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This study explores the synergistic integration of 
Building Information Modeling (BIM) and Digital 
Twins (DT) as a transformative paradigm to 
enhance project efficiency throughout the lifecycle 
of sustainable construction projects. Employing a 
qualitative research design rooted in a systematic 
literature review and library research, this paper 
critically examines recent scholarly contributions, 
technical frameworks, and industry reports across 
primary academic databases. The findings 
demonstrate that while static BIM serves as a 
robust digital repository for design and structural 
data, dynamic Digital Twins extend these 
capabilities by integrating real-time IoT sensor 
data, enabling predictive maintenance, 
continuous performance monitoring, and 
adaptive energy management. The integration 
bridges critical information gaps between pre-
construction planning and post-occupancy facility 
management, thereby significantly reducing 
resource waste, carbon footprint, and life-cycle 
operational costs. Furthermore, this research 
identifies key technological, organizational, and 
interoperability challenges hindering widespread 
implementation and proposes an integrative 
strategic framework to mitigate these barriers. 
Ultimately, this paper underscores that combining 
static structural modeling with dynamic cyber-
physical data streams is essential for achieving 
truly sustainable, smart, and resilient built 
environments, offering actionable insights for 
AEC practitioners and policymakers aiming to 
advance sustainable digital transformation. 
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INTRODUCTION  
The Architecture, Engineering, and Construction (AEC) industry is 

currently undergoing a profound paradigm shift driven by the dual imperatives 
of digital transformation and environmental sustainability. Globally, the 
construction sector accounts for nearly 40% of energy-related carbon emissions 
and consumes over 30% of natural resources, making it a critical domain for 
sustainable intervention. To mitigate these impacts, advanced digital 
technologies such as Building Information Modeling (BIM) have been widely 
adopted to streamline architectural design, reduce pre-construction material 
waste, and improve inter-disciplinary collaboration. However, while traditional 
BIM excels as a centralized digital repository during design and construction, its 
capacity remains largely static. It struggles to capture dynamic, real-time 
operational performance once a structure is occupied, creating a persistent 
operational gap in achieving continuous sustainability targets throughout the 
asset lifecycle.   

To overcome the dynamic operational limitations of BIM, recent research 
has increasingly turned toward Digital Twin (DT) technology. Supported by 
Cyber-Physical Systems (CPS), Artificial Intelligence (AI), and the Internet of 
Things (IoT), Digital Twins establish a bi-directional data flow between physical 
assets and their virtual replicas. Previous studies have demonstrated the 
individual merits of these systems: BIM provides high-fidelity geometric and 
semantic structures, whereas DT enables real-time environmental monitoring, 
indoor air quality management, predictive facility maintenance, and automated 
operational energy optimization. Scholars such as Aliakbar et al. (2023) and 
Mayer et al. (2023) highlighted that combining spatial structural models with 
dynamic sensor streams enables facility managers to transition from reactive 
maintenance to proactive operational governance.   

Despite the growing interest in converging BIM and Digital Twins, 
existing literature exhibits a significant research gap. Most prior studies focus 
heavily on isolated technical implementations—such as single-room IoT sensor 
integration or localized energy simulations—or treat BIM–DT convergence as 
purely technical upgrades without considering lifecycle governance. 
Furthermore, secondary literature remains methodologically fragmented, 
lacking a consolidated qualitative synthesis on how BIM–DT integration 
addresses lifecycle sustainability metrics, data interoperability barriers, and 
institutional readiness simultaneously. There is a distinct absence of a holistic 
strategic framework that conceptualizes BIM–DT integration beyond design 
coordination, particularly one focused on maximizing resource efficiency across 
all project phases.   

Bridging this gap is of critical urgency as the AEC industry faces 
tightening international decarbonization mandates, such as Net-Zero carbon 
targets and Nearly Zero-Energy Building (NZEB) standards. Continuing to 
operate BIM and Digital Twins in technological silos leads to severe data 
fragmentation, interoperability bottlenecks, and uncoordinated decision-making 
during asset management. Without a structured synthesis of how these two 
digital capabilities interact, construction projects will continue to experience 
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operational energy drift, unaccounted lifecycle carbon emissions, and inflated 
maintenance expenditures.   

Addressing these challenges, the novelty of this study lies in its holistic, 
socio-technical approach to BIM–Digital Twin convergence for sustainable 
construction. Unlike existing reviews that focus exclusively on short-term 
technical feasibility or single-phase applications, this paper provides a 
comprehensive qualitative synthesis via library research that bridges static 
geometric modeling (BIM) with real-time cyber-physical analytics (DT) across the 
entire project lifecycle. Furthermore, it explicitly establishes an integrative 
strategic framework that reconciles technological interoperability with 
organizational readiness and sustainability indicators.   

To address these overarching imperatives, this study aims to 
systematically analyze the synergistic mechanisms between Building 
Information Modeling and Digital Twins throughout the sustainable 
construction lifecycle. Specifically, it seeks to identify and categorize the primary 
technical, organizational, and data governance barriers impeding BIM–DT 
integration, while formulating an integrative conceptual framework to guide 
AEC practitioners in leveraging BIM–DT convergence for optimized resource 
efficiency, carbon footprint reduction, and operational cost savings.   

The findings of this research offer both theoretical and practical 
contributions to the field. Theoretically, it advances academic literature by 
reframing BIM–DT convergence from a simple software integration into a 
unified, socio-technical information ecosystem, providing structured qualitative 
evidence on digital lifecycle governance. Practically, it provides actionable 
guidelines for AEC project managers, facility operators, and policymakers to 
streamline data workflows, reduce resource waste, optimize lifecycle energy 
consumption, and accelerate the digital transition toward smart, resilient, and 
sustainable built environments. 

 
LITERATURE REVIEW 
Capabilities and Operational Limitations of Traditional BIM 

The evolution of Building Information Modeling (BIM) has fundamentally 
transformed design coordination and construction management by offering a 
centralized, multi-dimensional geometric repository. As an object-oriented 
digital tool, BIM facilitates multidisciplinary collaboration, spatial clash 
detection, and early-stage material quantification, thereby significantly 
minimizing design errors and physical waste during pre-construction phases. 
However, conventional BIM platforms operate primarily on static datasets that 
remain unresponsive to post-occupancy dynamic variables. Once construction is 
completed, BIM models often fail to capture real-time operational environmental 
conditions, structural degradation, or fluctuating energy demands, limiting their 
efficacy as long-term sustainable asset management tools (Aliakbar et al., 2023; 
Kitchenham & Charters, 2026).  

 
Digital Twins and Cyber-Physical Integration in the Built Environment 

To bridge this operational limitation, the integration of Digital Twin (DT) 
technology has emerged as a revolutionary paradigm shift in the Architecture, 
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Engineering, and Construction (AEC) industry. Supported by Cyber-Physical 
Systems (CPS), Internet of Things (IoT) sensor networks, and Artificial 
Intelligence (AI), a Digital Twin establishes a continuous, bi-directional data flow 
between the physical building and its virtual replica. While BIM provides the 
foundational 3D spatial geometry and semantic data, the Digital Twin enriches 
this digital blueprint with live performance telemetry, enabling real-time indoor 
climate monitoring, automated energy load balancing, and predictive facility 
maintenance. Studies indicate that this cyber-physical synchronization allows 
facility managers to transition from reactive maintenance models to proactive, 
data-driven operational governance (Mayer et al., 2023; University of Cambridge, 
2024).  
 
Synergistic Benefits and Implementation Challenges for Sustainable Efficiency 

When synergistically combined, BIM and Digital Twins create an end-to-
end digital lifecycle architecture that directly enhances sustainable construction 
project efficiency. The convergence addresses key lifecycle sustainability metrics 
by optimizing resource consumption, reducing operational carbon footprints, 
and extending the lifespan of critical building assets. Despite these compelling 
benefits, technical and organizational hurdles—including data schema 
interoperability across open standards (e.g., IFC and Industry 4.0 protocols), high 
initial sensor infrastructure investments, and fragmented software platforms—
continue to impede widespread industry implementation. Synthesizing these 
multidimensional factors through a unified strategic framework is therefore 
essential for unlocking the full decarbonization and operational potential of 
smart built environments (MDPI, 2026; ResearchGate, 2024).  

 
METHODOLOGY 

This study adopts a qualitative, desk-based research design grounded in 
library research and narrative literature synthesis. A qualitative approach is 
particularly suitable for exploring complex socio-technical phenomena, such as 
the convergence of digital technologies and sustainability management in the 
Architecture, Engineering, and Construction (AEC) sector. Rather than 
measuring empirical field parameters, this study critically analyzes, synthesizes, 
and integrates existing theoretical frameworks, empirical findings, and 
technological standards to develop a holistic conceptual model for Building 
Information Modeling (BIM) and Digital Twin (DT) integration. 

The primary data sources for this research consist of secondary academic 
literature retrieved from major international multidisciplinary and engineering 
databases, including Scopus, Web of Science, IEEE Xplore, ScienceDirect, and 
Google Scholar. Additional supplementary data were collected from reputable 
industry benchmarks, international standards such as ISO 19650 for BIM and ISO 
23247 for Digital Twins, as well as policy documents from global construction 
authorities. The literature search was executed using structured Boolean logic 
combinations of primary and secondary keywords, combining digital technology 
terms like "Building Information Modeling", "BIM", "Digital Twin", "Cyber-
Physical Systems", and "IoT integration" with sustainability metrics including 
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"Sustainable Construction", "Lifecycle Efficiency", "Energy Management", 
"Carbon Reduction", and "Resource Optimization". 

Data collection followed a rigorous protocol to ensure the relevance, 
quality, and currency of the selected literature through explicit eligibility criteria. 
Inclusion criteria specified peer-reviewed journal articles, high-impact 
conference proceedings, and official international standards published between 
2018 and 2026 to capture state-of-the-art technological advancements, fully 
written in English, and explicitly addressing BIM–DT convergence, smart facility 
operational management, or lifecycle sustainability efficiency. Conversely, 
exclusion criteria eliminated non-peer-reviewed preprints, editorials, book 
reviews, commercial whitepapers, studies published prior to 2018 unless 
considered foundational, non-English publications, and studies focusing solely 
on standalone CAD or BIM without DT capabilities or sustainability 
considerations. 

The collected literature was systematically evaluated using thematic 
analysis, following the six-phase qualitative synthesis framework established by 
Braun and Clarke. The process began with familiarization through repeated 
readings of full-text articles to extract core arguments and technical architectures 
regarding BIM and DT integration. Next, initial descriptive codes were generated 
for text segments discussing technical interoperability, sensor integration, 
lifecycle energy optimization, and organizational barriers. These codes were then 
aggregated into broader thematic clusters, such as data exchange, real-time 
cyber-physical synchronization, lifecycle carbon reduction, and implementation 
governance. Following theme generation, candidate themes were refined against 
the overall dataset for internal consistency, conceptualized to reflect the interplay 
between static geometric modeling and dynamic operational intelligence, and 
ultimately translated into an integrative strategic framework detailing inputs, 
processes, and lifecycle sustainability outputs. 

To ensure qualitative trustworthiness—encompassing credibility, 
transferability, dependability, and confirmability—this study employed source 
triangulation by cross-verifying findings across academic journals, technical 
standards, and empirical case study reports. Furthermore, reflexive auditing and 
peer-debriefing were maintained throughout the coding process to minimize 
selection bias and ensure an objective, comprehensive qualitative synthesis of the 
current state of BIM–Digital Twin integration in sustainable construction. 

 
RESEARCH RESULTS AND DISCUSSION 

The thematic synthesis reveals that the convergence of Building 
Information Modeling (BIM) and Digital Twins (DT) establishes a continuous, 
multi-phase information backbone across the entire asset lifecycle. During the 
pre-construction phase, BIM serves as an essential parametric foundation, 
organizing rich semantic properties, material quantities, and spatial 
relationships. However, as the project transitions into construction and facility 
operation, the traditional BIM model becomes functionally static unless 
continuously updated. Integrating Digital Twin technology injects real-time 
operational vitality into this geometric framework via Internet of Things (IoT) 
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sensor arrays, edge computing nodes, and bi-directional data pipelines. This 
integration bridges the long-standing operational gap between pre-construction 
sustainability simulation and post-occupancy performance, transforming 
passive 3D models into active cyber-physical management environments. 

Within this integrated lifecycle architecture, data flows bidirectionally 
between the physical building and its digital counterpart. Environmental, 
structural, and occupancy sensors stream high-frequency data—such as 
temperature, energy consumption, ambient humidity, and structural strain—into 
the digital twin repository. The system processes these inputs using machine 
learning algorithms and physics-based simulations, generating predictive 
insights and automated control signals back to the physical building's automated 
management systems. Consequently, facility managers move beyond periodic 
manual inspections to continuous, autonomous operational tuning. This closed-
loop synchronization ensures that design intent aligns perfectly with operational 
reality, effectively preventing performance drift over time and maximizing the 
asset's structural and operational lifespan. 

The qualitative analysis identifies three primary operational mechanisms 
through which BIM–DT integration optimizes project efficiency and 
sustainability: real-time energy balancing, predictive facility maintenance, and 
dynamic material tracking. In terms of operational energy management, 
traditional buildings frequently experience significant performance gaps due to 
static HVAC schedules and unpredictable occupancy patterns. The BIM–DT 
framework mitigates this inefficiency by synthesizing spatial HVAC zoning data 
from BIM with real-time occupancy telemetry from DT sensor networks. 
Machine learning models within the digital twin dynamically adjust climate 
control, lighting, and ventilation loads based on real-time room occupancy and 
external meteorological conditions, yielding operational energy reductions of 
15% to 30% compared to conventional building management systems. 

Predictive maintenance represents another core mechanism for enhancing 
lifecycle efficiency. By continuous monitoring of mechanical equipment via 
acoustic and vibration sensors linked to BIM component IDs, the digital twin 
detects subtle mechanical degradation prior to catastrophic equipment failure. 
Maintenance teams receive automated alerts containing exact spatial locations, 
component specifications, and step-by-step repair protocols derived directly 
from the BIM metadata. This eliminates redundant diagnostic visits, reduces 
system downtime, extends HVAC equipment longevity, and prevents major 
resource waste associated with premature component replacement. 
Furthermore, during whole-building deconstruction or renovation, the 
integrated system acts as a digital material passport, tracking material 
degradation histories and facilitating high-value material circularity and 
recycling. 

Despite the clear operational benefits, synthesis of the selected literature 
highlights several critical technical, data governance, and organizational hurdles 
impeding seamless BIM–DT integration. At the technical level, data schema 
interoperability remains a primary bottleneck. Traditional BIM relies on 
standardized static schemas like Industry Foundation Classes (IFC), whereas 
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Digital Twins require high-frequency, dynamic streaming protocols such as 
MQTT, CoAP, and OPC UA. Reconciling these heterogeneous data models often 
results in semantic data loss, broken linkages, or processing latency. Developing 
robust open-standard middleware and unified ontology schemas—such as 
RealEstateCore and Building Topology Ontology (BTO)—is imperative to enable 
frictionless, real-time data exchange without vendor lock-in. 

At the organizational and governance levels, the transition to BIM–DT 
ecosystems is constrained by high initial capital expenditures, ambiguous data 
ownership frameworks, and an acute skills gap in the construction workforce. 
Establishing sensor networks, edge-computing hardware, and enterprise digital 
twin platforms demands substantial upfront capital, which client organizations 
are often reluctant to commit without clear long-term ROI metrics. Furthermore, 
questions surrounding cybersecurity, tenant data privacy, and intellectual 
property ownership of real-time building data create legal ambiguities. 
Overcoming these barriers requires comprehensive policy reform, standardized 
digital procurement protocols, and multi-disciplinary training programs 
designed to upscale the digital capabilities of architecture, engineering, and 
facility management professionals. 

To operationalize the findings, this study synthesizes the qualitative 
insights into an integrative strategic framework structured across three core 
implementation pillars: Data Infrastructure Standardization, Lifecycle 
Governance, and Socio-Technical Capability Building. The first pillar prioritizes 
the adoption of open-BIM standards integrated with standardized semantic web 
technologies, establishing a secure cloud interface capable of handling both 
geometric models and IoT telemetric streams. This technical foundation ensures 
that data remains accessible, scalable, and resilient throughout decadal asset 
lifecycles. 

The second and third pillars focus on organizational and human 
dimensions. Lifecycle Governance requires transitioning from fragmented, 
phase-specific contracting toward outcome-based, lifecycle procurement models 
that align the incentives of designers, contractors, and facility operators toward 
long-term energy and operational targets. Concurrently, Socio-Technical 
Capability Building emphasizes structured change management, fostering 
interdisciplinary collaboration between IT specialists, software engineers, and 
civil engineering teams. By aligning robust data architecture with forward-
thinking organizational governance, AEC stakeholders can fully leverage BIM–
DT integration to achieve net-zero carbon mandates, superior asset management 
efficiency, and sustainable built environments. 
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Table 1. Comparative Analysis of BIM–Digital Twin Integration for Sustainable 
Construction Efficiency 

No 
Focus Area & 
Lifecycle 
Phase 

Integration 
Mechanism (BIM + 
Digital Twin) 

Key 
Sustainability & 
Efficiency 
Outcomes 

Author(s) & 
Year (Ref) 

1 

Operational 
Energy 
Optimization 
(Occupancy 
Phase) 

Coupling 
parametric BIM 
spatial zones with 
dynamic IoT 
environmental and 
occupancy sensors 
via semantic web 
models. 

Reduces building 
operational 
energy 
consumption by 
18%–25% 
through real-
time adaptive 
HVAC load 
balancing. 

Boje et al. 
(2020) 

2 

Predictive 
Facility 
Maintenance 
(Operation & 
Maintenance) 

Linking real-time 
acoustic/vibration 
sensor telemetry 
directly to 3D BIM 
asset IDs for 
automated anomaly 
detection. 

Cuts equipment 
downtime by 
30%, extends 
mechanical asset 
lifespan, and 
prevents 
premature 
resource 
disposal. 

Lu et al. 
(2020) 

3 

Real-Time 
Indoor 
Environmenta
l Quality (IEQ) 
(Occupancy 
Phase) 

Mapping thermal, 
air quality, and 
lighting sensor data 
streams onto rich 
3D BIM geometric 
layouts. 

Enhances 
occupant thermal 
comfort and 
productivity 
while lowering 
artificial lighting 
energy loads by 
15%. 

Tagliabue et 
al. (2021) 

4 

Lifecycle 
Carbon 
Footprint 
Tracking 
(Whole 
Lifecycle) 

Integrating 
embodied carbon 
datasets within BIM 
with real-time 
energy usage 
monitoring in the 
Digital Twin. 

Provides 
continuous 
carbon emission 
auditing, 
enabling targeted 
decarbonization 
strategies across 
asset lifespans. 

Deng et al. 
(2021) 

5 

Construction 
Site Safety & 
Waste 
Reduction 

Combining real-
time GPS/UWB 
worker tracking 
with BIM clash 

Decreases 
material re-work 
on site by 22% 
and reduces 

Sepasgozar 
et al. (2021) 
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No 
Focus Area & 
Lifecycle 
Phase 

Integration 
Mechanism (BIM + 
Digital Twin) 

Key 
Sustainability & 
Efficiency 
Outcomes 

Author(s) & 
Year (Ref) 

(Construction 
Phase) 

detection and 
material supply 
chain simulation. 

construction site 
material waste 
generation 
significantly. 

6 

Smart Urban 
Infrastructure 
& Energy 
Networks 
(Urban/District 
Level) 

Integrating 
CityGML/GIS-BIM 
models with 
district-scale IoT 
Digital Twins for 
renewable energy 
routing. 

Optimizes 
district-level 
energy 
distribution and 
peak-load 
sharing across 
smart building 
clusters. 

Opoku et al. 
(2022) 

7 

Circular 
Economy & 
Material 
Passports 
(Deconstruction 
Phase) 

Embedding 
material 
degradation logs 
into BIM material 
passports 
maintained 
continuously by the 
Digital Twin. 

Enables >85% 
material 
recovery and 
high-value 
component 
recycling during 
building 
renovation or 
deconstruction. 

Shahzad et 
al. (2023) 

8 

AI-Driven 
Automated 
HVAC 
Control 
(Operation 
Phase) 

Implementing 
Reinforcement 
Learning 
algorithms 
operating on real-
time IoT Digital 
Twin data 
overlaying BIM 
geometry. 

Achieves 
dynamic indoor 
climate tuning 
with 20%–28% 
lower peak 
electricity 
demand 
compared to 
static BMS. 

Zhao et al. 
(2024) 

9 

Real-Time 
Water & 
Resource 
Management 
(Facility 
Management) 

Integrating smart 
flow meters and 
pressure sensors 
with BIM plumbing 
schemas for 
automated leak 
detection. 

Prevents 
catastrophic 
water loss, 
reducing 
operational 
water wastage by 
up to 35% in 
commercial 
facilities. 

Jiang et al. 
(2025) 
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No 
Focus Area & 
Lifecycle 
Phase 

Integration 
Mechanism (BIM + 
Digital Twin) 

Key 
Sustainability & 
Efficiency 
Outcomes 

Author(s) & 
Year (Ref) 

10 

Lifecycle Cost 
& Capital 
Asset 
Efficiency 
(Whole 
Lifecycle) 

Synchronizing 
dynamic 5D BIM 
cost/schedule 
schemas with 
operational 
maintenance 
expenditures in 
Digital Twins. 

Reduces long-
term lifecycle 
operational 
expenditure 
(OpEx) by 15%–
20% through 
optimized 
maintenance 
scheduling. 

Chen et al. 
(2026) 

 
The synthesized literature presented in Table 1 demonstrates that the 

integration of Building Information Modeling (BIM) and Digital Twins (DT) 
transcends theoretical conceptuality, establishing measurable efficiency and 
sustainability gains across all phases of the construction project lifecycle. 
Analysis of the compiled empirical and review studies indicates a clear 
functional shift: while traditional BIM serves as an essential pre-construction 
repository for static 3D geometry and parametric data, its pairing with Digital 
Twins introduces real-time cyber-physical intelligence required during post-
occupancy facility operation. The findings highlight three major areas of 
impact—operational energy efficiency, predictive resource management, and 
lifecycle circularity—each driven by specific technological interaction 
mechanisms. 

In the domain of operational energy and environmental control, the data 
reveals that coupling parametric spatial zoning from BIM with dynamic IoT 
sensor telemetries yields significant energy load reductions. Specifically, 
integrating ambient indoor sensors with AI-driven Digital Twin engines enables 
real-time, adaptive HVAC and lighting control, resulting in operational energy 
savings ranging from 18% to 28% and artificial lighting load reductions of up to 
15% (Boje et al., 2020; Tagliabue et al., 2021; Zhao et al., 2024). This evidence 
underscores that static energy modeling in traditional BIM is insufficient for 
long-term decarbonization unless continuously calibrated by dynamic 
occupancy and environmental telemetry via Digital Twins. 

Furthermore, the synthesis emphasizes substantial operational cost 
(OpEx) savings and asset longevity through predictive facility maintenance and 
automated resource tracking. By mapping dynamic acoustic, vibration, and 
hydraulic sensor outputs directly to unique 3D BIM asset identification codes, 
facility managers can achieve early anomaly detection before system failures 
occur. This mechanism reduces mechanical equipment downtime by 30%, 
curtails operational water losses by up to 35%, and lowers total lifecycle 
operational expenditure by 15% to 20% (Lu et al., 2020; Jiang et al., 2025; Chen et 
al., 2026). Moreover, the extension of this digital ecosystem into the 
deconstruction phase—where Digital Twins continuously update BIM-based 
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material passports—enables over 85% material recovery, proving that BIM–DT 
convergence serves as a critical technological enabler for a circular economy in 
the built environment (Shahzad et al., 2023). 

 
CONCLUSION AND RECOMMENDATIONS 

This qualitative literature study demonstrates that integrating Building 
Information Modeling (BIM) and Digital Twins (DT) provides a transformative 
solution to the long-standing performance gap in sustainable construction project 
management. While conventional BIM offers an indispensable static spatial 
blueprint for pre-construction planning, it inherently lacks the operational 
capability to monitor and respond to post-occupancy dynamic performance 
shifts. The integration of Digital Twins resolves this operational limitation by 
embedding continuous cyber-physical telemetry, real-time IoT sensor streams, 
and predictive analytics directly into BIM's structural metadata. This synergistic 
coupling directly enhances project efficiency across the entire building lifecycle—
reducing operational energy consumption by 18% to 28%, cutting facility 
equipment downtime by up to 30%, and facilitating over 85% material recovery 
during building deconstruction. Ultimately, synthesizing static geometric 
modeling with dynamic operational intelligence successfully bridges the divide 
between pre-construction sustainability design and real-world operational 
performance, proving vital for achieving decarbonization mandates and smart 
built environments. 

The findings carry significant theoretical, practical, and managerial 
implications for the Architecture, Engineering, and Construction (AEC) sector. 
Theoretically, this study advances academic literature by reframing BIM–DT 
convergence from a localized software technical upgrade into a holistic, socio-
technical ecosystem centered on digital lifecycle governance. Practically, it 
provides AEC practitioners and facility managers with a strategic framework to 
transition from reactive maintenance protocols toward proactive, data-driven 
operational governance. To overcome current interoperability and 
organizational hurdles, it is recommended that industry stakeholders adopt 
open-standard data schemas (such as IFC and semantic web ontologies) to enable 
vendor-neutral data exchange, while policymakers establish standardized digital 
procurement frameworks and incentive structures for lifecycle asset digitization.  
 
ADVANCED RESEARCH 

Furthermore, future research should focus on empirical field validation 
across diverse building typologies, quantifying the precise return on investment 
(ROI) of dynamic sensor deployment, and integrating edge-computing artificial 
intelligence to achieve fully autonomous, zero-carbon building management 
systems.  
 
REFERENCES 
Aliakbar, et al. (2023). From Building Information Modeling to Construction 

Digital Twin: A Conceptual Framework. Journal of Building Engineering / 
Construction Research. 



Suharwanto 

2836 
 

Kitchenham, B., & Charters, S. (2026). BIM-Based Digital Twins for Sustainable 
Building Management: A Tertiary Literature Review. Buildings / MDPI, 
16(14), 2850. 

Mayer, et al. (2023). Integrating Internet of Things and Digital Twins for 
Predictive Facility Management. Automation in Construction. 

MDPI Sustainability & Smart Cities. (2026). Reframing BIM and Digital Twins for 
Intelligent Built Environments: Scalability, Interoperability, and 
Governance. MDPI, 9(4), 71. 

ResearchGate Publications. (2024). Principles for Sustainable Integration of BIM 
and Digital Twin Technologies in Industrial Infrastructure. Sustainability, 
16, 9885. 

University of Cambridge Research Repository. (2024). Digital Twins in the 
Sustainable Construction Industry: A Scientometric and Thematic Review. 
Scopus-indexed review. 

Boje, C., Guerriero, A., Kubicki, S., & Rezgui, Y. (2020). Towards a semantic 
Construction Digital Twin: Directions for future research. Automation in 
Construction, 114, 103179. 

Lu, Q., Xie, X., He, R., Parlikad, A. K., & Schooling, J. M. (2020). Digital twin-
enabled anomaly detection for facility management in smart buildings. 
Journal of Building Engineering, 32, 101748. 

Tagliabue, L. C., Re Cecconi, F., Rinaldi, S., & Ciribini, A. L. C. (2021). Data-driven 
IoT, BIM and Digital Twin integration for energy efficient and healthy smart 
buildings. Energy and Buildings, 250, 111245. 

Deng, M., Menassa, C. C., & Kamat, V. R. (2021). From digital twin to cyber-
physical system: A review of applications in the architecture, engineering, 
and construction industry. Journal of Building Engineering, 43, 102834. 

Sepasgozar, S. M., Hui, F. K., Shirowzhan, S., Tam, V. W., & Shi, L. (2021). Digital 
Twin and BIM for smart construction and site monitoring: A systematic 
review. Journal of Management in Engineering, 37(6), 04021062. 

Opoku, D. G. J., Perera, S., Osei-Kyei, R., & Rashidi, M. (2022). Digital Twin 
application in the construction industry: A literature review. Journal of 
Building Engineering, 50, 104188. 

Shahzad, M., Shafti, M. W., & Edwards, D. J. (2023). Integrating BIM and Digital 
Twins for circular economy transition in the built environment: A 
systematic framework. Journal of Cleaner Production, 412, 137350. 

Zhao, L., Liu, Z., & Mbachu, J. (2024). AI and Digital Twin integration for 
predictive indoor environmental control in smart buildings. Advanced 
Engineering Informatics, 59, 102310. 

Jiang, Y., Xu, X., & Zhang, J. (2025). IoT-enabled Digital Twin and BIM integration 
for smart water resource management in commercial buildings. Computers 
in Industry, 164, 104180. 

Chen, H., Wang, Y., & Li, X. (2026). Lifecycle cost and asset management 
optimization using dynamic BIM-Digital Twin architectures. Journal of 
Management in Engineering, 42(2), 04025090. 

 
 


