231 0.227 0.116 0.162 0.239 0.857 0.056 
SI4 0.127 0.173 0.036 0.217 0.289 0.854 0.045 
SI5 0.101 0.146 -0.015 0.122 0.205 0.694 0.061 
Social 0.148 0.109 0.421 0.378 0.328 0.13 0.929 
Economic 0.149 0.105 0.302 0.294 0.183 -0.014 0.816 
Environmental 0.118 0.042 0.367 0.339 0.186 0.024 0.865  

Table 5 
Formative constructs analysis.  

Paths β SD P 
Values 

VIF Status 

Data Quality -> Digital Twins 
Implementation Barriers 

0.123 0.045 0.000 1.726 Supported 

Environmental -> Digital 
Twins Implementation 
Barriers 

0.06 0.021 0.000 1.776 Supported 

Organizational -> Digital 
Twins Implementation 
Barriers 

0.185 0.048 0.000 1.056 Supported 

Performance -> Digital Twins 
Implementation Barriers 

0.712 0.058 0.000 1.111 Supported 

Security -> Digital Twins 
Implementation Barriers 

0.319 0.047 0.000 1.16 Supported 

System Integration -> Digital 
Twins Implementation 
Barriers 

0.158 0.037 0.000 1.194 Supported  

A.F. Kineber et al.                                                                                                                                                                                                                              



Sustainable Cities and Society 99 (2023) 104930

15

connectivity between previous and new digital systems is the major 
issue. This observation conforms to the findings obtained in the study of 
Fuller et al. (2020); they (ibid) represent connectivity between different 
IoT devices or supporting systems with DT as a major challenge in green 
DT implementation. According to Liu et al. (2021), as the results of the 
technological improvement of physical assets over time, the models also 
need to be evolved incompatibly with this improvement. In addition, 
Liu et al. (2021) indicate the need for standard data, as more disparate 
systems in DT produce different outputs with different data formats. 
Wishnow et al. (2020) concluded that using standard language and 
ontologies is necessary for a better connection between models and 

systems in DT within the life cycle of process industries. 

5.1.5. Cluster 5: Data quality issues (D) 
As more and more data are generated as a result of DT imple-

mentation, it is imperative to ensure the quality of this data. The data 
should be sorted and cleaned, and noise-free to avoid the risk of digital 
twin underperforming (Fuller et al., 2020). This is also supported by the 
results of the current study that indicates the significant effects of data 
quality-related barriers on green DT implementation, particularly “Lack 
of methodologies and tools” (D4) and “Low maturity of literature and 
practical industrial implementations of DTs” (D5). This is compatible 
with the results of Rasheed et al. (2020), in which data preprocessing 
was deemed as the main DT requirement. The study also suggests using 
Algorithms like Restricted Boltzman Machine and Generative Adversa-
rial Networks as the main remedy for the problem. According to Liu 
et al. (2021), poor data quality can repetitively disrupt the continuous 
stream of data. In addition, lower-quality data can result in spending 
huge amounts of energy and cost in processing unnecessary and missing 
data. Lower-quality data also poses the risk of privacy and security 

Fig. 7. Path analysis.  

Table 6 
Path analysis.  

Paths Outer weight 
(β) 

SD P Values 

Digital Twins Implementation Barriers ->
OSS 

0.485 0.065 0.000  
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issues, as intruders and cyber-attackers can easily target this data. 

5.1.6. Cluster 6: Environmental issues (E) 
The hypothesis that environmental aspects can hinder green DT 

implementation is mostly untrue as the current study results (see Fig. 5, 
Path coefficient = 0.06). In contrast to the past findings, environmental 
aspects have the least significant impact on DT implementation in sus-
tainable construction projects, including Global connectivity (E2) as one 
of the most important environmental barriers with a factor loading of 
0.8. In addition, there are three least important barriers within the 
environment cluster — which were removed from the hypnotised 
structural model of the current study — including “multi-disciplinarily 
of environments for design and development” (E4), “Lack of high- 
fidelity models for simulation and virtual testing at multiple scales” 
(E3), and "Lack of education on the topic at universities” (E5), with 
factor loadings of lower than 0.4. 

Overall, it can be noticed from the results that DT-associated barriers 
significantly affect OSS with a path coefficient of 0.485. This indicates 
that the “social-related” aspects of OSS are mostly deteriorated by DT- 
related barriers (with factor loading of 0.929), followed by “environ-
mental-related”, and “economical-related” aspects (with factor loading 
of 0.86 and 0.81, respectively). It is consistent with the results of past 
findings which indicates that removing DT-related barriers and inte-
grating DT in sustainable projects can offer several benefits, including 
effective and efficient internal and external communication; informa-
tion sharing between all stakeholders of the sustainable projects (Li 
et al., 2020); and improvement in the integration between human skills 
and technology (Boje et al., 2020) (i.e., social aspect of OSS); reducing 
the energy consumption through life cycle of the project from design and 
production to demolition and recycling (Li et al., 2020) (i.e., environ-
mental aspect); and time and cost reduction through design and pro-
duction process and therefore increasing benefits for organizations 
(Söderberg et al., 2017) (i.e., economical aspect). It is also echoed in the 
paper by Kaewunruen and Xu (2018) that removing DT-related barriers 
and its integration into green constructions improves life cycle cost, 
energy and carbon footprint, and finds solutions for potential risks and 
threats (which results from the vulnerability of elements in green con-
struction projects through real-time collection of data and monitoring 
the situation of the project). Overall, our study has identified the key 
barriers to the successful implementation of DT’s in the building and 
construction sector. These barriers significantly impact the industry’s 
ability to embrace digital transformation fully. Addressing these chal-
lenges is essential for fostering the integration of DT’s technologies with 
sustainability pillars, such as energy efficiency, waste reduction, and 
resource optimization. Overcoming these barriers holds the potential to 
drive positive sustainability outcomes and elevate the sector’s envi-
ronmental, social, and economic performance. 

5.2. Implication 

5.2.1. Theoretical implication 
Examining the barriers to implementing DT’s in sustainable con-

struction projects contributes to the theoretical understanding of the 
pillars of sustainability and their application in construction. Sustain-
able construction projects address social, economic, and environmental 
concerns, commonly known as the three pillars of sustainability. The 
identified barriers shed light on how the challenges in implementing DT 
impact these pillars. 

Understanding the social dimension of sustainable construction is 
crucial. It encompasses stakeholder engagement, community involve-
ment, and worker well-being. The barriers to DT implementation, such 
as "integrating legacy systems with new ones" and "interaction of digital 
and physical assets," can hinder effective engagement with stakeholders, 
limiting the social benefits that sustainable construction projects aim to 
achieve. By addressing these barriers, researchers can develop strategies 
and recommendations to enhance stakeholder involvement, improve 

communication, and maximize the social impact of DT in sustainable 
construction. 

The identified barriers also influence the economic dimension of 
sustainability in construction projects. Economic sustainability involves 
cost-effectiveness, resource efficiency, and long-term viability. Barriers 
like "risks arising from overfilling bandwidth" and "an inadequate 
methodology and toolset" can impede economic sustainability. By 
exploring potential solutions to these barriers, researchers can 
contribute to enhancing the economic viability of sustainable con-
struction projects incorporating DT. This can include optimizing data 
transmission protocols, developing suitable methodologies and tools, 
and overcoming limitations that hinder cost-effective implementation. 

Environmental sustainability is another vital pillar in sustainable 
construction. It focuses on minimizing the environmental footprint, 
reducing resource consumption, and promoting ecological conservation. 
The barriers identified, such as "qualitative and quantitative un-
certainties of data" and "connectivity issues," can hinder achieving 
environmental goals. Researchers can propose solutions to address these 
barriers, including improving data collection processes, addressing un-
certainties, and developing interoperability standards. By addressing 
these barriers, researchers can enhance the environmental performance 
of construction projects utilizing DT. 

5.2.2. Practical implication 
The barriers to DT implementation in sustainable construction pro-

jects have practical implications for achieving sustainability across so-
cial, economic, and environmental dimensions. 

In the social dimension, the identified barriers guide practitioners in 
effectively engaging stakeholders and fostering collaboration. Strategies 
can be developed to address resistance to change, raise awareness about 
the benefits of DT, and involve stakeholders throughout the project 
lifecycle. Overcoming these barriers can lead to improved communica-
tion, increased social acceptance, and enhanced social outcomes in 
sustainable construction projects. 

From an economic perspective, understanding the barriers to DT 
implementation informs decision-making processes related to resource 
allocation and project planning. Addressing cost-related barriers and 
exploring potential financial incentives optimize the economic benefits 
of DT adoption in sustainable construction projects. This leads to long- 
term cost savings, improved resource efficiency, and enhanced eco-
nomic sustainability. 

Regarding environmental sustainability, the identified barriers 
inform the development of strategies to minimize the environmental 
impact of construction projects. Addressing data availability, interop-
erability challenges, and integration with existing environmental man-
agement systems improves environmental monitoring, optimizes 
resource usage, and reduces the ecological footprint. This results in more 
efficient use of materials, reduced waste generation, and enhanced 
environmental performance. 

The practical implications extend to policy development and regu-
latory frameworks. Understanding the barriers to DT implementation 
allows policymakers to develop supportive policies addressing these 
challenges. Financial incentives, data sharing and interoperability 
standards, and integrating DT requirements into building codes and 
regulations facilitate the widespread adoption of DT in sustainable 
construction projects. These policy interventions support achieving 
sustainability goals across social, economic, and environmental 
dimensions. 

Examining the barriers to DT implementation in sustainable con-
struction projects has theoretical and practical implications. Theoretical 
implications involve understanding the impact of these barriers on the 
pillars of sustainability within the construction context. Practical im-
plications guide decision-making, stakeholder engagement strategies, 
resource allocation, and policy development to overcome these barriers. 
By addressing these implications, researchers, industry professionals, 
and policymakers can work together to mitigate barriers and leverage 
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the potential of DT in achieving sustainability in construction projects. 

6. Limitation 

While this study has made a significant contribution, it is important 
to acknowledge its limitations for future research directions. Firstly, the 
study is geographically limited, and it is recommended that future 
studies broaden the scope to include multiple countries for improved 
generalizability of the findings. Secondly, the research is cross-sectional 
and does not consider organizational aspects or historical contexts in DT 
implementation. To gain a deeper understanding of the interaction be-
tween DT implementation barriers and OSS throughout the project 
lifecycle, future studies should adopt a longitudinal approach. Thirdly, 
the study solely relies on PLS-SEM to examine the relationship between 
DT implementation barriers and OSS based on theoretical conceptuali-
zation. Future research could explore the extent of OSS adoption across 
the project lifecycle using technology adoption theories such as inno-
vation diffusion theory, Technology Organization and Environment 
Model (TOEM), and Technology Acceptance Model (TAM). 

7. Conclusion 

The objective of this study was to examine the obstacles hindering 
the integration of DT in sustainable construction projects. Through a 
hybrid methodology involving a systematic literature review, expert 
interviews, and the use of the SEM technique, this research aimed to 
identify the barriers and their significance within the context of sus-
tainability pillars. The gathered data from respondents in the building 
and construction industry in Hong Kong reveals the following findings:  

(1) Identify 45 potential barriers clustered into six main categories 
that hinder the implementation of DT in sustainable construction 
projects.  

(2) Significance of barriers within each cluster: the most significant 
barriers identified in each cluster were highlighted.  

(3) Significance of main clusters: "Performance" and "security" were 
seen to be the most significant clusters for DT implementation. 

(4) Relationship between DT implementation barriers and OSS: "so-
cial" pillar of OSS was the most deteriorated one. 

The practical implications of the barriers to adopting DT technology 
in sustainable construction projects extend to social, economic, and 
environmental aspects. Overcoming these obstacles leads to improved 
stakeholder engagement, efficient resource utilization, and better envi-
ronmental monitoring, thereby promoting sustainability. Furthermore, 
understanding these challenges aids in decision-making and policy 
development, facilitating widespread DT adoption and advancing sus-
tainable construction practices. Having said that, future research should 
consider a number of limitations. Firstly, the data used in this study was 
collected in Hong Kong, which may limit the generalisability of the 
findings to other regions. Therefore, conducting future studies with data 
from different locations is crucial for making comprehensive compari-
sons. Secondly, there is a need for future research to focus on creating an 
AI-based algorithm for predicting the readiness level of construction 
projects while considering the existing barriers. Lastly, future in-
vestigations can be oriented towards developing models that reveal the 
causal relationships within the system, taking into account how barriers 
impact each other. 
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