H buildings

Review

BIM-Based Digital Twins for Sustainable Building Management:
A Tertiary Literature Review

Francisco Valdez Apolo 1, Andrea Paulina Rodriguez Ztiiga 2(*, Paul Cardenas-Delgado >*

Cristian Guaman Sanchez 1@, Cristian Medina-Galarza 1{¥, Alfredo Ordofiez !

W) Check for updates

Academic Editors: De-Graft Joe
Opoku, Robert Osei-Kyei, Qiuchen Lu

and Maxwell Fordjour Antwi-Afari

Received: 7 May 2026

Revised: 6 July 2026

Accepted: 7 July 2026

Published: 17 July 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Priscila Cedillo 2

Virtualtech Research Group, Facultad de Arquitectura y Urbanismo, Universidad de Cuenca,
Cuenca 010107, Ecuador; francisco.valdeza@ucuenca.edu.ec (EV.A.);
cristian.guaman@ucuenca.edu.ec (C.G.S.); cristian.medinag@ucuenca.edu.ec (C.M.-G.);
alfredo.ordonez@ucuenca.edu.ec (A.O.)

Departamento de Ciencias de la Computacién, Universidad de Cuenca, Cuenca 010107, Ecuador;
andreap.rodriguez@ucuenca.edu.ec (A.P.R.Z.); priscila.cedillo@ucuenca.edu.ec (P.C.)

*  Correspondence: paul.cardenasd@ucuenca.edu.ec

Abstract

Building Information Modeling-based (BIM) Digital Twins (DT) are increasingly adopted
to support sustainable building management; however, the growing body of secondary
literature—systematic reviews, surveys, and bibliometric studies—remains methodologi-
cally fragmented and lacks a consolidated tertiary synthesis. This fragmentation prevents
researchers and practitioners from identifying consistent guidelines, validated frameworks,
and comparable software ecosystems across the field. To address this gap, this study
conducts a tertiary review of 57 secondary studies published between 2018 and 2025,
following Kitchenham and Charters” evidence-based guidelines and the PICOC frame-
work. Data extraction and comparative analysis were conducted across seven criteria,
including methodological approaches, proposed frameworks, enabling technologies, soft-
ware tools, and reported limitations. The results reveal that bibliometric analyses and
systematic literature reviews dominate the field, with few yielding structured frameworks
and taxonomies; nearly half of the reviewed studies do not assess specific software plat-
forms. Artificial intelligence and the internet of things are among the most widely studied
enabling technologies, primarily associated with energy management, predictive mainte-
nance, and structural monitoring, yet their integration with BIM-based DT platforms is
inconsistently documented. The findings expose persistent interoperability constraints,
insufficient data governance structures, limited maturity models, and a lack of large-scale
empirical validation—gaps that this tertiary synthesis maps and prioritizes to guide future
research toward reproducible, scalable, and sustainability-oriented DT implementations in
the architecture, engineering, and construction sector.

Keywords: digital twin; Building Information Modeling (BIM); sustainable building
management; facility management; Internet of Things (IoT)

1. Introduction

The digital transformation of the Architecture, Engineering, and Construction (AEC)
sector constitutes a central pillar of Industry 4.0 and 5.0, driven by the need to enhance
operational efficiency, sustainability, and holistic life-cycle management of buildings [1,2].
In this context, Digital Twins (DT) have emerged as dynamic Cyber-Physical Systems (CPS)
capable of monitoring, diagnosing, and predicting performance conditions during the
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building operation phase [2,3]. The structural foundation of DT in the AEC domain is
based on Building Information Modeling (BIM), which provides geometric and semantic
representations, while DT integrates continuous data streams through the Internet of Things
(IoT), Artificial Intelligence (Al), cloud computing, big data, and CPS [4]. The evolution
from BIM toward DTs directly addresses global sustainability demands, aligning with
the Sustainable Development Goals (SDGs) and the development of Nearly Zero-Energy
Buildings (NZEBs) [5].

In recent years, there has been rapid growth in systematic reviews, surveys, and bib-
liometric studies addressing DT in AEC. However, these studies exhibit high method-
ological heterogeneity and a lack of consistent theoretical frameworks and comparative
taxonomies [6,7]. Moreover, research has largely focused on early stages of DT develop-
ment, emphasizing conceptual approaches or prototype systems with partial integration of
IoT data into BIM environments [8]. In addition, BIM tools dominate the DT ecosystem,
while systematic evaluations of operational platforms, Common Data Environment (CDE),
and asset management systems remain limited [2,3].

Similarly, recent systematic reviews reveal an evolution of the field toward topics such
as energy efficiency, circular economy, the metaverse, and CPS, driving a gradual transition
from conceptual approaches to more operational applications [7,9,10]. Despite the growing
number of secondary studies, the existing body of literature remains fragmented across
methodological approaches, technological domains, and application contexts. Current
reviews tend to focus on specific aspects of DT, such as enabling technologies or particular
use cases, without providing an integrated and structured overview of the field. In addition,
inconsistencies in methodological approaches, limited assessment of software and techno-
logical tools, and the absence of unified classification frameworks hinder the consolidation
of knowledge and the identification of research gaps.

This fragmentation makes it difficult to obtain a comprehensive understanding of
how DT is being developed using BIM, which technologies and tools are being adopted,
and what research topics are currently being prioritized. As a result, both researchers and
practitioners face challenges when attempting to position new contributions or design
coherent implementation strategies.

Therefore, the aim of this study is to conduct a tertiary review of systematic reviews,
surveys, and bibliometric studies focused on the development of BIM-based DT for sustain-
able building management. While existing reviews provide valuable insights into specific
technologies, applications, or research trends, they do not offer a consolidated synthesis of
the review landscape itself. By systematically analyzing and comparing secondary studies,
this work provides an integrated perspective on the methodological approaches, techno-
logical components, software and hardware ecosystems, and application domains that
shape current BIM-based DT research. This study adopts a structured qualitative synthesis
approach grounded in evidence-based research, following the guidelines proposed by
Kitchenham and Charters [11].

To the best of the authors’ knowledge, no previous tertiary review has specifically
addressed BIM-based Digital Twins for sustainable building management. The novelty
of this study lies in treating the secondary literature itself as the unit of analysis and in
integrating dimensions that previous reviews have often examined separately.

Accordingly, the contribution of this work is threefold: (i) to provide a tertiary synthe-
sis of systematic reviews, surveys, and bibliometric studies on BIM-based Digital Twins for
sustainable building management; (ii) to integrate methodological approaches, enabling
technologies, software and hardware ecosystems, and application domains within a com-
mon analytical structure; and (iii) to identify cross-cutting gaps and underexplored areas
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across the secondary literature, thereby providing a consolidated basis for future research
and practical implementation in the AEC sector.

This study is guided by the following Research Questions (RQs): RQ1. How have
existing secondary studies synthesized and represented the knowledge for BIM-based DT
development? RQ2. What software and hardware tools are used in developing DT through
BIM? RQ3. What topics are being addressed by research on the development of DT? These
RQs aim to identify the proposed methods and frameworks, the software and hardware
tools employed, the predominant research approaches, and the main limitations of the
current state of knowledge. The results enable the identification of persistent patterns
and gaps and provide a solid conceptual foundation for future research and practical
applications within the context of sustainability in the AEC sector.

Finally, the rest of this paper is structured as follows. Section 2 presents background
concepts needed for the reader to understand the field in which this study takes place.
Section 3 explains in detail the methodology used to carry out the SLR. Next, Section 4
presents all the findings by year and country, and for each Extraction Criteria (EC), the rela-
tions between the criteria are also shown. Then, Section 5 addresses each RQ based on the
analyzed results; in addition, gaps, trends, and limitations are noted. Moreover, Section 6
outlines the steps taken to assess quality throughout the study. Finally, in Section 7, the au-
thors conclude the study, stressing the main results, findings, and future directions for
investigation.

2. Theoretical Framework

DT emerges in Industry 4.0 as systems that integrate virtualization, feedback, and sim-
ulation to optimize resources and sustainability [1,12], applied in health, transport, energy,
and more recently in the AEC sector, where they enable dynamic asset management.
In AEC, DT represents a transition from static models to cyber-physical models that oper-
ate, predict, and diagnose in real time [13,14]; their ability to integrate data across the life
cycle drives monitoring and operational prediction [15,16].

DT builds its structural basis on BIM, which provides geometric and semantic struc-
ture, while DT adds continuous data flows via IoT, Al, cloud computing, big data, and CPS.
The BIM, IoT, DT triad organizes sector-wide digitalization, although still limited by interop-
erability issues and a lack of standards [4]. During this transition, multiple methodological
approaches have been proposed to support DT implementation, including BIM-driven
workflows, data integration pipelines, and CPS-based architectures, although the standard-
ization and reproducibility of these approaches remain uneven across studies. Central to
this variability is the absence, across much of the BIM-based DT literature, of a shared
framework for classifying digital representations according to their level of cyber-physical
integration. Kritzinger et al. [17] propose the most widely adopted taxonomy for this
purpose, distinguishing three levels. A Digital Model (DM) is a digital representation of an
existing or planned physical object in which no automated data exchange exists between
the physical and digital counterparts; all updates must be performed manually. A Digital
Shadow (DS) adds an automated, one-way data flow from the physical object to its digital
representation, so that changes in the physical asset are automatically reflected digitally,
though the DS cannot alter the state of the physical asset in return. A DT, in the strict sense,
requires a fully integrated, bidirectional, automated data flow between both objects [7,8].

This taxonomy aligns with the structural requirements described by Tao et al. [1],
whose three-dimension model, comprising physical entity, virtual entity, and connection,
and subsequent five-dimension extension adding services and data specify the architecture
necessary to sustain the bidirectional link that characterizes a true DT. Bidirectionality
is therefore the defining criterion that separates a DT from a DM or a DS. Within this
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framework, CPS denotes the broader systems-engineering paradigm in which compu-
tational and physical processes are integrated through sensing, networking, actuation,
and control infrastructures. In the AEC domain, a DT built upon BIM represents the
operational instantiation of a CPS: BIM provides the geometric and semantic structure,
while IoT, Al, and cloud computing enable the real-time data flows required to elevate
a static DM toward a fully bidirectional DT. Labels such as “Cyber-Physical Model” and
“Smart Twin”, encountered recurrently across the reviewed literature, generally denote
partial instantiations of these integration levels without constituting formally distinct con-
ceptual categories. The evolution from BIM to DT responds to sustainability demands,
SDG, and NZEB targets [5]. However, thematic fragmentation persists, requiring tertiary
studies that synthesize methods, approaches, theoretical frameworks, and research gaps to
consolidate the field.

The field is rapidly growing with numerous reviews, yet it shows methodological
heterogeneity and a lack of consolidated theoretical frameworks. Liu et al. [12], analyzing
842 articles, identify three contribution types: case studies, frameworks, and technolog-
ical developments; this evidences a field still in the process of structuring. Nguyen and
Adhikari [15], reviewing 150 studies, highlight interoperability, level of detail, scalability,
and life-cycle integration as key research challenges.

The literature shows a predominance of methods focused on the BIM-to-DT tran-
sition. Many studies remain in early stages (conceptual or prototype) with partial IoT
integration [14]. The ecosystem is strongly dominated by BIM tools, as BIM reduces errors,
clashes, and delays, and 4D BIM optimizes planning and project management [13,18].
Shishehgarkhaneh et al. [3], through a bibliometric analysis, identify an expansion toward
the circular economy, the metaverse, and CPS. From a technological perspective, these
approaches rely on heterogeneous software ecosystems, including BIM authoring tools, in-
teroperability standards such as Industry Foundation Classes (IFC), cloud-based platforms,
and IoT-enabled data infrastructures, yet the literature lacks a consistent classification of
these systems across applications.

Currently, DT research increasingly focuses on energy efficiency through real-time
data and Al integration [10]. The field is evolving toward systematic reviews, bibliometric
analyses, and conceptual taxonomies. Five emerging research lines include technological
sustainability, digital construction, data-driven infrastructure, digital heritage, and ar-
chitectural efficiency [19]. However, several research gaps persist: a lack of a unified
definition of DT, a scarcity of studies on existing undocumented buildings, and a lack of
comparative metrics.

Although DT in Industry 4.0 is mature, its transfer to the AEC sector remains par-
tial [20]. Multiple cross-cutting challenges hinder implementation. Syntactic and semantic
interoperability remains the major technical challenge due to the absence of common
protocols [6]. Organizational barriers, rigid contractual structures, lack of data gover-
nance, and institutional resistance also complicate the DT-BIM transition [6]. Functional
classification is crucial to systematize a dispersed field. By life-cycle phase, research is con-
centrated in design and construction, with fewer studies in operation and maintenance [7],
although deep operational integration is still limited [14].

By purpose or function, DTs are classified according to anomaly detection, predictive
maintenance, and operational optimization [4] By maturity or scale: conceptual, pilot, oper-
ational, institutional [14]. By represented object: building, infrastructure, energy systems,
and subcomponents; multiscale DT requires greater interoperability [6]. Liu et al. [12]
highlight the lack of consistent taxonomies; many studies do not specify phase, function,
maturity, or scale, complicating comparison. These classification approaches, however, are
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not consistently applied across studies, limiting their usefulness for systematic comparison
and synthesis.

Energy optimization benefits significantly from BIM + IoT integration, enabling contin-
uous adjustment of energy parameters via multicriteria optimization. Al-enhanced models
predict consumption and regulate Heating, Ventilation, and Air Conditioning (HVAC)
intelligently [14]. Water-management applications are emerging: DT detects leaks and
optimizes operation in water infrastructure systems. For preventive maintenance, DT
improves O&M in NZEB buildings and enhances technical staff training [21]. In structural
management, DT supports predictive safety and integrates information into CDE platforms
to ensure traceability and resilience. In circular economy applications, DT enables material
tracking, dismantling simulations, and life-cycle assessment (LCA) support [6,7,19].

DT, therefore, constitutes a cognitive infrastructure integrating technology, data,
and sustainability. The field shows increasing technical maturity, particularly regarding Al,
BIM, and DT integration for predictive energy management [22]. These applications demon-
strate the practical outcomes of DT implementation, although the extent to which such
results are empirically validated varies significantly across studies. Research is evolving to-
ward circularity, resilience, and empirical verification, marking a transition from conceptual
to operational approaches [6,7]. Despite these advances, limitations persist: methodological
fragmentation, lack of coherent classification frameworks, and terminological inconsistency
in the use of concepts such as DS, Cyber-Physical Model, and Smart Twin [7,14], whose
formal distinctions, as addressed earlier in this section, remain inconsistently applied across
the reviewed secondary literature.

Industry 5.0 promotes autonomous, resilient, and predictive DT supported by ad-
vanced Al technologies [8]. Organizations adopting Al-driven digital transformation
demonstrate higher operational efficiency and competitiveness. DT, BIM integration is
evolving toward sustainability-oriented digital ecosystems combining environmental, so-
cial, and economic indicators [7]. However, existing studies still highlight major gaps:
absence of solid taxonomies, weak links between sustainability and digitalization, and lim-
ited large-scale validation [7].

Despite the growing number of reviews and surveys,to the best of the authors” knowl-
edge, no consolidated tertiary synthesis currently exists that critically integrates the dis-
persed findings across the field. In particular, the literature reveals a lack of standardized
methodological guidelines, limited empirical validation of proposed approaches, and the
absence of structured classifications of technological ecosystems, which together hinder
comparability and large-scale implementation.

The need for a tertiary synthesis framework that integrates existing reviews and
establishes homogeneous categories for comparing methods, tools, and metrics justifies this
study, which addresses these limitations by synthesizing existing approaches. It identifies
patterns in technological implementations and structures a comparative framework to
support more consistent analysis of DT applications in AEC.

3. Research Method

This study adopts a tertiary review approach based on the methodology proposed
by Kitchenham and Charters [11], which provides a structured framework for identifying,
evaluating, and synthesizing the literature relevant to a particular research question or topic.
According to Kitchenham and Charters [11], in a domain where a number of systematic
reviews already exist, it may be possible to conduct a tertiary review, which is a systematic
review of systematic reviews, to answer broader RQs. In this context, this work presents a
tertiary review that uses the same methodology as a standard SLR.
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The review process is structured into three main stages: planning, conducting, and re-
porting. In the planning stage, the RQs and review protocol are defined. The conducting
stage involves selecting studies based on predefined criteria, followed by data extraction,
quality assessment, and synthesis. Finally, in the reporting stage, the results are structured
and presented to ensure transparency and reproducibility.

3.1. Planning the Review

This work presents a tertiary review of BIM and DT, specifically aimed at pinpointing
recent developments and existing research gaps in the field. According to Petticrew and
Roberts [23], RQs can be structured through the PICOC framework, which includes Popula-
tion, Intervention, Comparison, Outcome, and Context. Within this framework, population
refers to the specific role, group, or application domain under study. The intervention refers
to the method, tool, technology, or procedure intended to address a particular issue. Com-
parison refers to the methodology, technology, or design against which the intervention is
evaluated. Outcome refers to the aspects or results considered relevant for practitioners.
Context refers to the conditions under which the comparison takes place, including the
participants and the tasks performed. In this review, the application of these criteria is
summarized in Table 1.

Table 1. PICOC criteria.

Criteria Description

Secondary studies on developing Digital Twins (DT) using Building Information

Population Modeling (BIM) for sustainable building management.

Challenges, software types, technologies, and optimized resources involved in

Intervention developing DT throughout the BIM life-cycle.

Comparison Comparison of methodological approaches and propose.d solutions reported in
secondary studies addressing the development of DT using BIM.

Outcome Emerging trends, research gaps, and key challenges in developing DT using BIM.

Context Research context with domain experts.

The PICOC framework was used to define the scope of the review and ensure a
structured formulation of the RQs, inclusion criteria, and search strategy. This approach
improves the study’s transparency and reproducibility by clearly linking the research
objectives to the selection and analysis of the literature. Based on this approach, the main
research question was: How are BIM-based DTs developed and applied for sustainable
building management, according to secondary studies, and what challenges and open
research directions define the domain’s future? Three sub-questions (RQ1-RQ3) comple-
ment this, focusing on identifying proposed methods and frameworks, the tools used,
the predominant research approaches, and the limitations of the current literature. Fur-
thermore, the PICOC statement was used to define the main study topics, search strings,
and combined terms for BIM, DT, sustainability, and secondary studies, and were syntacti-
cally adapted to each digital library. Search string tests identified the following string as
generating the most relevant papers: (“Building Information Modeling” OR “BIM”) AND
(“sustainability” OR “efficiency”) AND (“Digital Twins” OR “DT”) AND (“Review” OR
“Survey” OR “Literature” OR “Mapping”).

3.1.1. Identification of Data Sources and Search Strategy

The search strategy combined automated and manual searches to identify relevant
secondary studies on the development of DT using BIM. First, the automated search was
conducted in the IEEE Xplore, ACM Digital Library, SpringerLink, and ScienceDirect
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databases, considering publications from 2018 to 2025. The year 2018 was selected as the
starting point because the publication of ISO 19650-1:2018 [24] established the concepts and
principles for BIM-based information management. The automated search included journal
articles and conference proceedings, and was based on titles, keywords, and abstracts.
The search string was adjusted for each library to match its specific syntax requirements.
Second, a manual search was conducted to complement the automated process. For this
purpose, conference proceedings and journals relevant to the domain were examined (see
Table 2). For journals, the Journal Citation Report (JCR) rankings were used to categorize
them into quartiles (Q1-Q4). For conferences, the CORE ranking system (A*, A, B, C) was
used (see Table 2). Some studies were excluded at this stage because they had already been
identified in the automated search.

Table 2. Conferences and journals selected for manual search.

Conference CORE
International Conference in Environmental Systems A
International Conference on Sustainability in Energy and Buildings A
International Conference on Sustainable Construction Materials and Technologies B
Conference on Systems for Built Environments A
Journal Quartil
Sustainability Q1
Buildings Q1
Automation in Construction Q1
Energy and Buildings Q1
Journal of Building Engineering Q1

3.1.2. Selection Criteria for Secondary Studies

The inclusion criteria considered are presented in Table 3. Secondary studies of the fol-
lowing types were included: SLRs, surveys, bibliometric studies, and studies that explicitly
address the integration of DT and BIM and are published in English. Primary studies, short
papers of fewer than five pages, and introductory articles, editorials, or articles without
relevant methodological contributions were excluded. However, automatic search results
may include unrelated studies. Therefore, the selection of studies was carried out in multi-
ple stages, beginning with the review of titles, abstracts, and keywords. Discrepancies were
resolved by consensus after reviewing the full texts of the conflicting studies. To ensure
transparency and traceability, a record of excluded articles was maintained. The selection
results were then organized into tables showing the number of selected and excluded
articles, classified by year of publication and source.

Table 3. Inclusion and exclusion criteria.

Inclusion Criteria

Secondary studies on developing Digital Twins (DT) using Building Information
Modeling (BIM) for sustainable building management.

Exclusion Criteria

Articles not written in English.

Primary studies.

Short papers with fewer than five pages.

Introductory papers to conferences and special issues.

The most complete version will be used when an SLR has been published in more than
one journal/conference.
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3.1.3. Data Extraction Strategy

To systematically analyze the selected studies, data extraction was performed using a
structured process, in which the criteria presented in Table 4 were considered to address
the specific RQs. The criteria were chosen following the PICOC statement from which
the RQ emerged, too. Additionally, the quality score for each study and the number of
primary studies included in each review were documented. In this process, each researcher
extracted the criteria relevant to their expertise in their study area to assess the accuracy
of the collected information. Moreover, for each study, bibliographic data were recorded,
including publication source, year, authors, institutional affiliation, and country of origin.

Table 4. Data Extraction Criteria (EC) grouped by research question (RQ).

Research Questions (RQ)  Extraction Criteria (EC)

- EC1. Type
i(géh?;;w S};E‘é?eesxmtmg O Systematic review of the literature O Survey
y [ Systematic mapping [0 Other

synthesized and
represented the
knowledge for

O Bibliometric or Meta-analysis
EC2. Results or guidelines evidence-based

BIM-based [ Methodology [ Guides or Processes
DT development? O Framework O Other
[ Taxonomy O None
EC3. Analyze or classify software for DT in construction
O BIM modeling software O Other
O Common data environment software 0 None

RQ2. What software O DT management system

and hardware tools EC4. Analyze other technologies (software and hardware)

are used in developing O Artificial intelligence O Other

DT through BIM? O Internet of Things O None
0 Virtual or augmented reality

EC5. Challenges to implement DT

O Industry-related O Political and legal challenges

[J Social and organizational O Other
O Technological O None
RQ3. What topics are J Economic

being addressed EC6. DT category in BIM

by research on O By its purpose [ By the represented object

he development of DT? [ By institution’s maturity level O Other
O By life cycle’s phase 0 None
EC7. Optimized Resources
O Electricity O Recycling of waste materials
O Equipment maintenance 0 Structural management
[0 Mechanical system and HVAC * O Other
O Water (sewage, potable, and rainwater) O None

* Heating, Ventilation, and Air Conditioning.

The coding process allowed assigning multiple categories to the same study when
appropriate, and the “None” category was used when the information was not explic-
itly reported in the analyzed source. Data analysis was carried out using basic statistical
procedures. The techniques employed included tabulating the extracted data, counting
frequencies by analytical category, and comparing the different defined categories of evi-
dence. The answers to the RQs (RQ1-RQ3) were obtained through a cross-synthesis of the
results for criteria EC1-EC7. For analysis and visualization, data matrices in spreadsheets
were used, supplemented by bubble charts to illustrate relationships among categories,
approaches, and research gaps.

For RQ1, the goal is to identify guidelines that improve DT development using BIM.
Two criteria are considered. EC1 classifies studies according to their methodological design,
including SLRs, which provide a structured and reproducible synthesis of evidence; systematic
mappings, which identify and categorize research trends and gaps; literature surveys, which
provide broad descriptive syntheses of existing research in the field; bibliometric or meta-
analytic studies, which quantitatively examine publication patterns or statistically integrate
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findings; and other approaches. EC2 identifies the type of practical contribution reported,
such as methodologies that propose structured procedures, frameworks that offer conceptual
structures, guides or processes that describe step-by-step actions, taxonomies that classify
concepts hierarchically, or none when no explicit practical contribution is provided.

EC3 aims to identify and classify the software environments used to implement DT
in the construction domain, as reported in the selected review studies. DT systems typi-
cally integrate multiple digital tools to support modeling, data management, and system
monitoring throughout the building life cycle. For each selected review, the software
tools described in the primary studies (as synthesized in the review) were identified and
categorized by their primary function within the DT ecosystem. The classification includes:
(i) BIM modeling software, referring to tools used for the creation and management of
building information models. (ii) CDE software, enabling centralized data storage, col-
laboration, and information exchange; (iii) DT Management Systems (DTMS), defined as
platforms that integrate real-time data, simulation, and monitoring capabilities within a
DT framework; (iv) Other software, including complementary tools such as simulation
engines, visualization platforms, or IoT interfaces; and (v) None, when no specific software
was reported in the review. This classification enables a structured comparison of the
technological ecosystems described in the literature and provides insight into the maturity
and integration levels of DT-related software in the AEC industry.

EC4 examines the presence of additional enabling technologies (software and hard-
ware) that complement BIM in DT development. Specifically, this criterion assesses whether
the reviewed studies report the use of technologies such as Al, IoT, Virtual Reality (VR),
and AR, as well as related technological components. Including EC4 in the review is impor-
tant because BIM-based DT does not operate in isolation; rather, they rely on an ecosystem
of complementary technologies that enable sensing, data processing, analytics, and immer-
sive interaction with built environments. By systematically capturing these technologies,
EC4 allows the review to identify prevailing technological trends, reveal how BIM is being
extended through emerging digital tools, and highlight potential gaps in the integration of
software and hardware solutions across the architectural and engineering domains.

EC5 examines the challenges associated with implementing DT based on BIM. This
criterion categorizes barriers identified in the reviewed studies into industry-related, politi-
cal and legal, social and organizational, technological, and economic challenges. Including
ECS5 is essential because implementing BIM-based DT requires not only technological
infrastructure but also regulatory frameworks, organizational capabilities, and stakeholder
collaboration within the AEC industry. Recent studies emphasize that interoperability
limitations, data integration issues, and lack of standardized frameworks remain major
technological obstacles, while organizational resistance and governance issues also affect
DT adoption [12].

EC6 aims to identify how DT are categorized within the context of BIM, as reported in
the selected review studies. The classification of DTs varies across the literature depending
on their function, level of development, and application context. For each selected review,
the categorization approaches described in the primary studies (as synthesized within the
review) were identified and classified according to the following criteria: (i) by purpose, re-
ferring to the intended function of the DT (e.g., monitoring, prediction, optimization); (ii) by
the represented object, distinguishing between DTs of components, buildings, or larger
systems such as campuses or cities; (iii) by institution’s maturity level, indicating the level
of digital or organizational development required to implement DT solutions; (iv) by life
cycle phase, referring to the stage of the building life cycle addressed (e.g., design, con-
struction, operation); (v) other, including alternative classification approaches not covered
by the previous categories; and (vi) none, when no explicit DT categorization was reported
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Identification

Screening

Included

in the review. This classification enables a structured understanding of how DT concepts
are interpreted and applied in relation to BIM across the literature, highlighting differences
in conceptualization, scope, and implementation maturity within the AEC domain.

EC7 focuses on optimizing resources through the integration of BIM and DTs. This cri-
terion evaluates whether studies address improvements in operational domains, including
electricity consumption, waste recycling, equipment maintenance, structural management,
HVAC systems, and water management. The inclusion of EC7 is important because DT
technologies enable real-time monitoring, predictive analytics, and data-driven decision-
making, thereby improving operational efficiency and sustainability in built environments.
Recent literature highlights that BIM-enabled DT support energy optimization, predictive
maintenance, and infrastructure performance management, contributing to more sustain-
able and resilient building operations [25,26].

3.2. Conducting the Review

The initial automatic search using the search string across the four digital libraries
retrieved 743 articles. Additionally, a manual search across four conferences and five
journals on BIM and DT yielded 44 articles sought for retrieval. After a detailed scan of the
titles and abstracts, we discarded duplicated papers, papers that did not meet the inclusion
criteria, or that violated the exclusion criteria. Finally, 57 articles were selected. Figure 1
shows the number of papers found in each source, the papers screened at each stage,
and the total number of studies that met inclusion criteria. In addition, materials related to
the current SLR, including the protocol and extraction results, are publicly available on an
Open Science Framework (OSF) repository (https://osf.io/kcwv7/overview, accessed on
27 May 2026).

Identification of new studies via databases and registers Identification of new studies via other methods

Records identified from:
Databases (n = 4):
IEEE Xplore (n = 7)

ACM Digital Library (n = 58)
Science Direct (n = 40)
Springer Link (n = 638)

Registers (n = 0)

. Records identified from:
4.’ Records removed before screening: Manual search in conferences (n = 1)
Duplicate records (n = 26) Manual search in journals (n = 43)

Y

Records screened
(n=717)

Records excluded
(n = 699)

!

A\

Reports sought for retrieval

Reports not retrieved

Reports not retrieved ‘ Reports sought for retrieval

‘ (n=18 (n=0) (n = 44) ’ (n=0)
Reports assessed for eligibility Reports excluded: Reports assessed for eligibility Reports excluded:
(n=18) (n=0) (n = 44) (n=5)

A

New studies included in review
(n=57)

Figure 1. Review results by source using the PRISMA 2020 [27].

4. Results

This section presents the results derived from applying the EC, focusing on BIM inte-
gration for DT development. The findings are structured into three subsections. Section 4.1
examines the temporal and geographical distribution of the reviewed studies. Section 4.2
describes a criterion-by-criterion synthesis that combines descriptive statistics with in-depth
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insights from representative reviews. Finally, Section 4.3 introduces bubble-chart visualiza-
tions crossing selected ECs to identify technological trends, research gaps, and potential
directions for future research.

4.1. Results per Country and per Year

Figure 2 shows that secondary study production is concentrated in a few countries.
China leads with eight contributions, followed by Portugal (five), and then Saudi Arabia
and the United States (four each). The remaining countries have between one and three
studies, demonstrating a low density of research outside these main centers. This distri-
bution suggests that the field’s development is driven by regions with strong agendas for
digitalization and smart building. In contrast, the limited participation from other regions
suggests potential difficulties in conducting research in these areas of knowledge, possibly
due to economic constraints or a weak focus on smart city development. Furthermore,
the under-representation of developing countries underscores gaps in the adoption and
generation of BIM- and DT-based solutions.

Figure 3 shows the distribution of secondary studies by year. The distribution shows
an increasing trend from 2020 to 2024. After starting in 2020 (one study), a sustained
increase is observed in 2021 (five studies) and 2022 (eight studies), with a slight decrease in
2023 (seven studies). The greatest growth occurs in 2024, with 26 studies, indicating a rapid
expansion of interest in the topic. This increase coincides with the maturation of enabling
technologies such as Al and IoT. Overall, the results reflect a recently expanding field that
is still consolidating.
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Figure 2. Review results by country.
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Figure 3. Review results by year.

4.2. Criterion-by-Criterion Results

In this section, the main findings for each EC are presented. Also, specific studies are
referenced to expose relevant insights. Table 5 shows the count of studies and percentages
per EC. Furthermore, Appendices A and B provide a detailed overview of the reviewed
studies and the traceability of which study corresponds to each EC. In this way, a complete
first analysis of the selected studies is presented.

EC1—Type: Regarding the type of secondary studies considered in the review, bib-
liometric analyses and meta-analyses constitute the most frequent category, appearing
in 30 studies (50.9%), including RS3, RS6, and RS14. SLRs are also widely represented,
with 22 studies (38.6%), as observed in RS6, RS9, and RS20. Systematic mapping studies
account for 18 papers (31.6%), with representative contributions such as RS2, RS5, and RS17.
In contrast, survey-based secondary studies are limited, appearing in only four studies
(7.0%), including RS4, RS18, and RS51. A similarly small number of studies fall into other
secondary-study types (four studies, 7.0%), as reflected in RS1, RS8, and RS43. Overall,
the results indicate a strong dominance of bibliometric analyses and conventional SLRs in
BIM—DT secondary research, while survey-based and alternative review types are few.

EC2—Results or guidelines evidence-based framework-based outputs represent the
most relevant structured contribution within this criterion, appearing in 10 studies (17.5%).
Specifically, RS22 proposes an enhanced BIM-based DT framework for bridge engineering
applications. A DT framework for construction assets aligned with the ISO 19650 BIM
standard is presented in RS24, while RS25 introduces a DT framework oriented toward
construction project management. The DT-CI framework (DT in the Construction Industry)
is explicitly defined in RS15. In addition, RS50 proposes a framework aimed at the future
integrated development of Geographic Information System (GIS) and BIM environments.
These studies explicitly formalize their contributions as frameworks within the context of
BIM-based DT.

Other types of contributions are identified in 10 studies (17.5%), covering structured
outputs that do not take the form of formal frameworks or methodological guidelines.
Within this group, RS7 and RS41 propose roadmaps related to the development and
adoption of DT technologies. A general and customizable data fusion process model is
presented in RS8. The study RS9 addresses research and commercial solutions for BIM-
to-AR/VR workflow architectures. The extraction of key terms and definitions of DT
across different life-cycle phases is reported in RS18. Classification-oriented contributions
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include an overview and classification of the analyzed literature in RS29, as well as the
classification of DT use cases in port environments. The definition of construction life-cycle
stages is addressed in RS46. In addition, RS6 reports multiple technological approaches,
including cloud-based solutions, ontologies, data mining, ML, and DT, while RS3 proposes
an architecture based on web services.

Table 5. Review results by extraction criteria (EC)

Extraction Criteria Count Percentage
EC1. Type

Systematic review of the literature 22 38.6%
Systematic mapping 18 31.6%
Bibliometric or Meta-analysis 30 50.9%
Survey 4 7%
Other 4 7%
EC2. Results or guidelines evidence-based

Methodology 0 0%
Framework 10 17.5%
Taxonomy 1 1.8%
Guides or Processes 0 0%
Other 10 17.5%
None 38 64.9%
EC3. Analyze or classify software for DT in construction

BIM modeling software 20 33.3%
Common data environment software 3 5.3%
DT Management System (DTMS) 6 10.5%
Other 11 19.3%
None 29 49.1%
EC4. Analyze other technologies (software and hardware)

Artificial intelligence 27 47.4%
Internet of things 29 50.9%
Virtual or augmented reality 15 26.3%
Other 31 52.6%
None 15 26.3%
EC5. Challenges to implement DT

Industry-related 46 75.4%
Social and organizational 41 66.7%
Technological 46 75.4%
Economic 20 33.3%
Political and legal 13 22.8%
Other 22 38.6%
None 1 1.8%

ECé. Digital twin category

By its purpose/industry 28 47.4%
By institution’s maturity level 5 8.8%
By life cycle’s phase 20 31.6%
By the represented object 7 12.3%
Other 4 7%
None 5 8.8%
EC7. Optimized Resources

Electricity 27 47.4%
Equipment maintenance 34 57.9%
Mechanical system and HVAC * 19 31.6%
Water (sewage, potable, and rainwater) 5 8.8%
Recycling of waste materials 10 15.8%
Structural management 24 42.1%
Other 39 64.9%
None 2 3.5%

* Heating, Ventilation, and Air Conditioning.

Taxonomy-oriented contributions are rare, with only one study (1.8%), represented by
RS16, which focuses on classification structures rather than procedural or methodological
guidance. No studies explicitly resulted in formal guidelines or process-based outputs,
nor in standalone methodological formulations under this criterion. Overall, the results
indicate that only a limited number of studies propose structured frameworks. The BIM-DT

https://doi.org/10.3390 /buildings16142850


https://doi.org/10.3390/buildings16142850

Buildings 2026, 16, 2850

14 of 34

literature largely lacks explicit evidence-based practical guidelines. Most contributions
remain at a conceptual, classificatory, or exploratory level.

EC3—Analyze or classify software for DT in construction: The analysis of 57 studies
reveals strong heterogeneity in how software tools are evaluated and reported. A total
of 33% of the publications analyze BIM modeling software, confirming its relevance but
also showing a predominant focus on authoring environments rather than on downstream
operational tools. Several studies reference the use of Autodesk Revit as the main BIM
platform (RS6, RS20), often complemented by other modeling solutions such as ArchiCAD
or Tekla Structures (RS18, RS38). These tools are primarily used for 3D parametric mod-
eling, automated drawing generation, and integration of BIM models with simulation,
visualization, or life-cycle extensions. However, most reviews do not clearly distinguish
among the modeling, coordination, and analytical uses of BIM software, limiting compara-
tive assessment.

Only 5% of the reviewed studies explicitly address CDEs. For example, RS18 mentions
auxiliary BIM tools such as BIMserver or Navisworks to support data exchange and
coordination, but these platforms are generally treated as secondary infrastructures rather
than as core governance mechanisms within DT frameworks. Asset management and
DTMSs appear in 10.5% of the studies. RS1 reviews maintenance-oriented platforms such
as OpenMAINT and ManTus BIM, while RS2 classifies DT software according to functions,
including component monitoring, anomaly detection, and operational optimization. These
contributions indicate an emerging but still limited focus on operational-phase software
within the reviewed literature.

In addition, 19% of the publications group software tools under heterogeneous “other”
categories, reflecting methodological diversity and fragmented reporting practices. Notably,
49% of the studies do not evaluate any specific software tool, indicating that nearly half
of the research remains conceptual. Overall, the lack of standardized criteria for software
classification and evaluation constrains cross-study comparability and slows the technical
consolidation of DT research in the AEC sector.

EC4—Analyze other technologies (software and hardware): Within the selected sec-
ondary studies, 47.4% examine Al. Many works reference the use of machine learning (ML)
(RS7, RS27, RS29, RS32). RS4 analyzes ML, deep learning, and neural network approaches;
RS5 report the combination of ML with data-mining techniques; and RS6 integrates criteria
for semantic-web frameworks. These approaches are used for enhancing knowledge repre-
sentation, reasoning processes, classification, prediction, anomaly detection, and automated
feature extraction. However, RS38 explores Al taxonomies, and RS47 reports the use of a
federated model to support distributed or privacy-preserving learning settings.

Furthermore, 50.9% of the papers review IoT technologies. RS8 discusses IoT-BIM
data fusion methods for integrating heterogeneous sensor streams. For example, the use
of sensors, smart sensors, and drones for real-time data acquisition (RS21, RS32); while
RS14 uses hardware-sensor performance metrics to assess reliability, sampling frequency,
and deployment constraints. Moreover, RS20 focuses on the technological infrastructure
supporting IoT deployments, including 5G, LTE, Wi-Fi, GPS, GNSS, camera systems,
and actuators.

In addition, a smaller proportion of secondary studies (26.3%) includes VR/AR. RS9
compares VR and AR device categories, interaction methods, tracking systems, and appli-
cation contexts. RS21 synthesizes VR applications in simulation, design review, training,
and construction management. Beyond visualization, RS38 explores how AR/VR en-
hances human-robot collaboration, supporting two-way communication, job supervision,
and urban-scale design and planning through participatory usability assessments involv-
ing non-expert users. However, only R546 examines extended reality as an integrated
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paradigm that combines AR and VR to support immersive monitoring, interaction with
digital models, and activity coordination within DT environments.

Many reviews reported a fusion of software and hardware technologies, going beyond
Al IoT, and VR/AR (52.6%). A consistent number of studies integrate distributed and
advanced computing infrastructures, including blockchain, edge computing, and cloud-
computing environments (RS5, RS14, RS18, RS28, RS23, RS34). Multiple contributions
rely on reality-capture and geospatial technologies such as GIS platforms, LIDAR or laser-
scanning systems (RS7, RS10, RS16, RS19, RS21, RS30, RS37, RS46). In addition, several
studies mention data-management mechanisms such as cloud storage, databases, data-lake
architectures, data-transfer protocols, or digital-workflow tools (RS6, R516, RS47). Finally,
others reference semantic-web technologies and IFC-based data structures (R548, R549).

EC5—Challenges to implement DT: The results suggest that BIM-based DT adoption is
constrained by a combination of technical fragmentation and limited organizational readi-
ness. The prominence of industry, technological, and organizational barriers indicates that
implementation problems are systemic rather than purely software-related. In contrast, the
lower attention given to legal and economic dimensions may reflect the still-experimental
maturity of the field, where regulatory, contractual, and investment issues have not yet
been sufficiently examined.

EC6—DT category in BIM: The thematic classification of DT remains diverse and
fragmented across the reviewed literature. A total of 47% of the studies classify DTs by
purpose or industry, emphasizing function- and sector-oriented applications rather than
unified conceptual frameworks. For example, RS1 and RS5 focus on maintenance-driven
DTs applied to historic buildings and urban assets, respectively, while RS28 adopts a
capability-oriented perspective to analyze applications and challenges in built-environment
projects. Life-cycle-based classifications appear in 31% of the studies, reflecting interest
in linking DTs to specific phases such as operation and maintenance. However, these
approaches are often limited to isolated stages, as illustrated by reviews that focus primarily
on operational energy efficiency or maintenance activities (RS2, RS41) rather than on full
life-cycle integration.

Only 8% of the studies classify DTs according to maturity levels. RS46, for instance,
reports generally low maturity levels, with DT implementations supporting bidirectional
data flows yet remaining dependent on non-autonomous decision-making mechanisms.
Object- or scale-based classifications appear in 12% of the literature, with studies such as
RS29 addressing DTs at the level of complex infrastructures, such as seaports and terminal
facilities. In contrast, several reviews adopt non-standard thematic perspectives or omit
explicit classification schemes altogether (RS36, RS40). Overall, the absence of consistent,
comparable taxonomies limits cross-study synthesis and reflects the ongoing conceptual
consolidation of DT research in the AEC domain.

EC7—Optimized resources: The reviewed literature frames sustainability mainly in
terms of operational efficiency, particularly maintenance, energy, and structural perfor-
mance. The limited attention to water and material recycling shows that BIM-based DT
research has not yet fully embraced broader circular-economy and resource-management
perspectives. The large “Other” category also suggests fragmented application domains
and the absence of a consolidated classification for sustainability outcomes.

4.3. Relations Between Criteria

In this section, bubble graphs are presented. A bubble chart summarizes the dis-
tribution of the reviewed studies by cross-relations. The size of each bubble represents
the number of secondary studies reporting a given combination, while the axes reflect
the EC selected to cross, respectively. Figure 4 reveals a persistent gap between thematic
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analyses and the explicit consideration of software ecosystems in secondary studies on DT.
Although the reviewed studies and surveys frequently address challenges, categorizations,
and resource optimization, these dimensions are rarely systematized or classified in relation
to concrete digital infrastructures within the body of secondary studies themselves.

Regarding implementation challenges, industrial, technological, and organizational
aspects are widely discussed in the secondary literature, but in most cases, they are not
accompanied by an explicit categorization of digital tools or platforms. This does not imply
the absence of software in the underlying primary studies; rather, it reflects a limitation in
how secondary studies synthesize, structure, and compare such information.

A similar trend is observed in the categorization of DT. Classifications based on pur-
pose or life-cycle phase are primarily presented through conceptual or methodological
frameworks, with limited linkage to specific enabling technologies. Maturity-based and
object-based classifications appear less frequently and, again, without systematic articula-
tion with software ecosystems at the level of secondary synthesis.

With respect to resource-oriented analyses, a relatively clearer relationship with en-
abling technologies can be observed, particularly in domains such as maintenance and struc-
tural management. Nevertheless, even in these cases, information on specific tools is often
presented in an aggregated or implicit manner, which hampers comparison across studies.

@ECS: Challenges to implement DT
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Political and legal
o
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Figure 4. Co-occurrence between EC3 with EC5, EC6, and EC7, highlighting challenges, dominant
software for DT construction trends, and underexplored combinations in BIM-based DT research.
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Overall, these results highlight a structural limitation of the current secondary litera-
ture: although primary studies may incorporate and analyze complex digital ecosystems,
this information is not consistently translated into comparable frameworks or explicit
taxonomies within reviews. This fragmentation at the synthesis level reinforces the need
for studies that more systematically articulate the links between challenges, categoriza-
tions, resources, and technologies, thereby contributing to a more coherent and operational
understanding of the DT research landscape.

Figure 5 illustrates the co-occurrence between DT categorization and resource opti-
mization aspects across the analyzed domains. The results confirm a predominance of
purpose-based classifications, particularly in equipment maintenance, structural manage-
ment, and electricity, where the highest number of intersections is observed. This aligns
with the general trend in the literature, where optimization strategies are primarily driven
by clearly defined objectives.

Life cycle classifications also show strong representation, especially in electricity and
equipment maintenance, highlighting the importance of considering different stages of
system development. In contrast, recycling of waste materials presents fewer intersec-
tions overall, with a more limited but structured emphasis on purpose-driven approaches.
Classifications based on institutional maturity remain marginal across all domains, while
those based on the represented object appear with moderate but limited frequency. Overall,
the results indicate that research on resource optimization is primarily driven by func-
tional objectives and supported by life-cycle considerations, whereas other dimensions
remain underexplored.

@ ECé. Digital twin category
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Figure 5. Co-occurrence between EC7 and EC6, highlighting dominant optimized resources trends
and underexplored digital twin categories in BIM-based DT research.

Figure 6 reveals a clear concentration of studies combining Al and IoT technologies
with core building subsystems, particularly structural management, mechanical systems,
and HVAC, and energy-related domains such as electricity and water systems. This con-
centration suggests that these technologies are primarily adopted as enabling mechanisms
for data-driven monitoring, analysis, and optimization in resource-intensive building com-
ponents, where measurable physical variables and continuous data acquisition are readily
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available. In contrast, VR/AR technologies exhibit a more limited presence and are pre-
dominantly associated with visualization, inspection, or user interaction tasks rather than
direct optimization or autonomous decision-making processes. This pattern suggests that
VR/AR currently plays a complementary role, acting as an interface layer rather than as a
core analytical or operational technology within DT ecosystems. The limited integration of
VR/AR within BIM-based DT workflows can be attributed to a convergence of technical,
economic, and organizational barriers.

From a hardware maturity standpoint, current head-mounted displays and mixed-
reality devices present significant constraints for on-site construction environments, includ-
ing limited battery life, sensitivity to dust and weather conditions, and insufficient pro-
cessing power for rendering high-fidelity BIM models in real time. From an economic per-
spective, the cost of deploying and maintaining immersive hardware infrastructure across
construction projects remains prohibitive for most organizations, particularly small and
medium enterprises that represent the majority of AEC industry participants. Furthermore,
the absence of standardized data pipelines connecting BIM authoring platforms to VR/AR
rendering engines introduces interoperability friction that slows adoption. These factors col-
lectively explain why VR/AR currently functions as a visualization interface—dependent
on human-in-the-loop interaction—rather than as an autonomous analytical layer capable
of triggering real-time decisions within DT frameworks. Addressing these barriers will
require coordinated advances in lightweight hardware, open interoperability standards
such as IFC, and cost reduction through cloud-based rendering offloading.

.EC3: Analyze or classify software for digital twins in construction
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Figure 6. Co-occurrence between EC4 with EC3 and EC7, highlighting dominant technological trends
and underexplored technology combinations in BIM-based DT research.
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In addition, a considerable number of studies fall under the categories “Other” and
“None”. Studies classified as “Other” correspond to cases where the technologies em-
ployed could not be mapped to the predefined sub-items of the EC, indicating the presence
of heterogeneous or emerging technological approaches that extend beyond the current
segmentation. This diversity suggests that the technological landscape surrounding DT ap-
plications in construction is broader than the categories explicitly considered in this review.
Conversely, studies classified as “None” represent cases where resource optimization or
system-level improvements are addressed without the explicit use of additional enabling
technologies beyond BIM- or DT-based frameworks. This finding is particularly relevant,
as it highlights the existence of solutions that rely on organizational, methodological,
or conceptual strategies rather than on technological augmentation, revealing alternative
pathways for optimization within construction and facility management contexts.

5. Discussion

5.1. RQ1: How Have Existing Secondary Studies Synthesized and Represented the Knowledge for
BIM-Based DT Development?

The study results present a clear lack of robust evidence-based guidelines for de-
veloping BIM-based DTs. While a subset of studies (17.5%) make framework-oriented
contributions (RS24, RS25), these are predominantly domain-specific and architecture-
focused, addressing isolated aspects such as data integration or conformity with standards.
Although these frameworks represent the most structured form of guidance identified, they
do not converge toward a unified methodological approach or provide comprehensive
end-to-end development processes. Consequently, their applicability remains limited and
difficult to generalize to different use cases and functional contexts.

Furthermore, the absence of procedural or process-based guidelines is notable.
The taxonomy-based contributions (1.8%) are purely classificatory and do not translate
into practical development strategies (RS16). Similarly, the roadmaps, conceptual models,
and data fusion approaches identified across studies offer fragmented perspectives but fail
to articulate how to integrate these components systematically. This fragmentation shows a
lack of attention to reproducibility, validation, and implementation limitations.

5.2. RQ2: What Are the Software and Hardware Tools Used in the Development of DT Using BIM?

Based on the analysis of the reviewed studies, which analyze hardware and soft-
ware technologies, it is clear that there are heterogeneous combinations of BIM modeling
platforms, CDE, DTMS, simulation tools, data analytics environments, and middleware
solutions. Nearly half of the reviewed studies do not evaluate software platforms (49.1%),
while only a limited proportion explicitly analyzes DTMS (10.5%) or CDE (5.3%) solutions.
This suggests that current reviews keep their focus strongly centered on modeling environ-
ments, with comparatively limited attention for analyzing the operational infrastructures
required to support scalable and continuously connected DT throughout the asset life cycle
in primary studies.

Furthermore, the results indicate a limited search for maturity in the adoption of
fully integrated DT platforms. In many cases, the secondary studies reveal how DT
functionalities are distributed across multiple software layers, which complicates system
interoperability and scalability (R526). However, the identified technological landscape
highlights the convergence of multiple software and hardware ecosystems shaping the
development of BIM-based DTs. Al (47.4%), IoT-BIM (50.9%) data integration, and ad-
vanced computing infrastructures have emerged as key enabling components for predictive
modeling and real-time data management. In particular, ML and IoT can support a more
efficient, sustainable, and responsive transformation of urban environments (RS14).
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Finally, 52.6% of secondary studies have reported how primary studies rely on diverse
technological layers, including sensing infrastructures, cloud and edge computing envi-
ronments, reality capture technologies, and immersive interfaces. However, challenges
such as real-time data reliability, sensor calibration, and interoperability across platforms
remain insufficiently addressed (RS32). These results show that the field of BIM-based DT
is continuously integrating different hardware and software tools. Therefore, future work
should focus on quality criteria such as reliability, scalability, interoperability, and security.

5.3. RQ3: What Topics Are Being Addressed by Research on the Development of DT?

The analysis of the reviewed studies indicates that research on the development of DTs
primarily addresses industry-related, social, organizational, and technological challenges.
These results mean that investigations of primary studies focus on the people involved,
the software and hardware layers, and adoption in industry contexts. This emphasis is
consistent with reviews that identify persistent industry barriers such as complex project
management, quality control, and interoperability constraints as central obstacles to DT
deployment (RS36). As observed in the analyzed sample, the most prominent themes are
monitoring, optimization, predictive maintenance, and decision support, reflecting a strong
emphasis on improving system performance and enabling data-driven management.

This predominance is particularly evident in domains such as equipment mainte-
nance and energy systems, where DTs are used to enhance operational efficiency, reduce
downtime, and support real-time decision-making. These findings suggest that current
research is largely driven by practical and measurable outcomes, prioritizing operational
use cases over more strategic or exploratory applications. Such an orientation is reflected
in the categorization of DTs by purpose and life-cycle phase reported across the literature,
where classifications are frequently organized around functional objectives and specific
operational stages rather than full life-cycle integration (RS15, RS23). In contrast, topics
such as design support, early-stage planning, and life-cycle-wide integration appear less
frequently in the reviewed studies. This indicates that the potential of DTs to support
decision-making across the full life cycle of built assets remains only partially explored.

Furthermore, the results reveal a significant thematic imbalance within the reviewed
literature. While considerable attention is devoted to operational optimization domains
such as maintenance, energy management, monitoring, and performance improvement,
substantially less attention is given to governance models, organizational capabilities,
maturity assessment, and life-cycle-wide integration. This imbalance aligns with reviews
reporting that DT implementations in the built environment generally remain at low
maturity levels, with limited articulation between their characteristics, applications, and the
organizational conditions required for adoption (RS28). This suggests that research in the
field is advancing more rapidly in understanding technological experimentation than in
exploring the development of the institutional and methodological foundations required
for large-scale DT adoption. As a result, the literature remains rich in analyzing application-
oriented studies but provides comparatively limited guidance regarding implementation
readiness, organizational transformation, and long-term operational integration.

6. Validation of the Systematic Review

One of the most significant challenges in conducting an SLR is ensuring the inclusion
of both internal and external valid studies. In the context of research, validation is the
process that ensures the results obtained are accurate, reliable, and representative in the
studied field. On the one hand, internal validation focuses on evaluating the coherence
and consistency within the studies selected for the review. In this way, the review avoids
biases and guarantees that the findings accurately reflect the relationship between the
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variables studied. On the other hand, external validation ensures that the studies are
representative of the diversity of situations in which they are applied. Then, those results
can be transferable to different environments and contexts.

6.1. Quality Assessment of the Reviewed Studies

The review process evaluates core questions for each study using the DARE criteria,
as recommended in the methodological guidelines of Kitchenham and Charters [11] for con-
ducting SLRs. These questions rate each study related to whether inclusion and exclusion
criteria were clearly described and appropriate; whether the search strategy was likely to
have identified all relevant studies; whether the authors assessed the quality or validity of
the included primary studies; whether the basic characteristics of the included studies were
adequately described; and whether the reviewed studies had been published in relevant
sites and have got considerable citations. Each question was rated as Yes (1 point), Partially
(0.5 points), or No/Unknown (0 points).

6.1.1. Are Inclusion and Exclusion Criteria Clearly Described and Appropriate?

The first quality dimension evaluated whether each secondary study clearly described
and justified its inclusion and exclusion criteria. Studies could be scored as 1 (explicit
criteria), 0.5 (implicit or partially stated criteria), or O (unclear or absent criteria). The av-
erage score obtained was 0.72, indicating that most studies provided sufficiently defined
eligibility criteria, though some lacked full clarity or justification. Most papers have a
specific inclusion and exclusion criteria section. In others, these criteria could be deduced
from their RQs. In some cases, studies present them in tables or images (e.g., Prisma
process image).

6.1.2. Is the Literature Search Likely to Have Covered All Relevant Studies?

The second dimension assessed the breadth and adequacy of the literature search
strategies used by the reviewed studies. Searches covering four or more databases or
including additional strategies were rated as 1, standard searches across several databases
as 0.5, and limited searches as 0. The average score was 0.53, suggesting that while many
studies applied reasonably broad searches and explicitly indicated their criteria to search
studies, several relied on restricted or minimally documented strategies; most reviews
rely solely on indexers such as SCOPUS, Google Scholar, or WebOfScience. Few studies
make manual searches in selected journals or conferences. Even when there are robust
justifications for using indexers in literature reviews, the authors of the present work
consider that searching in oriented databases could retrieve papers with stronger alignment
to the investigation’s goals. Also, not all papers in conferences and journals related to the
topic are indexed.

6.1.3. Assessment of Primary-Study Quality Evaluation

Did the reviewers assess the quality /validity of the included studies? This dimension
examined whether the secondary studies explicitly evaluated the methodological quality
of their included primary studies. Reviews providing clear quality criteria were scored
as 1, those implying quality considerations as 0.5, and those omitting such evaluation as 0.
The average score was 0.42, indicating that explicit quality assessment of primary studies
was inconsistently addressed across the reviewed literature. In most cases, there was no
quality-related section or even information in the papers reviewed, even internal quality or
external quality. Most of the papers that had a score present only quality related to how
many papers reviewed have been cited by others.
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6.1.4. Assessment of Study-Description Completeness

Were the basic characteristics of the included studies adequately described? This
dimension assessed whether the secondary studies adequately described the basic char-
acteristics of the primary studies they included. Studies were rated as 1 when detailed
information was provided, 0.5 when only partial summaries were offered, and 0 when
study characteristics were insufficiently reported. The average score was 0.84, indicating
that most reviews provided clear and sufficiently informative descriptions of their included
studies in tables, images, or dedicated sections for this information.

6.1.5. Assessment of Publication Relevance

The relevance of each study was evaluated based on its publication venue. Journals
were classified according to the SCImago Journal Rank (SJR) (https:/ /www.scimagojr.com/,
accessed on 27 May 2026) quartiles, with Q1 and Q2 considered very relevant, Q3 and Q4
as relevant, and non-indexed venues as not so relevant. Conferences were categorized
according to the CORE Conference Ranking (https://portal.core.edu.au/conf-ranks/,
accessed on 27 May 2026), where A*/A were considered very relevant, B/C as relevant,
and D or unranked venues as not so relevant. Using this scoring scheme (1 points for very
relevant, 0.5 for relevant, and 0 for not so relevant), the average publication-relevance score
across all included studies was 0.85. This suggests that the majority of the reviewed studies
were published in reputable, recognized venues within their research communities.

6.1.6. Assessment of Citation Impact

The citation impact of each study was evaluated using site-of-publication citation
counts. For studies published before 2023, three categories were applied: high impact
(more than 5 citations, 10 points), medium impact (1-5 citations, 5 points), and low impact
(0 citations, 0 points). For studies published after 2023, citation-based bias was mitigated by
introducing two adjusted categories: potentially high (any number of citations, 10 points)
and potentially medium (no citations, 5 points). The resulting average score for citation
impact was 0.92, indicating that most studies had already been cited or were published in
contexts suggesting future citation relevance.

6.2. Validation of Data Extraction Classification of Secondary Studies

To assess the consistency of the data extraction process, an intra-rater reliability evalu-
ation was conducted using Cohen’s Kappa coefficient. Rather than measuring agreement
among reviewers, the objective was to evaluate the stability of each reviewer’s classifica-
tions over time.

The review team consisted of four domain experts with complementary backgrounds
in architecture, electrical engineering, electronics and telecommunications, and computer
science. Each reviewer was responsible for extracting and classifying information for a
specific subset of EC within their area of expertise. This decision was adopted because
the EC addressed heterogeneous dimensions of BIM-based DTs, including architectural,
technological, operational, and computational aspects. Assigning reviewers to the criteria
most closely aligned with their disciplinary expertise was intended to improve the accuracy,
consistency, and interpretability of the extracted information throughout the review process.

For the reliability assessment, each reviewer independently classified four secondary
studies using their assigned EC. After a two-week interval, the reviewers repeated the
classification process without reference to their initial assessments. Cohen’s Kappa was
calculated by comparing the classifications assigned by each reviewer across the two
evaluation rounds.
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The resulting Kappa value was 0.83, which indicates a high degree of classification
stability over time according to commonly accepted interpretation guidelines [28]. Al-
though this procedure does not constitute a traditional inter-rater agreement assessment,
it demonstrates that the reviewers consistently applied the EC associated with their do-
main expertise. During the two-week interval between classification rounds, the reviewers
continued to analyze additional secondary studies included in the review. Thus, the re-
peated assessment evaluated not only temporal consistency but also confirmed that the
interpretation and application of the EC remained stable after reviewing 57 articles.

7. Conclusions

This article presents a systematic review of reviews, a tertiary study that identifies
trends and gaps in the literature by synthesizing secondary studies that collect primary
research on how emerging technologies support the field of BIM-based DT. The review
was conducted using a rigorous, validated methodology to define inclusion and exclusion
criteria, conduct qualitative validation, and apply EC to 57 secondary studies.

Those studies directly analyze the following question: How does developing DT
using BIM improve when various methods, frameworks, tools, and techniques are used?
The results show that bibliometric analyses (50.9%) and SLRs (38.6%) dominate the field,
while only 17.5% propose structured frameworks and 1.8% present explicit taxonomies;
approximately 49% do not assess specific software platforms. Al and the IoT are the most
frequently examined enabling technologies, primarily associated with energy management,
predictive maintenance, and structural monitoring.

Beyond consolidating evidence reported in previous reviews, this tertiary study reveals
several structural characteristics of the BIM-based DT research landscape. The findings
indicate a limited presence of integrative frameworks and taxonomies, a lack of convergence
toward common software architectures for DT implementation, and a strong concentration
of research on operational and performance-oriented applications, while governance-,
maturity-, and life-cycle-oriented aspects remain comparatively underexplored. These
patterns emerge only through the synthesis of multiple review studies and constitute a
contribution that goes beyond identifying individual categories and research trends.

One limitation of this study is the search strategy used to identify secondary studies.
The search string was designed to focus on secondary studies by including terms such as
“review”, “survey”, “literature”, and “mapping”. While these terms are commonly used
to identify secondary studies, some relevant publications categorized under alternative
labels, including “bibliometric analysis”, “scientometric analysis”, or “overview”, may not
have been retrieved through the automated search process. As a result, certain relevant
secondary studies might have been excluded. Future tertiary reviews should broaden their
search strategies by incorporating additional descriptors and publication labels to enhance
coverage and reduce the risk of omission.

Another limitation of this study concerns the selection of information sources used
during the search process. The review protocol prioritized specialized digital libraries
commonly used in engineering, construction, and computing research, including IEEE
Xplore, ACM Digital Library, ScienceDirect, and SpringerLink. Consequently, multidis-
ciplinary indexing services such as Web of Science, Google Scholar, or Scopus were not
included in the search strategy. Although this decision was intended to maximize the
retrieval of studies from the primary publication venues most relevant to BIM-based DTs,
some potentially relevant secondary studies indexed exclusively in Web of Science, Google
Scholar, or Scopus may not have been identified. Future tertiary reviews could complement
searches in specialized digital libraries with multidisciplinary indexing platforms to further
improve coverage and reduce the risk of omission.

https:/ /doi.org/10.3390/buildings16142850


https://doi.org/10.3390/buildings16142850

Buildings 2026, 16, 2850

24 of 34

A further limitation concerns the reliability assessment procedure. Due to the multi-
disciplinary nature of the extraction criteria, each criterion was assigned to the reviewer
whose expertise was most closely aligned with the corresponding domain. Consequently,
the reliability analysis evaluated intra-rater consistency through a test-retest procedure
rather than inter-rater agreement. While the obtained Cohen’s Kappa values indicate that
reviewers applied the extraction criteria consistently over time, this approach does not
provide evidence regarding the level of agreement that could be achieved among different
reviewers evaluating the same criteria. Future studies could complement this procedure
with inter-rater reliability assessments involving multiple reviewers independently classi-
fying the same subset of studies. Finally, the findings indicate persistent interoperability
constraints, insufficient data governance structures, limited maturity models, and scarce
large-scale validation. This tertiary synthesis consolidates dispersed knowledge and identi-
fies methodological and technological gaps that affect the consolidation of BIM-based DT
for sustainable building management.
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Appendix B. Articles Categorized by Criteria

Table Al. Articles categorized by criteria.

EC Item Count Studies
EC1. Type.
Svstematic Review of the RS6, RS9, RS12, RS14, RS15, RS16, RS20, RS21, RS22,
L}i,terature 22 RS23, RS32, RS33, RS34, RS40, RS41, RS42, RS45,
RS47, RS48, RS49, RS55, RS56
RS6, RS7, RS10, RS11, RS13, RS14, RS15, RS16, RS17,
Bibliometric analysis or 30 RS20, RS23, RS26, RS27, RS30, RS35, RS36, RS37,
Meta-analysis RS39, RS40, RS41, RS42, RS45, RS49, RS50, RS52,
RS53, RS56, RS57
Survey 4 RS4, RS18, RS44, RS51
RS2, RS5, RS7, RS10, RS17, RS19, RS24, RS25, RS26,
Systematic mapping 18 RS29, RS31, RS38, RS39, RS46, RS47, RS50, RS52,
RS54
Others 4 RS1, RS8, RS28, RS43
EC2. If the study resulted in evidence-based practical guidelines.
Methodology 0
RS2, RS3, RS5, RS8, RS15, RS22, RS24, RS25, RS43,
Framework 10 RS50
Guides or Processes 0
Taxonomy 1 RS16
RS1, RS4, RS10, RS11, RS12, RS13, RS14, RS17, RS19,
RS20, RS21, RS23, RS26, RS27, RS28, RS30, RS31,
None 38 RS32, RS33, RS34, RS35, RS36, RS37, RS38, RS39,
RS40, RS44, RS45, RS47, RS48, RS49, RS51, RS52,
RS53, RS54, RS55, RS56, RS57
Others 10 RS3, RS6, RS7, RS8, RS9, RS15, RS18, RS29, RS41,

RS546

EC3. Analyze or classify software for digital twins in construction.

BIM modeling software 20

Common data
environment software
DT Management System

(DTMS) 6
Others 11
None 29

RS2, RS4, RS6, RS9, RS16, RS18, RS19, RS20, RS22,
RS30, RS33, RS38, RS540, RS43, RS49, RS51, RS52,
RS53, RS55, RS57

RS2, RS16, RS18

RS1, RS16, RS29, RS36, RS40, RS51

RS2, RS3, RS4, RS6, RS14, RS16, RS18, RS23, RS26,
RS27, RS37

RS5, RS7, RS8, RS10, RS11, RS12, RS13, RS15, RS17,
RS21, RS24, RS25, RS28, RS31, RS32, RS34, RS35,
RS39, RS41, RS42, RS43, RS44, RS45, RS46, RS47,
RS48, RS50, RS54, RS56

EC4. Analyze other technologies (software and hardware).

Al 27
IoT 29
VR or AR 15
Others 31
None 15

RS54, RS5, RS6, RS7, RS12, RS14, RS15, RS16, RS18,
RS21, RS22, RS23, RS27, RS28, RS29, RS30, RS32,
RS33, RS36, RS38, RS39, RS46, RS47, R548, RS49,
RS52, RS54

RS5, RS7, RS8, RS10, RS14, RS15, RS16, RS18, RS19,
RS20, RS21, RS22, RS23, RS27, RS28, RS29, RS30,
RS32, RS33, RS35, RS36, RS38, RS540, R542, RS46,
R548, R549, RS54, RS55

RS7, RS9, RS14, RS16, RS18, RS19, RS21, RS22, RS27,
RS29, RS32, RS38, RS46, RS49, RS52

RS4, RS5, RS6, RS7, RS10, RS14, RS15, RS16, RS18,
RS19, RS21, RS22, RS23, RS28, RS29, RS30, RS32,
RS34, RS36, RS37, RS38, RS39, RS46, R547, RS48,
RS49, RS50, RS52, RS54, RS55, RS57

RS1, RS2, RS3, RS17, RS24, RS25, RS26, RS31, RS41,
RS43, RS44, RS45, RS51, RS53, RS56
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Table Al. Cont.

EC Item Count

Studies

ECS5. Challenges to implement Digital Twins.

Industry-related 46

Social and organizational 41

Technological 46
Political and legal 13
Economic 20
Others 22
None 1

RS1, RS2, RS4, RS5, RS6, RS7, RS8, RS10, RS11, RS12,
RS13, RS14, RS15, RS16, RS18, RS19, RS20, RS21,
RS22, RS23, RS24, RS25, RS27, RS29, RS30, RS31,
RS32, RS34, RS35, RS36, RS38, RS39, RS41, RS43,
RS44, RS47, RS48, RS49, RS50, RS51, RS52, RS53,
RS54, RS55, RS56, RS57

RS1, RS4, RS6, RS7, RS10, RS11, RS15, RS16, RS17,
RS18, R519, RS20, RS21, RS22, RS24, RS25, RS27,
RS29, RS30, RS31, RS32, RS34, RS35, RS36, RS38,
RS39, RS540, RS41, RS43, RS44, RS47, R548, RS49,
RS50, RS51, RS52, RS53, RS54, RS55, RS56, RS57
RS1, RS2, RS3, RS4, RS5, RS6, RS7, RS8, RS9, RS10,
RS11, RS12, RS13, RS14, RS15, RS16, RS18, RS20,
RS21, RS22, RS23, RS24, RS25, RS27, RS29, RS30,
RS31, RS32, RS34, RS35, RS36, RS37, RS38, RS39,
RS41, RS42, RS43, RS44, RS47, RS49, RS50, RS53,
RS54, RS55, RS56, RS57

RS7, RS8, RS10, RS15, RS28, RS33, RS34, RS41, RS42,
RS43, R546, RS51, RS52

RS1, RS2, RS7, RS15, RS17, RS20, RS21, RS26, RS29,
RS30, RS31, RS32, RS34, RS36, RS41, R542, RS43,
RS44, RS47, RS57

RS4, RS7, RS10, RS11, RS13, RS16, RS18, RS21, RS22,
RS25, RS26, RS27, RS29, RS30, RS31, RS32, RS34,
RS35, RS38, RS39, RS543, RS54

RS45

ECé. Digital twin category in BIM.

By its purpose/industry 28

By institution’s maturity 5
level

By life cycle’s phase 20
By the represented object 7
Others 4
None 5

RS1, RS5, RS10, RS11, RS13, RS14, RS15, RS16, RS21,
RS23, RS24, RS25, RS26, RS27, RS28, RS30, RS31,
RS32, RS34, RS37, RS42, RS43, RS47, RS48, RS50,
RS52, RS55, RS56

RS14, RS15, RS28, RS46, RS54

RS2, RS4, RS6, RS12, RS15, RS18, RS19, RS20, RS22,
RS525, RS27, RS35, RS36, RS38, RS39, RS41, RS44,
RS53, RS56, RS57

RS3, RS15, RS23, RS26, RS29, RS49, RS51

RS14, RS16, RS33, RS540

RS7, RS8, RS9, RS17, RS45

EC7. Optimized resources.

Electricity 27
Recycling of waste 10
materials

Equipment maintenance 34
Mechanical system and 19
HVAC*

Water (sewage, potable,

and rainwater) 5
Structural management 24
Others 39
None 2

RS2, RS3, RS6, RS7, RS8, RS9, RS10, RS11, RS12,
RS14, RS15, RS17, RS18, RS19, RS23, RS26, RS30,
RS32, RS33, RS35, RS36, RS39, RS540, R544, RS46,
RS47, RS53

RS7, RS10, RS11, RS15, RS18, RS36, RS37, RS46,
RS548, RS55

RS1, RS2, RS3, RS5, RS6, RS7, RS8, RS9, RS10, RS11,
RS13, RS14, RS15, RS16, RS17, RS18, RS20, RS21,
RS22, RS24, RS25, RS26, RS28, RS29, RS30, RS32,
RS36, RS39, RS41, RS47, RS51, RS52, RS53, RS55
RS2, RS3, RS6, RS8, RS12, RS15, RS18, RS23, RS25,
RS26, RS30, RS32, RS33, RS35, RS36, RS39, RS40,
RS47, RS57

RS3, RS19, RS26, RS32, RS48

RS4, RS11, RS13, RS15, RS16, RS17, RS18, RS19,
RS20, RS21, RS22, RS24, RS25, RS26, RS29, RS30,
RS31, RS38, RS39, RS41, RS43, RS46, R549, RS52
RS1, RS2, RS3, RS7, RS8, RSY, RS11, RS12, RS15,
RS16, RS17, RS18, RS20, RS21, RS24, RS25, RS27,
RS528, RS29, RS30, RS31, RS32, RS33, RS34, RS35,
RS37, RS38, RS39, RS540, RS41, RS42, RS43, RS45,
RS47, RS48, RS52, RS53, RS55, RS56

RS50, RS54

* Heating, Ventilation, and Air Conditioning.
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