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Abstract

This research conducts a systematic literature review of 189 peer-reviewed articles to ex-
plore integrating building information modelling (BIM) and offsite construction (OSC). It
aims to identify emerging trends, methodologies, and technologies in BIM-OSC integration,
focusing on construction stages, stakeholder roles, and BIM dimensions. The research
highlights a growing interest in BIM-OSC, particularly in early construction stages, and
emphasises 21 collaborative approaches and advanced technologies like artificial intel-
ligence (Al), digital twins, the internet of things (IoT), blockchain, and 3D printing for
sustainable development. Nine challenges identified include emerging technologies inte-
gration, standardised protocols, improved integration and interoperability of solutions,
data management, costs, stakeholders, sustainability, geographical perspectives, and skills
considerations. The findings offer a comprehensive roadmap for BIM-OSC implementation,
contributing to construction innovation discourse and suggesting future research directions.
This research advocates for the robust adoption of BIM and OSC to foster innovation and
sustainability in the construction industry.

Keywords: building information modeling (BIM); offsite construction (OSC); digital twins;
internet of things (IoT); artificial intelligence (Al); blockchain

1. Introduction

The traditional construction industry has faced several persistent challenges that
have hindered its growth and sustainability [1]. Inefficient workflows, rising costs, and
significant environmental impacts are just a few of the industry’s challenges [2]. To address
these issues, there is an increasing need for innovative solutions that offer a more sustainable
construction approach. Two such solutions that have gained popularity in recent times are
offsite construction (OSC) and building information modelling (BIM) [3,4].

OSC is a construction method representing a paradigm shift from traditional onsite
building methods to a prefabricated, factory-based process [5]. This approach moves a
significant proportion of the construction process into a controlled environment, where
enhanced precision, reduced waste, and an overall acceleration in project timelines can be
achieved [6]. OSC offers several benefits over traditional construction methods, including
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improved health and safety conditions for workers, as well as more efficient use of resources
and materials [7].

BIM, on the other hand, is a revolutionary digital tool transforming how archi-
tects, engineers, and construction professionals approach building design and manage-
ment [8]. BIM generates and manages digital representations of places” physical and
functional characteristics, enabling a highly collaborative and information-rich work-
flow [9]. Its capabilities extend beyond modelling, offering tools for clash detection and
energy analysis, and integrating various construction disciplines into a cohesive frame-
work [10]. The adoption of BIM has significantly enhanced collaboration, streamlined
project management, and enabled a more informed decision-making process throughout
a building’s lifecycle [11].

While each approach offers a set of advantages, their integration has the potential
to fundamentally transform the construction landscape. Integrating BIM with OSC en-
ables seamless coordination between design, manufacturing, and onsite assembly stages,
ensuring real-time information flow and minimizing fragmentation [12].

Through BIM-enabled Design for Manufacture and Assembly (DfMA) frameworks,
digital twins, IoT-enabled monitoring platforms, and immersive technologies such as VR
and AR, BIM-OSC integration supports automated component design, optimizes prefabri-
cation logistics, and facilitates just-in-time delivery for efficient assembly [3,4]. Moreover,
the synchronization of 3D/4D/5D BIM dimensions with OSC processes enhances cost
estimation, time planning, and stakeholder collaboration, ultimately improving project
performance and sustainability outcomes.

However, the full benefits of BIM-OSC integration remain largely untapped, with
industry practices and the academic literature lagging behind technological capabili-
ties [13-15]. Integrating BIM with OSC requires a collaborative approach that aligns
multiple stakeholders and processes to achieve unified project delivery goals [16].

This research aims to critically examine the current state of BIM and OSC in the con-
struction industry. It identifies the emerging trends and methodologies, focuses on the
construction stages in BIM-OSC research, and investigates the scope and application across
different phases of construction projects. The research also analyses the construction stake-
holders engaged in BIM-OSC research and evaluates the representation of BIM dimensions
in the literature. Furthermore, it examines various technologies that interact with BIM and
OSC, assessing their potential for innovation, identifying obstacles, and suggesting future
research directions in the BIM-OSC domain.

This research focuses on the current integration of BIM and OSC with the goal of
facilitating a more efficient, cost-effective, and environmentally friendly construction pro-
cess. As the industry approaches a pivotal point of technological change, the findings from
this research could serve as essential tools for construction professionals, policymakers,
and scholars. It outlines a strategy for the widespread implementation of BIM and OSC,
identifying the barriers to their integration and ways to address these challenges. The
results enhance scholarly discussion, offering insights into the collaborative potential of
BIM and OSC to improve project results. Additionally, the research has the potential to
influence the future of construction technology, promoting a stronger adoption of BIM and
OSC. It explores emerging trends and technologies that could align with BIM and OSC,
potentially sparking a new era of innovation in the sector. The research makes a significant
contribution to the conversation on construction innovation, providing insights that are
relevant to various international settings and laying the groundwork for further scholarly
and practical exploration worldwide.
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2. Research Methodology

This research adopted a structured systematic literature review (SLR) approach, which
is esteemed for its comprehensive ability to extract, analyse, and synthesise the existing lit-
erature in construction engineering and management [17,18]. The review was conducted in
accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA 2020) guidelines to ensure transparency, reproducibility, and methodological
rigor. This approach allows for an intricate understanding of the interplay between the
BIM and OSC techniques. A completed PRISMA 2020 checklist is included in Appendix A.

The Scopus and Web of Science databases were chosen as the platforms for conducting
the initial literature search due to their broad spectrum of subject categorisation and proven
accuracy in search and retrieval [19,20]. Compared with other databases, Scopus strongly
emphasises engineering disciplines, offering broader coverage in this area [21,22].

A Boolean search string was applied within the TITLE-ABS-KEY fields in the Scopus
database. Specifically, the search string was constructed as follows: (TITLE-ABS-KEY
(“BIM” OR “building information model*” OR “building information management”))
AND (TITLE-ABS-KEY (“offsite construction” OR “off-site construction” OR “off-site
manufacturing” OR “off-site fabrication” OR “offsite production” OR “modern methods
of construction” OR “prefabricate*” OR “precast construction” OR “pre-assembly” OR
“prefab*” OR “construction mass production” OR “modularization” OR “modular construc-
tion” OR “modular building” OR “modular homes” OR “modular integrated construction”
OR “modular homebuilding” OR “industrialized construction” OR “manufactured con-
struction”)) AND (LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, “re”)) AND
(LIMIT-TO (SRCTYPE, “j”)) AND (LIMIT-TO (LANGUAGE, “English”)). Figure 1 illus-
trates the systematic literature review process, detailing the stages of database searching
where the keywords were defined, and articles were restricted to the English language to
maintain a uniform standard for interpretation and analysis, a practice justified by English’s
standing as the international lingua franca for scientific discourse [23,24]. Also, the research
focused strictly on peer-reviewed journal articles to corroborate the rigor and quality of the
reviewed literature, aligning with the stringent research standards commonly endorsed
in engineering and construction. This initial search yielded 366 articles; details of the
systematic review process are presented in Figure 1.

Furthermore, this study imposed additional refinement on the search results by se-
lecting articles exclusively from the top 20 journals in each of the fields of building and
construction, architecture, and civil and structural engineering, as classified by the Scimago
journal rankings. This careful selection encompasses a total of 60 journals, ensuring that
the review incorporates only the most reputable and impactful research. This refinement
is backed by the notion that research published in high-impact journals often undergoes
rigorous peer-review processes and tends to contribute significantly to both academic
scholarship and practical application. This criterion has been applied in many journal
articles [25,26]. Therefore, this additional criterion fortifies the research’s commitment to
academic rigor and excellence in engineering and construction. A refined list of 212 articles
was collected after this step. The top 20 journals were determined based on SJR scores,
which reflect citation impact and scientific influence; journals ranked lower were excluded
due to their significantly reduced visibility and research impact, ensuring the inclusion of
only the most authoritative sources.

Following the initial selection, the research team divided into two independent groups
to evaluate the 212 shortlisted articles. The relevance of each article was assessed based
on its alignment with the research objectives of BIM-OSC integration, while quality was
determined through methodological rigor and the scientific influence of the publishing
journal, as indicated by the Scimago journal rankings (SJR). Through this intensive vetting
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process, the number of articles was further narrowed down to 189 for in-depth analysis
(See Figure 2).

Scopus and WoS Databases

Keywords, journal articles, English

Journal Analysis
60 journals from 3 fields

Article Assessment

Research aim and objectives

Content analysis
In-depth analysis

Cross-validation

Double-layered validation and
task-switching

Figure 1. Systematic literature review process.

Web of
Science o Documents Documents
Initial Sample
> 2 selected: selected:
366 articles N =212 N =189
Scopus
| Documents : I Documents |
: discarded: : | discarded: :
l N=154 | : N =23 |

Figure 2. Document selection flowchart.

Then, qualitative content analysis was performed on these 189 remaining articles.
Qualitative content analysis was employed in this study for its ability to delve deep
into the complexities of textual data, revealing themes and patterns that a quantitative
approach might overlook [27]. Qualitative content analysis ensures a rigorous and rich
exploration of the research subject, aligning with established best practices for systematic
literature reviews [28].

The research teams engaged in a double-layered validation process for added rigor.
Notably, the groups switched tasks partway through the analysis to cross-validate each
other’s findings, thereby ensuring higher reliability and validity in the data analysis. This
approach of task-switching and mutual validation aligns with recommendations in the
scholarly literature for enhancing the rigor and credibility of systematic reviews [29].
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The classification of statistical data in Sections 3.2-3.5 was determined through a
combined approach: When studies explicitly defined their categories, these were adopted
directly; otherwise, categories were derived through qualitative content analysis of the
study objectives, methodologies, and findings, ensuring accuracy and consistency.

3. Results and Discussion

This section synthesises findings from an in-depth analysis of BIM and OSC integra-
tion. It starts with a bibliometric analysis that charts annual publications to track trends
over time, providing a quantitative foundation for understanding this interdisciplinary
field’s evolution (Section 3.1). Subsequent content analysis reviews various aspects of the
literature, including the methodological approaches in studies (Section 3.2) and focuses on
specific construction stages (Section 3.3). This review also assesses which stakeholders are
highlighted and whose interests might be overlooked (Section 3.4). It evaluates the BIM
dimensions explored in these studies (Section 3.5) and discusses emerging technologies at
the intersection of BIM and OSC (Section 3.6). Finally, it addresses challenges and future
directions, outlining key obstacles and potential research trajectories for BIM and OSC
integration (Section 3.7).

3.1. Annual Publications

Figure 3 presents the annual distribution of the selected papers. It is observed that
there was a steady level of productivity from 2010 to 2017. Subsequently, there has been an
increasing trend from 2017 to 2022, culminating in a peak of 31 articles in 2022. The primary
sources contributing to this trend include journals such as Automation in Construction,
Buildings, Construction Innovation, and Smart and Sustainable Built Environment. With
the inclusion of additional studies from 2023 onward, the publication count for 2023 reached
34 articles, surpassing the previous peak. Moreover, 2024 recorded the highest number to
date, with 52 publications, while 2025 has already yielded 11 publications as of mid-year.
These figures indicate a continued upward trajectory in research activity, confirming the
growing academic interest in this domain and reinforcing the long-term significance of
the topic.

Annual Distribution of Selected Papers (2010-2025)
52
50

451
401
35F 34
31

30

251
201
15

10} 10 é

17

Number of Publications

11 11

Figure 3. Annual distribution of BIM-OSC-related publications (2010-2025). Data for 2025 represents
publications available up to the date of the literature search and should not be interpreted as a
complete annual total.
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3.2. Analysis of Methodological Approaches

The subsequent analysis was designed to examine the methodologies adopted across
the 189 selected articles. Figure 4 delineates six principal research methods: case study,
modelling and simulation, literature review, experimental and quasi-experimental research,
mixed methods, and quantitative approaches. Case studies were the most frequently
utilised method, featured in 73 articles, constituting 39%. This prominent role of case
studies is unsurprising given their ability to provide rich, contextual insights, as previously
highlighted in the construction engineering literature [30,31]. The results are consistent
with those of Ehwi, Oti-Sarpong [32], where case studies are the favoured method used
in OSC.

Quantitative Others
Approach 4%
5%

Case Study

Mixed Methods 39%

22%

Experimental and
Quasi-experimental

Research
Literature Review . Modelling and
12% Simulation
13%

Figure 4. Research methodologies adopted in the articles.

Mixed methods emerged as the second most prevalent research approach, employed
in 42 articles, accounting for 22% of the total. This methodology typically integrates
both qualitative and quantitative techniques, thereby offering a more comprehensive and
nuanced understanding of complex construction phenomena.

Modelling and simulation methods followed, appearing in 25 articles (13%). These
methods are invaluable for forecasting and evaluating complex engineering scenarios,
offering a robust theoretical underpinning to the practical applications in the field [33].
Literature reviews were identified in 22 articles, representing 12% of the selected studies.
Literature reviews allow for comprehensive analyses of existing research, serving as both
a synthesis and a critique [34]. It was observed that, while the integration of BIM and
OSC has been the subject of previous reviews, these studies often adopt either a broad
brush approach or focus primarily on quantitative analyses [14,35]. Such approaches,
while valuable, frequently overlook the complexities of implementing BIM and OSC in
real-world settings. This oversight is particularly evident in their limited exploration of
diverse construction stages and stakeholder engagements.

Experimental and quasi-experimental research methods were present in 10 articles
(5%), offering a means to test hypotheses under controlled or semi-controlled condi-
tions [36]. Similarly, quantitative approaches were found in 10 articles (5%), generally
emphasising statistical rigor and objectivity. Finally, other methodologies, which could not
be neatly categorised, were used in seven articles 4%. For example, Bortolini, Formoso [37]
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adopted the design science research method to evaluate the effectiveness of the integration
of BIM and OSC in site logistics planning and control.

3.3. Breakdown of Construction Stages

The following analysis directs attention to the construction stages that are the focus
of the 189 articles reviewed. Figure 5 presents a breakdown of four construction stages:
design, manufacture, construction, and others, encompassing articles covering two or more
stages. These multi-stage studies form the majority of the ‘Others’ category, explaining
why it accounts for a relatively high proportion in Figure 5. Dominating the distribution,
the ‘Others’ category is represented in 88 articles, accounting for 47% of the total. These
papers typically engage in multi-stage analysis, providing a more comprehensive view
of the construction lifecycle, an approach that has gained traction in recent literature.
Ezzeddine and Garcia de Soto [38], for instance, focused on enhancing teamwork across
various construction stages through implementing BIM and OSC. Gong, Xu [37] assessed
the impacts of various factors, including technology, environment, economics, organisation,
and recognition, across different stages of BIM-OSC integrated projects.

Construction Stages

47%

20%

m Design = Manufacture Construction Others

Figure 5. Construction stages focused on by the articles.

Next, the ‘Design’ stage garners substantial focus, covered in 50 articles or 26% of the
sample. This prominence reflects the increasing attention on early planning and design
in construction engineering for achieving successful projects [39]. An ontology and BIM-
based Design for Manufacture and Assembly (DfMA) framework was developed by Qi
and Costin [40] for OSC component design. Similarly, ref. [41] examined the application of
the Random Forest algorithm for the automatic categorisation and coding of prefabricated
elements. OSC components were also focused by Li, Li [42] to create a fine reinforcement
model for prefabricated shear wall structures.

The ‘Construction” stage is also notably covered, featuring in 38 articles and making
up 20% of the corpus. Given that this stage is often where plans materialise into tangible
outcomes, its scholarly attention is well-justified [43]. Lopez, Chong [44] identified barri-
ers hindering timber OSC, primarily from the builders” and suppliers’ perspectives. An
IoT-enabled Smart BIM Platform was developed by Zhou, Shen [45] to support contrac-
tors/subcontractors in onsite assembly services.
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The ‘Manufacture’ stage is less frequently examined, appearing in 13 articles or 7%
of the body of work. This stage is crucial for prefabrication and component assembly,
with significant implications for time and cost savings [46]. Zhou, Shen [45] developed a
BIM-based framework that automates the assessment of machine capabilities for fabricating
construction products, resulting in time saving for the manufacturing process. Automatic
processes were also highlighted by Martinez, Ahmad [47] with the proposed framework to
automate the supervision of light-gauge steel frame manufacturing, leveraging an industrial
camera and BIM data to ensure quality and safety in a controlled factory environment.

The reviewed literature heavily emphasises early construction stages, overlooking
the stages after ‘Construction’. This is surprising given the rise of integrated construc-
tion, which promotes a comprehensive view of construction throughout its lifecycle. As
sustainability and circular economy principles gain prominence, attention to a building’s
operation and end-of-life stages becomes vital. The scant focus on these stages in cur-
rent studies suggests a significant research gap, especially when considering their role in
sustainable construction.

3.4. Analysis of Stakeholders

The subsequent analysis pivots towards the different stakeholders highlighted in the
189 articles examined. As illustrated in Figure 6, the study revealed four main stakeholders:
designers, manufacturers, contractors, and others. ‘Others’, which represents a category
comprising various stakeholders or a combination thereof, remarkably dominated the
findings, being the subject of 147 articles and constituting a significant 78% of the total.
This dominance might suggest that numerous studies prefer a holistic or multifaceted
stakeholder viewpoint, which has seen rising endorsement in the recent literature. Five
categories with 16 factors affecting BIM in OSC projects, which can be influenced by all
stakeholders, were researched by Gong, Xu [37]. Abd Razak, Khoiry [48] highlighted the
benefits of integrating BIM with DIMA for OSC and the need of collaboration among
stakeholders (clients, developers, multidisciplinary designers, contractors/builders, and
suppliers) along with the government support. Among different stakeholders’ influence,
the government’s roles were also researched by Yang, Xiong [49], revealing that a well-
structured government incentive scheme can support the growth of BIM and OSC.

m Designers ' Manufacturers Contractors Others

Figure 6. Construction stakeholders focused on by the articles.

Zooming in on specific roles, ‘Designers” were the focal point in 18 articles, making
up 9% of the selection. Their pivotal role in initiating and shaping projects explains the



Appl. Sci. 2025, 15, 9981

9 of 28

academic spotlight on them. The design and documentation of a complex glass reinforced-
concrete facade were focused by Moya and Pons [50] to streamline the processes for
designing and producing documents for curvilinear facades. According to Gan, Liu [51],
modular structures’ aerodynamic design and wind comfort could be examined with a
combined method using BIM and VR. Gan [52] created a thorough BIM-centric graph
data structure to depict the fundamental attributes and interconnected components of
modular structures, with the aim of devising and strategising design options for modular
construction methodically.

‘Contractors’, responsible for the tangible realisation of construction projects, featured
in 13 articles, thereby occupying 7% of the study corpus. Their hands-on involvement
in project execution, from ground-breaking to completion, underscores their importance
in construction. Both Tak, Taghaddos [53] and Huang, Pradhan [54] researched crane
assembling using BIM in OSC projects. Their research delves into the complexities of
assembly scheduling in crane-assisted precast construction, especially when considering
building layout interference and crane lifting optimization. Building upon previously es-
tablished systems, their research presents a framework/strategy that integrates both micro
(objects) and macro (site) scales of operation in BIM-OSC projects. This holistic approach
encompasses BIM-driven multi-crane visualisations, scheduling, safety monitoring, and
space—time site evaluations to enhance onsite crane management.

Conversely, ‘Manufacturers’, who play a critical role in providing construction materi-
als and components, appeared in 11 articles, accounting for 6% of the total. Their influence
on construction projects’ efficiency, sustainability, and overall quality cannot be underesti-
mated. Steel frame manufacturing was researched by Martinez, Ahmad [47] and An, Mar-
tinez [55]. While Martinez, Ahmad [47] proposed a framework to automatically oversee the
pre-manufacturing of light-gauge steel frames, An, Martinez [55] developed a BIM-based
3D framework to assess the manufacturability of steel frame assemblies autonomously.

This analysis examines the diverse roles stakeholders have in BIM-OSC projects. The
reviewed articles highlight the significance of collaboration in the construction industry.
Effective teamwork among all participants is essential for the success of BIM-OSC projects.

3.5. BIM Dimensions

In the analysed articles, a predominant emphasis on 3D modelling was observed
(See Figure 7). A staggering 52 out of 189 articles centred on using three-dimensional
models, indicative of its foundational role in the BIM process. This emphasis on 3D
modelling underscores its critical importance in capturing construction elements” spatial
relationships, geometry, and graphical data, especially within offsite construction contexts.
Kang, Dong [56] detailed an automated design improvement method centred on the
BIM platform for modular steel constructions, enabling seamless data interchange across
different software tools. Noghabaei, Liu [57] proposed a technique for remote module
compatibility checks, successfully identifying discrepancies across varied module situations.
Shen, Xu [58] formulated a safety risk management system within the BIM framework
using Revit software, optimizing health and safety measures for prefabricated structures.

The 4D dimension, which introduces the time aspect to BIM, was explored in
13 articles. Its relevance in BIM-OSC initiatives emphasises the value of project sequencing
and scheduling, crucial for harmonising offsite component production with onsite con-
struction. Wang, Guo [59] introduced an approach that leverages 4D BIM to proactively
pinpoint and address potential workspace conflicts during the intricate phases of installing
prefabricated building assemblies. This approach underscores the significance of foresight
in the detailed design process, highlighting the potential to pre-emptively tackle challenges.
Rashidi, Yong [36] explored the merger of 4D BIM with VR to bolster construction planning



Appl. Sci. 2025, 15, 9981

10 of 28

proficiency. The complexities of modular construction, which inherently involves both
offsite and onsite activities, were addressed by Salama, Salah [60]. This research proposed
a novel method tailored to track and manage these activities, especially accentuating the
unique characteristics associated with modular construction.

3D
27%

Others
58%

3%

Figure 7. BIM dimensions focused on by the articles.

The 5D dimension, concerning cost estimation, featured in four papers. Gbadamosi,
Oyedele [61] proposed a framework that merged three key aspects of OSC (BIM, DIMA, and
big data) to establish the Big data Design Options Repository. This system aims to connect
BIM clients with pivotal manufacturer and supplier details, such as component costs and
production timelines, thereby streamlining offsite construction delivery processes. Another
investigation addressed the disparate outcomes on the benefits of multi-trade prefabrication
(MTP) utilising BIM, including an economic analysis [62]. The research provided insights
into the longer coordination times of MEP systems in MTP versus conventional methods
due to the addition of offsite coordination activities. However, it highlighted that the
overall project span was curtailed thanks to the concurrent execution of MTP and concrete
tasks. Zhao, Liu [63] underscored the use of BIM with the Analytic Hierarchy Process
to offer comprehensive project requirements, supplier profiles, and a ranking system for
potential suppliers, in which cost is one of the main criteria.

In the sustainability-focused 6D dimension, five articles were reviewed. In sustainable
construction, prefabricated structures have garnered significant attention for their potential
environmental benefits. Tavares and Freire [64] assessed the environmental impacts of
lightweight prefabricated houses, incorporating a holistic lifecycle assessment, underlining
the importance of regional variations like climate and electricity mix. Notably, the research
highlighted the substantial embodied impacts, particularly in Mediterranean and tropical
climates, emphasising the need for varying insulation levels based on climatic conditions.
They concluded that lightweight prefabricated structures, when compared to their con-
ventional counterparts, potentially reduce overall lifecycle impacts in the building sector.
Similarly, Li, Xie [65] delved into the merits of prefabricated concrete buildings (PCBs),
advocating for their resource efficiency, quality enhancement, and reduced pollution foot-
print. This research focused on developing an exhaustive lifecycle accounting mechanism,
harnessing the capabilities of BIM, to calculate the carbon emissions of PCBs precisely. It
was revealed that such buildings considerably lessen carbon emissions, especially when
contrasted with entirely cast-in-place structures.

Lastly, the 7D dimension, centred on facility management, was addressed in six
articles. Daniotti, Masera [66] developed a comprehensive BIM-based toolkit aimed at
streamlining the renovation of residential buildings, ensuring more efficient information
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flow and heightened building efficiency. Early findings from this ongoing project highlight
the potential of BIM-centric approaches in revolutionising building refurbishments.

This analysis provides an overview of the evolving BIM dimensions, from the founda-
tional role of 3D modelling to the sophisticated nuances of the 7D dimension. It is evident
that BIM has increasingly anchored itself as an indispensable tool in modern construction,
streamlining processes, enhancing efficiency, and promoting sustainable practices. The
spectrum of research illustrates BIM’s multifaceted applications and its profound impact
on various construction facets.

3.6. Advanced Technologies

A total of 21 technologies were identified and classified into eight technology types,
following classifications and recommendations from various authors within the context
of emerging technologies in Construction 4.0 [67]. As shown in Figure 8, (I) Data and
information and communication technologies (ICT) were discussed in 36.0% of the stud-
ies, (II) Modelling and simulations technologies and associated tools for BIM process
automation were analysed in 11.6%, (III) Immersive technologies appeared in 19.6% of
the studies, and (IV) Sensors were featured in 18.5%. Then, 7.9% of studies featured the
use of (V) Technologies for the reconstruction of the built environment, and (VI) Digital
twins were evident in 9.5% of the studies. Finally, (VII) 3D printing technologies and digital
fabrication were examined in 7.9% of the studies, and (VIII) Autonomous vehicles in 8.5%.

% of articles

0.0% 5.0% 10.0% 15.0% 20.0% 25.0% 30.0% 35.0% 40.0%
Data and Information and Communication Technologies (ICT) - [ Type | ] 36.0%
Modeling & Simulations technologies/Automation - [ Type 1] 11.6% j
Immersive technologies - [ Type Ill | | j 19.6%
Sensors - [ Type IV ] | 183.5%

Technology type

Technologies for the reconstruction of the built environment - [ Type V] | 7.9%
3D Printing technologies - Digital Fabrication - [ Type VIl ] | 7.9%

Digital twins - [ Type VI | %9.5%

Autonomous Vehicles - [ Type VIII | 8.5%

Figure 8. Frequency of technologies featured in reviewed papers.

Figure 9 shows in detail the technologies analysed in the investigations. Note that the
percentages in Figure 8 do not necessarily correlate directly with the technology categories
in Figure 7 because more than one technology is addressed in some articles. It is possible to
see the prominent use of artificial intelligence (AI) and machine learning (ML), reflecting
their growing role in optimizing processes and decision-making in prefabricated construc-
tion. Also, the significant analysis of modelling and simulation/automation technologies is
also evident, focusing their use on the systematisation of the integration processes of BIM
with prefabricated construction.

Additionally, augmented reality (AR) and virtual reality (VR) show notable adoption
at high rates. This trend can be attributed to their ability to improve visualisation and
planning in prefabricated construction, enabling better alignment of virtual models (BIM)
with physical assembly processes. Additionally, internet of things (IoT) and laser scanning
technologies stand out, primarily for their applications in real-time data capture and site
monitoring, which are essential for creating accurate digital twins. These technologies col-
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lectively support the integration of real-world environments with digital models, enhancing
efficiency and control in prefabricated construction projects.
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Figure 9. Frequency of technologies analysed in reviewed papers.

Detailed in Table 1, these technologies span a broad spectrum, from data and ICT to
autonomous vehicles. Significantly, they are not isolated tools but integral components of a
cohesive system that collaborates seamlessly with BIM. This synergy primarily involves
advanced 3D modelling and simulations, enriched with time and cost dimensions (4D
and 5D BIM), tailored for diverse OSC applications. These technologies represent more
than mere advancements; they are transformative forces in the construction sector. By
enhancing project efficiency, precision, and environmental sustainability, they are redefining
the construction landscape from the foundational stages of planning and design to the
intricate processes of execution and management.

It is important to note that the 21 technologies identified across the eight categories are
not isolated but highly complementary. For example, IoT-based sensors and laser scanning
provide real-time data that feed into digital twins for dynamic project monitoring, while VR
and AR enhance constructability verification by aligning BIM models with onsite assembly.
Similarly, Al and big data analytics optimize prefabrication planning and decision-making.
Collectively, these technologies form a synergistic ecosystem that strengthens BIM-OSC
integration, improving efficiency, accuracy, and sustainability across all project phases.
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Table 1. Technologies analysed in BIM-OSC studies.

Technology Types Technologies Descriptions References
Al and ML Optimizes resource planning, decision-making, [4,41,68-90]
and automation.
Ensures consistent, up-to-date project data across
Data exchange/(CDE) stakeholders and integrates diverse formats, enhancing [4,73,74,76,82,91-95]
collaboration and interoperability.
Enables scalable, real-time data sharing and collaboration,
Cloud computing ensuring stakeholders access the latest prefabrication and [4,73,74,76,82,91-96]
Type I—Data and ICT construction information.
Blockchain Secures, tracks, and manages project data across its lifecycle, [73,74,77,78,82,95,97-101]
ensuring transparency and trust in OSC supply chains.
Handles large datasets generated by IoT-enabled OSC
Big data projects to support predictive analysis and improve [74,78,96,102,103]
decision-making. _
ICT Customlses dg51gn, mz.anufac.turmg, and assembly through [103,104]
integrated digital configuration platforms.
- . . . 3D/4D/5D BIM Modelling Enhances visualisation, cost control, and project planning. [42,49,51,54,56,62,90,105-108]
Type lI—Modelling and simulation HPC Accelerates design simulations and prefabrication modelling.  [109-112]
Type II—Immersive technologies VR/AR/MR Supports constructability verification, inspection, and [4,14,62,73,74,78,86,87,106,113-120]

design reviews.

Type IV—Sensing and monitoring

IoT Sensors
RFID

Enables real-time tracking of prefabrication and
onsite assembly.
Improves material monitoring and component tracking.

[9,73,74,76-78,82,86,87,89,92,97,98,102,117-121]
[14,49,71,81,82,92,115,119,121-124]

Type V—Reconstruction tools

Laser scanning

Provides accurate 3D measurements for
geometry verification.

[14,78,83,86,89,96,99,110,113,115,122,124-128]

Photogrammetry Generates precise models from images for quality checks. [125]
Type VI—Digital twins Digital twins F}wgr?tes real-time data with BIM for dynamic [66,73,74,76-78,86,98,117,120,123,129-131]
ifecycle monitoring.
Tvoe VII—3D Printing and fabrication 3D Printing Produces prefabricated components with higher precision. [14,82,87,131-136]
yp & Automates precision manufacturing of modular components,
CNC : ' [137,138]
reducing human error and enabling seamless assembly.
UAVs (drones) A551§ts in sfcg 1nspe'ct1'0ns, Prefabl"lcated glement placement, [129,139]
and installation logistics with aerial monitoring.
Robots Automates repetitive prefabrication tasks to enhance [4,73,76,77,82,87,105-107,122,136,140,141]

Type VIII—Autonomous vehicles

Automatic guided vehicles (AGVs)

consistency, speed, and accuracy of modular manufacturing.
Transports modular components between production,
storage, and installation points, improving onsite efficiency
and safety.

[137]
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These technologies predominantly focus on enhancing the efficiency of planning,
design, fabrication, and assembly processes for prefabricated elements through the strategic
use of BIM models.

Type I (Data and ICT) plays a pivotal role in OSC, primarily focusing on data genera-
tion, use, and exploitation. This category encompasses diverse technologies that facilitate
the efficient handling and processing of construction data. These technologies are in-
strumental in enhancing communication, improving data management, and supporting
decision-making processes in OSC, thereby contributing significantly to optimizing plan-
ning, design, and execution phases in construction projects.

Type II (Modelling and simulation technologies/automation) is central to enhancing
the efficiency and accuracy of design, manufacturing, and installation processes in OSC.
These technologies significantly improve logistical planning and control. They facilitate
a more streamlined and efficient construction process, contributing to the overall project
efficiency. HPC offers substantial advantages in precast construction. It enables efficient
coordination of construction robots, real-time quality inspection, and performance opti-
mization through advanced simulations. This technology is pivotal in enhancing planning
and resource management, thereby improving construction projects’ precision, efficiency,
and overall success.

Type III (Immersive technologies) plays a distinct role in enhancing construction
processes. AR focuses on inspecting and verifying the correct layout of precast elements
onsite, effectively linking information to and from BIM environments. This technology
overlays digital information onto the real-world environment, aiding in precise placement
and adherence to design specifications. Conversely, VR enhances 4D BIM planning through
immersive, first-person simulations, providing deeper insights into assembly, layout, and
logistics workflows. It allows stakeholders to navigate the construction environment vir-
tually, aiding in planning and decision-making. MR combines the best of both worlds,
superimposing virtual elements onto real environments for enhanced construction design
communication. It facilitates effective visualisation and understanding of construction
designs, improving communication among project stakeholders. These immersive tech-
nologies significantly contribute to the efficiency, accuracy, and success of construction
projects, particularly in the design and planning stages.

Type IV (Sensors) encompasses loT and RFID technologies, which play crucial
roles in OSC. IoT technology is instrumental in enabling platforms for onsite assembly
services, significantly enhancing the tracking and management of prefabricated elements
during deployment. This technology provides real-time monitoring and data collection,
which is essential for the efficient assembly and management of construction processes.
Conversely, RFID technology is crucial for capturing the encoded data of components
during onsite assembly in OSC. It enhances the tracking of materials and management
of related processes, thus improving both the efficiency and accuracy of the assembly
process. RFID provides real-time data on components and materials, optimizing the
management and execution of OSC and ensuring a more streamlined and accurate
construction workflow.

Type V (Technologies for the reconstruction of the built environment) is essential for
maintaining the accuracy and integrity of construction projects. Laser scanning technology
plays a key role in accurately reconstructing built elements, providing precise control and
oversight of the construction site layout. This technology allows detailed comparisons be-
tween actual site conditions and the 3D models used in planning, ensuring projects adhere
to their designs and specifications. Photogrammetry, meanwhile, is particularly effective in
reconstructing maps and environments over large areas. Using photographs, often from
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drones, generates detailed maps and 3D models, essential for accurate construction and
land surveying.

Type VI (Digital twins) embodies a transformative approach to managing construction
projects. This technology offers an integrated and comprehensive view of projects, focusing
on elements such as detailed 3D modelling, meticulous planning, and efficient logistics
management. Digital twins act as dynamic, virtual counterparts of physical construction
projects, facilitating real-time monitoring and decision-making. This technology signifi-
cantly boosts the precision and efficiency of construction processes from design through to
execution. By providing an overarching view of the project lifecycle, digital twins enhance
coordination, resource management, and operational efficiency, playing a pivotal role in
the success and optimization of construction projects.

Type VII (3D printing technologies and digital fabrication) is crucial in advancing
OSC. This category includes transformative technologies like 3D printers, which facilitate
the precise fabrication of complex building components directly from digital models, and
CNC, which enables accurate machinery control for efficient material shaping and assembly.
These technologies integrate seamlessly with BIM, enhancing the design, manufacturing,
and assembly processes. They are instrumental in promoting a modular construction
approach, significantly improving project efficiency, precision, and adaptability in the
evolving construction landscape.

Type VIII (Autonomous vehicles) revolutionises OSC by enhancing efficiency and pre-
cision. UAVs facilitate critical site inspections and logistics planning. Robots automate and
refine the manufacturing of prefabricated components, ensuring optimal modularisation.
AGVs streamline the transport and placement of precast elements onsite. These technolo-
gies mirror the advancements seen in Type II (Modelling and automation), significantly
improving the overall efficiency and accuracy of OSC processes.

3.7. Later Lifecycle Stages: Operation, Maintenance, Renovation, and Deconstruction

The literature reviewed reveals a marked imbalance in focus across building life-
cycle stages. As illustrated previously (Figure 5), most studies focus on design (26%),
manufacturing (7%), and construction (20%). In contrast, the later phases, operation, main-
tenance, renovation, and deconstruction, remain under-represented, despite their centrality
in sustainability discourses.

From our dataset of 189 papers, only 36 studies explicitly address operation and
maintenance [75,95,130,134,142-145], typically through 7D BIM and facility management
approaches, predictive maintenance, or building condition monitoring systems. A smaller
cluster of works [13,82,94] engages with renovation and modernisation, emphasising digital
retrofit strategies and performance prediction models. Similarly, 21 papers investigate life-
cycle assessment (LCA) in prefabricated construction [79,133,146], quantifying embodied
carbon and highlighting the environmental trade-offs of offsite construction.

Research on deconstruction, reuse, and material disposal is particularly scarce: only
10 articles [137,143,144] address circular economy strategies such as material passports,
adaptive reuse, and waste minimization. This confirms that the post-construction life-
cycle remains a neglected area in BIM-OSC integration. Figure 10 below visualises this
distribution, highlighting the significant research gap in later lifecycle stages.

While these aspects are essential for aligning BIM—OSC practices with circular economy
principles and comprehensive lifecycle assessment, current scholarship remains heavily
weighted towards early stages.



Appl. Sci. 2025, 15, 9981 16 of 28

Number of Articles

40

35

30

25

20

15

10

N RESEARCH

36
21
10
6 .
Operation/Maintenance Renovation/Modernization Deconstruction/Reuse/Disposal Life Cycle Assessment (LCA)

Lifecycle Phases
Figure 10. Representation of lifecycle phases beyond construction in the BIM-OSC literature.

3.8. Challenges and Future Directions

The research papers reviewed in this study highlight several challenges, paving the
way for new research opportunities. Through analysis and categorisation of data extracted
from the documents, nine key research topics have been identified (See Figure 11). To
enhance clarity, Table 2 summarises these nine challenges along with their related future
research directions.

Emerging
technologies
integration

Skills
Protocols,
policies and
\ frameworks

Geographical
perspectives Integration and
interoperability

GAPS

Sustainability
Data

management

Stakeholders
Costs

Figure 11. Research gaps.

The first topic (i) focuses on integrating emerging technologies in future OSC de-
velopments. Notably, generative design is emphasised as a transformative technol-
ogy [40,42,52,56,147], offering significant potential to expand the range of modular designs
through its automated configuration capabilities. Blockchain technology is identified as a
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critical tool for enhancing the supply chain of OSC projects [3,97,98,148]. Its application
promises to improve transparency, trust, traceability, and security, while also boosting
efficiency and quality control in supply chain processes. The roles of AR and VR are also
highlighted as a catalyst for constructability verification [51,56,114,149] and dimensional
control of elements [95]. These technologies extend the capabilities of 4D-BIM, facilitating
its integration across various project types [36,142,150]. Furthermore, integrating the IoT
is recommended to address the need for real-time data collection throughout the OSC
lifecycle, particularly during the construction phase [82,117]. This integration is also seen
as a means to enhance supply chain traceability, further contributing to the efficiency and
effectiveness of OSC processes. Industrialized construction systems (ICSs) are critical in en-
hancing OSC by integrating prefabrication, modularisation, and automation. However, the
reviewed literature provides limited insights into their integration with BIM-driven work-
flows. Future studies should explore how ICSs can improve production planning, quality
control, and large-scale OSC implementation, enabling greater efficiency and sustainability.

Table 2. Summary of challenges and future research directions.

Challenge Area

Focus in Reviewed Studies

Future Research Directions

i. Emerging Technologies

ii. Protocols and Frameworks

iii. Integration and Interoperability

iv. Data Management

v. Costs

vi. Stakeholders

vii. Sustainability

viii. Geographical Aspects

ix. Skills Development

Integration of generative design,
blockchain, AR/VR, IoT, and other
Industry 4.0 tools.

Lack of standardised protocols,
coding systems, and regulatory
policies for OSC-BIM.

Difficulties integrating proposed
solutions and emerging technologies
with traditional workflows.

Challenges in big data collection,
compatibility checks, and secure
data sharing.

High costs and limited cost-benefit
analyses for OSC-BIM solutions.

Limited collaboration between
contractors, designers,
manufacturers, and regulators.

Limited exploration of
environmental and social impacts of
BIM-OSC integration; focus is mostly
on design, manufacturing, and
construction phases, with limited
research on operation, maintenance,
and deconstruction.

Uneven adoption of OSC-BIM
integration across regions.

Lack of training and digital
competencies among professionals
managing OSC-BIM projects.

Develop holistic frameworks
combining these technologies and
test their real-world applications.

Establish international standards,
shared ontologies, and common data
formats for seamless implementation.

Enhance cross-platform
interoperability, adopt lean-driven
approaches, and optimize assembly
sequencing.

Explore blockchain, cloud computing,
and big data analytics to automate
and improve data precision.

Conduct lifecycle cost studies, assess
macroeconomic impacts, and
evaluate carbon trading policies.

Develop collaborative platforms,
virtual environments, and real-time
shared ecosystems.

Expand comparative LCAs, assess
carbon trading impacts, and explore
BIM-OSC integration for facility
management, predictive
maintenance, adaptive reuse, and
sustainable deconstruction to support
whole-lifecycle sustainability.

Investigate localized barriers,
regional best practices, and develop
scalable solutions.

Create training programs,
industry—academia collaborations,
and digital upskilling frameworks.

The second topic (ii) addresses the development of protocols, policies, and frame-
works essential for the construction industry. This includes establishing consistent and
standardised methods for implementing forward design using BIM [48,69,149]. There
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is a pressing need for detailed instructions tailored for manufacturers and contrac-
tors [40,61,118,127,150-157], along with a standardised coding system for prefabricated
building components based on BIM [41]. This topic also underscores the critical role
of the public sector in providing regulations and guidelines for BIM application in
OSC [13,103,137,157], and the importance of incentives to encourage its adoption [49].
Standardised ontology models and guidelines for safety risk assessment should be devel-
oped in OSC [58]. Furthermore, there is a need to develop a universally accepted standard
data format to support CDE among stakeholders [157], and the standardisation of material
types and sizes [104].

The third topic (iii) delves into the challenges of integration and interoperability of pro-
posed solutions and their associated technologies [4,60,158-163], as well as their alignment
with traditional construction workflows [68,69]. It also highlights the necessity of integrat-
ing project stakeholders in terms of data, applications, and processes [109,158,164]. Re-
searchers suggested the optimization of the assembly process [54], task network [164], and
site layout [53] to enhance efficiency. The application of lean principles is recommended to
improve OSC performance [159,165,166], along with the use of simulation techniques [51].

Topic four (iv) emphasises enhancing data management from various angles. Abd
Razak, Khoiry [48] advocated for integrating natural, cultural, and geospatial data to
establish comprehensive guidelines for OSC. Barkokebas, Khalife [167] and Noghabaei,
Liu [57] underscored the importance of accelerating and automating data collection during
component compatibility checking processes. The volume and precision of data are also
crucial for improving design and construction stages, and facilitating collaboration among
stakeholders, with big data being a significant tool [14,50,61,62,136,168-175].

Regarding the fifth topic (v) on costs, researchers identify open challenges in evaluating
the cost-benefits of various solutions [45,96,111,158,176-178]. The tax implications of
carbon trading, particularly concerning concrete as a primary construction material, are
highlighted by Yang, Xiong [49]. Additionally, other sustainability aspects that could lead
to savings, such as safety, social, macroeconomic, and environmental factors, are discussed
by Atta, Bakhoum [179], Krantz, Larsson [180], Ceranic, Beardmore [181], and Nekouvaght
Tak, Taghaddos [182].

The sixth notable topic (vi) pertains to stakeholders involved in OSC projects. Re-
search concerns focus on collaborative practices, supply chain coordination, and inte-
gration [63,137,183-185]. Since OSC aims to operate like a production line, enhancing
stakeholder communication and ensuring more fluid, zero-latency business processes
are crucial [3]. Furthermore, Khalili-Araghi and Kolarevic [184] proposed that virtual
environments could significantly improve stakeholder interactions.

The seventh topic (vii) addresses sustainability challenges. This includes
examining the carbon emissions of prefabricated concrete composite in building
types [48,65,79-84,143-146,186,187], assessing the cost-effectiveness and environmental
impact of offsite prefabrication versus traditional onsite construction methods [44], and
understanding how carbon trading unit prices and carbon tax rates influence enter-
prise decision-making [49]. Researchers also called for extending the analysis of the
sustainability effects of implementing OSC [182,188,189], and improving the accuracy
of lifecycle assessment (LCA) [189]. It is also noteworthy that the majority of reviewed
studies focused on early project phases, such as design, manufacturing, and construction,
with limited attention given to later lifecycle stages, including operation, maintenance,
and deconstruction. Although a number of studies address facility management and tech-
nical maintenance, a deeper analysis of building condition monitoring, modernisation,
and renovation strategies remains limited in the current BIM-OSC literature. Further-
more, topics such as material reuse, waste disposal, and sustainable deconstruction have
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received minimal focus. Addressing these phases is crucial to achieving a truly sustain-
able BIM-OSC framework. Future research should explore integrating BIM and OSC with
facility management systems, predictive maintenance, building condition monitoring,
adaptive reuse models, renovation strategies, and sustainable end-of-life deconstruction,
while aligning with circular economy principles and supporting comprehensive lifecycle
assessments (LCA).

The eighth topic (viii) delves into the geographical aspects of OSC-BIM. It proposes
expanding the geographical scope of development, noting that some studies are region-
specific. Researchers suggested further investigating the barriers, strategies, and best
practices of BIM implementation in the prefabrication industry across different regions
to identify common challenges and effective solutions [70,157]. They also recommended
studying the impacts of prefabricated buildings, considering factors like climate, electricity
mix, and transport distances [64]. Comparative studies of material passport tools developed
in various regions or countries are encouraged to analyse their similarities, differences,
and potential improvements [178]. Additionally, there is a call to address local OSC-BIM
integration issues, such as the lack of guidelines in Italy [188], the need for further research
to facilitate the widespread replication of deep renovation practices across EU member
states, and the limited adoption of OSC in Sri Lanka [190].

Finally, the ninth topic (ix) focuses on developing the specific skills necessary for
managing OSC. This involves establishing training programs, educational initiatives, and
collaborations between industry, academia, professional institutes, and government agen-
cies to build the required expertise and knowledge base [13,108,191,192]. This approach
aims to equip professionals with the competencies needed to effectively implement and
manage OSC projects, ensuring their success and sustainability.

4. Conclusions

This research systematically reviewed 189 peer-reviewed articles to critically ex-
amine the integration of building information modelling (BIM) and offsite construction
(OSC), with a focus on emerging technologies, methodologies, and future trends. The
review highlights the growing academic and industrial interest in BIM-OSC integra-
tion, reflecting the sector’s ongoing transformation towards efficiency, sustainability,
and digitalisation.

The findings reveal that BIM and OSC, when effectively integrated, offer significant po-
tential to improve project planning, design, manufacturing, and onsite assembly. The study
identifies 21 advanced technologies grouped into eight categories, including artificial intel-
ligence, digital twins, IoT, immersive technologies, 3D printing, and autonomous systems.
Importantly, these technologies are not isolated but work synergistically within BIM-OSC
workflows, supporting real-time data exchange, automated prefabrication, constructability
verification, and dynamic project monitoring. Such synergies strengthen collaboration
between stakeholders and create a comprehensive digital ecosystem that drives innovation
and precision across the entire construction lifecycle.

In addition, the review reveals nine key challenges affecting BIM-OSC adoption,
including integration of emerging technologies, standardisation of protocols, data manage-
ment, interoperability, sustainability, and skills development. Addressing these challenges
is crucial for enabling holistic integration frameworks and unlocking the full benefits of
BIM-OSC. The study also underscores the importance of stakeholder collaboration and the
adoption of unified data environments to overcome fragmentation and ensure seamless
project delivery.

This research contributes to both academia and practice by offering a comprehensive
roadmap for leveraging BIM-OSC integration. For researchers, it consolidates existing
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knowledge, identifies gaps, and suggests directions for further investigation, particularly
in real-world testing of integration frameworks and the scaling of emerging technologies
across diverse geographical contexts. For practitioners and policymakers, it provides
actionable insights into best practices, technological adoption strategies, and sustainability-
driven approaches to optimize project performance.

Future research should focus on empirical validation of BIM-OSC integration frame-
works through case studies and large-scale implementation in real projects. Furthermore,
as technologies such as generative design, blockchain, Al, and digital twins continue to
evolve, further investigation is needed to explore their interoperability and their potential
to shape Construction 4.0. Such studies will be pivotal in developing adaptable, data-
driven, and sustainable models that can transform construction into a fully integrated and
intelligent ecosystem.

By synthesising these findings, this research provides a solid foundation for both
academic exploration and industrial practice, paving the way towards more efficient,
collaborative, and sustainable construction processes. The integration of BIM, OSC, and
emerging technologies represents not only a significant opportunity but also a strategic
imperative for reshaping the future of the built environment.

A key limitation identified in this review is the limited scholarly attention to the later
stages of the building lifecycle. While design, manufacturing, and construction dominate
the literature, comparatively fewer studies address operation, maintenance, renovation,
or deconstruction. Yet, these phases are fundamental to sustainability, particularly in the
context of circular economy practices and lifecycle assessment (LCA). Future research must,
therefore, prioritize BIM-OSC integration for asset management, predictive maintenance,
adaptive reuse, renovation strategies, and sustainable end-of-life processes. Such an ex-
pansion is crucial to ensure that BIM-OSC frameworks move beyond project delivery to
encompass the whole lifecycle of the built environment.
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