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Abstract

Under the transition toward low-carbon energy systems, natural gas transportation
has attracted increasing attention with respect to transportation safety, operational
coordination, and intelligent decision-making. Based on 1,687 publications retrieved
from the Web of Science Core Collection database between 2008 and 2025, we
conducted a bibliometric and knowledge graph analysis of natural gas transportation
research using CiteSpace. Keyword co-occurrence analysis, cluster analysis, and
temporal evolution analysis were employed to examine the knowledge structure,
research hotspots, and evolutionary characteristics of the field. The results indicate
that natural gas transportation research has gradually evolved into three major
research streams: transportation risk analysis, coordinated operation and scheduling,
and intelligent optimization. Early studies mainly focused on engineering-oriented
safety analysis, while recent research has increasingly emphasized integrated energy
coordination, uncertainty-aware decision-making, and intelligent transportation
optimization under complex energy environments. Risk-related research has
expanded from traditional accident investigation to quantitative risk assessment and
risk propagation analysis. Coordinated operation research increasingly focuses on
integrated energy systems and operational scheduling under uncertainty. Intelligent
optimization research has developed rapidly in routing optimization, intelligent
algorithms, and dynamic decision-making methods. Despite the rapid growth of
these research streams, their integration remains limited. In particular, the interaction
between transportation risk analysis and intelligent optimization has not been
sufficiently incorporated into existing transportation decision-making frameworks.
Future research should further integrate risk analysis, intelligent optimization,
and real-time transportation decision-making to support the low-carbon energy
transition.

Keywords: Natural gas transportation; Transportation risk; Intelligent optimization;
Knowledge graph; Multi-objective optimization

1. Introduction

With the accelerating transition toward a low-carbon energy system, natural gas has
increasingly served as a key transitional energy source. Its role in peak shaving in power
systems, industrial fuel substitution,! and urban gas supply has become progressively
more prominent. Compared with other fossil fuels, natural gas offers advantages in
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reducing carbon emissions and improving the energy
structure,” and its reliable supply has become essential
for maintaining the stable operation of regional energy
systems.

From the perspective of the energy supply chain, the
transportation stage acts as a critical link connecting
resource supply and end-use consumption, thereby
ensuring the continuity of energy delivery.® Traditionally,
natural gas has been transported primarily through pipeline
systems, particularly in large-scale gathering, transmission,
and distribution networks.* Studies on wellbore and subsea
gathering systems further demonstrate the dominant role
of pipeline-based transportation infrastructure in natural
gas production and delivery processes.>® However, due
to constraints such as geographical conditions, long
construction cycles, and high investment costs, pipeline
networks are often unable to achieve full spatial coverage
within a limited timeframe. Under such conditions,
liquefied natural gas (LNG) road transportation,
characterized by high flexibility and wide accessibility,
has gradually emerged as an important supplement to
pipeline transport. It plays a vital role in supplying remote
areas, supporting emergency response, and enabling peak
demand regulation.”

Despite these advantages, LNG tanker transportation
exhibits typical characteristics of hazardous materials
transport. Its operation involves multiple risk factors,
including cryogenic storage, high-pressure equipment,
and complex traffic environments. Accidents in this
context may lead not only to casualties and environmental
damage but also to cascading impacts on regional energy
supply systems.® Consequently, with the continuous
expansion of natural gas transportation networks,
improving transportation efficiency while ensuring safety
has become a critical issue in the energy logistics domain.’
Existing studies have addressed this issue from three main
perspectives. First, research on transportation risk focuses
on risk identification and assessment, emphasizing risk
sources, accident mechanisms, and quantitative evaluation
methods. Second, studies on coordinated operation in
natural gas systems explore the functional complementarity
and scheduling mechanisms between pipeline transport
and non-pipeline modes. Third, intelligent optimization
and route optimization research, typically based on vehicle
routing problem models, aims to enhance transportation
efficiency and service performance through multi-objective
optimization approaches. These studies have made
meaningful progress in both methodological development
and practical applications, providing important support
for analyzing natural gas transportation systems.

However, from a holistic perspective, a certain

degree of fragmentation remains among these research
streams. On one hand, risk-related studies tend to focus
on identification and assessment, primarily describing
accident probabilities and potential consequences.'® On the
other hand, intelligent optimization and route optimization
research often prioritize economic or temporal objectives,
with limited consideration of transportation safety risks in
a systematic manner.

The role of risk factors in routing decisions has not
been fully elucidated, which constrains the explanatory
power and practical applicability of existing optimization
models in hazardous materials transportation contexts.
At the same time, with the development of multi-energy
systems and intelligent optimization methods, natural gas
transportation problems are increasingly characterized by
multiple constraints, multiple objectives, and high levels
of uncertainty."’ The interactions among risk, efficiency,
and system coordination are becoming more complex,
making traditional single-objective analytical frameworks
insufficient for practical decision-making. In this context,
incorporating transportation risk into routing decision
frameworks and developing risk-constrained multi-
objective optimization models have gradually emerged as
important research directions.

Motivated by these considerations, this study adopts
a bibliometric perspective and employs knowledge
graph techniques to investigate the knowledge structure
and evolutionary patterns of natural gas transportation
research. The analysis focuses on identifying research
themes, knowledge structures, and their evolutionary
patterns, with particular attention to the connections
between risk analysis and intelligent transportation
optimization. On this basis, existing research gaps are
highlighted, and potential future research directions are
discussed, with the aim of providing theoretical support
for further studies on risk-constrained route optimization
in natural gas transportation systems. This study mainly
focuses on knowledge structure and research trends rather
than detailed technical modeling.

2. Data sources and methodology
2.1. Data sources

To systematically examine the knowledge structure,
research hotspots, and evolutionary trajectories of natural
gas transportation research, this study employed the Web
of Science Core Collection as the primary data source,
including the Science Citation Index Expanded (SCI-
EXPANDED) and the Social Sciences Citation Index
(SSCI).*?

A retrieval strategy was developed around core themes
such as natural gas transportation, transportation risk, and
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route optimization. The time span was set to cover the period
from 2008 to 2025, and only articles were retained to ensure
the academic rigor and representativeness of the dataset.
The search strings were constructed using combinations
of representative keywords, including “natural gas
transportation,” “LNG transportation,” “transportation
risk,” “risk assessment,” “route optimization,” “vehicle
routing”  “intelligent  optimization,”  “coordinated
scheduling” and “energy” Specifically, Boolean logic
operators such as AND and OR were employed to
construct the retrieval expressions. Representative search
expressions included: (“natural gas transportation” OR
“LNG transportation”) AND (“transportation risk” OR
“risk assessment”); (“natural gas transportation” OR “LNG
transportation”) AND (“route optimization” OR “vehicle
routing” OR “intelligent optimization”); and (“natural
gas transportation” OR “LNG transportation”) AND
(“coordinated scheduling” OR “energy coordination”).
These retrieval expressions correspond respectively to
the three thematic research streams of transportation
risk analysis, coordinated operation and scheduling, and
intelligent optimization, respectively.

Inclusion criteria included peer-reviewed journal
articles within the defined time span, while non-relevant
and duplicate records were excluded. To improve
the precision and thematic relevance of the retrieved
literature, multiple rounds of screening and refinement
were conducted. Studies focusing exclusively on electricity
dispatching, smart grid optimization, or general energy
efficiency analysis without explicit relevance to natural gas
transportation processes were excluded. Duplicate records,
weakly related studies, conference abstracts, and non-peer-
reviewed publications were also removed.

The dataset was subsequently organized into three
thematic research streams based on title- and abstract-
based relevance screening of the retrieved literature: (i)
transportation risk identification and assessment, (ii)
coordinated operation and scheduling related to natural gas
transportation systems, and (iii) intelligent optimization
research involving routing optimization and data-driven
decision-making methods.

After the initial screening process, additional
preprocessing procedures were conducted to improve
dataset consistency. First, irrelevant records were
excluded based on keyword matching and topic relevance
assessment. Second, duplicate entries were identified and
removed. Third, keyword normalization was performed
by unifying synonyms, abbreviations, and variations
in expression to minimize semantic bias in subsequent
analyses. In addition, manual screening was conducted
to remove weakly related studies, thereby improving the

precision of the dataset.

In this study, weakly related studies refer to publications
that mention natural gas only in a broad energy context
but do not focus on natural gas transportation processes,
LNG transportation, transportation safety, transportation
scheduling, routing optimization, or risk-constrained
decision-making. For example, studies focusing exclusively
on natural gas power generation, smart grid optimization,
or general energy efficiency evaluation without explicit
relevance to transportation-related processes were
excluded during the manual screening process. After these
procedures, a refined dataset was obtained for further
analysis.

It should be noted that a small proportion of the
retrieved studies are related to power system scheduling.
This is mainly because the data collection employed
keywords associated with transportation, optimization,
and risk analysis, within the broader energy system
context. Given the methodological similarities between
power system scheduling and natural gas transportation—
particularly in optimization methods and risk-constrained
decision-making—these studies were retained based on
their methodological relevance.

Given the multidimensional nature of the research
topic, the dataset was further divided into three thematic
subsets:

(i) Studiesonnatural gastransportation risk identification
and assessment.

(ii) Studies on coordinated operation and scheduling
related to natural gas transportation systems.

(iii) Studies on the application of intelligent optimization
algorithms in natural gas transportation.

This classification is intended for thematic analysis
rather than strict technical categorization, and facilitates
targeted analysis from different research perspectives
while providing a basis for subsequent cross-domain
comparisons."

2.2. Methodology

This study adopted a bibliometric approach combined with
knowledgegraphtechniquestoconductastructuredanalysis
of research on natural gas transportation. By examining
keyword co-occurrence relationships and their temporal
distribution, the method enables a systematic exploration
of the knowledge structure and evolutionary patterns of the
research field, thereby providing methodological support
for identifying the interconnections among different
research directions." CiteSpace (version 6.3.R1, Drexel
University, USA) was employed to perform visual and
quantitative analysis of the dataset. Two main analytical
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techniques were implemented: keyword clustering analysis
and temporal evolution (time-zone) analysis. It should be
emphasized that CiteSpace was used as a data processing
and visualization tool, while the analytical contribution
of this study lies in the interpretation and synthesis of the
generated results.

2.2.1. Keyword clustering analysis

Based on the keyword co-occurrence network, clustering
algorithms were applied to group high-frequency
keywords, which enables identification of core research
themes and their structural distribution within the field.
The clustering results are typically presented in a modular
structure, where each cluster represents a distinct research
direction. The size and density of clusters reflect the level of
research activity and the strength of internal associations
within each thematic area.”®

By examining cluster labels—such as natural gas,
risk management, and Bayesian networks—the major
knowledge domains in natural gas transportation research
can be identified and further synthesized. This facilitates
a deeper understanding of the structural characteristics
of the field and the relationships among different research
themes.

2.2.2. Temporal evolution analysis

To capture the dynamic development of research topics,
a time-zone view was constructed based on the temporal
distribution of keywords. This approach visualizes the
emergence and persistence of keywords over time, thereby
revealing the evolution of research themes from initial
exploration to subsequent expansion. It also enables the
identification of stage-specific hotspots and potential
emerging frontiers within the field.'¢

2.2.3. Integrated analytical framework

By integrating the above methods, this study analyzed
natural gas transportation research from both structural
and evolutionary perspectives. Specifically, keyword
clustering was used to reveal the knowledge structure
of the field, while temporal evolution analysis was
employed to capture the dynamic progression of research
hotspots. The combination of these approaches provides a
comprehensive understanding of how the field has evolved
from early-stage risk identification and assessment toward
more advanced topics such as route optimization and
decision support.

3. Research hotspots and knowledge
structure analysis
3.1. Keyword clustering analysis

Based onthebibliographic dataset,akeyword co-occurrence

network was constructed, and clustering techniques were
applied to reveal the structural organization of research
on natural gas transportation. This approach enables
the identification of major research themes and their
corresponding knowledge structures within the field.””

To improve the specificity and accuracy of thematic
identification, clustering analysis was further conducted
across different research directions. This strategy allows
for a more refined interpretation of thematic distributions
and helps to capture the distinct structural characteristics
associated with each research direction.

In addition, rather than relying solely on cluster labels,
the analysis further considers the relationships among
clusters to provide a more structured understanding of the
knowledge domain. Overall, the clustering results across
different research streams reveal three major research
orientations, with noticeable interconnections and
evolutionary relationships among them.

3.1.1. Research on natural gas transportation risk
identification and assessment

Using the Web of Science Core Collection as the retrieval
platform, a topic-based search was conducted in the
SCI-EXPANDED and SSCI databases with the keywords
“transportation risk” and “natural gas” The document
type was restricted to Article, and the time span was set
to cover the period from 2008 to 2025. Duplicate records
and studies with low thematic relevance were removed to
improve data quality.

A total of 370 valid publications were obtained after a
structured screening process based on title and abstract
evaluation. Based on the refined dataset, CiteSpace was
employed to construct a keyword co-occurrence network
and perform clustering analysis, as illustrated in Figure 1.

As shown in Figure 1, the clustering results indicate
that research on natural gas transportation risk is mainly
concentrated in several well-defined thematic areas. Cluster
#0 is primarily associated with the application of Bayesian
network models in risk identification and quantitative
assessment. Representative keywords in this cluster include
“Bayesian network,” “risk assessment,” and “natural gas,
indicating the increasing application of probabilistic and
data-driven methods in transportation risk analysis.®
Cluster #1 focuses on natural gas transportation systems
and associated risk contexts, emphasizing the interaction
between energy system characteristics and transportation
safety. Representative keywords in this cluster include
“natural gas” “transportation safety;, and “risk
management,” reflecting the close relationship between
transportation system operation and safety management.”
Cluster #2 represents an emerging research direction
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Figure 1. Keyword clustering map of natural gas transportation risk identification and assessment

related to green hydrogen, highlighting the growing
influence of the energy transition on transportation risk
studies. In particular, it involves comparative risk analyses
under hydrogen-natural gas coupling scenarios and cross-
energy system interactions.

Additionally, Cluster #3 is mainly concerned with the
safety and integrity of pipeline infrastructure, including
leakage risks, geohazards, and long-distance transmission
safety, reflecting the engineering-oriented foundation
of early research in this field. Cluster #4 is associated
with facility-level safety, focusing on layout optimization
and risk control in LNG receiving terminals, storage
systems, and offshore structures. Cluster #5 emphasizes
risk management frameworks and decision-making
mechanisms, including emergency response strategies
and multi-level approaches to transportation risk control.
Finally, Cluster #6 reflects the application of traditional
multi-criteria decision-making methods, such as the
analytic hierarchy process, in constructing risk evaluation
systems. Some relatively small clusters are more specialized
and fragmented, particularly those related to soil-pipeline
interaction and compositional factors. These clusters were
retained only when they contributed to understanding
specific risk mechanisms, while overly heterogeneous
clusters were simplified during the analysis.

To further evaluate the reliability of the clustering
results, clustering quality metrics were calculated. The
Modularity Q value was used to evaluate the overall

network structure, while the Mean Silhouette value was
used to assess the internal consistency of clusters. In this
study, the Modularity Q value of 0.54 indicates a significant
clustering structure, and the Mean Silhouette value of 0.85
indicates high cluster consistency. The Mean Silhouette
values of the three thematic datasets were all above 0.7,
suggesting acceptable reliability of the clustering results.
The obtained Modularity Q value (>0.3) indicates a
significant clustering structure, while the Mean Silhouette
value (>0.7) suggests that the clusters are highly consistent
and reliable.

Furthermore, the identified clusters can be grouped
into three higher-level thematic categories: (i) risk
identification and assessment, focusing on probabilistic
modeling and quantitative analysis; (ii) infrastructure and
system safety, emphasizing pipeline integrity, facility safety,
and environmental interaction; and (iii) decision-making
and management approaches, including multi-criteria
evaluation and risk control strategies. This hierarchical
organization enhances the coherence of the clustering
results and provides a clearer understanding of the
knowledge structure and research evolution in the field of
natural gas transportation risk.

Overall, the clustering structure indicates that research
on natural gas transportation risk has evolved into a multi-
dimensional analytical framework, integrating probabilistic
modeling, infrastructure safety, environmental interaction,
and decision-making approaches.
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3.1.2 Research on coordinated operation and
scheduling in energy systems related to natural gas
transportation

To systematically examine the research landscape of
coordinated scheduling in energy systems, a topic-
based search was conducted in the Web of Science Core
Collection using the keywords “coordination scheduling”
AND “energy.” The data sources included SCI-EXPANDED
and SSCI, with the document type limited to Article and
the time span set from 2008 to 2025.

A total of 1,374 publications were initially retrieved.
After data cleaning and duplicate removal, 1,165 valid
records were retained for subsequent analysis. Based on
this dataset, CiteSpace was employed to generate a keyword
clustering network, as shown in Figure 2.

As illustrated in Figure 2, the research hotspots of
coordinated scheduling are mainly concentrated in
several thematic clusters. Cluster #0 (power generation)
represents the core research area, emphasizing the efficient
operation of generation units through coordinated
scheduling within energy systems, while simultaneously
considering cost, risk, and environmental factors.?
Representative keywords in this cluster include “power
generation,” “economic dispatch,” and “unit commitment,”
reflecting the central role of generation scheduling in
coordinated energy system operation. Cluster #1 (smart

grid) highlights the deep integration of power systems and
information technologies, focusing on energy scheduling
and distributed optimization under the smart grid
paradigm. Representative keywords in this cluster include
“smart grid, “distributed optimization,” and “energy
management,” reflecting the increasing integration of
digital technologies and intelligent control methodologies
in coordinated scheduling research.

Cluster #2 (demand response) addresses user-side
participation in scheduling, exploring mechanisms such
as pricing and incentives to achieve peak shaving and
load balancing. Cluster #3 (optimization) constitutes a
methodological cluster, encompassing approaches such
as linear programming, mixed-integer programming,
and multi-objective optimization, which provide
fundamental tools for solving scheduling problems.
Cluster #4 (uncertainty) emphasizes modeling under
conditions of renewable energy integration and demand
fluctuations, promoting the development of robust and
stochastic optimization methods. Cluster #5 (energy
efficiency) focuses on improving overall system efficiency
and reducing carbon emissions through coordinated
operation, reflecting the orientation toward low-carbon
energy strategies. Cluster #6 (stochastic programming)
represents advanced methodological developments
for handling uncertainty in power systems and multi-
energy scheduling problems. Cluster #7 (Lagrangian

Figure 2. Keyword clustering map of coordinated operation and scheduling in energy systems
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relaxation) reflects the importance of decomposition and
approximation techniques in solving large-scale scheduling
problems, highlighting the role of algorithmic research in
this domain.

Overall, the clustering results indicate that research on
coordinated energy operation is predominantly system-
oriented and method-driven, with a strong emphasis on
power systems, uncertainty modeling, and optimization
techniques.”> Compared with studies on natural gas
transportation, this research stream focuses more on
integrated energy system coordination at a macro level,
while relatively limited attention has been given to the
operational coordination between pipeline and non-
pipeline transportation modes in natural gas systems.

3.1.3. Research on the application of intelligent
optimization algorithms in natural gas transportation

To systematically explore the application of intelligent
optimization methods in natural gas transportation and
utilization, a topic-based search was conducted in the Web
of Science Core Collection using the keywords “intelligent
optimization” AND “natural gas” A total of 152 relevant
publications were retrieved.

Based on this dataset, CiteSpace was employed to
generate a keyword clustering network, as shown in Figure
3.

As illustrated in Figure 3, the application of intelligent

optimization methods in the natural gas domain is
mainly concentrated in several research directions.
Cluster #0 (energy efficiency evaluation) represents a core
application area, focusing on the quantitative assessment
of energy efficiency in natural gas transportation, storage,
and utilization processes.”? Representative keywords
in this cluster include “energy efficiency evaluation,’
“optimization algorithm,” and “natural gas,” indicating the
growing importance of efficiency-oriented performance
assessment in natural gas systems. Cluster #1 (multi-agent
systems) emphasizes multi-entity coordination modeling
within natural gas networks and broader energy systems,
reflecting the integration of artificial intelligence and
complex system theory. Representative keywords in this
cluster include “multi-agent systems,” “coordination,’
and “distributed control,” highlighting the increasing
application of intelligent coordination mechanisms in
energy transportation systems.

Cluster #2 (adaptive neuro-fuzzy inference system)
combines neural networks with fuzzy logic, enhancing
inference and prediction capabilities under uncertain
conditions. Cluster #3 (neural networks) is widely applied to
nonlinear modeling tasks such as risk prediction, demand
forecasting, and transportation scheduling, highlighting
the growing importance of data-driven approaches.
Cluster #4 (hybrid intelligent models) integrates
metaheuristic algorithms—such as genetic algorithms
and particle swarm optimization—with machine learning

Figure 3. Keyword clustering map of intelligent optimization applications in natural gas transportation
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techniques, improving the performance of solving large-
scale and complex optimization problems. Cluster #5
(natural gas pipeline) focuses on infrastructure-related
applications, including risk prediction, leakage detection,
and operational optimization of pipeline systems.

Cluster #6 (chance-constrained programming) is
extensively used in uncertainty modeling, particularly
for addressing demand fluctuations and supply risks in
natural gas systems. Clusters #7 (simplex method) and
#8 (self-adaptive intelligent model) reflect the integration
of traditional mathematical programming with adaptive
intelligent optimization methods, indicating a continuous
expansionand hybridization of methodological frameworks
in this field. From a comparative perspective, the clusters
exhibit distinct yet interrelated research focuses. However,
a certain degree of fragmentation remains, particularly
in the limited integration between risk analysis and route
optimization.

Overall, the clustering results reveal that research
on intelligent optimization in natural gas systems has
evolved into a multi-layered framework encompassing
energy efficiency evaluation, risk prediction, multi-agent
coordination, and hybrid optimization approaches.”
However, it can also be observed that existing studies tend
to emphasize algorithmic performance and computational
efficiency, while the incorporation of transportation risk
into optimization models remains relatively limited.*
In particular, risk factors are often treated as external
parameters rather than being explicitly embedded into
the decision-making structure. This limitation highlights
the need to develop risk-constrained optimization
frameworks that can more effectively capture the trade-
offs between safety and operational efficiency in natural
gas transportation systems.

From a broader perspective, the clustering results
reveal several major research orientations in the field of
natural gas transportation. In addition, the relationships
among different clusters were examined to provide a more
integrated understanding of the knowledge structure of
the field. Rather than being entirely independent, these
clusters exhibit varying degrees of thematic connections
and evolutionary linkages. It should also be noted that
clustering based on titles and keywords may introduce a
certain degree of semantic overlap, which is an inherent
limitation of bibliometric analysis. Therefore, the clustering
results are interpreted at a macro level, focusing on general
research trends rather than strictly bound conceptual
categories.

3.2. Temporal evolution analysis

The temporal evolution analysis was divided into five-year

stages to better capture the evolution of research hotspots
over time. This division generally corresponds to major
energy policy cycles, technological development phases,
and the gradual transition of natural gas transportation
research from engineering-oriented safety analysis to
intelligent and uncertainty-aware decision-making.

Building upon the keyword clustering analysis,
this section further examines the temporal evolution
of different research streams to reveal the stage-wise
development of research hotspots. It should be noted that
the temporal analysis reflects thematic evolution at the
field level based on keyword patterns rather than direct
technical progression.

3.2.1. Research on natural gas transportation risk
identification and assessment

Based on the dataset described in Section 3.1.1, CiteSpace
was employed to generate a time-zone visualization, as
shown in Figure 4.

As illustrated in Figure 4, the evolution of research on
natural gas transportation risk exhibits a clear transition
from traditional approaches toward more intelligent and
integrated frameworks. During the 2008-2012 period,
research was primarily centered on keywords such as
“risk analysis,” “accidents,” and “pipeline;” reflecting
an early focus on accident case analysis and pipeline
transportation risks. From 2013 to 2017, the introduction
of keywords such as “buried pipeline;” “risk assessment,’
and “analytic hierarchy process” indicates a shift toward
more quantitative and multi-criteria evaluation methods.
This stage marks the gradual development of systematic
risk assessment frameworks. From 2018 to 2025, research
attention has increasingly shifted toward topics such
as “Bayesian network,” “green hydrogen,” and “risk
management,” highlighting the growing importance of
intelligent modeling approaches, low-carbon energy
transition, and integrated risk governance. In particular,
the emergence of hydrogen-related topics suggests that
research has expanded beyond conventional natural gas
transportation toward multi-energy systems and cross-
energy comparative analysis.

Overall, the temporal evolution demonstrates a clear
progression from engineering-oriented risk analysis
toward data-driven, multi-dimensional, and system-
integrated research paradigms.

3.2.2. Research on coordinated operation and
scheduling in energy systems related to natural gas
transportation

Using the validated dataset described in Section 3.1.2
(n = 1,165), CiteSpace was applied to construct a time-

Volume 23 Issue 4 (2026)

doi: 10.36922/AJWEP026130087


https://doi.org/10.36922/AJWEP026130087

Asian Journal of Water,
Environment and Pollution

Natural gas transportation analysis

Figure 4. Time-zone evolution map of natural gas transportation risk research

zone visualization illustrating the temporal evolution of
coordinated scheduling research in energy systems (Figure
5).

As illustrated in Figure 5, the evolution of coordinated
schedulingresearch exhibits clear stage-wise characteristics.
During the 2008-2012 period, research focused on
foundational methods and application domains, with
keywords such as “optimization” and “power generation”
dominating the field. This stage primarily relied on
traditional operations research approaches to address
scheduling problems in power generation and electricity
systems. From 2013 to 2017, the emergence of “smart grid”
and “demand response” reflects the increasing integration
of power systems with communication and information
technologies. During this stage, user-side participation
was gradually incorporated into scheduling frameworks,
marking a shift toward more interactive and flexible
system operation. From 2018 to 2025, research attention
has increasingly shifted toward “uncertainty;” “stochastic
programming,” and “energy efficiency;” indicating a dual
emphasis on managing variability introduced by renewable
energy integration and improving system efficiency
under low-carbon transition goals.”® This stage highlights
the growing importance of uncertainty modeling and
sustainability-oriented optimization in coordinated energy
systems.

Overall, the temporal evolution demonstrates a
transition from method-oriented optimization in power

systems to integrated, uncertainty-aware, and low-
carbon-oriented coordination frameworks. However, it
is noteworthy that existing studies are largely centered
on electricity systems and integrated energy systems at
a macro level, while relatively limited attention has been
paid to the operational coordination between pipeline and
non-pipeline transportation modes in natural gas systems.

3.2.3. Research on the application of intelligent
optimization algorithms in natural gas transportation

Based on the dataset described in Section 3.1.3, CiteSpace
was employed to generate a time-zone visualization
illustrating the evolution of intelligent optimization
research in natural gas transportation and utilization, as
shown in Figure 6.

As illustrated in Figure 6, the development of intelligent
optimization research in the natural gas domain exhibits
a clear evolutionary trajectory. During the 2008-2012
period, research was primarily centered on “optimization”
and “artificial neural networks,” focusing on the application
of traditional optimization techniques and neural networks
in pipeline transportation and storage systems. From
2013 to 2017, research expanded toward “adaptive neuro-
fuzzy inference systems” and “hybrid intelligent models,”
indicating a growing trend of integrating intelligent
optimization with machine learning methods.” From
2018 to 2025, research attention shifted toward “energy

» <«

efficiency evaluation,” “multi-agent systems,” and “chance-
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Figure 5. Time-zone evolution map of coordinated operation and scheduling in energy systems

Figure 6. Time-zone evolution map of intelligent optimization in natural gas transportation

constrained programming,” highlighting an increasing
emphasis on energy efficiency and risk management
under low-carbon transition contexts. At the same time,
intelligent optimization models have evolved to address
uncertainty constraints and the complexity of multi-
network systems.”

Overall, the temporal evolution demonstrates a

transition from single-method applications to hybrid
intelligent optimization frameworks, and further toward
multi-objective and uncertainty-aware optimization
paradigms. However, similar to other research streams,
the explicit integration of transportation risk into
optimization models remains limited”® Risk factors
are often incorporated indirectly or treated as external
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constraints, rather than being embedded within the core
decision-making structure.

4, Conclusion

We conducted a bibliometric and knowledge graph
analysis of natural gas transportation research based on
1,687 publications retrieved from the Web of Science
Core Collection database from 2008 to 2025. The results
show that the field has gradually formed three major
research streams: transportation risk analysis, coordinated
operation and scheduling, and intelligent optimization.

From the perspective of knowledge structure, risk-
related studies have established analytical frameworks
grounded in probabilistic modeling and multi-criteria
evaluation, with significant advances in quantitative
risk assessment and propagation analysis. Research on
coordinated operation emphasizes structural optimization
and operational coordination within multi-energy systems.
Meanwhile, route optimization research, largely based
on vehicle routing problem models, has continuously
expanded in terms of modeling complexity and solution
techniques, evolving toward multi-objective optimization
and intelligent algorithms.

Overall, the research evolution demonstrates a
transition from fragmented and single-objective studies
toward integrated, intelligent, and uncertainty-aware
analytical frameworks. Risk analysis primarily focuses on
safety assessment, route optimization emphasizes efficiency
improvement, and coordinated operation primarily focuses
on system-level structures. A unified analytical framework
integrating these dimensions has yet to be established. In
particular, the integration between transportation risk and
route optimization remains limited, and the integration
of risk factors into routing decision models remains
insufficient.

Future research should focus on the integration of risk
analysis and route optimization and on the development of
more comprehensive analytical frameworks. Specifically,
further efforts may explore data-driven risk modeling,
scenario-based optimization under uncertainty, and the
incorporation of real-time operational data into routing
decision processes. These directions can enhance the
practical applicability of optimization models and support
safer and more efficient natural gas transportation systems.
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