Integration of Building Information Modelling (BIM) and Digital Twins for Lifecycle Cost Optimisation in Mega Projects
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ABSTRACT 

	Mega projects are often beset with cost escalations, delays in construction and increased operating and maintenance costs throughout their period of existence. Although both Building Information Modelling (BIM) and Digital Twins (DT) have shown promise to help reduce these obstacles individually, the combined use of the two technologies promises greater lifecycle cost optimisation. In this study, a systematic review of recent literature is undertaken to explore how the combination of BIM and DT through the use of conjoint techniques can help refine project delivery, reduce overruns, and simplify the process of maintenance in mega projects. The past decade of empirical and case-study studies is evaluated, and quantitative information about cost-saving, schedule-efficiency, maintenance cost-saving, and current challenges is mined. This study demonstrates that while BIM-DT integration can enable lifecycle cost savings of 20 to 40% through enhanced data integration and predictive maintenance, significant barriers to adoption persist. These include technical challenges in interoperability, high initial implementation costs, and organizational resistance to digital transformation. This study not only synthesizes current research but also offers a conceptual foundation for future empirical validation and practical application of BIM-DT integration in lifecycle cost management.
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1. INTRODUCTION 

1.1 Background
The construction sector is undergoing a dramatic change, influenced by the use of digital technologies, which aim to increase efficiency, prevent cost overruns, and increase asset performance over the lifecycle. Building Information Modelling (BIM) and Digital Twin technologies have risen to prominence as some of the most influential innovations due to their prospective to transform the design, implementation and management of large-scale infrastructure and building projects, also known as mega projects.  
Mega projects, which are generally identified by their size, complexity, long durability, and size of investment (often more than US$1 billion), are particularly prone to budget overruns, schedule slippage and long-term operation inefficiency. According to Flyvbjerg (2014), over 90 per cent of mega projects are characterised by cost overruns and the inability to deliver the expected benefits, which is mostly attributed to the fact that their planning is fragmented, there is no adequate flow of information and integration between project phases is not well established. The classic ways of project delivery often fail to cope with these interdependencies, so an increasing need to adopt integrated digital solutions enabling better coordination, transparency, and predictability in the asset lifecycle is emerging.  
Building Information Modelling (BIM) has come to be an underpinning platform in modern-day construction management. It offers a cooperative platform for creating and controlling digital models of physical and operational attributes of facilities. BIM helps to make better decisions since it offers better visualisation, data interpolation and simulation of scenarios particularly during the design and construction process. The data obtained through the empirical means reveals that BIM can help reduce time and cost overruns during the construction projects (Chamikara et al., 2024; Das et al., 2025). Usability also declines however, after it is constructed thereby decreasing its operational and maintenance value as an asset in the long run.
On the other hand, the concept of the Digital Twin, which implies a dynamic and real-time digitalized model of the physical assets, introduces the notion of value of BIM to the lifecycle of the asset operation. Digital twins will continuously consume the data captured by IoT sensors, monitoring and maintenance logs in order to simulate performance, predict failures, and optimise operations. BIM combined with digital twins will provide a comprehensive, data-oriented model to encompass the design, construction, operation, and even the decommissioning stage (Diana et al., 2025; Pan and Zhang, 2021; Revolti et al., 2024).
The sum of the BIM and Digital Twin technology gives an opportunity so rare to optimize lifecycle costs on mega-projects. As the data flows smoothly across the project lifecycle, the stakeholders are able to make more effective decisions regarding resources allocation, predictive maintenance, energy consumption, and renewing of assets. This integration can lead to a considerable amount of cost savings, increase sustainability, risk management, and better ROI (Nguyen and Adhikari, 2023; Hauer et al., 2024).
The validity of the concept is not fully proven, and the practical implementation of the BIM-Digital Twin integration is still being developed, particularly in mega projects, which also presupposes the coordination of various fields and the inclusion of a large number of stakeholders. The existing literature and practice are characterised by a fragmentary understanding of how this integration may be useful to make the lifecycle cost optimal. Interoperability, data standardisation, buy-in of stakeholders and real-time data availability are other reasons that have been inhibiting the full potential of these technologies (Abideen et al., 2022; Cao et al., 2022; Lee, 2022; Revolti et al., 2024).
Therefore, the purpose of this review is to consider how integrated BIM and Digital Twin technologies can be used to enhance project delivery, cost and schedule overruns, as well as optimise project maintenance in mega construction projects. It also aims to establish the best practices, critical success factors and technological enablers that may drive cost-effective lifecycle management. 
1.2 BIM and Digital Twin
The combination of the Building Information Modelling (BIM) and Digital Twin (DT) technologies has significantly improved pre-construction model analysis and real-time project monitoring. BIM and DT allow the intensive data analysis, scenario modelling, and simulation of the whole construction lifecycle by means of creating virtual copies of physical objects or processes (Baik, 2025; Elshabshiri et al., 2025; Nguyen & Adhikari, 2023). In combination with sensors, Internet of Things (IoT) devices, and machine learning algorithms, these technologies can be used to create systems that can update themselves continuously and optimise themselves using real-time information in order to improve the performance and responsiveness of operations (Abdelalim et al., 2024; Hakimi et al., 2024; Sakr and Sadhu, 2024).
The combination of BIM and DT has been found to be extremely useful in other infrastructure-intensive industries. Transportation systems have also been implemented with the use of DT-enhanced BIM models to predictively maintain their systems, optimise routes and the performance of the networks (Li et al., 2024; Werbinska-Wojciechowska et al., 2024; Yang et al., 2025). Likewise, the application to the real-time virtual models has improved the reliability of systems, computational efficiency, predictive accuracy and the creation of more efficient risk-management strategies in power systems and wireless communication networks (Abo-khalil, 2023; Paldino et al., 2022; Xu et al., 2024; Yassin et al., 2023). These applications prove that the critical role of DT-BIM integration is the provision of intelligent planning and deployment plans, which are technical and functional, yet cost-effective.
In construction project management, BIM is a data-heavy digital representation of the built environment whereas DT is an extension of BIM, the real-time cloud-based one that tracks the existing operating conditions. The active two-way relationship leads to the overall lifecycle management and makes it possible to make decisions in advance, recognize problems beforehand, and improve cooperation among stakeholders. Ultimately, the feedback and continuous monitoring loops, which the BIM-DT integration will offer, will assist in building a more profound understanding of the complex systems, as well as resulting in smarter and more resilient construction and infrastructure development.
2. methodology 

2.1 Research design

The systematic literature review (SLR) is applied in the study to examine the existing knowledge on the subject of Building Information Modelling (BIM) and Digital Twin technologies integration as related to mega projects, specifically lifecycle cost optimisation, project delivery optimisation, and maintenance optimisation. The systematic review methodology has been adopted with the aim of making the process of locating, appraising, and synthesising the relevant research studies more rigorous, transparent, and reproducible thereby enabling the provision of evidence-based information and the identification of research gaps.

2.2 Search strategy

Structured search strategy is used to access relevant literature in various reputable academic databases, such as Scopus, Web of Science, ScienceDirect, IEEE Xplore, and Google Scholar  
The studies relating to Building Information Modelling (BIM), Digital Twins, lifecycle cost optimisation, mega projects, project delivery, and maintenance are found using a mixture of keywords and Boolean operators. Some of the examples search strings used were: “Building Information Modelling or BIM”, “Digital Twin”, “Lifecycle cost optimisation”, or “cost management” or “maintenance optimisation”, “Mega projects or large-scale projects or infrastructure projects”, AND or OR [(BIM) AND (Digital Twin) AND (lifecycle cost) AND (mega projects)].

2.3 Inclusion and exclusion criteria

2.3.1 Inclusion Criteria
The following are included in the review:
i. Journal articles, conference papers, and high-quality reports that are peer-reviewed and published within the past decade, up to 2025;
ii. Researchers devoted to BIM, Digital Twin, or their combination in the framework of construction and infrastructure projects;
iii. Any research that deals with lifecycle cost optimisation, project delivery enhancement or maintenance strategies; and
iv. Projects with mega projects or with large-scale building projects.

2.3.2 Exclusion Criteria:
The following are excluded from the review:
i. Non-English studies;
ii. Articles which focus entirely on theoretical issues without providing practical or applied suggestions;
iii. Research outside the construction or infrastructure sector (such as manufacturing processes irrelevant to the built environment)
iv. Duplicates or prolonged abstracts not containing full papers.

2.4 Data extraction and analysis

A uniform data-extraction tool has been designed to collect relevant data in the identified studies in a systematized way. This tool collects bibliographical information, including author(s), publication year, and reference, and methodological, essential findings, research gaps, and others related to individual research. Data syntheses are then displayed in themes.

2.5 Limitations
Although systematic reviews have attempted to provide comprehensive coverage, possible limitations include publication bias, language constraints and a high degree of heterogeneity regarding study designs and reporting standards. These limitations are properly recognised, and findings are considered through the prism of these limitations.


3. results and discussion
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Figure 1: PRISMA flow diagram
3.2 Simulation and Modelling
Building Information Modelling (BIM) is a supporting component of the field of Virtual Systems Modelling (VSM), especially in the architecture, engineering, and construction (AEC) field. It is most meaningful in Construction Lifecycle Management (CLCM), where it enables much better coordination and optimisation of the Mechanical, Electrical, and Plumbing (MEP) systems, supports the detection of design anomalies, and predicts interdisciplinary conflicts (Pimpalghare et al., 2024; Waqar et al., 2023; Teo et al., 2022; Wu et al., 2022). Unlike other 3D modelling systems, BIM provides a data-intensive digital model of buildings, including material definitions, spatial associations, budgets, cost analysis, and life-cycle data. This holistic digital space allows simulations and performance studies related to structural integrity, the use of energy, environmental parameters and construction logistics, which are critical elements of the holistic VSM strategy.
The recent advances in the field have significantly increased the range of BIM beyond the visualisation of a motionless model. By combining the use of BIM with Building Energy Modelling (BEM), such as energy performance analysis in the early stages, it is facilitated, thus making it possible to design sustainable and efficient buildings (Alhammad et al., 2024). BIM-BEM processes enable the real-time simulation of thermal performance, daylighting, and energy use that can be used to give critical feedback on energy optimisation and net-zero design practices (Sajjad et al., 2024). Besides, BIM currently serves a key function in the automation of clash detection and prioritisation of detected conflicts via the use of decision-support activities like the Best-Worst Method (Bitaraf et al., 2024). Such systems may enable the involved stakeholders to rank the MEP-structural conflicts based on their magnitude, cost implications, and spatial interdependencies, and thus ease the coordination process and avoid rework.
In addition to the design stage, Building Information Modelling (BIM) is also becoming a component of digital twins, which can be used to predictive maintenance, real-time performance monitoring, and a broad lifecycle management of assets. In such situations, BIM has been adopted as a supporting platform base to incorporate advanced technology and offer interoperability at the construction lifecycle. BIM is accompanied by such technologies as the Augmented Reality (AR) and Visual Simultaneous Localisation and Mapping (VSLAM) to enhance the quality and inspection on-site. They enable the construction teams to perform real-time comparisons between the as-designed and as-built models and this feature will result in more constructability assessment accuracy (Kuo et al., 2025). AR and VSLAM combined with BIM results in the development of a more interactive and reactionary monitoring environment.
BIM integrated with hazard simulators have been developed as a way of estimating spatial conflicts and environmental hazards of construction sites, such as the distribution of dusts and equipment collisions in a constrained area. These types of simulation are helpful in enhancing safety planning and regulation adherence by identifying and minimizing these risks (Messi et al., 2023). One of the ways through which BIM can inform risk mitigation measures is the level of methodological rigour with which these tools are developed.
All these new technologies make BIM a multidimensional technological platform that is not only a visualisation tool but a powerful analytical tool that is required in Value Stream Mapping (VSM) of the contemporary construction industry.
3.3 Visualisation and Decision Support
Digital Twins (DT) are a highly combined branch of the broader field of Virtual Simulation and Modelling (VSM) and provides a highly advanced and live communication between the digital models and the real models. As a set of schemes, tools, and methods that develop at the intersection of the Internet of Things (IoT), artificial intelligence (AI), cloud computing, and a set of advanced data analytics, DT are not schematic documents, but dynamically evolving virtual representations of physical objects, systems, or processes (Le and Fan, 2024). Their primary advantage consists of the fact that they guarantee data synchronisation throughout the life cycle of a tangible object and therefore provide a real-time feedback loop within the Construction Lifecycle Management (CLCM) paradigm. This two-way flow of information can help to monitor, simulate and predict the behaviour of the system under some variable conditions, which also makes DT particularly useful in maintenance forecasts, energy optimisation, safety monitoring, and lifecycle cost analysis (Cespedes-Cubides & Jradi, 2024; Dai et al., 2024; Lauria and Azzalin, 2022; Li and Brennan, 2024; Omrany et al., 2023; Su et al., 2023).
The traditional VSM technologies tend to focus on either a static or scenario simulation mode, but DT are a niche due to their real-time responsiveness and their ability to capture subtle changes in the operations. In the context of CLCM, DT can improve the coordination within the field of structural engineering, HVAC, and facility operations. They are also being used more for construction progress simulation, anomaly detection, resource allocation optimisation, and even to aid real-time hazard analysis (Alizadehsalehi & Yitmen, 2023). Their predictive analytics functionality enhances the decision-making process because it predicts failures or decreased performance before the situation arises, thus allowing for avoiding the situation and saving costs proactively. Therefore, DT will not only close the divide between the virtual models and physical systems but will also revolutionise the management of complexity, uncertainty, and efficiency in the built environment.
3.4 BIM and DT: The Physical Components
The process of building the information modelling (BIM) and digital twins (DT) is premised on a combination of different physical parts, which enable the accurate collection of data and the aspect of the fluent connection between the physical and virtual world. These elements include advanced sensors, electronic devices, and machine vision systems, in particular, those that are facilitated by the Internet of Things (IoT), and are fundamental to the acquisition of real-time mechanical, environmental, and spatial information. The new sensing systems are actually more scalable, responsive and interoperable as compared to the old data acquisition technology such as programmable logic controllers (PLCs) (Iqbal & Mirzabeigi, 2025; Nguyen and Adhikari, 2023; Yang et al., 2025). RFID tags and motion and occupancy sensors are examples of such assets, and vital sources of data on space utilisation and operational efficacy (Costin et al., 2012; Seghezzi et al., 2021).
At the same time, photogrammetry and laser scanning technologies, using the LiDAR technique, enhance the geometrical quality of three-dimensional models, which allows to faithfully show the space in BIM and DT media (Blaszczak-Bak et al., 2024; Shao et al., 2024). The tools are particularly helpful during construction and post-construction phases, when the quality control and management of the facilities involve accurate as-built models. Furthermore, smart meters are joining the digital models to monitor the energy consumption patterns in real time, and therefore, contributing to the energy-efficient and sustainable design options. A combination of all these technologies forms a diverse data ecosystem, which facilitates the formation of the functionality and reliability of BIM and DT platforms (Bayer and Pruckner, 2023; Blaszczak-Bak et al., 2024; Borkowski and Kubrat, 2024; Karasaka and Ulutas, 2023; Shao et al., 2024).
Moreover, edge computing and artificial intelligence (AI) are also intersecting, which enhances functionality of such systems. Anomaly detection and safety monitoring are real-time applications that require decentralised low-latency data processing enabled by edge computing. In its place, AI and machine learning algorithms give the BIM-DT systems predictive power, e.g., maintenance foresight and performance forecasting, thus, enhancing the lifespan and performance of assets (Resende et al., 2021; Yigit et al., 2023). This technological synergy helps in development of intelligent infrastructure and paves the way to more adaptive, efficient and sustainable urban environments.
3.5 BIM and DT: The Virtual Components
With virtual components, the Building Information Modelling (BIM) and Digital Twins (DT) are tightly related fields, generating a dynamic, detailed and data-driven description of material properties throughout their life cycle. The virtual models employed in the BIM environment are simply digital representations of built environments that realistically duplicate the architectural, structural and system-level features of built environments. A great deal of metadata is added to them and includes material specifications, cost estimates, construction schedules, and history of maintenance, therefore, creating powerful simulations, scenario testing, clash detection, and design optimisation (Sacks et al., 2018).  
Digital Twins introduce the next level as they provide the real-time and two-way relationship between the virtual and the real world. Through real-time information supplied by the IoT devices, the sensors and smart building systems, DTs maintain the pace of the physical world, which presents a dynamic and evolving virtual one (Deren et al., 2021). This dynamically evolving stream of data can support advanced capabilities such as predictive analytics, automated control systems, and anomaly detection, and thereby make buildings and infrastructure systems adaptive and responsive in their management (Merino et al., 2023; Qi and Tao, 2018).
These interdependent virtual systems increase the visibility, collaboration, and decision-making of projects across the construction lifecycle, such as conceptual design, construction, operation, and even the demolition. BIM facilitates multi-disciplinary coordination and Digital Twins introduces operational intelligence in real-time performance monitoring. These technologies are combined to enable enhanced asset management, proactive maintenance and sustainability through monitoring their energy consumption, carbon footprint and providing a life-cycle analysis (Lu et al., 2020). As a result, the BIM and DT synthesis is associated with not only enhancing the technical and operational control of construction projects but also with broader goals of smart-city creation, environmental stability, and infrastructure digitalisation.
3.6 BIM and DT: The Data
Data is the element that allows integrating physical and virtual components. Data fusion is imperative in all decision-making activities and the consequences of digital twin (DT) and Building Information Modelling (BIM), because it improves predictability and optimises systems by connecting unrelated data. In construction life cycles management, the essence of BIM and DT is not limited to physical elements and virtual models, but to a large extent to data fusion. Fusion of data is the most important factor which unites the information of sensors, BIM models, and real-time inputs in DT. This holistic incorporation enhances accuracy, adds a more informative context, and embraces data-driven decision-making along the construction lifecycle (Lee et al., 2022).
Lee et al. (2022) introduced a reconfigurable multi-layer multi-sensor data fusion module with three layers: data, feature, and decision. The decision layer utilises the available equations to assist in the final decision-making, the feature layer uses a fusion tree, and the data layer cleanses the raw data. 
Another model is the decision-level data fusion model that was created by Wei et al. (2020) to enhance the performance of the prediction in predictive maintenance and quality control. The framework formulates the integration as a convex optimisation problem, transforming low-dimensional decision-based on measurements of single sensor data, like temperature and vibration, into high-dimensional decision-based on measurements of data in each sensor. In aviation engine predictive maintenance, this technique is used to predict the remaining useful life of a part and in additive manufacturing, it predicts surface roughness.
[bookmark: _Hlk209880489]
3.7 Current State of BIM and Digital Twin Integration in Mega Construction Projects

The combination of Building Information Modelling (BIM) and Digital Twin (DT) technologies is becoming widely accepted in the context of mega-construction projects, as the technologies offer significant benefits to lifecycle management, real-time monitoring, and predictive maintenance. According to the recent scholarly literature, the phenomenon of BIM-DT convergence is increasingly gaining momentum, and conceptual models and integration architecture are becoming more sophisticated. Revolti et al. (2024) provide an example, in which BIM is the underlying digital model, and DT layers placed on top of the underlying digital model provide real-time information and, as such, enable dynamic decision-making in the design-build-operate spectrum. Similarly, Baik (2025) points out that there is a movement in the last decade towards interoperability, IoT convergence, and AI-enabled DTs, especially in large infrastructure, like airports and bridges. However, in spite of this theoretical sophistication, large-scale real-life applications are still quite rudimentary; the majority of BIM applications in mega projects are still restricted to the design and construction phases, and the DT technologies are either implemented in pilot projects or only in single operational scenarios.
The lack of interoperability and standardisation is a critical obstacle to the smooth integration of BIM and DT. The disintegration of software ecosystems, data schema, and modelling practices among the stakeholders has been a consistent highlight of empirical research. Indicatively, when discussing the case of bridge engineering, Ambalavanan et al. (2025) point out that the lack of standard data formatting and the lack of standard communication protocols are obstacles to successful integration, which leads to information loss and redundant efforts. This point is also reflected by Noroozinejad-Farsangi et al. (2024), who state that although there are a lot of conceptual frameworks, they cannot be effectively used due to the absence of open standards that will allow the BIM platforms and real-time DT environment to exchange data fluidly. Without a common structure, even technically able teams find it difficult to implement scalable systems throughout the entire lifecycle of mega infrastructure projects.
Outside of technical constraints, organisational and human factors are also a means of adoption. The most common barriers identified in both developed and developing settings are stakeholder resistance, the lack of digital competencies, and the lack of training. Besides, according to Alsofiani (2024), senior decision-makers in most mega projects still lack confidence in investing in digital twins because of the lack of clear ROI and the digital unpreparedness of teams. Besides, Cox and Pasaei (2025) underline that a lack of a structured change-management plan causes even properly designed integration projects to collapse when it comes to the process of transitioning to operations. These socio-technical problems are particularly acute in those projects where the role of the state is the dominant one or where multinational consortia with different degrees of digital maturity take part.
The other significant gap in the literature is that there is sufficient available large-scale empirical research supporting the advantages of BIM-DT integration across the project lifecycle. Although pilot projects and case studies have proven the theoretical benefits of this type of integration, especially in the area of predictive maintenance, energy optimisation, and asset tracking, the majority of successful examples are limited to relatively small-scale projects. Both Azanaw (2024) and Nhamage et al. (2025) discuss the potential of digital twins in operational cost reduction by real-time structural health monitoring, but both are using isolated infrastructure assets, rather than entire mega developments. This has compromised the potential of project stakeholders to develop a robust business case to invest in BIM-DT technologies, especially after construction.
Another problem that arises is scalability. Mega projects often involve complex supply chains, legacy systems and some contractors using digital tools that are incompatible. Therefore, a BIM-DT ecosystem on a large scale of a mega project is challenging to deploy both technically and logistically. Further, smart equipment, sensors, and Internet of Things infrastructure required to operate real-time DT are quite expensive, and installing them on a large construction site or deteriorating urban structure can be prohibitively costly. Nguyen and Adhikari (2023) state that despite the existence of technical infrastructure, data fidelity, cybersecurity, and data handling of large volumes of data are still unsolved issues. These constraints are also intensified in areas where there is poor digital infrastructure and hence increasing the global inequality in the uptake of advanced construction technologies.
Lastly, the absence of standardised governance models and regulatory encouragement of the integration of BIM-DT is another challenge. Even though some nations have started requiring BIM use on government projects, not many have gone further to require the use of DT systems or legal frameworks on data ownership, privacy, or long-term data maintenance. Without these underlying guidelines, there is a question mark of sustainability and consistent functioning of integrated systems. Technical integration, as Noroozinejad-Farsangi et al. (2024) note, is not enough, but rather a cross-disciplinary and policy-oriented approach, such that digital thinking is integrated throughout every stage of the project and in all positions of the stakeholders.


3.8 Potential Impacts of BIM-Digital Twin Integration on Improving Project Delivery Performance, Cost Reduction and Schedule Overruns

The integration of Building Information Modelling (BIM) and Digital Twins (DT) has come to be recognised as an evolutionary paradigm in an effort to optimise the performance of the project delivery in large-scale building projects. Empirical studies have shown in the past that such integration significantly helps to reduce cost and schedule overruns through improved collaboration, real-time monitoring, and predictive analytics. Although BIM has been associated with greater design coordination and less rework, the integration of DT capabilities leads to dynamic and real-time coordination between physical assets and their virtual representations, and as a result, proactive decision-making throughout the project lifetime (Nguyen & Adhikari, 2023).  
There are numerous studies that have measured the performance benefits of BIM implementation, and the new evidence is showing how far DT integration can increase them. As an example, Chamikara et al. (2024) found that BIM decreases design conflict by 30% and rework by 25% which directly translates into reduced costs in construction and a reduced number of schedule disruptions. In addition to that, the multi-case synthesis analysis presented by Das et al. (2025) indicated an average time saving of 20% in the project delays and savings of 15 per cent in total project costs in the case of utilising BIM along with basic DT capabilities that included real-time sensor feedback and AI-optimised monitoring. These findings indicate the viability of the integrations of BIM-DT as the performance optimisation facilitator particularly during the initial and medium stages of the massive projects.
The procedures that are enhanced by BIM- DT integration to enhance project performance are perfectly documented in the prevailing literature. The real-time monitoring of the performance is one such mechanism; the DT systems enable monitoring the construction progress, state of assets and activities on-site in real-time, thereby making it possible to detect schedule delays or deviations at an early stage. This ability is used to provide corrective interventions immediately, thereby reducing the possibility of cascades of delays and increased costs (Hussain et al., 2024). Similarly, predictive maintenance, which is facilitated by DT analytics, will be able to anticipate system failures and minimise unplanned downtime throughout the construction and operation processes, which will save lifecycle costs in the long term (Azanaw, 2024; Nhamage et al., 2025).
The second major factor that has led to the better delivery of projects is the increase in communication and coordination between the stakeholders. Integrated BIM-DT systems allow all users of the project, such as designers, contractors and facility managers, to access current project information using a centralised digital model. Transparency and reduced miscommunication in such a common digital environment are often mentioned as the key factors that allow time wasting and overrun costs in complex projects (Alsofiani, 2024). Additionally, automated clash detection and sequencing simulation saves expensive errors in the field and construction time delays, especially when used in conjunction with real-time construction information.
Regardless of these positive results, a number of limitations and challenges are still reported. One such commonality in the literature is the lack of extensive empirical research studies that directly relate BIM-DT integration to measurable cost and time performance benefits. The majority of the existing information is based on theoretical models or single pilot projects, which prevents the overall applicability of the results (Nguyen & Adhikari, 2023). As an example, despite the reported drops in maintenance expenses and timely reaction to construction problems, even in bridge surveillance or smart buildings, the gains are not often extrapolated to the megaproject levels (Azanaw, 2024). Also, actual implementations tend to be more BIM-heavy than fully-functional DTs, and the benefits are frequently extrapolated and not realized with actually integrated systems.
The barriers to impact are further complicated by technological, organisational and infrastructural barriers. Still, the issues of interoperability between Building Information Modelling (BIM) platforms and Digital Twin (DT) systems and lack of standardised data exchange formats remain significant obstacles. These technical limitations tend to be aggravated by organisational resistance to using new technologies and the initial price of the DT infrastructure that includes sensors, Internet of Things (IoT) devices, and cloud platforms (Noroozinejad-Farsangi et al., 2024). In particular, the presence of projects within the zones of underdeveloped digital infrastructure could not find it easy to justify the initial investment in the implementation of full-scale DT.
Nevertheless, recent developments in artificial intelligence and robotics are set to make BIM -DT integration in such a way that it can result in performance improvement. As demonstrated by Wang et al. (2024), AI-based DT systems with the assistance of human-robots can be used to automatize the monitoring of progress and safety on-site. These technologies will bring more productivity and reduce human error but the adoption of these technologies are still at an early stage and require to be proved by large scale and real-life implementations.

3.9 Model for Lifecycle Cost Optimisation through BIM and Digital Twin Integration

The modern research on lifecycle costs optimisation of large-scale building projects, particularly at their operation and maintenance phases, is a subject that is becoming more frequently discussed as a strategic combination of Building Information Modelling (BIM) and Digital Twins (DT). With this integration, the transition to predictive maintenance will be possible, where decisions are made based on real-time data and artificial-intelligence-driven analytics instead of in a planned basis of maintenance basis. The net effect of this is that the life of the assets is improved as well as the total cost of ownership is significantly reduced. According to the recent sources, a theoretical framework is proposed to back the concept of lifecycle cost optimisation by integrating BIM-DT, which relies on the principle of real-time data acquisition, predictive analytics, and the opportunity to provide feedback on an ongoing basis (Qi & Tao, 2018; Tao et al., 2019).

Model for Lifecycle Cost Optimisation via BIM-DT Integration
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Figure 2: Model for Lifecycle Cost Optimisation via BIM-DT Integration

There are five interrelated elements in the model (Figure 2) that are: Data Acquisition Layer, Integration Platform, Predictive Analytics Engine, Decision Support System (DSS), and Lifecycle Feedback Loop. All of the components have a specific contribution to the operational efficiency and cost optimisation. Data Acquisition Layer captures data from sensors, Internet of Things (IoT), Building Management Systems (BMS), and BIM repositories. As an example, sensors embedded in structural elements can be used to monitor vibration, temperature, or stress, whereas smart meters are able to monitor energy use and equipment functionality (Cho & Ahn, 2022). This real-time information is the basis of the precise condition measurements and detection of faults.
After data capture, the Integration Platform processes the data obtained and places the Building Information Model (BIM) as a static memory of past setups and the Digital Twin (DT) as a dynamic, real-time depiction of the physical object. This system ensures data interoperability and can be synchronised in real-time between the physical object and the digital one (Tao et al., 2019). And at this point, the presence of common standards, like Industry Foundation Classes (IFC) and Building SMART, cannot be underestimated to enable a smooth data exchange, which has been found in numerous studies to be a key obstacle to the integration of BIM-DT (Noroozinejad-Farsangi et al., 2024).
The Predictive Analytics Engine is one of the central components of the framework, which applies artificial intelligence (AI), machine learning (ML), and statistical modelling to predict equipment failures, estimate component life, and optimise resource allocation. Since it has been demonstrated empirically by Azanaw (2024) and Nhamage et al. (2025), the emergence of AI in the context of DT systems enables detecting possible anomalies in the structure of bridges and high-rise buildings early enough and preventing unplanned downtime and lengthening the lifespan of assets. 
The DSS converts the predictive-analytic output into a practical recommendation to the facility managers, contractors and other stakeholders. Some of the recommendations could include the optimised maintenance schedules, the cost-benefit analysis in relation to the repairs and replacement, and the energy-efficient improvements. Wei et al. (2020) note that decision-level data fusion is a highly accurate method of predictive maintenance that transforms low-dimensional sensor measurements into high-dimensional decision-making settings, which is especially relevant in mission-critical devices, like aircraft engines and modern manufacturing processes.
In addition, the Lifecycle Feedback Loop is the principle, which secures that all the processes that occur and are accomplished are inputted and re-computed in the BIM-DT ecosystem. This form of feedback enhances the accuracy of future model simulations, generates continuous learning, and enhances future maintenance planning. With the help of historical performance data in this loop, one can recalibrate models and thus enhance decision-making and be aligned with the principles of continuous improvement in asset management (Qi & Tao, 2018).
The other key outcome of the framework is operational efficiency. Digital Twins are used to support continuous tracking of the spatial utilisation, HVAC systems optimisation, and energy consumption analysis, thus serving sustainability goals and minimising the costs of operations. As an example, Bragatto et al. (2023) and Gentile et al. (2023) showed how BIM-DT systems optimise the maintenance timetables of electrical grids, which leads to a reduction in energy waste in smart cities.
However, despite the theoretical soundness of the model, there are various issues which limit its practical application. These include huge upfront costs, a lack of skilled human resources to run AI-based DT systems, and cybersecurity threats related to sensor data, and disjointed digital infrastructure across various lifecycle phases (Alsofiani, 2024). To overcome these barriers, cross-sector cooperation, special training programmes, and standardisation efforts are required.

3.10 Critical success factors, technological enablers, and stakeholder roles 

The future successful application of Building Information Modelling (BIM) plus Digital Twin (DT) integration to the large-scale construction projects depends upon the combination of strategic, technological and organisational preconditions. According to empirical evidence that has been provided by the current scholarship, the technology preparedness is on the rise, but the overall ecosystem requirement of BIM- DT integration is not uniformly developed. Critical success factors (CSFs), facilitating technologies, and well-defined roles of stakeholders are all part of the keystone of the effective integration and continuing creation of value all along the construction life cycle.  
The availability of strong leadership and executive patronage is also a key success factor. Mega projects demand an undetermined strategic vision by the project owners and executive stakeholders, because of its complexity and lack of predictability. Studies such as those by Ottaviani et al. (2025) and with regards to the Istanbul New Airport (Koseoglu et al., 2019), have demonstrated that the degree to which the leadership prioritises digital integration so that the organisation distributes resources in that manner results in increased adoption and a much greater alignment by the organisation. A roadmap must be very clear and provide a BIM execution plan, a Digital Twin integration strategy, and pre-established milestones of interoperability and data delivery between project phases.  
The other important aspect is the development of an organisational culture of collaboration that will not be traditionally team siloed. The collaboration between the architectural, structural, mechanical, and electrical, production and facility-management stakeholders is what determines the success of BIM- DT integration since the stakeholders are required to share models, communicate regularly, and harmonise the requirements of data. The cross-functional teamwork helps overcome the issue of fragmentation, decreases the chance of different pieces of information being lost, and guarantees that Digital Twin models are designed to reflect the real-life requirements in operations. As the Istanbul case study shows, coordinating projects can be significantly improved by means of structured collaboration environments (open Common Data Environments, or CDEs) (Koseoglu et al., 2019).
Technological readiness is the second important dimension. The enablers of the BIM-DT integration are highly dependent on sophisticated digital infrastructure, such as real-time sensing solution, Internet of Things (IoT), mobile data solutions, cloud computing, and artificial intelligence. IoTs and sensor networks will be needed to enable real-time tracking that will feed the digital twin and keep it in line with the physical one. Digital twin systems promise predictive maintenance and operational efficiency that cannot be fully realized without the correct and high-frequency data feeds as Siingh et al. (2023) and Wu et al. (2023) found out. Edge computing and cloud-based computing can be used to process this large data in a scaling manner, but predictive analytics, fault detection, and optimisation can be assisted by artificial intelligence and machine-learning models.
Interoperability and incorporation of standardised formats also remain as emergency enablers. BIM and digital twin platforms are often used in different software ecosystems, thus making integration an issue. The use of open standards, including Industry Foundation Classes (IFC), Building SMART protocols and RESTful APIs, is an extensively promoted solution in the literature (Ottaviani et al., 2025). When projects do not put in place strong data governance rules, such as metadata frameworks, privacy and ownership regulations, they tend to have challenges operationalising their digital twins once they have been built. A robust technological basis should therefore be supported with organisational policies that ensure stability, integrity and sustainability of data across the lifecycle of the assets.
The roles of the stakeholders should be delineated clearly, and it is necessary to establish them at the beginning of a project. Project owners-or clients-are in the middle of the stage, where they have to define long-term digital needs and demand deliverables that are not just limited to the building process, but continue on to ongoing business operations and maintenance (Sadeghi et al., 2019; Hosseini et al., 2018). These clients take the responsibility of setting up expectations regarding digital handover, model fidelity and monitoring asset performance (Hosseini et al., 2019). Responsible, in turn, are designers and engineers, who need to produce BIM models that go beyond geometric information, with semantic information, including material specifications, maintenance schedules, and inter-system relationships that can, in turn, supply data to digital twin platforms (Ahmed et al., 2024; Sadeghi et al., 2019; Hosseini et al., 2018). Contractors and subcontractors add their value through the provision of as-built data into the models and by accelerating the process of sensor installation and verification (Sadeghi et al., 2019). The BIM-DT dialogue should include facility managers and operational teams, who are usually overlooked during the initial phases, as soon as possible to furthermore be able to ensure that the digital asset meets long-term operational needs (Hosseini et al., 2018; Ikediashi & Uyanga, 2016). The IT teams provide the necessary infrastructure in terms of data storage, cloud services, and cybersecurity, and the task of technology vendors and software developers is to ensure that there are interoperability and provision of user-friendly tools that are aligned with the reality of workflows (Ahmed et al., 2024; Shehzad et al., 2021).
Although there is increased awareness of these roles and enablers, there are still challenges. Low digital literacy, training, and fear of being replaced in their positions remain challenges that many mega projects can still encounter in their struggle with stakeholders. Alsofiani (2024) emphasize that these issues can be reduced with the help of capacity-building efforts and organisational change management strategies. Also, legacy systems, lack of data environment, data fragmentation and inadequate investment in long-term digital infrastructure frequently hamper technological integration.



3.11 Recommendations for construction industry practitioners and policymakers to leverage BIM-DT technologies

The integration of Building Information Modelling (BIM) and Digital Twin (DT) technologies into the construction industry is radically changing the planning, implementation, and working stages of large-scale projects. However, to engage in full use of the benefits that these technologies have, practitioners and policymakers must navigate through a complex landscape that involves technical, organisational, and regulatory issues. The current literature suggests a set of feasible advice and best practices, which can ensure successful and robust implementation of BIM and DT in the industry.
First, the professionals working in the industry are advised to focus on the early incorporation of the technologies and cross-disciplinary cooperation. It is strongly dependent on the involvement of all the relevant stakeholders, such as the designers, contractors, facility managers, and IT professionals, at the very start of the project, in terms of the successful implementation of BIM and DT. The creation of a single digital space, which can be a Common Data Environment (CDE), ensures that data flows and is clear at all stages of the project (Revolti et al., 2024). Best practice implies that data requirements and workflows should be defined early to reduce rework and achieve a silo less data structure. The frequent interdisciplinary trainings and workshops contribute to understanding each other and aligning the goals of the project and the technological potential (Sacks et al., 2018).
In addition, practitioners will have to invest in strong digital infrastructure and interoperability standards. BIM and DT integration can be efficient only with the quality and continuity of the data flow. The adoption of open standards like Industry Foundation Classes (IFC), as noted by Ottaviani et al. (2025) and the use of standardised APIs make it easy to achieve seamless interoperability between disparate platforms and allow the easy integration of sensor data, IoT devices, and BIM models. Additionally, data processing capabilities in real-time and scalability are supported by cloud-based storage and edge-computing solutions and are a must-have to handle massive amounts of data that are produced by mega projects (Zheng et al., 2022).
Thirdly, the construction industry needs to adopt elaborate capacity-building programmes. The reluctance to adopt digital is often associated with a shortage of digital capabilities and readiness on the organisational level (Alsofiani, 2024). Consequently, it is required to continue professional development and design specific training courses on BIM, DT, and data analytics. These programmes must reach out to all levels of the hierarchy, from project managers and engineers to on-site workers, so that technology acceptance and efficient application are achieved. Policymakers can also contribute to this effort to incentivise digital literacy programmes and include digital skills in building certification criteria.
Another important role that policymakers can perform is in creating regulatory structures and support incentives that can encourage digital innovation. Adoption can be improved by developing clear policies which require or incentivise the use of BIM and DT on large-scale infrastructure projects. As an example, integrating digital requirements during public procurement practices will make sure to have digital deliverables comply with the performance and interoperability standards (Battisti et al., 2022). Besides, the development of data governance policies to deal with cybersecurity, privacy, and ownership matters fosters the confidence of the stakeholders, which inspires the expansion of data sharing and collaboration (Noroozinejad Farsangi et al., 2024).
The other best practice involves the use of Building Information Modelling (BIM) and Digital Twins (DT) to further develop predictive maintenance and sustainability goals. Project teams can use sensor data and AI-based analytics to proactively track the health of assets and optimise their operations to minimise lifecycle costs and environmental impacts by implementing them in DT models (Nhamage et al., 2025; Azanaw, 2024). The practitioners are encouraged to integrate sustainability measurements, including energy use and emissions data, into the BIM-DT workflows to achieve the green building certifications and regulatory goals.
Lastly, pilot projects and phased implementation strategies should be adopted as one of the measures to reduce the risks of technology adoption. Digital transformations of large scale can be both cumbersome and expensive; small, clearly defined pilot projects allow organisations to test processes, assess any tools and collect empirical data on the benefits and drawbacks (Revolti et al., 2024). Lessons can then be applied in the area of scaling activities and continuous improvement.

4. SUMMARY OF FINDINGS

In summary, it has been shown in the literature that:
i. BIM has been employed in the design and construction phases to coordinate projects and manage costs; however, the use of BIM in the environment has not been widely embraced.
ii. The combination of BIM and Digital Twins creates opportunities for continuous monitoring and predictive maintenance, which will be essential in the lifecycle cost optimisation.
iii. Digital Twins have strong benefits in terms of infrastructure health monitoring and maintenance, but the realisation of these benefits is hindered by scalability issues and data integration.
iv. Technological standardisation and organisational preparedness are something without which the existing adoption barriers cannot be overcome.

5. Conclusion

There is a potential prospect of optimisation with life-cycle costs in megaprojects with the BIM and digital twins’ integration. The empirical evidence shows that, with a proper implementation, life-cycle costs, especially the costs connected with operations and maintenance, can be significantly decreased. Construction stages enjoy better coordination of design, less reworking and better logistics regarding prefabrication. However, to achieve these benefits consistently, it is necessary to integrate early, have strong stakeholder buy-in, have a strong information infrastructure, standardisation, and to examine the costs of investment and maintenance carefully.
In summary, the integration of Digital Twins in the built environment offers compelling benefits, including up to 40% in lifecycle cost savings. However, the path to widespread adoption is hindered by several key challenges. Interoperability across platforms remains limited, implementation costs can be prohibitive, and resistance to organizational change slows down digital transformation. Addressing these barriers will be critical for realizing the full value of digital twins in construction and facility management.
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