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Abstract

The rapid development of digital technologies has significantly transformed architectural
heritage research through the emergence of Historic Building Information Modeling (HBIM)
and Historic Digital Twin (HDT) approaches. This study aims to analyze and compare the
scientific evolution, collaboration patterns, and technological trends of these two research
domains between 2019 and 2025. A comparative bibliometric analysis was conducted
using publications retrieved from the Web of Science Core Collection (WoSCC) and Scopus
databases. The results indicate that the HBIM domain represents a more mature and con-
solidated research field characterized by stable publication growth and strong international
collaboration networks, particularly in European countries. The findings also reveal a
strong conceptual relationship between both domains, suggesting that HBIM currently
functions as a foundational framework for the development of HDT systems.

Keywords: Historic Building Information Modeling (HBIM); Historic Digital Twin (HDT);
digital twin; architectural heritage; heritage conservation; bibliometric analysis; artificial
intelligence (AI); Internet of Things (IoT); real-time monitoring

1. Introduction
Architectural heritage constitutes a fundamental component of cultural identity and

historical continuity, requiring advanced methods for its documentation, conservation, and
long-term management. In recent years, digital technologies have played an increasingly
important role in this domain, enabling more accurate recording, analysis, and dissemina-
tion of heritage assets. Among these technologies, Historic Building Information Modeling
(HBIM) has emerged as a key approach for the digital representation of historic buildings,
integrating geometric data with semantic and historical information [1–3].

HBIM extends conventional Building Information Modeling (BIM) methodologies
to the specific requirements of heritage assets, such as irregular geometries, stratified
historical phases, and material degradation [4,5]. As a result, it has been widely adopted for
applications including documentation, restoration planning, and heritage management [6].
Bibliometric evidence further highlights the central role of early contributions in shaping
the field, particularly the work of Murphy, whose 2013 publication is widely recognized
as a foundational milestone and remains one of the most cited studies in HBIM research.
This influence is reflected in the high citation concentration around 2013, followed by a
significant increase in publication output, with a notable peak in 2019 and the emergence
of new research directions in 2023 [7].
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The concept of the Digital Twin (DT) can be traced back to the early 2000s, when
Michael Grieves introduced it within the framework of Product Lifecycle Management,
with early presentations around 2003 often considered the origin of the DT paradigm [8,9].
During this initial phase, research activity was limited, representing a formative stage in
the development of the concept. Between 2003 and 2011, advances in enabling technologies,
particularly the Internet of Things (IoT), sensor systems, data analytics, and simulation
tools, provided the technological foundation for its evolution [10]. A key milestone occurred
in 2011 with the publication of one of the first journal articles demonstrating the applica-
tion of DT for predicting aircraft structural performance, followed by the formalization
of the concept by NASA in 2012, which significantly accelerated its development [11,12].
Subsequently, the paradigm expanded beyond aerospace into manufacturing and other en-
gineering domains, supported by increasing research output and practical implementations.
According to Grieves et al. [9], the DT can be understood as comprising three fundamental
elements: the physical asset, its digital representation, and the link that connects them.
Building on this framework, Tao et al. [10] further expanded the model by introducing
additional dimensions, incorporating data and service components, and thereby extending
the DT structure into a five-dimensional framework.

Some authors consider BIM and DT independent but complementary concepts, empha-
sizing their differences in terms of functionality and interaction with physical assets [13–16].
Unlike BIM models, which can be developed before the construction of a building and are
mainly oriented towards design and construction management, DT environments require a
continuous connection with a physical counterpart [17].

Despite the apparent complementarity between BIM and DT, their relationship re-
mains a topic of ongoing debate within the scientific community. Many scholars recognize
BIM as a key enabling technology for DT implementation; as noted by Sacks et al. [16],
“many practitioners see BIM as the core technology enabling construction of digital twins.”
This perspective emphasizes the role of BIM and BIM-based models as structured digital
representations that support data integration and system interoperability. Batty in 2018 [18]
argues that, although BIM and 3D models provide highly detailed digital representations
of physical assets, they remain largely static and therefore lack the real-time interaction,
feedback mechanisms, and dynamic capabilities that characterize fully developed DT
systems. In recent years, advances in the IoT have significantly improved real-time mon-
itoring and data integration capabilities, enabling more dynamic and responsive digital
environments [19–21]. Nevertheless, these developments have not yet fully bridged the
gap between static information models and fully operational DT systems, particularly in
the context of architectural heritage.

As for the relationship between BIM and DT, Deng et al. [22] proposed a five-level
ladder taxonomy illustrating the evolution from BIM to DT, consisting of Level 1 as BIM,
Level 2 as BIM-supported simulations, Level 3 as BIM integrated with IoT technologies,
Level 4 as BIM combined with artificial intelligence (AI) techniques for predictive purposes,
and Level 5 as fully developed or ideal DT systems.

In architectural heritage, DT approaches have been applied to both heritage documen-
tation and preventive conservation, supporting functionalities such as 3D visualization,
damage and deterioration mapping, documentation, data management, digital fruition,
digital reconstruction, monitoring, environmental and energy simulations, and structural
assessment through different digital representations, including point clouds, HBIM models,
numerical models, and virtual tours. Jouan et al. [23] defined the DT as the integration
of semantically enriched HBIM models and real-time sensor data via IoT, a concept later
adopted by Marra et al. [24] in the definition of the Historic Digital Twin (HDT), combining
static and dynamic components in 2021.
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Recent bibliometric studies have increasingly explored the evolution of HBIM and DT
research. Banfi et al. [25] highlighted the global expansion of HBIM research, emphasizing
the dominant role of European countries and the growing contribution of China in the field,
while Italy emerged as one of the main hubs of research activity and international scien-
tific collaboration within this domain. Similarly, Ding et al. [26] conducted a bibliometric
analysis of HBIM research in China, concluding that studies in this area began around 2007
and experienced significant growth after 2013. More recently, Parente et al. [27] in 2025
identified an increasing research interest in the integration of AI within HBIM workflows,
particularly through semi-automatic scan-to-BIM approaches aimed at improving mod-
eling efficiency and data processing capabilities. In parallel, Tao et al. [10] performed a
bibliometric analysis of DT research in industrial contexts, outlining key enabling technolo-
gies such as simulation, data fusion, interaction mechanisms, and collaborative systems
that support DT development. Furthermore, Baik [28] analyzed the convergence between
BIM, HBIM, DT, and IoT, concluding that Cheng J.C.P. was among the most influential
authors in the intersection of HBIM, IoT, and DT research, while Hong Kong Polytechnic
University ranked highest in institutional scientific output. Finally, Mazzetto [29] examined
the implementation of DT technologies in heritage buildings and concluded that major
challenges remain, particularly regarding data collection processes, interoperability, and
the integration of heterogeneous data sources.

Despite the increasing number of bibliometric studies on HBIM and DT technologies,
existing research has predominantly addressed these domains independently, with limited
efforts to establish a systematic comparative analysis between them. In particular, there is
still a lack of integrated studies examining the scientific evolution, structural relationships,
and technological convergence between HBIM and DT within the context of architectural
heritage. This gap limits a comprehensive understanding of how both domains interact
and evolve toward more advanced digital heritage frameworks.

Although isolated HDT-related publications were identified before 2019 in both Scopus
and WoSCC, these contributions were sporadic and did not establish a continuous research
trajectory. Specifically, Scopus recorded single publications in 2008, 2013, 2014, and 2015,
while WoSCC identified only one publication in 2008 and another in 2015. Notably, no
HDT-related publications were indexed in either database during the period 2016–2018.
In contrast, publication activity resumed in 2019 and subsequently exhibited sustained
growth, indicating the emergence and consolidation of HDT as a distinct research domain.
Furthermore, 2019 coincides with a notable increase in HBIM research integrating sensing
technologies and monitoring systems [7]. Therefore, 2019 was selected as the starting year
for the comparative analysis between HBIM and HDT.

The aim of this study is to analyze and compare the scientific development of HBIM
and HDT research in architectural heritage between 2019 and 2025 through comparative
bibliometric analysis. Specifically, the objectives of this article are to identify publication
trends, influential authors, institutional and international collaboration networks, and the
main thematic areas within both research domains. In addition, the study aims to explore
emerging technological trends and identify potential future research directions.

2. Materials and Methods
The bibliometric methodology adopted in this study provides a systematic and quan-

titative framework for analyzing the evolution and structure of scientific research related
to HBIM and HDT in architectural heritage. Bibliometric approaches have been widely
used to explore research trends, intellectual structures, and emerging themes across inter-
disciplinary domains. Recent studies have further strengthened these methodologies by
proposing structured frameworks and advanced analytical techniques. For instance, Pas-
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sas [30] outlines the fundamental steps of bibliometric analysis, including data collection,
refinement, and pattern identification. Similarly, Öztürk et al. [31] propose a comprehensive
framework for designing rigorous bibliometric research, while Chen et al. [32] highlight
the integration of text mining and science mapping to enhance analytical depth. More
recently, Marlés-Sáenz et al. [33] have demonstrated the application of big data–driven bib-
liometric methodologies, reflecting the increasing sophistication of analytical tools. These
contributions confirm the robustness and continuous evolution of bibliometric methods in
analyzing complex scientific domains.

2.1. Data Source and Search Strategy

Previous studies have demonstrated that the combined use of WoS and Scopus pro-
vides a more comprehensive and reliable dataset by compensating for the limitations of each
individual database, as they differ in journal coverage, indexing policies, and disciplinary
scope [7].

In contrast, this study specifically applies to the Web of Science Core Collection
(WoSCC), ensuring greater transparency and methodological rigor by clearly defining the
selected sub-indexes.

The sub-datasets and their coverage periods are reported to enhance methodological
transparency and reproducibility by clearly defining the scope of the indexed literature
included in the bibliometric analysis, as differences in database coverage may influence
retrieval results and subsequent analyses. The WoSCC dataset used in this study includes
the following indexes and their respective coverage periods: Science Citation Index Ex-
panded (SCI-Expanded, 1900–present), Social Sciences Citation Index (SSCI, 1956–present),
Arts & Humanities Citation Index (AHCI, 1975–present), Conference Proceedings Ci-
tation Index—Science (CPCI-S, 1990–present), Conference Proceedings Citation Index—
Social Science & Humanities (CPCI-SSH, 1990–present), Book Citation Index—Science
(BKCI-S, 2005–present), Book Citation Index—Social Sciences & Humanities (BKCI-SSH,
2005–present), and Emerging Sources Citation Index (ESCI, 2005–present) [34]. In this
study, we included multiple WoSCC indexes at the initial stage in order to ensure broader
data coverage. No filtering was applied at the index level, as a subsequent filtering step
was conducted based on document types, subject areas, and relevance criteria. This multi-
stage filtering approach allows us to refine the dataset progressively while maintaining
consistency in data collection [7].

Furthermore, although WoSCC was considered a more selective and high-quality
reference due to its rigorous journal evaluation process, Scopus was also included to
complement the dataset and enhance coverage, allowing for a more robust comparative
analysis [35,36]. These databases were selected due to their extensive coverage of peer-
reviewed literature and their widespread use in bibliometric research. Both databases were
last accessed on 28 April 2026. In WoSCC, the search was performed using the “Topic”
field (TS), which includes title, abstract, author keywords, and Keywords Plus [34]. In
Scopus, the search was performed using the “TITLE-ABS-KEY” field [37]. The overall data
collection and screening process adopted in this study is summarized in Figure 1, which
presents the PRISMA 2020 flow diagram used to identify, filter, and select the final datasets
included in the bibliometric analysis.

The search query was designed to achieve a balance between recall and precision
by combining multiple relevant keywords and their variations using Boolean operators
(AND/OR). This approach allows for the retrieval of a comprehensive set of publications
while maintaining thematic relevance. For the HBIM domain (domain 1), the search query
(“hbim” OR “h-bim” OR “historic bim” OR “heritage bim”) was applied, yielding an initial
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dataset of 1141 records in WoSCC and 1535 records in Scopus. A three-step filtering process
was subsequently implemented to refine the dataset.

Figure 1. PRISMA 2020 flow diagram illustrating bibliometric search, screening, and three-layer
selection strategy across two domains. Own elaboration.

First, the time span was restricted to the period 2019–2025 to focus on recent develop-
ments, reducing the dataset to 858 records in WoSCC and 1141 records in Scopus. Second,
subject area filtering was applied, taking into account differences between the classifi-
cation systems of both databases. In WoSCC, the selected categories were Architecture,
Construction & Building Technology, Civil Engineering, Multidisciplinary Engineering,
and Materials Science, resulting in 539 records. In Scopus, the selected subject areas were
Engineering, Arts and Humanities, and Materials Science, resulting in 703 records. Third,
document types were limited to articles, proceedings papers, and book chapters in WoSCC
(n = 503) and to articles, conference papers, and book chapters in Scopus (n = 648).

A similar procedure was applied to the HDT domain (Domain 2), corresponding to DT
research within the context of architectural heritage, using the same databases, access date,
and search fields. The search query (“digital twin” OR “virtual twin” OR “digital replica”
OR “hybrid twin”) AND (“architectural heritage” OR “heritage building” OR “historic
building” OR “historic architecture” OR “heritage conservation”) yielded 126 records in
Web of Science Core Collection and 283 records in Scopus. The same three-step filtering
strategy was then applied.

First, limiting the time span to 2019–2025 resulted in 111 records in WoSCC and
237 records in Scopus. Second, applying the same subject area criteria reduced the dataset
to 67 records in WoSCC and 157 records in Scopus. Third, restricting document types to
articles, proceedings papers, and book chapters in WoSCC maintained 57 records, while in
Scopus, limiting to articles, conference papers, and book chapters resulted in 137 records.
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2.2. Data Collection and Processing

Following data retrieval, the records obtained from WoSCC and Scopus were processed
independently to preserve the integrity of each dataset. This approach was adopted due to
differences in indexing structures, metadata organization, and export formats between the
two databases.

Specifically, WoSCC records were exported in plain-text format using tagged fields
(e.g., AU for authors, TI for title, PY for publication year, and DE for keywords), whereas
Scopus records were exported in CSV format with column-based metadata (e.g., Authors,
Title, Year, and Author Keywords). These structural differences affect data compatibility
and therefore require separate preprocessing procedures before bibliometric analysis.

To improve data reliability and analytical consistency, a comprehensive data refine-
ment process was conducted for each dataset. First, duplicate records were identified
and removed. Duplicate entries may occur because of indexing updates, metadata in-
consistencies, multiple versions of the same publication, or the coexistence of conference
papers and their subsequently published journal versions. Duplicate detection was per-
formed using a combination of publication titles, author names, publication years, and DOI
information [38].

Second, records containing missing essential metadata were excluded from the anal-
ysis. Particular attention was given to publication year, author names, institutional affili-
ations, and keywords because these fields directly influence bibliometric indicators and
network analyses [39]. Missing publication years can distort temporal trend analyses and
publication-growth patterns, while incomplete author or keyword information may affect
co-authorship, collaboration, and keyword co-occurrence networks. Similar metadata qual-
ity issues have been widely discussed in bibliometric research and represent a recognized
limitation of large bibliographic databases.

Third, records were manually screened based on titles and abstracts to ensure relevance
to architectural heritage and the research domains under investigation. Publications be-
longing to unrelated subject areas were excluded to improve dataset accuracy and thematic
consistency [40].

Attention was also given to author name disambiguation and metadata normaliza-
tion. Author name disambiguation is a common challenge in bibliometric analysis due to
variations in naming conventions (e.g., initials, abbreviations, or spelling differences). In
this study, this issue was addressed through name normalization procedures and manual
verification in cases of ambiguity, using affiliation information, co-authorship patterns, and
publication records to improve data consistency.

In addition, keyword standardization was applied to reduce fragmentation in the
analysis. Synonymous terms, abbreviations, spelling variants, and singular/plural forms
were harmonized to ensure consistent representation of research topics and to improve the
accuracy of subsequent co-occurrence and network analyses.

2.3. Bibliometric Analysis

The bibliometric analysis was conducted using the open-source software VOSviewer
1.6.20 (Centre for Science and Technology Studies, Leiden University, Leiden, The Nether-
lands), which enables the construction and visualization of bibliometric networks based
on relationships such as co-authorship, keyword co-occurrence, and citation links. The
analysis was performed separately for each dataset to ensure consistency and comparability
between WoSCC and Scopus.

Several analytical techniques were applied to explore the structure and evolution
of the research field. First, a temporal analysis was carried out to examine publication
trends over time. Second, co-authorship analysis was performed to identify collaboration
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patterns among authors, institutions, and countries. Third, keyword co-occurrence analysis
was used to detect research hotspots and thematic clusters, providing insights into the
conceptual structure of the field. Finally, citation and co-citation analyses were conducted
to identify influential publications and to map the intellectual base of the research domain.

To improve the clarity and interpretability of the visualizations, threshold values were
applied to filter low-frequency items. For instance, minimum occurrence thresholds were
set for keywords and authors to ensure that only the most relevant elements were included
in the network maps. The normalization method adopted in VOSviewer was based on
the association strength, which is commonly used to measure the strength of relationships
between items in bibliometric networks [41,42].

Network visualizations were generated using distance-based mapping, where the
spatial proximity between nodes reflects the strength of their relationships. Clustering
algorithms implemented in the software were used to group related items into clusters,
allowing the identification of major research themes and subfields [43]. The size of nodes
represents the frequency of occurrence or citation impact, while links between nodes
indicate the strength of their connections.

3. Results
This section presents the results of the bibliometric analysis of HBIM and HDT research,

based on data retrieved from Scopus and WoSCC. The findings are organized to highlight
publication trends, influential authors, and thematic structures, allowing a comparative
understanding of the development and convergence of both research domains.

Publication trends and keyword analyses were conducted using both WoSCC and
Scopus datasets to enable direct comparison of research evolution and thematic structures
across databases. In contrast, author-, country-, and institution-level analyses were pri-
marily based on Scopus data because Scopus contained a substantially larger number of
records and provided more comprehensive metadata coverage for these entities. Prelimi-
nary comparisons indicated that the overall patterns identified in WoSCC were consistent
with those observed in Scopus. It should also be noted that part of the growth observed
in both databases may be associated with the continuous expansion of their journal and
source coverage over time, in addition to the increasing scholarly interest in the field [37,44].
Therefore, Scopus was selected as the principal source for these analyses to provide more
representative and statistically robust results while avoiding redundant visualizations.

3.1. Publication Trends (2019–2025)

The temporal distribution of publications indexed in Scopus reveals distinct growth
patterns between Domain 1 and Domain 2.

For Domain 1 (HBIM), the results indicate a steady and continuous increase in publica-
tion output over the period analyzed. The number of documents increases from 35 in 2019
to 155 in 2025, reflecting a stable growth trajectory with a particularly notable increase after
2021 (Figure 2a). This trend confirms the consolidation of HBIM as a mature and widely
adopted research field within architectural heritage, supported by consistent academic
interest and methodological development.

In contrast, Domain 2 (HDT) exhibits a markedly different pattern. The number of
publications remains very low in the early years, with only 1 document in 2019 and 2 in
2020, followed by a gradual increase to 4 in 2021. However, from 2022 onwards, a sharp
acceleration is observed, with publications rising to 17 in 2022, 31 in 2023, 38 in 2024, and
reaching 44 in 2025 (Figure 2b). This exponential growth highlights the emergence of HDT
as a rapidly expanding research domain, driven by advances in data integration, sensing
technologies, and digital transformation in the built environment.
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(a)  (b) 

Figure 2. (a) Annual publication trends of HBIM research (Domain 1) in Scopus; (b) annual publication
trends of HDT research (Domain 2) in Scopus. Own elaboration based on data from Scopus.

The publication trends observed in the WoSCC dataset further support the patterns
identified in Scopus, while revealing some differences in scale and temporal distribution.
For Domain 1 (HBIM), the number of publications shows an overall increasing trend, rising
from 64 documents in 2019 to 95 in 2025 (Figure 3a). Although the growth is not strictly
linear, with slight fluctuations observed in 2020 and 2024, the general trajectory confirms the
sustained research activity and maturity of the HBIM domain within architectural heritage.

 
(a)  (b) 

Figure 3. (a) Annual publication trends of HBIM research (Domain 1) in WoSCC; (b) annual publica-
tion trends of HDT research (Domain 2) in WoSCC. Own elaboration based on data from WoSCC.

In the case of Domain 2 (HDT), the results reveal a delayed but notable expansion.
The number of publications remains minimal in the early years, with only 1 document in
both 2019 and 2020, followed by a gradual increase to 2 in 2021 and 6 in 2022. A significant
rise is observed in 2023, reaching 23 publications, which represents the peak within the
analyzed period. Although a slight decrease occurs in 2024 (8 publications), the number
increases again to 16 in 2025, indicating continued research interest despite some variability
(Figure 3b).

The comparison between the two domains clearly illustrates a temporal shift in re-
search focus. While HBIM demonstrates the characteristics of a consolidated and stable
research area, HDT reflects an emerging and rapidly evolving field. The convergence of
both trends after 2022 suggests a growing interest in bridging static information modeling
approaches with dynamic, real-time digital systems in architectural heritage.

The analysis based on the Scopus dataset indicates that HDT research, although
still limited in volume, is gaining significant momentum and may play a key role in
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the future evolution of HBIM-based methodologies. Similarly, results from the WoSCC
confirm the contrasting development stages of the two domains, with HBIM representing
a mature field and HDT exhibiting a more recent and variable growth pattern. Despite
these differences, both datasets reveal an overall increase in research activity, reinforcing
the ongoing transition toward the integration of information modeling and dynamic digital
technologies in architectural heritage.

3.2. Authors with the Highest Citations and Publications

The analysis of the most influential authors in the Scopus dataset reveals significant
differences between Domain 1 and Domain 2. The results were evaluated based on the
number of citations and publications, allowing the identification of the most impactful and
productive researchers within each domain.

For Domain 1 (HBIM), the results indicate a strong concentration of citations among a
relatively consolidated group of authors. Banfi F. emerges as the most cited author, with 405
citations and 12 publications, followed by Moyano J. with 377 citations and 13 publications,
and Nieto-Julián J.E. with 341 citations and 9 publications. Other influential authors include
Pepe M. (311 citations), Costantino D. (283 citations), Bruno S. (260 citations), and Mateus
L. (245 citations), as shown in Figure 4a. These findings confirm the existence of a mature
research community with established scientific contributions and continuous publication
activity in HBIM-related studies.

 
(a)  (b) 

Figure 4. (a) Most cited and productive authors in HBIM research (Domain 1) in Scopus; (b) most
cited and productive authors in HDT research (Domain 2) in Scopus. Own elaboration based on data
from Scopus.

In contrast, Domain 2 (HDT) presents a more balanced citation distribution among
authors, reflecting the emerging nature of the field. Cheng J.C.P., Kwok H.H.L., and
Zhang J.Y. each recorded 176 citations and 5 publications, positioning them among the
leading contributors in this research area. Lourenço P.B. follows with 131 citations and
4 publications, while Gong S.F., Karlsson M., and Ni Z.J. each accumulated 128 citations
with 5 publications (Figure 4b). Compared with HBIM, the lower citation counts and smaller
publication volumes suggest that HDT research contexts are still in an early developmental
stage, although rapidly gaining academic visibility.

To further explore the thematic relationship between influential authors and dominant
research concepts, a Sankey diagram analysis was conducted using the Domain 2 (HDT)
dataset retrieved from Scopus (Figure 5). The analysis was performed by applying a
minimum citation threshold of 50 citations and a minimum keyword occurrence threshold
of 3. Under these parameters, two dominant thematic nodes emerged: “HBIM” and
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“Digital Twin”. The Sankey visualization reveals how highly cited authors are connected to
these two research directions, illustrating the coexistence and partial convergence of both
concepts within architectural heritage studies.

The Sankey analysis also highlights the contribution of several influential authors
within the two dominant research directions. Authors such as Banfi F., Brumana R., and
Previtali M. are predominantly associated with HBIM research, reflecting their strong con-
tributions to heritage documentation, scan-to-HBIM workflows, and information modeling
methodologies [44–49]. Some authors, particularly Zhang J., Cheng J.C.P., Tong J.C.K.,
and Kwok H.H.L., appear linked to both HBIM and DT themes, suggesting a growing
interdisciplinary convergence between static information modeling and dynamic digital
environments [50–53]. This overlap indicates that HBIM-based methodologies are increas-
ingly being adopted as foundational frameworks for the development of DT applications
in architectural heritage.

 

Figure 5. Sankey diagram of influential authors and thematic relationships between HBIM and DT
research in architectural heritage (Scopus Domain 2 dataset). Own elaboration using the EasySankey
website [54].
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3.3. Country and Institutional Contribution Analysis

This section examines the geographical and institutional distribution of research
related to HBIM and HDT studies. By analyzing the most productive organizations and the
international collaboration networks identified in the Scopus dataset, this analysis provides
insights into the leading research centers, dominant countries, and global collaboration
patterns shaping the development of both domains.

The analysis of institutional and country contributions in Domain 1 reveals a strong
concentration of HBIM research within European academic networks. As shown in
Figure 6a, Universidad de Sevilla is the most productive institution with 37 publications,
followed by Politecnico di Milano with 31 publications and Sapienza Università di Roma
with 27 publications. Other major contributors include Politecnico di Torino, Politecnico di
Bari, and Università degli Studi di Firenze. This institutional dominance is also reflected in
the country collaboration network generated in VOSviewer through bibliographic coupling
analysis. Using “country” as the unit of analysis and applying a minimum threshold
of five documents per country, 31 countries met the threshold out of 65 identified coun-
tries. Figure 6b shows that Italy occupies the central position within the collaboration
network, maintaining strong bibliographic connections with Spain, the United Kingdom,
Portugal, and China. Spain also appears as an important collaborative hub with extensive
international links.

 

 

(a)  (b) 

Figure 6. (a) Top contributing organizations in HBIM research (Domain 1) based on the Scopus
dataset; (b) international country collaboration network in HBIM research (Domain 1) generated
using VOSviewer bibliographic coupling analysis. Own elaboration based on data from Scopus.

The network visualization demonstrates that HBIM research is characterized by a
highly interconnected international collaboration structure, dominated primarily by Eu-
ropean countries. Nevertheless, the increasing participation of countries such as China,
the United States, Brazil, and Saudi Arabia indicates a progressive global expansion of
HBIM-related research. These results confirm the consolidation of HBIM as a mature
research domain supported by stable institutional networks and extensive international
scientific collaboration.

Compared with Domain 1 (HBIM), the institutional and geographical distribution
of HDT research presents a more emerging and technologically oriented landscape. The
institutional productivity in the HDT domain also appears more distributed and less con-
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centrated, reflecting the relatively recent and interdisciplinary nature of HDT research. As
shown in Figure 7a, the most productive organization is the Ministry of Education of the
People’s Republic of China, with 8 publications, followed by Beijing University of Civil En-
gineering and Architecture, with 6 publications. Several institutions contribute with similar
publication outputs, including Southeast University, Hong Kong University of Science and
Technology, Linköping University, Universidade do Minho, Sapienza Università di Roma,
and Universidad de Sevilla. This result can be explained by the structure of affiliation
data in bibliometric databases, where Chinese publications are sometimes indexed under
broader governmental bodies rather than individual universities. For instance, the Ministry
of Education of China appears as a highly productive organization in the dataset because
publications from multiple affiliated universities may be aggregated under this umbrella
institution. In contrast, universities in many other countries are typically indexed individu-
ally. Consequently, publication output may be concentrated at the national organizational
level, leading to higher publication counts for governmental or umbrella institutions.

 

 

(a)  (b) 

Figure 7. (a) Top contributing organizations in HDT research (Domain 2) based on the Scopus
dataset; (b) international country collaboration network in HDT research (Domain 2) generated using
VOSviewer bibliographic coupling analysis. Own elaboration based on data from Scopus.

Using bibliographic coupling analysis with a minimum threshold of five documents
per country, only 11 countries met the threshold out of 45 identified countries, considerably
fewer than the 31 countries identified in Domain 1 (HBIM). As illustrated in Figure 7b, Italy
again occupies a central position within the collaboration network, maintaining strong
links with Spain, the United Kingdom, Portugal, and China. However, unlike HBIM
research, China emerges as one of the dominant nodes in the HDT network, demonstrating
its growing influence in data-driven and smart heritage technologies. The collaboration
structure in Domain 2 is also more compact and less dense than that observed in Domain 1,
indicating that international research networks related to DT applications in heritage are
still under development.

3.4. Keyword Co-Occurrence and Association Strength Analysis

The keyword co-occurrence analysis reveals the conceptual structure and thematic
evolution of research trends within Domain 1 and Domain 2. The visual networks generated
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using VOSviewer demonstrate significant differences in thematic focus, technological
integration, and research maturity between the two domains.

In Domain 1, the keyword network is strongly centered around terms related to HBIM,
architectural documentation, and geometric data acquisition. The dominant clusters are
associated with keywords such as “architectural design”, “historic preservation”, “building
information modelling”, “point-clouds”, “laser scanning”, “3D modeling”, and “architec-
tural heritage” (Figure 8). These results indicate that Domain 1 mainly focuses on digital
documentation, geometric reconstruction, semantic modeling, and conservation-oriented
representation of heritage buildings. Although the term DT appears within the network, its
node size and connectivity remain relatively limited.

 
(a)  (b) 

Figure 8. (a) Keyword co-occurrence network visualization for HBIM research (Domain 1) based on
Scopus data using VOSviewer; (b) keyword co-occurrence network visualization for HBIM research
(Domain 1) based on WoSCC data using VOSviewer.

The keyword structure of Domain 2 demonstrates a more technologically integrated
and dynamic research landscape. The central position of “DT” is strongly connected with
keywords such as “historic preservation”, “virtual reality”, “internet of things”, “decision
making”, “energy efficiency”, and “real-time monitoring” (Figure 9).

 

(a)  (b) 

Figure 9. (a) Keyword co-occurrence network visualization for HDT research (Domain 2) based on
Scopus data using VOSviewer; (b) keyword co-occurrence network visualization for HDT research
(Domain 2) based on WoSCC data using VOSviewer.
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3.5. Analysis of the Most Influential HDT Publications

Table 1 presents an analysis of the ten most cited publications related to the HDT do-
main in the WoSCC. The results reveal that a significant proportion of highly cited studies
consider HBIM as a fundamental framework for HDT implementation in architectural
heritage. Several studies strongly rely on HBIM methodologies for semantic information
management, scan-to-BIM workflows, and the integration of monitoring and sensing tech-
nologies into digital environments. In particular, works focused on preventive conservation,
environmental monitoring, and intelligent building management frequently use HBIM as
the core infrastructure supporting DT functionalities [52,53,55–62]. Overall, the findings
suggest that HBIM currently represents one of the principal technological and semantic
foundations for the development of HDT systems in architectural heritage contexts.

Table 1. Analysis of the top 10 most cited HDT publications in the WoS Core Collection.

Reference Year Main Topic HBIM as Basis for HDT

Jouan et al. [55] 2019 HBIM and DT methodology
for heritage preservation Strongly yes

Vuoto et al. [56] 2024 Literature review of DT in
built cultural heritage Partial

Zhang et al. [52] 2022 DT for humidity control in
underground heritage sites Strongly yes

Jiménez et al. [57] 2023 DT for anomaly detection in
historical bridge No

Banfi et al. [58] 2022
DT for documenting and
reconstructing earthquake
damaged heritage

Yes

Hou et al. [59] 2024
Systematic review of DT
applications in heritage
facilities management

Yes

Qian et al. [60] 2023
Digital twin–based monitoring
and adaptive thermal comfort
analysis of a traditional courtyard

Yes

Pan et al. [61] 2024
Methods for converting point
clouds into semantic HBIM
models for HDT

Strongly yes

Dang et al. [62] 2023
Overview of Digital Twin
applications in China’s cultural
World Heritage sites

Yes

Zhang et al. [53] 2023
Adaptive HVAC control for energy
efficient indoor air quality
management in heritage buildings

Strongly yes

4. Discussion
The results obtained from the bibliometric analysis provide important insights into the

current evolution of research related to BIM and DT in architectural heritage. Although the
analysis based on the WoSCC produced a smaller number of publications compared with
Scopus, the database offers a more selective and academically rigorous dataset, allowing
for a more accurate representation of highly influential scientific contributions.
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4.1. Evolution of HBIM and HDT Research

Complementary approaches such as management systems and historical analysis be-
came increasingly integrated into HBIM research around 2019 and gained greater relevance
by 2022 [27,63]. During the same period, additional technologies, including structural
analysis, archaeological architecture, ancient masonry analysis, and building sustainability,
were progressively incorporated into HBIM workflows [64–67]. More recently, since 2021
and especially after 2023, the research focus has shifted toward the integration of multi-
criteria decision-making methodologies, demonstrating the transition of HBIM from static
documentation systems toward more intelligent and data-driven environments. [7,27,68,69].
The results obtained in the present study further confirm that the HBIM domain has contin-
ued to grow after 2019, particularly in the Scopus dataset, where publication trends show a
relatively continuous increase. Although the WoSCC dataset presents some fluctuations
and less stable annual growth, the overall trend still indicates the sustained expansion and
consolidation of HBIM research within architectural heritage studies.

The present study also demonstrates that the HDT domain began experiencing sig-
nificant growth after 2022, with a more evident increase after 2023 (Figures 2 and 3). This
trend appears closely connected to the recent technological evolution observed in the HBIM
domain, particularly through the integration of AI, IoT, sensing technologies, and real-time
data management systems [15,70,71].

4.2. HBIM as a Foundation for HDT Development

In the field of architectural heritage, the implementation of HDT is frequently
grounded in HBIM workflows, where reality capture data are transformed into semantically
enriched digital models. Table 1 further supports this relationship, showing that a signifi-
cant proportion of the most influential HDT publications consider HBIM as a fundamental
framework for HDT implementation. This tendency is reflected in recent case studies such
as Xuanluo Hall and the Church of San Juan del Hospital, where HBIM-based environments
are progressively extended toward HDT systems through data integration and real-time
information management strategies [72,73]. These examples indicate that HBIM often
acts as the core semantic and technological foundation for HDT development in heritage
contexts, although most current implementations remain at an early developmental stage.

4.3. Technological Maturity and Current Challenges of HDT

HDT applications in architectural heritage remain in an early developmental stage,
mainly due to the complexity of heritage assets and the difficulties associated with in-
tegrating heterogeneous data sources, sensing technologies, and semantic information
models. Current challenges also include interoperability limitations, high computational
and economic requirements, and the absence of standardized workflows for real-time
synchronization between physical heritage assets and digital environments.

4.4. Future Perspectives Toward Intelligent Historic Digital Twins

Compared with the architectural heritage field, the development of DT technologies
in industrial contexts is more advanced and has reached a higher level of technological
maturity. In this context, recent industrial contributions further illustrate the application
of DT technologies [74]. Ferrari et al. [75] developed simulation-based approaches for
DT modeling, while Wei et al. [76] focused on the construction and optimization of DT
mechanisms for mechatronic systems. Zhang et al. [77] explored predictive applications
through thermomechanical process analysis, and Xue et al. [78] addressed fault diagnosis
using DT for Computer Numerical Control (CNC) machine tools. At a system level, Zhang
et al. [79] proposed data-driven management frameworks for smart manufacturing envi-
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ronments, whereas Yang et al. [80] extended DT applications to large-scale infrastructures.
From this perspective, these developments suggest that similar approaches can be adapted
and extended to architectural heritage, particularly for predictive analysis and intelligent
conservation strategies.

One possible hypothesis emerging from the present study is that the future evolution
of the HDT domain will progressively move from IoT-connected heritage information
systems toward AI-driven intelligent DT environments. As the integration of real-time
monitoring, sensing technologies, and semantic HBIM infrastructures continues to advance,
future HDT may evolve beyond static data visualization and predictive simulations toward
autonomous decision-support systems capable of adaptive conservation management,
anomaly detection, and predictive maintenance [81]. In this context, the incorporation
of AI could represent a critical transition stage in the development of a fully operational
Intelligent Historic Digital Twin (IHDT).

5. Conclusions
The comparative bibliometric analysis developed in this study demonstrates the rapid

digital transformation currently occurring in architectural heritage research. The scientific
landscape analyzed between 2019 and 2025 reflects the coexistence of two complementary
research directions: the consolidation of HBIM methodologies and the emergence of DT
technologies applied to heritage environments.

The results indicate that the evolution of digital heritage research is no longer limited
to geometric documentation and information storage. Instead, recent studies increasingly
emphasize intelligent interaction between physical heritage assets and dynamic digital
environments. The analysis also highlights a progressive diversification of research actors
and technological approaches across different regions and institutions. The increasing
participation of technologically oriented institutions suggests that architectural heritage re-
search is becoming more interdisciplinary and innovation-driven, combining conservation
principles with advanced computational technologies [70,82,83].

Despite the contributions of this study, several limitations should be acknowledged.
The analysis is restricted to the WoSCC and Scopus databases, which, although widely
recognized, may not include all relevant publications in the field. In particular, the exclusion
of regional databases such as the China National Knowledge Infrastructure (CNKI) may
lead to an underrepresentation of Chinese research output, which is especially relevant
given the growing influence of China in DT applications within architectural heritage [84].
Furthermore, other regional databases such as SciELO could be considered in future
research to improve the comprehensiveness and inclusiveness of the dataset [85].

Furthermore, it is important to acknowledge potential regional and language biases
associated with WoSCC and Scopus, as these databases tend to prioritize English-language
publications and journals indexed in Western countries [34,37]. This may lead to the un-
derrepresentation of research produced in other regions or published in local languages,
affecting the global representativeness of the dataset. These limitations may affect the over-
all representation of the research landscape; however, they do not compromise the main
findings of the study. In this context, the results still provide a comprehensive and compara-
tive overview of HBIM and HDT research, offering meaningful insights into their evolution,
current trends, and progressive convergence within the field of architectural heritage.
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