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Abstract

The increasing complexity of water distribution systems (WDSs) and the growing demand
for sustainable infrastructure management have spurred interest in Building Information
Modelling (BIM) and Digital Twin (DT) technologies. This study presents a comprehensive
bibliometric and thematic literature review aiming to identify key trends, research clusters,
and knowledge gaps at the intersection of BIM, DT, and WDSs. Using the Scopus database,
95 relevant publications from 2004 to 2024 were systematically analyzed. VOSviewer was
applied to create, visualize, and analyze maps of countries, journals, documents, and
keywords based on citation, co-citation, collaboration, and co-occurrence data. The results
indicate a sharp rise in scholarly attention after 2020, with dominant contributions from
European institutions. Co-authorship networks show limited global interconnectedness,
suggesting that developing countries should especially prioritize integrated DT and BIM
for more inclusive and diverse research partnerships. This study characterizes the state
of the art and future requirements for research on the use of DT and BIM technologies in
WDSs and makes a noteworthy contribution to the body of knowledge. Future research
should focus on integrating DT and BIM technologies with ML, which represents scalability
challenges of real-time anomaly detection integration models, advancing decision-making
and operational resilience in WDNs.

Keywords: digital twin (DT); BIM; water distribution system; smart water management;
digitalization

1. Introduction
The growing demand for potable water has driven the adoption of advanced tech-

nologies, not only during the conception and design of water infrastructure projects but
also throughout their maintenance and operation [1]. Urban water supply governance is
increasingly challenged by a complex array of issues, including rapid population growth,
climate change, urbanization, fluctuations in global economic systems, and rising energy
costs [2]. BIM facilitates better collaboration and decision-making among stakeholders [3],
which is one of the primary barriers to achieving sustainable construction in the absence of
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timely access to accurate information. DT integrates both static and dynamic models to
accurately simulate the behavior and interactions of a real-world entity, thereby supporting
insight generation and improved decision-making [4]. At the heart of urban water infras-
tructure are WDSs, which are essential for delivering clean water to ensure public health
and support socioeconomic development [5]. Modern monitoring of WDSs now relies on
advanced real-time control technologies to improve operational efficiency [6].

The digitalization of water infrastructure, alongside advancements in communica-
tion technologies, has further enhanced coordination, system performance, and service
quality [7]. In developed regions such as Europe, North America, and East Asia, the
implementation of BIM and DT is now mature and often mandated for public projects,
demonstrating gains in collaboration, cost predictability, and sustainability [8–10]. The
integration of technology and innovation in WDSs enables the implementation of diverse
management strategies, which can be further refined through optimization techniques.

These improvements not only contribute to the financial sustainability of water utilities
but also support environmental protection [11]. Countries with robust monitoring systems
have reported positive outcomes, highlighting the importance of increasing water-use effi-
ciency to mitigate water stress [12]. Digital Twin (DT) and Building Information Modelling
(BIM) have emerged as transformative technologies for enhancing the management and
operation of water networks. Initially adopted in sectors like construction and manufac-
turing, DT and BIM technologies are now being applied to water infrastructure due to
their capacity to provide real-time data, support informed decision-making, and optimize
system performance [13,14]. The use of DT and BIM technologies enables data-driven
decisions through integrated analytics, scenario simulation, and real-time sensor data [15].
Furthermore, leveraging BIM for facility management contributes significantly to achiev-
ing the Sustainable Development Goals, particularly SDG 11, which focuses on building
sustainable cities and communities [16].

However, a critical disconnect exists between the promising capabilities of these
technologies and the focused scope of existing research. While the body of literature
on DT and BIM technologies is substantial, it is predominantly concentrated within the
construction industry [17–21]. This has created a significant knowledge gap regarding
its synergistic application, specifically to the operational challenges of WDSs. This gap is
particularly acute in developing regions, such as Africa, where adoption remains nascent
despite the urgent need for advanced water management solutions [22,23].

Consequently, the research landscape is fragmented, lacking a comprehensive analysis
that maps the intellectual structure, defines a unified conceptual framework, and charts a
clear strategic direction for BIM and DT integration in water networks. This underscores
a critical research imperative to investigate the synergistic relationship between BIM and
DT technologies in addressing the distinct challenges posed by aging and complex water
supply infrastructure. While previous reviews have examined these technologies in broader
contexts, such as general construction and infrastructure management [24–26], smart
cities [27,28] and the built environment [26,29], none have provided a dedicated analysis
focused specifically on water distribution networks (WDNs). This study directly addresses
this gap by employing an extensive bibliometric and systematic review approach to provide
a quantified and visualized synthesis of the evolution, core research clusters, and key
frontiers of BIM-DT integration within the WDS domain.

The goal is to identify research gaps, assess implementation challenges, and uncover
the requirements for successful deployment of these technologies in infrastructure manage-
ment. This study investigates the critical pathway and technological integration required
to evolve a BIM-based model into a fully functional operational Digital Twin. In doing so,
the study provides actionable insights to guide integrated technological adoption and high-
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lights current trends and international contributions to the field. The following research
questions are addressed in order to achieve these objectives (RQ):

RQ1: What are the main patterns of growth in research regarding the application of
DT and BIM technologies in WDS?

RQ2: What is the conceptual framework of the knowledge base about BIM and DT
in WDS?

RQ3: What future developments can be anticipated for WDS in the fields of BIM and
Digital Twin technologies?

By analyzing research patterns, subject areas, sources, and citations, this study not
only consolidates existing knowledge but also presents innovative directions for future
research in the integration of BIM and DT technologies in water infrastructure systems.

2. Materials and Methods
A bibliometric and network analysis was carried out using the Scopus database,

provided by Elsevier. Scopus is recognized for its extensive multidisciplinary coverage,
robust search functionalities, and inclusion of high-quality peer-reviewed literature, mak-
ing it a valuable tool for assessing scientific impact and retrieving data for bibliometric
research [30,31]. It allows access to technical journal articles and enables the identification
of influential research through citation networks [15]. The initial comprehensive literature
search was conducted in 2024 and was subsequently updated in April 2025 to capture the
most recent publications. The search was not limited by a start date, ensuring the inclusion
of all relevant publications from the entire available timeline in the database, ensuring a
comprehensive review. The following search string was used to retrieve relevant records:
TITLE-ABS-KEY (“Digital Twin”) OR (“DT”) OR (“Building Information Modelling”) OR
(“BIM”) AND (“Water Distribution Networks”) OR (“Water Distribution System”) OR
(“Water Distribution Pipeline”). The search returned 95 publications that met the criteria
for bibliometric and review analysis, which is a quantity that falls within the acceptable
range recommended for delivering meaningful insights in emerging research fields [32,33].
Figure 1 presents a flowchart outlining the methodology employed in the bibliometric and
literature review of BIM and DT applications in WDSs.

 
Figure 1. Flowchart of the bibliometric and review analysis of DT and BIM technologies in water
distribution systems.

For the bibliometric analysis, the open-source statistical software R 4.4 was employed
using the Bibliometrix R 5.2 package, along with its web-based interface Biblioshiny [34].
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This tool is among the most widely used for bibliometric research, offering a user-friendly
platform for visualizing and interpreting key components of scholarly literature. The analy-
sis included a range of bibliometric indicators and descriptive statistics, such as source and
citation analysis, author productivity, keyword co-occurrence (Keywords Plus), country-
level output, and annual publication trends [35]. This allowed for both performance
analysis and science mapping to provide a holistic overview of the research landscape [36].

To enhance scientific mapping and network visualization, the exported data file was
also analyzed using VOSviewer 1.6 software [37]. This enabled the generation of inter-
pretable bibliometric maps, both overlay- and network-based, to identify key contributions
and conceptual linkages in the application of DT and BIM technologies in WDSs. In ad-
dition to the quantitative bibliometric approach, a literature review (LR) was conducted
to provide contextual depth. The LR helped to define the research background, highlight
existing challenges, validate theoretical frameworks, and identify future research directions
by distinguishing between completed studies and knowledge gaps [38,39]. This hybrid
methodology, combining bibliometric analysis with a qualitative literature review, enabled
a richer examination of academic trends and thematic clusters. Data were extracted on
15 April 2025. Among the 95 documents included in the final dataset, 60.0% were journal
articles; 27.3% were conference papers, reflecting the field’s emerging nature and the ten-
dency to disseminate preliminary findings rapidly; 7.4% were conference review articles;
2.1% were review papers, signalling a growing interest in synthesizing and expanding the
knowledge base; and 1.1% were book chapters. These distribution statistics are summarized
in Table 1, offering insights into the nature and maturity of the research on BIM and DT
in WDSs.

Table 1. Document types.

Document Types Total Publications Percentage (%)

Article 57 60.00
Conference Paper 26 27.33

Conference Review 7 7.40
Review 2 2.10

Short Survey 2 2.10
Book Chapter 1 1.05

3. Results
3.1. Analysis of Publication Patterns

The evolution and growth of research on DT and BIM technologies in WDSs can be
traced through publication counts and citation metrics. Between 2004 and 2025, a total of
1543 citations were recorded across 56 publications, yielding an average of 9.09 citations
per article. The average age of the documents, defined as the amount of time it takes for a
publication to begin receiving citations, is approximately 2.05 years, indicating increasing
recent relevance and citation activity.

As illustrated in Figure 2, the earliest publication related to BIM and DT in WDSs
dates to 2004. However, growth in this research area remained minimal for nearly a decade,
with the next relevant publication appearing only in 2013. Substantial expansion began
only in recent years. Notably, since 2020, there has been a sharp rise in research output,
with eight articles (8.5%) published during this six-year period. The field experienced its
highest level of productivity in 2023, with 33 publications, accounting for 35.6% of the total
output. This surge indicates a growing academic and practical interest in the integration of
BIM and DT technologies for water infrastructure management. The continued upward
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trajectory since 2022 suggests that this research domain is rapidly gaining momentum and
visibility within the broader water and infrastructure research communities.
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Figure 2. Publication and citation patterns.

3.2. Research Area

Multiple research domains on DT and BIM technologies in WDSs were identified. The
top five research domains were engineering (54), Environmental Science (36), Computer
Science (25), Social Sciences (21), and Agricultural and Biological Sciences (10), as shown in
Table 2.

Table 2. Research areas.

Research Areas Total Publication

Engineering 54
Environmental Science 36
Computer Science 25
Social Sciences 21
Agricultural and Biological Sciences 10
Biochemistry, Genetics and Molecular Biology 10
Earth and Planetary Sciences 10
Chemical Engineering 7
Energy 7
Mathematics 7

3.3. Social Structure of Knowledge

An analysis of the social structure through collaborative networks provides insight
into the interconnections among countries, researchers, and institutions, highlighting
the most influential contributors and collaborative efforts in the field [40]. Among the
contributing nations, Italy emerged as the most productive, in terms of publications,
with 25 papers on DT and BIM technologies, accumulating 220 citations, as illustrated
in the collaboration network, as shown in Figure 3. Spain, though contributing fewer
papers (nine documents), recorded a higher citation impact with 256 citations, averaging
24.44 citations per publication. Overall, the top 10 countries accounted for more than 82.6%
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of all publications, underscoring their dominant role in advancing research on DT and BIM
technologies in WDSs, as indicated in Table 3.

Figure 3. Network visualization of international collaboration between countries.

Table 3. Top 10 countries contributing to Digital Twin and Building Information Modelling research.

No. Country Total
Publication

Total
Citation

Total Link
Strength

Average
Article

Citations

1 Italy 25 220 12 8.8
2 United Kingdom 14 166 8 11.88
3 Spain 9 256 41 28.44
4 United States 9 132 4 14.67
5 China 8 78 5 9.75
6 Portugal 8 203 7 25.38
7 India 7 53 3 7.57
8 Germany 6 64 3 10.67
9 Netherlands 6 31 2 5.17

10 Brazil 4 73 3 18.25

Table 4 lists the top 10 highest-performing institutions contributing to research on
DT and BIM technologies during the study period, with the literature showing a strong
focus on engineering. Notably, 40% of these institutions are based in Italy, reflecting
the country’s leading role in this field. The Italian institutions include the University of
Bologna, Sapienza University of Rome, Technical University of Bari, and the University of
Palermo. Other prominent institutions featured are the Universitat Politècnica de València
(Spain), Hong Kong Polytechnic University (Hong Kong), Indian Institute of Science (India),
University of Exeter (United Kingdom), Tongji University (China), and Delft University of
Technology (Netherlands).
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Table 4. Top 10 affiliations.

Affiliation Country Articles

Universitat Politècnica de València Spain 15
The Hong Kong Polytechnic University Hong Kong 10

University of Bologna Italy 9
Indian Institute of Science India 8

Sapienza University of Rome Italy 8
University of Exeter United Kingdom 8

Technical University of Bari Italy 6
Tongji University China 6

University of Palermo Italy 5
Delft University of Technology Netherlands 5

3.4. Sources

Table 5 presents the top 10 journals and conference proceedings publishing research on
DT and BIM technologies. The journal Water (Switzerland) ranks first with 9 publications
and a CiteScore of 5.8, followed by the Journal of Water Resources Planning and Management
with 5 publications and a CiteScore of 6.3, and Engineering Proceedings with 4 publications
and a CiteScore of 0.7. In terms of citation impact, Water (Switzerland) also leads with
138 total citations, while Sustainable Cities and Society is the second most cited journal in this
domain, receiving 84 citations.

Table 5. Publication journals.

Journal Total
Publication

Total
Citation

Cite
Score SJR 2023 Publisher

1 Water (Switzerland) 9 138 5.8 0.724 MDPI

2 Journal of Water Resources
Planning and Management 5 39 6.3 0.81 ASCE

3 Engineering Proceedings 4 1 0.7 0.198 MDPI

4 IOP Conference Series: Earth
and Environmental Science 3 5 1 0.199 Conference

Proceeding
5 Journal of Hydroinformatics 3 9 4.8 0.573 IWA Publishing
6 Digital Chemical Engineering 2 12 3.1 0.529 Elsevier
7 Sustainable Cities and Society 2 84 22 2.545 Elsevier

8

International Archives of the
Photogrammetry, Remote
Sensing and Spatial
Information Sciences

1 0 1.7 0.282 Conference
Proceeding

9 Journal—American Water
Works Association 1 3 1 0.307 John Wiley & Sons

10 Journal of Pipeline Systems
Engineering and Practice 1 3 3.8 0.44 ASCE

3.5. Intellectual Structure of Knowledge

Table 6 highlights the top 10 most-cited publications on the application of DT and
BIM technologies in WDSs. The most frequently cited article is “Building and exploiting
a Digital Twin for the management of drinking water distribution networks” [41], which
has received 128 citations. This study outlines the development and implementation of a
DT framework to address diverse operational challenges in water distribution networks.
Notably, it demonstrates how DT can replicate past conditions and simulate real-time
scenarios, aiding in short-term forecasting and strategic decision-making.
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Table 6. Most cited publications.

No. Reference Title Year Total Citation

1 [41]
Building and exploiting a Digital Twin for
the management of drinking water
distribution networks

2020 128

2 [42]
LicA: A BIM based automated
code-checking application for water
distribution systems

2013 78

3 [13]
Using a digital twin to explore water
infrastructure impacts during the
COVID-19 pandemic

2022 72

4 [43]
New Challenges towards Smart Systems’
Efficiency by Digital Twin in Water
Distribution Networks

2022 56

5 [44] Leak detection in water distribution systems
by classifying vibration signals 2023 56

6 [45]
Improving the leak detection efficiency in
water distribution networks using
noise loggers

2022 35

7 [25]
Smart Water Grids and Digital Twin for the
Management of System Efficiency in Water
Distribution Networks

2023 34

8 [6]

A Digital Twin of a Water Distribution
System by Using Graph Convolutional
Networks for Pump Speed-Based
State Estimation

2022 30

9 [46]
Overview of Energy Management and
Leakage Control Systems for Smart Water
Grids and Digital Water

2020 26

10 [47]

On solute dispersion in an oscillatory
magneto-hydrodynamics porous medium
flow under the effect of heterogeneous and
bulk chemical reaction

2022 24

The second most cited work is “LicA: A BIM-based automated code-checking appli-
cation for water distribution systems” [42], with 78 citations. The paper introduces an
innovative tool that automates code compliance verification in building water system de-
signs using the Industry Foundation Class (IFC) data model, enabling effective information
exchange in BIM environments.

Ranked third is the paper “Using a digital twin to explore water infrastructure impacts
during the COVID-19 pandemic” [13], cited 72 times. This work explores how DT can
be used to assess and visualize changing water consumption patterns during crises such
as the COVID-19 pandemic. It also underscores the potential of DT for enhancing utility
management and infrastructure planning under dynamic conditions.

Following closely is “New Challenges towards Smart Systems’ Efficiency by Digital
Twin in Water Distribution Networks” [43], with 56 citations. This study proposes a novel
DT approach for efficient system management, emphasizing real-time leak detection and
control through the integration of smart sensors, SCADA, and GIS. The paper demonstrates
how DT contributes to significant water savings and operational cost reductions by enabling
rapid fault detection and resolution.
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These highly cited publications represent foundational contributions to the evolving
knowledge base of DT and BIM technologies in WDSs. Their frequent citation in the
95 Scopus-indexed documents analyzed for this study highlights their substantial influence
and relevance in the field.

Co-citation analysis is a commonly used bibliometric method to trace shifts in paradig-
matic thinking, understand the intellectual foundation of the field, and evaluate the in-
fluence of individual authors [48]. A co-citation occurs when two publications are cited
together in a third document, thereby establishing a conceptual or thematic link between
them. This technique helps uncover the underlying structure of knowledge and identifies
core research areas within a field [15].

Figure 4 illustrates the author co-citation network generated from the analyzed doc-
uments, revealing key relationships among authors based on shared citations. These
interconnections highlight the central figures and collaborative patterns shaping the schol-
arly landscape of BIM and DT applications in WDSs.

Figure 4. Co-citation network of authors for documents.

The top five most co-cited authors are presented in Table 7. Notably, Berardi, T., and
Giustolisi, O., emerge as influential figures, frequently cited together and recognized for
their foundational contributions to the field. Their co-authored works, such as “From
Digital Twin Paradigm to Digital Water Services” [49], “Digital Water Services using Digital
Twin paradigm” [50], and “Digital Transformation Paradigm for Asset Management in
Water Distribution Networks” [51], have played a pivotal role in shaping the discourse
around the integration of DT in WDSs.

Table 7. Top 5 co-cited authors.

Co-Cited Authors Affiliations

Berardi, L. University of G. d’Annunzio Chieti and Pescara
Giustolisi, O. Politecnico di Bari
Ciliberti, F.G. University of G. d’Annunzio Chieti and Pescara
Laucelli, D.B. Politecnico di Bari
Ramos, H.M. Instituto Superior Técnico
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3.6. Keyword Analysis

To investigate the relationship between the structure of thought of the study and the
primary topics, VOSviewer software was used to provide an understandable representation
of the co-occurrence network. Every keyword is represented by a node, the size of which
shows its frequency of occurrence in relation to other keywords. Table 8 additionally shows
the top 20 most commonly used keywords in terms of occurrences and total link strength.
The number of links and total link strength, as well as the proximity of the keywords to
one another, show a given keyword’s relatedness to other keywords. The intensity of the
link indicates the number of papers in which two keywords appear simultaneously [52,53].

Table 8. Top 20 keywords.

No Keywords Occurrences Total Link
Strength

1 water distribution systems 64 227
2 water distribution networks 35 135
3 cyber–physical system 23 121
4 distribution system 21 93
5 water supply 17 86
6 electric power distribution 16 65
7 water management 15 69
8 embedded systems 10 45
9 digital twin 9 41
10 hydraulic models 9 42
11 computer simulation 7 32
12 decision-making 7 35
13 network security 7 21
14 optimization 7 34
15 artificial neural network 6 37
16 cyber security 6 29
17 machine learning 6 35
18 water 6 32
19 water quality 6 24
20 water treatment 6 35

The term with the most occurrences is “water distribution systems” (64 occurrences),
which has the highest total link strength (227), indicating that the majority of studies are
focused on this topic. A number of the terms are associated with aspects of operation
and maintenance phases, such as “water management” and “water treatment”, as well as
“cyber–physical system” and “power production”. Interestingly, “digital twin” has nine
occurrences and BIM has none, which could be because the idea of DT is a BIM development
that allows for real-time monitoring and intelligent feedback. Machine learning (ML) and
artificial neural networks are also commonly occurring terms, which may imply that they
are frequently investigated, ensuring the use of these tools for the decision-making phase.

Keyword clustering was performed using VOSviewer, with a bibliometric analysis of
co-occurring keywords [37,54]. Specifically, the clustering procedure used a modularity-
based approach, which creates keywords in clusters by maximizing the modularity
score [55]. This method ensures that the clusters underlie the thematic structure of the
dataset [54].

The choice of four clusters, as shown in Table 9, strikes a compromise between inter-
pretability and thematic coherence, providing a useful overview of research patterns.
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Table 9. The four clusters and their keywords.

Keywords Link Occurrences Avg. Citations

Cluster 1 (Orange)—Physical and Digital Twin

cyber–physical systems 41 23 16.050
distribution systems 24 10 2.900
electric power distribution 24 16 7.063
digital twin 23 9 6.778
water distributions 19 9 0.556
cyber security 15 6 3.833
embedded systems 14 10 6.000
network security 11 7 3.286

Cluster 2 (Green)—Tech-Driven Innovation in WDS

leak detection 30 10 36.800
distribution system 21 11 18.546
artificial neural network 20 6 11.167
machine learning 20 6 11.500
water 18 6 9.167
leakage 17 5 9.200
anomaly detection 11 5 11.800

Cluster 3 (Blue)—CAD and Simulation in WDS

water distribution networks 49 35 36.850
water supply 25 17 18.941
hydraulic models 24 9 15.444
water management 22 15 23.533
optimization 19 7 18.286
computer simulation 17 7 7.000
real time 13 5 42.200

Cluster 4 (Yellow)—Decision-Making

water distribution systems 32 55 10.418
decision-making 23 7 10.143
water treatment 23 6 6.000
water quality 15 6 14.833
water pollution 14 5 5.400
potable water 12 5 23.000
water resources 8 5 5.200

To show a reproducible visualization of the keywords of research in the dataset, “Index
keywords” was employed instead of all keywords [56]. Thus, 878 keywords were extracted
from the dataset. With the minimum number of occurrences set to five, 33 keywords met the
requirements for inclusion in the network. Figure 5 illustrates the keyword co-occurrence
network. The colors represent the various term clusters that correspond to separate
study topics.

The first area, Physical and Digital Twin, includes keywords related to cyber systems,
attacks, security, networks, and embedded systems in DT. The second area, Tech-Driven
Innovation in WDS, includes artificial intelligence in WDSs. The third area, CAD and
Simulation in WDS, highlights computers and hydraulic models. The fourth area, Decision-
making, includes hydropower, water pollution, water quality, and water treatment.

The network analysis of keywords further revealed that machine learning and pre-
dictive analytics are becoming central to DT’s application in water infrastructure. Figure 6
shows the patterns and developments of the keywords in recent years. The lighter colors
reflect the most recent study areas of researchers in DT and BIM technologies in the WDSs.
Researchers are now working on merging DT with other solutions, as shown below.
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Figure 5. Keyword co-occurrence network map.

Figure 6. Network map of average publications of keywords per year.

The authors of [57] proposed a DT platform capable of real-time monitoring and
analysis of pressure data and network state information with valve closure analysis using a
greedy search method.

The authors of [58] implemented a DT that improves pumping and distribution system
operations and produces information that helps solve significant problems and costs.

The authors of [59] proposed a DT-assisted decision-support system for quality reg-
ulation and leak localization in large-scale water distribution networks utilizing a graph
neural network (GNN) machine learning technique.

In the growing landscape of Industry 5.0, the integration of novel technologies such
as Cognitive DT is crucial for directing industrial processes towards sustainability and
inclusion, particularly in developing nations aiming to align with Sustainable Develop-
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ment Goals [53], and is a motivator for accelerating the realization of Industry 5.0 in the
future [60].

4. Key Areas in Water Distribution Systems
This section discusses the included clusters and lists the most commonly mentioned

sources in each cluster. Based on co-occurrence mapping and keyword clustering, four
major thematic clusters were identified, as shown in Figure 7.

 
Figure 7. Key areas in water distribution systems.

Each theme is elaborated below through the relevant literature and emerging chal-
lenges and limitations in the field.

4.1. Physical and Digital Twin

This theme highlights the growing development and implementation of DT systems for
infrastructure monitoring, maintenance, and resilience. The bibliometric review revealed a
high co-occurrence of terms such as cyber–physical systems, electric power distribution,
embedded networks, and distribution systems, reflecting the rapid advancement of smart
infrastructure technologies.

The integration of cyber–physical systems (CPSs) and embedded networks into WDSs
is increasingly recognized for its capacity to improve efficiency, anomaly detection, and
cybersecurity. IoT-enabled devices combined with ML models facilitating real-time mon-
itoring play an essential part in maintaining system integrity and detecting threats [61].
To support synchronization and co-simulation within DT environments under cyberat-
tacks. [62] proposes using both offline and online data, allowing multiple readings per
connection request. Moreover, machine learning models like Logistic Regression and
Random Forest have demonstrated promise in leak localization and anomaly detection,
enhancing WDS reliability [61].

Nonetheless, significant challenges persist. Cybersecurity vulnerabilities pose major
risks, especially in large-scale implementations, where data breaches can compromise oper-
ational safety. The absence of standardized frameworks for DT development complicates
integration with existing infrastructure. Furthermore, machine learning applications are
constrained by the lack of excellent historical data, impeding model accuracy and limiting
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the scope of data processing required for high-fidelity DT simulations [63]. Other chal-
lenges include the unavailability of precise, long-term environmental datasets [64]; limited
data sharing across regions; and cultural, political, and economic barriers [65]. Continuous
calibration of digital models requires accurate real-time data, which is often difficult to
acquire, further complicating integration efforts.

4.2. Tech-Driven Innovations for Leak Detection

This theme investigates the importance of artificial intelligence (AI) and ML in the
transformation of WDS management. The bibliometric analysis revealed a sharp increase
in publications post-2020, with frequent terms such as leak detection, machine learning,
artificial neural networks, and anomaly detection.

Artificial neural networks (ANNs) are particularly effective in classifying leak and
non-leak events using acoustic signals, offering reliable real-time predictions without ex-
tensive preprocessing [45]. Other ML models, including k-Nearest Neighbours (k-NN),
Decision Trees (DTs), and Support Vector Machines (SVMs), have been applied to predict
leak locations [66]. IoT-enabled sensors support real-time anomaly detection, allowing
ML algorithms to simulate various leak scenarios, enhancing detection robustness [61].
Notably, [44] validated a model using data from piezoelectric accelerometers, demon-
strating improved accuracy of classifiers such as SVM, DT, and KNN. Their research also
underscores the potential of autonomous wireless sensor nodes for continuous monitoring.

Despite these advancements, AI applications in WDSs still face several limitations.
Most current models are trained on laboratory data, reducing their effectiveness in real-
world environments. Signal noise and frequency variations affect detection accuracy, while
poor feature correlation in both metal and non-metal pipes complicates classification [45].
Other challenges include data scarcity, model generalizability across cities, and failure to
detect multiple leaks within the same pipeline [44]. Rapid urbanization further compli-
cates hydraulic modelling, and limited computational resources restrict the scalability of
simulations [67].

Future studies should center on integrating DT and ML for real-time anomaly detection
in WDNs, addressing challenges of data integration and model scalability [61]. Expanding
datasets from real WDS networks and deploying single noise loggers for localization may
improve detection [66]. Additionally, innovative algorithms and parallel computing for
hydraulic calculations, particularly involving pumps and valves, should be explored [67].

Recent research, such as [68], proposes extending DT functionality through the deploy-
ment of multiple virtual sensors, thereby enhancing leak detection and data acquisition.
Reference [69] emphasizes the need for interpretable and robust models that balance the
complexity of ML with practical applicability. Further research should also focus on the
challenge of simultaneous event detection and investigate dynamic graph-based anomaly
detection in heterogeneous systems [70].

4.3. CAD and Simulation in WDSs

This theme focuses on the integration of Computer-Aided Design (CAD) and hydraulic
modelling in the planning and management of WDSs. The bibliometric network highlighted
frequent terms such as computer simulation, hydraulic models, optimization, and water
management, reflecting the growing reliance on simulation tools.

Computer simulations are essential in pipe replacement planning, reducing mainte-
nance costs while ensuring reliability [71]. Integrated with real-time data, these simulations
enhance disaster response capabilities across sectors, including water, energy, and trans-
portation [13]. In WDSs, hydraulic models are often linked with sensor data and consump-
tion profiles for optimized performance [13]. EPANET remains the most commonly used
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simulation tool for water networks, analyzing head and flow dynamics in extended-period
simulations [72–74]. When combined with advanced metering infrastructure (AMI), its
simulations become more accurate and dynamic [75]. One application used data from
2526 smart meters covering over 1000 nodes and pipes, enabling real-time decision-making.

Optimization of pump scheduling and pressure valve configurations through non-
linear programming supports operational efficiency [43]. However, fragmented modelling
environments and static design tools hinder integration. Many CAD tools are not syn-
chronized with operational data, resulting in discrepancies between design and actual
performance. The high costs and complexity of SCADA systems, combined with workforce
and infrastructure limitations, are further barriers [71].

Big data integration presents additional challenges. Centralized data centers often
store fragmented data, interrupting simulations and reducing model responsiveness [75].
Synchronization failures can occur if actuator commands are not updated before simulation
steps [62].

Future directions should include integrating design-phase tools with operational DT
platforms, enabling seamless workflows and real-time analytics [13].

Combining physically based models with AI/ML and digital representations in
GIS/BIM platforms will support operational resilience [50]. Propagation of uncertainty in
DTs, performance calibration, and efficient decomposition strategies for large networks are
essential areas for further study [67,76].

4.4. Decision-Making

This final theme discusses the role of digital technologies in helping decision-making
for water quality management, pollution control, and sustainable resource use. Bibliometric
analysis showed frequent terms such as decision-making, water resources, and water
treatment, indicating strong interdisciplinary connections.

Hydraulic models are crucial in facilitating optimal scheduling and anomaly diag-
nosis, reducing the response time of real-time systems and improving the integration
of big data and smart sensing [67]. District Information Areas (DIAs) allow decentral-
ized control by analyzing sensor data locally, enhancing resilience and autonomy [77].
ML techniques such as Logistic Regression and Random Forest further support real-time
leak localization and prediction [61]. Reference [78] proposed a Smart Predictive DT in-
tegrated into a multiservice architecture for forecasting water availability and improving
infrastructure management.

However, challenges remain, with many decision-support systems lacking real-time
data capabilities and facing difficulties in modelling complex hydraulic phenomena. Data
collection is often hindered by low sensor density, poor sampling frequency, and infras-
tructure investment gaps [11,64]. Additional barriers include errors in GIS datasets, data
latency, and limited integration between strategic and detailed models [41].

Future research should combine DIAs with existing DMAs for better real-time moni-
toring and control [77], improve computational efficiency for model calibration, and utilize
parallel processing in large-scale networks [67]. Enhanced collaboration is needed to ex-
pand access to historical datasets and deploy IoT sensor networks. Technologies such as
drones for topographic surveys and cloud computing for real-time model comparison are
promising tools for advancing decision-making capabilities [11].

5. Discussion
This research delivers a bibliometric and thematic analysis of research on DT and BIM

technologies in WDSs. The findings reveal a research domain in rapid expansion, driven by
digital transformation imperatives in infrastructure management and the pressing need for
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sustainable and resilient water systems. The temporal analysis indicates scholarly attention
to DT and BIM technologies in WDS growth since 2020. This aligns with increased global
investments in smart infrastructure and digital water utilities.

This growth is not merely quantitative but indicative of a strategic pivot in water sys-
tems. This aligns with previous studies in adoption of digital solutions in the construction
industry from design to maintenance [17,79,80]. The research community is dominated by
European institutions, and co-authorship networks show limited global interconnectedness.
This lack of cross-regional collaboration may constrain the adaptability of DT and BIM inno-
vations to diverse infrastructural and socioeconomic contexts. These limited collaborative
efforts in DT and BIM technologies in WDSs could be turned into an opportunity for more
inclusive and diverse research partnerships, particularly with underrepresented regions
such as Africa. This phenomenon is in agreement with the study by [23] on the barriers to
BIM adoption in small and medium-sized enterprises, as well as research priorities that are
shaped by local agendas and funding structures, as noted by [81].

Thematic clustering further confirms that DT and BIM technologies are increasingly
conceptualized not just as tools for visualization and documentation, but as cyber–physical
infrastructure frameworks capable of supporting predictive decision-making and au-
tonomous operations. However, the discussion also reveals methodological weaknesses,
including over-reliance on lab-scale data, lack of transferability of trained models, and lim-
ited field validation. These limitations highlight a critical gap between theoretical promise
and practical implementation, consistent with previous studies [82]. Such integration
would be instrumental for achieving the performance and sustainability targets articulated
under global frameworks like the UN Sustainable Development Goals [83,84].

Future research in developing countries should prioritize the development of inte-
grated DT frameworks. These frameworks would combine simplified BIM models, existing
GIS infrastructure maps, periodic manual readings, and sparse networks of low-cost IoT
sensors within DMAs. This approach enables simulation, real-time integration, and analy-
sis of data to generate actionable insights for critical operations, including leak detection,
pressure management, and prioritized asset maintenance.

Limitations and Future Directions

Although this work makes important progress in the field, its reliance on a limited
set of bibliometric analysis data from one database (Scopus) might have excluded niche or
gray literature, potentially overlooking valuable insights.

The findings of this study highlight several promising avenues for future research
to advance the application of DT and BIM technologies in water infrastructure. Priority
should be given to the following areas:

• Interdisciplinary collaboration across engineering, artificial intelligence, social sci-
ences, and local communities is critical for mitigating the current spatial concen-
tration of research and ensuring that resulting solutions are socially equitable and
contextually relevant.

• An Integrated DT Framework should be established, with future work focusing on
finding out the merits of systematic integration of operational DTs with AI/ML models,
GIS/BIM datasets, and real-time IoT sensor networks to address persistent challenges
in data interoperability and model scalability.

• Advancing anomaly detection necessitates the development of explainable, adaptive
machine learning models capable of identifying multiple concurrent events through
the use of virtual sensors and advanced noise-logging technologies.
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• Enhancing computational model robustness involves improving simulation efficiency
and reliability via high-performance computing, alongside addressing key modelling
challenges, including uncertainty propagation and calibration.

A concerted effort across these areas will ultimately enable a paradigm shift from
reactive maintenance to predictive and pre-emptive management of global water resources.

6. Conclusions
This bibliometric and literature review provides an overview of documents published

from 2004 to 2024, showing the research patterns, growth, and direction of DT and BIM
technologies in water distribution systems.

In response to RQ1, which was related to the main patterns of growth regarding the
application of DT and BIM technologies in WDSs, this study identifies the growth of the
annual number of publications since 2020, with a total of 1543 citations and an average of
9.09 citations per article. Researchers from Italy produced the most publications, studies
from Spain received the highest number of citations, and the most prominent journals were
Water (Switzerland) and the Journal of Water Resources Planning and Management.

Addressing the conceptual framework of the knowledge base (RQ2), we can see
that the research community is dominated by European institutions, and co-authorship
networks show limited global interconnectedness. This suggests that countries, especially
the developing ones, should prioritize integrated DT and BIM technologies for more
inclusive and diverse research partnerships.

Concerning anticipated future developments (RQ3), the trajectory indicates that the
primary direction is a move from static models to intelligent, predictive systems. This in-
volves the integration of AI and ML for real-time anomaly detection, the fusion of enabling
technologies like IoT sensors and cloud computing to address scalability, and the evolution
of these systems into proactive tools that enhance operational resilience and optimize
decision-making in WDNs. To realize this potential, the field must prioritize inclusive
global partnerships, especially with developing countries. A constraint in the scope of
this study is the exclusive reliance on Scopus as the sole bibliographic source. While this
limits the scope of the literature retrieved, it was essential for guaranteeing the consistency
of the data and the overall reliability of the methodology. This study characterizes the
state of the art and provides a clear, actionable roadmap, making a tangible contribution
to guiding future research and application in the field of DT and BIM technologies for
water distribution systems. Further research could be critical to cultivate transdisciplinary
and globally inclusive collaboration to overcome the current geographic concentration and
ensure solutions are socially equitable and contextually relevant. Furthermore, establishing
ontological and interoperability standards is a paramount research imperative to unlock
scalable, lifecycle-wide asset management.
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