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Global net-zero targets are reshaping port clusters toward greener and more coordinated development. However,
the performance and hinterland influence of hub ports from a sustainability perspective remain underexplored.
The Bohai Rim, with its high port density and early green transition efforts, offers a representative case for
studying spatiotemporal hinterland evolution in this context. This study uses panel data from six major container
ports over the period 2011-2023 to build a multidimensional sustainability indicator system that includes carbon
emissions and sea-rail intermodal throughput. The sustainability scores are first applied in a Wilson model to
estimate general port influence, and then integrated with OD-cost distance in a field strength model to delineate
county-level hinterland patterns. The results show that port hinterlands generally expanded during the study
period, with increased overlap, stronger connectivity, and more intense regional coopetition. Qingdao and
Tianjin evolved into dual spatial cores, and Rizhao accelerated inland expansion via multimodal transport. In
contrast, Dalian and Yingkou showed limited hinterland growth and constrained spatial influence. This study
proposes a transferable integrated framework for sustainability-based hinterland analysis, offering cross-port and

cross-regional applicability to support planning and policymaking under green development goals.

1. Introduction

Port sustainability has become a pressing concern under stricter
environmental regulations and rising decarbonization targets (Guo
etal., 2022). In China, the Bohai Rim port cluster plays a strategic role in
advancing regional programs such as the Northeast Revitalization and
the Beijing-Tianjin-Hebei integration (Liu et al., 2025; Zhao et al.,
2024). However, this region faces growing challenges, including inef-
ficient inland transport, rapid hinterland expansion, and increasing
environmental pressure (Li et al., 2020; Song et al., 2020; UNCTAD,
2021). Green port development has increasingly emphasized emissions
control, modal shift, clean energy use, and ecological protection
(Acciaro, 2015; Bergqvist and Monios, 2019). Among green transport
strategies, sea-rail intermodal transport is considered effective in
reducing emissions and easing road congestion. These practices are
likely to influence the spatial structure of port hinterlands, especially by
improving inland accessibility (Huang et al., 2023; Notteboom et al.,
2020).

Measurement of hinterland evolution under green development

requires spatial models that capture changes in extent and connectivity.
Existing research on sustainable ports has largely developed along two
main directions. The first examines green port performance through
multi-indicator evaluation systems, with methods such as Data Envel-
opment Analysis (DEA) and Analytic Hierarchy Process (AHP) (Bhatti
and Hanjra, 2019; Park et al., 2019). Although these methods consider
both economic and environmental performance, they often fail to
adequately address ecological indicators such as port carbon emissions
and sea-rail intermodal throughput (Chen et al., 2025; Zhang et al.,
2022a). Subjective weighting is also prevalent, introducing potential
bias (Guo et al., 2015). The second direction focuses on modeling the
spatial extent of port hinterlands. The Wilson model remains popular for
estimating hinterland boundaries due to its ability to capture distance
decay (Chen and Di, 2023). However, it assumes spatial homogeneity,
which limits its capacity to reflect diverse transport conditions. GIS-
based field strength models incorporating OD-based accessibility offer
certain improvements (Wu et al., 2020), yet they are seldom combined
with sustainability metrics. As a result, current frameworks tend to be
either too localized—focusing on terminal technologies—or too
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abstract—overlooking regional logistics dynamics. Integrating sustain-
ability indicators into hinterland modeling remains uncommon, leaving
a critical gap in linking environmental performance with spatial port
analysis.

To address these challenges, this study investigates how green
development reshapes the spatial influence of major ports in the Bohai
Rim. A multi-dimensional evaluation system is constructed to measure
port sustainability, covering economic performance, infrastructure,
transportation, and environmental impact. Composite sustainability
scores are calculated through an integrated weighting scheme
combining Entropy Weight Method (EWM), Criteria Importance
Through Intercriteria Correlation (CRITIC), and principal component
analysis (PCA), followed by TOPSIS method. Based on sustainability
scores, the number of influential ports, and the average spatial extent of
the port-hosting cities, the Wilson model is used to estimate each port’s
rough hinterland coverage. OD cost distances are then calculated and
combined with sustainability scores in a field strength model to refine
the hinterland at the county level for each major port in the Bohai Rim.

We find that the spatial influence of port hinterlands, particularly in
terms of their size and connectivity, is increasingly shaped by green
development strategies. Ports with higher sustainability scores demon-
strate a broader and deeper hinterland influence. The empirical results
suggest that port hinterlands in the Bohai Rim have expanded and
overlapped over time, with key regional ports such as Qingdao and
Tianjin emerging as dominant cores. In contrast, other ports such as
Dalian and Yingkou have experienced slower growth, highlighting the
differential impact of green development policies and infrastructure
investments.

The study builds a framework for assessing the spatial influence of
port clusters from a sustainability perspective, with three main contri-
butions. First, it develops a multi-dimensional port sustainability eval-
uation system that includes two key indicators, port carbon emissions
and sea-rail intermodal throughput. Second, a dual-scale hinterland
delineation method is proposed, combining the Wilson model for macro-
level boundary estimation with a field strength model integrating sus-
tainability and accessibility for fine-grained spatial refinement. Third,
the framework is broadly applicable across different ports and regions. It
helps analyze how green development shapes hinterland structures over
time and offers practical guidance for low-carbon planning, regional
coordination, and sustainable transport policies for port clusters.

The remainder of the paper is structured as follows. Section 2 reviews
the relevant literature. Section 3 introduces the methodology. Section 4
presents the main empirical results. Section 5 discusses the main find-
ings and offers policy recommendations and Section 6 concludes the
study.

2. Literature review

Port sustainability has become one of the central critical issues in the
global maritime industry’s transition to a greener future, receiving
increasing scholarly and policy attention (Alamoush et al., 2021). Port
development should not only stimulate economic growth within port
areas but also align with environmental sustainability objectives
(Fahimnia et al., 2015; Platias et al., 2025). Traditionally, port studies
have focused on economic indicators, including cargo throughput,
container handling capacity, berth occupancy, and equipment utiliza-
tion rates (Asgari et al., 2015). These metrics are direct measures of
operational efficiency and economic vitality, forming the basis for short-
term planning and resource allocation (Notteboom and Haralambides,
2020). However, in recent years, sustainability metrics have been pro-
gressively incorporated into port evaluation frameworks (Liu et al.,
2021). Among the emerging sustainability indicators, carbon emissions
have gained significant attention as a direct measure of greenhouse gas
output during port operations, providing crucial insights into environ-
mental performance (Chakrabarty, 2024; Vitiello et al., 2024; Zeng
et al.,, 2023). Sea-rail intermodal throughput reflects the integration
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efficiency between ports and railway networks, a vital element of sus-
tainable multimodal freight systems (Bouchery and Fransoo, 2015).
Notably, improved sea-rail interconnectivity enhances logistics effi-
ciency while significantly reducing carbon emissions, making it an
essential component in assessing port sustainability (Huang et al., 2023;
Li et al., 2024a).

While the inclusion of carbon emissions and sea-rail throughput
marks a shift toward a more integrated, multidimensional evaluation
framework, many traditional evaluations still overly rely on either
economic or environmental indicators in isolation, inadequately
capturing the full scope of port sustainability. In contrast, the proposed
green index, integrating these key environmental indicators, provides a
more comprehensive measure of port performance by addressing the
economic, environmental, and logistical dimensions simultaneously.
This multidimensional framework is essential in steering ports toward a
low-carbon, environmentally responsible, and highly efficient develop-
ment path.

In the assessment of port development, selecting appropriate
methods for determining indicator weights constitutes a critical
component in the construction of comprehensive evaluation frame-
works. Methodologies for weight determination are broadly categorized
into single-weight and hybrid-weight approaches. Single-weight
methods encompass either subjective or objective techniques.

Subjective weighting methodologies, exemplified by the AHP and
the Delphi method, rely fundamentally on expert judgment (Asgari
et al., 2015; Bhatti and Hanjra, 2019; Feng et al., 2020; Zhang et al.,
2022b), but they exhibit a high degree of subjectivity in determining
indicator weights, which can potentially lead to biased outcomes
(Georgoulas et al., 2023). Conversely, objective weighting methods are
data-driven. In port evaluation, PCA reduces dimensionality by identi-
fying principal components that retain most of the information
embedded in the original indicators (Abbes, 2015; Cao et al., 2016). The
EWM is highly regarded for its ability to reduce subjectivity in the
weighting process, making it particularly useful when dealing with large
datasets and ensuring a more objective evaluation of port sustainability
(Chen, 2022; He et al., 2016; Liu et al., 2023; Ren, 2020). The CRITIC
method, considering both data contrast and intercorrelation between
indicators to identify the most informative and independent criteria
(Akyol Ozcan, 2023; Du et al., 2024). The TOPSIS approach ranks al-
ternatives based on their proximity to ideal and negative-ideal solutions,
providing a comprehensive framework for multi-criteria decision-mak-
ing; additionally, it has been extensively applied in numerous port
development studies for comprehensive performance evaluations
covering environmental, economic, and operational factors (Lang et al.,
2023; Lu et al., 2010; Madanchian and Taherdoost, 2023; Yang et al.,
2022).

Despite their respective merits, single-weight methods often face
limitations stemming from either subjective biases or dependence on
specific data characteristics. This has motivated a growing adoption of
hybrid weighting approaches, which integrate subjective and objective
techniques to enhance the robustness and scientific validity of assess-
ments. For example, some studies combine AHP with objective methods
such as Evidential Reasoning (ER), Grey Relational Analysis, or Fuzzy
Comprehensive Evaluation to assess port sustainability (Akyol Ozcan,
2023; Hua et al., 2020; Wan et al., 2018; Yang et al., 2022; Yang, 2015).

Furthermore, DEA, a non-parametric linear programming technique
used for evaluating the relative efficiency of multi-input-multi-output
decision-making units, has seen widespread application in port perfor-
mance assessments (Chang, 2013; Chang and Park, 2016; Dong et al.,
2019; Wang et al., 2020). A key limitation of DEA, however, is its
inability to ascertain whether observed operational levels represent
genuinely optimal performance (Wang and Wu, 2017).

In port development evaluations, the reliance on single-weighting
methods restricts the adaptability of assessment models to the com-
plex realities of port operations. Consequently, integrated weighting
techniques are increasingly adopted, it enhances the scientific rigor of
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evaluations and offers a more holistic view of port development (Chen,
2021; Gok-Kisa et al., 2021; Liu et al., 2022a; Ozcan, 2023).

Accurate delineation of port hinterlands is crucial for assessing the
economic impact of ports and regional development (Gattuso and Cas-
sone, 2020). Field strength models have been widely used for hinterland
delineation due to their ability to evaluate the spatial influence of ports
based on their size, economic strength, and distance-related friction
factors (Ba et al., 2023; Li et al., 2022). However, one of the limitations
of this approach is its lack of consideration for spatial distance in the
context of regional heterogeneity. This shortcoming has prompted
subsequent studies to integrate Geographic Information Systems (GIS)
and OD cost matrix analysis, which factor in spatial variability by
incorporating actual travel distances and times (Limbourg and Jourquin,
2010; Zhuang and Yu, 2014). These improvements have significantly
enhanced the precision of hinterland boundary definition by accounting
for the physical geography and transportation accessibility (Cao et al.,
2016; Thill and Venkitasubramanian, 2015; Zhuang and Yu, 2014).

However, the integration of spatial analysis and field strength
models still faces restrictions in breaking through regional boundaries,
often limiting spatial analysis to predefined zones to calculate port
hinterlands (Zhuang et al., 2017). While this improves accuracy within
the boundaries, it does not fully capture the broader, regional economic
interdependencies that shape hinterland dynamics (Wang, 2022). To
overcome this limitation, the Wilson model—a foundational spatial
interaction framework—has emerged as a solution, effectively
combining origin-destination attributes with impedance factors (Chen
et al., 2017). The Wilson model provides a more flexible delineation by
estimating the hinterland radius and offering a broader scope of port
influence, which extends beyond administrative boundaries (Deng,
2010).

Current port hinterland delineation studies often focus on pre-
defined, localized regions, with less attention given to a broader, macro-
level assessment of port influence (Cao et al., 2016; Zhuang et al., 2017).
Additionally, the integration of sustainability factors into hinterland
delineation remains limited, despite its growing importance in assessing
ports’ environmental and economic performance. Few studies incorpo-
rate sustainability dimensions, which are crucial for understanding the
long-term impacts of port development on regional ecosystems and
economies.

To address the existing gaps in port hinterland research, this study
introduces several key methodological innovations. First, it enhances
the port sustainability evaluation framework by incorporating green
indicators, specifically port-related carbon emissions and sea-rail inter-
modal throughput, into a comprehensive multi-dimensional index sys-
tem. This integration is supported by a hybrid approach combining
EWM, CRITIC, and PCA methods, alongside the TOPSIS model, which
allows for an objective and systematic assessment of port sustainability
levels. Second, the Wilson model is employed to estimate each port’s
initial hinterland radius, establishing the spatial scope of the study.
Building on this foundation, an OD cost-based accessibility analysis is
performed to evaluate the overland transport connectivity between
ports and their hinterlands. Finally, the port sustainability scores and OD
cost accessibility analysis are integrated into a field strength model,
which provides a more accurate delineation of the port’s direct hinter-
land from a sustainability perspective, while also accounting for spatial
factors.

Accordingly, this study not only deepens the theoretical under-
standing of port sustainability but also contributes to the delineation of
port hinterlands under varying sustainability levels, providing practical
insights for coordinated port development and policymaking in the
Bohai Bay region.
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3. Research model
3.1. Research framework

This study assesses port sustainability levels and analyzes the
spatiotemporal evolution of hinterland areas through a multi-stage
framework (Fig. 1). Initially, a multidimensional port sustainability
evaluation index is developed, combining EWM, CRITIC, and PCA
methods with the TOPSIS model to calculate sustainability scores,
overcoming the limitations of single-method approaches. These scores
are then integrated with the Wilson model to preliminarily delineate the
radius of port hinterlands and identify county-level areas for further
analysis. Following the identification of hinterland regions, the OD cost
matrix model is applied to compute port land accessibility from a spatial
perspective. Finally, sustainability scores and land accessibility are in-
tegrated into an enhanced field strength model to determine hinterland
field strength. By employing the maximum membership principle, the
direct hinterlands are identified, and their evolution is systematically
analyzed.

This multi-stage framework offers a comprehensive analysis of port
hinterland evolution from a sustainability perspective, addressing the
dynamics of spatial changes across regional scales. It combines a macro-
micro viewpoint, conducting both a broad-scale estimation of port
hinterland scope and a detailed, spatially focused investigation of direct
hinterlands. This methodology overcomes the spatial analysis limita-
tions of traditional studies, offering a more accurate and dynamic un-
derstanding of hinterland evolution in the context of port sustainability.
The approach is broadly applicable for studying the spatiotemporal
dynamics of hinterlands across various ports.

3.2. EWM-CRITIC-PCA model

This study integrates three objective weighting methods—EWM,
CRITIC, and PCA—to calculate the comprehensive weights for port
sustainability indicators, ensuring a data-driven, robust, and unbiased
weighting process (Tan and Lu, 2015; Yin et al., 2021a). The detailed
computational formulas are provided in Appendix B of the Supple-
mentary Material. To eliminate scale effects and enhance comparability
across indicators, all data (x;) are standardized before the weighting
process (Wang et al., 2024). The standardization procedure is as follows:

Xy — min(x;)

m (Positive indicator) 1)

x’,-j =
max(x;) — X

= m (Negative indicator) )

x’,-j
where x; represents the original value of indicator j for observation i,
and x; denotes the dataset for indicator j. This normalization step en-
sures that all indicators are on a comparable scale, facilitating a fair
evaluation.

3.2.1. EWM model

The EWM is first applied to assess the information level in each
sustainability indicator. By calculating the entropy value, we quantify
the degree of uncertainty or randomness in the data (Qian et al., 2023).
A lower entropy value indicates that the indicator provides more in-
formation for distinguishing sustainability performance levels. The en-
tropy value e; for indicator j is given by Lu et al. (Lu et al., 2022):

R S o )1(’(/‘7) 3
4 1“(”);(2?:1”17 " Xy ®

where x/; represents the normalized value of indicator j for observation i,
and n is the number of observations. The corresponding weight wj is then
calculated by (Lu et al., 2022):




C. Yeet al

Ecological Indicators 178 (2025) 114095

Assess Sustainability of Port

Construct Sustainability Index

Calculate Sustainability Score

Port-City Port
Transport Potential Green Development

|

|

e |
|
Port-City Port : w
Economic Performance Infrastructure e

I L]
CRITIC PCA : .
| Hybrid Model .
e .
A | Calculate .
Combine weights I W, .

| ~ ]
____________________ | .
____________________i A4 -
Construct weighted normalized matrix : "
| .

Calculate positive and negative ideal solutions |—>__T_O_lj§{s_ fv_k_)(_i?l_
| Calculate :
Calculate comprehensive score : ¥C'/ .

Processing
vector data

AR

Set speed limit

7 Calculate the shortest transit time

OD Cost

. Field Strength
Matrix Model

Fy =CD;"

i ij

7
7

-

Assess Hinterland Evolution

Fig. 1. Research framework.

1—€j

g 4
ST -¢) @

i =

where m is the total number of indicators.

3.2.2. CRITIC model

The CRITIC method is an objective weighting technique that con-
siders both the contrast intensity and the conflict among indicators to
determine their weights (Yin et al., 2021a). Contrast intensity is
measured by the standard deviation of each indicator. A higher standard
deviation indicates more contrast, meaning the indicator provides
greater discriminating power. The formula for calculating the contrast
intensity o; of indicator j is given by Du et al. (2024):

1<¢ —
o= /= > & —x%)° ®)
i=1

where ;j is the mean of the normalized values for indicator j. The conflict

between indicators is captured by their correlation coefficient p,
defined as:

cov (xj, xk)
P = oo (6)

where cov (x;xk) represents the covariance between indicators j and k,

and o; and oy are their standard deviations. The weight for each indi-
cator j is determined by Wang and Zhang (2025):

WCRITIC _ :jZk%j(l — Py @)
! Zj:la]'z:k#j(l - /’jk)
3.2.3. PCA model

The PCA is a dimensionality reduction technique that transforms
correlated indicators into a smaller set of uncorrelated principal com-
ponents, which capture the majority of the variance in the data (Merk
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and Dang, 2013). PCA is used here to identify the key factors explaining
variation in the sustainability indicators, allowing us to determine their
relative importance. The principal components A1, 12, -+, 4, fare derived
from the original dataset, with eigenvalues 4; representing the amount of
variance explained by each component.

The weight WJP CA for indicator j is calculated as the proportion of the
total variance explained by the principal component that the indicator
contributes to Tan and Lu (2015):

4
i:l Ak

WPCA _
j =

®

where J; is the eigenvalue corresponding to indicator j and p is the total
number of principal components.

3.2.4. Calculation of composite weights

To integrate the advantages of the EWM, CRITIC, and PCA methods,
this study proposes a weighted combination model to compute the final
sustainability indicator weights. Specifically, the composite weight w; is
derived by calculating a weighted average of the individual weights
obtained from each method (ijWM ,wj’?WM , and w}" CA), The formula for
calculating the composite weight is given as Liu et al. (2022a) and Yin
et al. (2021b):

w; = aw/"™M 4 pwRITC 4y ©)]

a+p+y=1 (10)

where q, 5, and y are the weighting coefficients for each method (Liu
et al., 2022b). These coefficients are determined based on the relative
reliability and importance of each method in the context of port sus-
tainability assessment. By adjusting these coefficients, the relative
importance of each method can be flexibly controlled. This approach
combines the strengths of each method, ensuring a more balanced and
comprehensive weight calculation, thereby minimizing potential biases
from any single method and providing a more precise and systematic
framework for port sustainability assessment. The specific parameter
settings are detailed in Appendix C of the Supplementary Material.

3.3. TOPSIS model

The TOPSIS method is a widely used comprehensive evaluation
technique that leverages the full information available from the original
data (Chen, 2021; Gok-Kisa et al., 2021) The evaluation results accu-
rately reflect the overall performance and the relative gaps between
different samples, making it a versatile and applicable method in various
contexts.

Using the weights obtained from the EWM-CRITIC-PCA process for
the indicator layer, the weighted matrix X; is calculated as follows
(Wang et al., 2024):

Xij = x/,-j X j (11)

where x’;j represents the normalized value of indicator j for observation i,
and wj is the weight for indicator j.

Next, the Euclidean distances from the positive ideal solution (D;1)
and the negative ideal solution (D;~) are calculated for each evaluation
object in the criterion layer (Akyol Ozcan, 2023):

D=/ (2 -2 D0 =Y (2 -5 ) (12)
where Z"" = max(X;) and Z"~ = min(X;) represent the optimal and
worst solutions for indicator j, respectively.

Finally, the closeness coefficient C; of each evaluation object to the
optimal solution is computed:
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D;

C=brip; 1%

This coefficient C; provides the final evaluation result, indicating
how close each evaluation object is to the optimal solution, where a
higher value reflects a better performance.

3.4. Wilson model

The Wilson model, a derivative framework within economic geog-
raphy, is primarily employed to analyze spatial interactions within
closed systems. Conceptualizing a region as a network of discrete nodes,
the model quantifies the gravitational force between each pair of nodes.
Due to its incorporation of distance decay and refined exponential
correction mechanisms, the Wilson model has become a widely adopted
tool for investigating regional diffusion effects.

To evaluate the spatial influence of ports, a simplified formulation of
the Wilson model is utilized and expressed as follows (Yang and Wang,
2021):

0 = Ciexp(—fra) a4+
1 C;
Tab = E X ln; (15)

In Equations (14) and (15), 6 denotes a predefined threshold value
below which the spatial influence intensity is considered negligible,
implying that the port exerts no effective influence on the corresponding
region (Wang and Tang, 2012). The specific parameter settings are
detailed in Appendix C of the Supplementary Material. The term C;
represents the port’s sustainable development score. The variable rg
indicates the port’s effective influence radius, while f serves is the decay
coefficient, influenced by both the number of functional transmission
elements and the spatial scale of grid cells.

Building upon Deng’s (2010) methodology for assessing the spatial
extent of technological diffusion, the decay factor f is further elaborated
as:

2T
_ 16
p Tax X D 16

where T denotes the number of ports possessing effective hinterland
influence capacity, Trax refers to those with strong interregional diffu-
sion potential, and D represents the average area of spatial units within
the port’s host city. Substituting Equation (16) into Equation (15) yields
the final form of the Wilson-based model for port influence radius under
the condition Tpg, < T(Wang and Tang, 2012):

X lng

1
[_or [
Tmax XD

3.5. OD cost matrix-based land accessibility model

Tap = a7)

The OD cost matrix, a spatial analytical technique, constructs a
temporal matrix between supply and demand nodes based on real-world
transportation networks. By computing transit times along actual routes
rather than straight-line distances, it effectively captures the true
accessibility between regions (Zhuang et al., 2017).

In the context of port systems, land-based accessibility typically re-
fers to the time required to travel from a port to counties and districts
within its hinterland. This metric serves as a proxy for the convenience
and intensity of interaction between ports and inland areas. The
assessment of land accessibility from ports follows a multi-step meth-
odological framework:

First, national road vector data are preprocessed through classifica-
tion, merging, and topological correction to ensure network continuity.
Second, travel speeds are assigned to each road type according to
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national railway standards, highway engineering specifications, and
empirical regional traffic conditions. For continuous land areas without
road coverage and lakes, default travel speeds are set at 15 km/h and 1
km/h. The detailed speed assignments are summarized in Table 1.

Third, travel time costs are normalized to represent the average time
(in minutes) required to traverse 1 km for each road type. Using a
mathematically rigorous accessibility algorithm, the core zones of six
major ports are designated as origin nodes, from which the minimum
travel time to each administrative unit is computed.

Finally, land accessibility values for each port are calculated using
the following formula (He et al., 2019):

b3l a8
‘T 4LN
j=1
T.
D; = Eli (19)

where D; denotes the land accessibility of port i, T; represents the
shortest travel time between port i and county/district j, N is the total
number of counties/districts considered, and Dj is the normalized land
accessibility between port i and region j.

3.6. Field strength model

To delineate the hinterlands of major ports, this study employs an
improved field strength model that integrates port sustainability levels
with minimum land-based travel time costs as a composite measure of
accessibility. Within this framework, the port hinterland is conceptual-
ized as a “field center,” where the strength of influence represents the
port’s relative attractiveness across a given spatial unit.

The model specifically incorporates sustainability performance
scores of ports alongside land-based accessibility metrics. According to
the maximum membership principle (Pan and Liu, 2014), determine the
hinterland counties of the port. The gravitational influence F; of port i
on county j is calculated using the following formulation:

Fy = CD;* (20)

where Fj; denotes the gravitational field intensity of port i at county j, C;
represents the composite influence score of port i, and D;“ quantifies the
inverse accessibility between port i and county j, with D; obtained from
land transportation data. The parameter a, known as the distance decay
coefficient, is set to 2, aligning with empirical findings on spatial in-
teractions at the provincial scale (Taaffe, 1962).

4. Results
4.1. Data
4.1.1. Research area
In terms of spatial scale, this study focuses on the Bohai Rim region,

comprising the provinces and municipalities of Liaoning, Hebei, Beijing,
Tianjin, and Shandong. This area features a concentrated cluster of

Table 1
Time costs of major space features.

Space object Speed (km/h) Time cost (min)

Railroad 90 0.68
Highway 100 0.60
National highway 80 0.75
Provincial highway 60 1.00
County highway 40 1.50
Yellow river 25 2.40
Land 15 4.00
Lakes 1 60.00
Major Rivers 1 60.00
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ports, including six key container hubs: Tianjin, Dalian, Qingdao,
Yingkou, Yantai, and Rizhao, as illustrated in Fig. 2. For hinterland
delineation, counties and districts are used as the basic spatial units,
resulting in 373 units for analysis.

This study investigates the evolution of port sustainability and hin-
terland dynamics in the Bohai Rim from 2011 to 2023. Three repre-
sentative years are selected to trace changes in spatial accessibility and
port influence, each marking a critical stage in port transformation of
the region. In 2011, China’s 12th Five-Year Plan for Energy Conserva-
tion and Emission Reduction in Road and Water Transport first inte-
grated emission targets into regional transport planning (Mao et al.,
2014). By 2017, the issuance of the Guidance on Promoting Green
Transport by the Ministry of Transport highlighted multimodal freight
and logistics efficiency, reinforcing port-hinterland integration in
northern China (Lam and Li, 2019). In 2023, Bohai Rim ports were
designated as pilot sites under China’s Zero-Carbon Program for Road
and Waterway Transport, promoting smart energy management,
renewable energy adoption, and equipment efficiency improvements.
These policy milestones provide a foundation for comparative assess-
ment of spatial and ecological transitions throughout the study period.

4.1.2. Data sources

The research data employed in this study are categorized into two
primary types: attribute data and spatial data.

The attribute data cover three essential dimensions-socioeconomic
and transportation statistics, container port data, and port-related car-
bon emissions. Specifically, socioeconomic and transportation statistics
were gathered from the statistical yearbooks of Tianjin Municipality,
Liaoning Province, and Shandong Province. Container port data were
sourced from the China Port Yearbook and the China Shipping Gazette.
Due to the absence of standardized methodologies for port-level carbon
emissions accounting and the limited availability of direct emissions
data from relevant authorities, port-related carbon emissions were
estimated indirectly using energy consumption data. Following the
approach proposed by Ge and Wang (2021), comprehensive energy
consumption per unit of cargo throughput is calculated using the stan-
dard coal equivalents of major energy sources-gasoline, diesel, heavy
fuel oil, coal, and electricity-utilized by ports in the Bohai Rim. Carbon
emissions are then derived by applying energy-specific emission factors
to port throughput data. This methodology offers an indirect yet robust
estimation of port-level carbon emissions. The estimation formula is as
follows:

COi = SCl X HCi X A (21)

where SC; represents the standard coal consumption per 10,000 tons of
cargo throughput in year i (tce/10,000 t), HC; is the total cargo
throughput in the same year, and A is the carbon emission coefficient, set
at 2.45809.

In parallel, spatial data were integrated to contextualize the attribute
information. Administrative boundaries and water bodies within the
study area were derived from the 1:1,000,000 vector dataset provided
by the National Geomatics Center of China. The locations of core port
areas were identified via Google Earth and subsequently imported into
ArcGIS for spatial analysis. Additionally, terrestrial transportation net-
works were digitized from authoritative sources, including the Provincial
Transportation Atlas of China and the Comprehensive Highway and Urban-
Rural Road Network Atlas of China (Concise Edition).

4.2. Port sustainability indicators weights and scores

4.2.1. Port sustainability indicators weights

Port sustainability is influenced by a complex array of factors,
including regional economic structure, infrastructure development,
environmental protection measures, technological advancement, hin-
terland economic interaction, and resource allocation. In recent years,
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Fig. 2. Research area.

there has been a growing emphasis on integrating green development
metrics into port sustainability assessment frameworks. This study in-
troduces an innovative approach that incorporates port carbon emis-
sions and sea-rail intermodal throughput as key indicators for evaluating
port sustainability, with a focus on reducing greenhouse gas emissions
and supporting the transition of ports towards sustainable development.

Building upon existing literature and available data, this study es-
tablishes a comprehensive multi-dimensional evaluation system using
17 objective indicators, categorized into four key domains: port infra-
structure, green development, port-city economic performance, and
port-city transport potential, as presented in Table 2. For a detailed
explanation of the indicators and their reference bases, please refer to
Appendix A of the Supplementary Material.

To assess the relative importance of each indicator, the EWM-
CRITIC-PCA hybrid model is employed. This model combines the
EWM, CRITIC, and PCA to ensure a robust and objective weighting
process. The TOPSIS method is then applied to evaluate the sustain-
ability levels of ports in the Bohai Rim region from 2011 to 2023,
providing a comprehensive and dynamic assessment of port
performance.

The detailed weights for each indicator, based on the EWM, CRITIC,
and PCA methods, are presented in Table 3. The table shows the indi-
vidual weights for each indicator across the three methods as well as

their average weights. These averages represent the overall importance
of each indicator in the sustainability assessment. Additionally, the
average criterion’s weight for each domain is also provided, summari-
zing the relative importance of the broader sustainability aspects for the
Bohai Rim ports.

Results from the hybrid weighting analysis reveal notable disparities
in the relative importance of sustainability indicators. Among the four
primary dimensions, port infrastructure development carries the great-
est weight in the overall evaluation system, accounting for approxi-
mately 36.5 % of the total indicator weight. Within this dimension, port
cargo throughput (X11) and number of 10,000-ton-class berths (X15)
emerge as the most influential indicators, reflecting the continued
relevance of physical capacity in shaping port performance.

In the green development domain, sea-rail intermodal throughput
(X22) and CO; emissions (X21) attain the highest weights (both aver-
aging above 0.06), underscoring the centrality of decarbonization and
modal shift in the evaluation of green port competitiveness. These
findings reinforce the role of environmental metrics as strategic levers in
port transformation agendas.

The port-city economic performance dimension exhibits relatively
balanced weight distribution across indicators such as GDP (X31), ter-
tiary industry share (X32), and per capita GDP (X33), suggesting that no
single economic metric overwhelmingly dominates the assessment, but

Table 2
Port sustainability indicators for the Bohai Rim region.
Dimension Sub-dimension Indicator Unit Trend

Port sustainability performance Port Infrastructure Development Port Cargo Throughput X11 10,000 tons +
Container Throughput X12 10,000 TEUs —+

Length of Quay Line for Productive Use X13 meters +

Total Number of Berths X14 units +

Number of 10,000-ton-class Operational Berths X15 units +

Port Green Development Port CO, Emissions X21 tons -

Sea-Rail Intermodal Throughput X22 10,000 TEUs +

Growth in Freight Throughput X23 % +

Percentage of Days with Air Quality Rated as Level II or Better X24 % +

Port-City Economic Performance Gross Domestic Product (GDP) X31 100 million CNY +

Proportion of Tertiary Industry Output X32 % +

Per Capita GDP X33 CNY +

Total Retail Sales of Consumer Goods X34 10,000 CNY +

Total Population at Year-End X35 10,000 people +

Total Foreign Trade (Import and Export) X36 10,000 USD +

Port-City Transport Potential Road Network Length X41 kilometers +

Road Freight Volume X42 million tons +
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Table 3
Port sustainability indicators weights in the Bohai Rim region.
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Category Indicator EWM CRITIC PCA Average indicator Average Sub-dimension weight
weight
Port infrastructure development X11 0.1545 0.1077 0.0576 0.1066 0.3646
X12 0.0811 0.0463 0.0630 0.0635
X13 0.0477 0.0587 0.0884 0.0649
X14 0.0582 0.0701 0.0817 0.0700
X15 0.0437 0.0492 0.0859 0.0596
Port green development X21 0.0196 0.1115 0.0590 0.0634 0.1772
X22 0.1120 0.0528 0.0581 0.0743
X23 0.0073 0.0379 0.0018 0.0157
X24 0.0092 0.0527 0.0097 0.0239
Port-city economic performance X31 0.0869 0.0494 0.0719 0.0694 0.3525
X32 0.0311 0.0478 0.0628 0.0472
X33 0.0377 0.0428 0.0662 0.0489
X34 0.0772 0.0497 0.0642 0.0637
X35 0.0758 0.0545 0.0562 0.0622
X36 0.0695 0.0533 0.0606 0.0611
Port-city transport potential X41 0.0455 0.0677 0.0129 0.0420 0.1056
X42 0.0430 0.0477 0.1002 0.0636

that diversified urban economic capacity supports port sustainability.
Lastly, the transport potential dimension shows meaningful contribu-
tions from both road network length (X41) and freight volume (X42),
indicating that hinterland connectivity remains a vital enabler of sus-
tainable port-inland integration.

4.2.2. Port sustainability indicators scores

Using the EWM-CRITIC-PCA composite model combined with the
TOPSIS method, this study systematically evaluated the port sustain-
ability levels of six major container ports in the Bohai Rim region from
2011 to 2023. The hybrid weighting scheme ensures a comprehensive
and objective assignment of indicator importance, while the TOPSIS
method enables the ranking of ports based on their proximity to an ideal
sustainability benchmark. The resulting sustainability scores are re-
ported in Table 4.

During the 13-year study period, the average regional sustainability
score rose from 0.3386 in 2011 to 0.4867 in 2023, reflecting a steady
improvement and a compound annual growth rate (CAGR) of 2.88 %.
This consistent upward trend indicates gradual yet tangible progress in
sustainable port development across the region, largely driven by policy
initiatives promoting green infrastructure, emissions control, and
multimodal transport integration (General Office of the State Council of
the People’s Republic of China, 2018; Li et al., 2024a).

Among the six ports, Qingdao Port demonstrated the most substan-

Port as the regional leader in sustainability since 2020. This perfor-
mance is closely linked to Qingdao’s early investment in sea-rail inter-
modal networks, renewable port operations, and industrial restructuring
in its hinterland (Lam and Li, 2019).

Tianjin Port, traditionally the top performer, exhibited stable growth
from 0.4818 to 0.6355, yet its relative advantage weakened over time,
highlighting the diminishing marginal effect of its first-mover policies.
Ports such as Yantai and Rizhao also experienced steady gains, with
Rizhao’s sustainability performance showing marked improvement, its
score rose significantly over the study period, driven in part by
infrastructure-led revitalization, including recent rail upgrades along
the Lunan Economic Belt (Shandong Provincial People’s Government,
2021).

By contrast, Yingkou and Dalian ports recorded relatively stagnant
trajectories. Dalian’s score rose only marginally from 0.4117 to 0.4750,
while Yingkou improved from 0.2661 to 0.3536, both failing to close the
gap with more dynamic peers. This outcome reflects continued reliance
on resource-based industries and limited integration of green innovation
measures within their port-city ecosystems (Zhu and Hein, 2019).

Furthermore, spatial disparities have widened over time, as reflected
in the increasing standard deviation of port scores. A correlation analysis
suggests that high sustainability scores are strongly associated with
ports located in economically diversified and industrially upgraded
hinterlands, while ports constrained by single-sector economies or

tial and sustained improvement, with its score increasing from 0.3668 in weaker hinterland connectivity tend to lag in sustainability

2011 to 0.6389 in 2023 (CAGR = 4.3 %), allowing it to surpass Tianjin performance.

Table 4

Sustainability scores of Bohai Rim ports (2011-2023).
Year Dalian Qingdao Rizhao Tianjin Yantai Yingkou Average
2011 0.4117 0.3668 0.2089 0.4818 0.2965 0.2661 0.3386
2012 0.4459 0.3879 0.2177 0.5120 0.3103 0.2944 0.3614
2013 0.4631 0.4039 0.2216 0.5390 0.3254 0.3093 0.3770
2014 0.4756 0.4103 0.2180 0.5525 0.3297 0.3224 0.3848
2015 0.4819 0.4303 0.2153 0.5700 0.3394 0.3266 0.3939
2016 0.4835 0.4530 0.2235 0.5817 0.3533 0.3419 0.4061
2017 0.4978 0.4999 0.2411 0.5833 0.4288 0.3519 0.4338
2018 0.5081 0.5326 0.2513 0.5962 0.4429 0.3643 0.4492
2019 0.4833 0.5446 0.2663 0.5747 0.4411 0.3198 0.4383
2020 0.4609 0.5624 0.2724 0.5801 0.4594 0.3450 0.4467
2021 0.4653 0.6042 0.2864 0.6193 0.4803 0.3404 0.4660
2022 0.4711 0.6164 0.2914 0.6258 0.4972 0.3370 0.4732
2023 0.4750 0.6389 0.3027 0.6355 0.5143 0.3536 0.4867
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4.3. Port hinterland division

4.3.1. Port hinterland radius measurement

Using the Wilson model, we calculated the hinterland radius of major
container hub ports in the Bohai Rim region from 2011 to 2023
(Table 5).

To explore the spatiotemporal dynamics of port hinterlands, three
representative years—2011, 2017, and 2023—were selected for
comparative analysis. Figs. 3 to 5 visualize the estimated hinterland
radii of major container ports in the Bohai Rim region for each respec-
tive year.

During the period from 2011 to 2023, the spatial influence of major
container hub ports in the Bohai Rim region underwent a steady
expansion and structural transformation. As shown in Figs. 3-5, the
average hinterland radius of the six ports increased from 247.5 km in
2011 to 273.3 km in 2023, representing a CAGR of approximately 0.83
%. This growth suggests a gradual intensification of port-hinterland
linkages and an enhanced capacity to serve inland markets.

However, the spatial expansion was markedly uneven across ports.
Qingdao Port exhibited the most substantial increase in hinterland
radius, expanding by 15.4 % over the study period. Rizhao Port followed
closely with a 12.2 % increase, demonstrating a notable trajectory of
hinterland integration, likely facilitated by recent investments in
multimodal transport infrastructure and its growing role as a strategic
southern gateway. In contrast, Yingkou and Dalian ports showed only
modest hinterland growth—8.7 % and 3.8 %, respectively—indicating a
relative stagnation in inland market penetration, potentially due to
slower regional economic restructuring and limited intermodal
connectivity.

By 2023, a more complex and differentiated hinterland configuration
had emerged across the region. The overall structure evolved into a
multi-layered, core-periphery pattern characterized by a “dual-core,
hierarchical diffusion” model. Qingdao and Tianjin ports clearly estab-
lished themselves as dominant regional cores, with the widest spatial
influence and the strongest hinterland integration capabilities. Their
overlapping hinterlands suggest intensified competition but also po-
tential synergies in logistics network coordination. Yantai and Dalian
functioned as sub-regional hubs, with relatively stable but more
spatially constrained hinterlands. Meanwhile, Rizhao exhibited clear
upward mobility, reshaping its spatial influence through improved rail-
sea interconnectivity. Yingkou, despite early advantages, experienced a
plateau in hinterland reach, reflecting a diminishing marginal influence
from its traditional hinterland corridors.

These findings underscore the dynamic nature of hinterland evolu-
tion under the influence of green development metrics and intermodal
integration. The results reflect both endogenous port strategies and
exogenous factors such as regional industrial transformation, infra-
structural upgrades, and environmental policy alignment. They also
highlight the growing spatial polarization and functional differentiation
among Bohai Rim ports, offering important implications for coordinated
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regional port planning and hinterland development.

4.3.2. Analysis of port land accessibility

From 2011 to 2023, the average land-based accessibility of the six
major container hub ports in the Bohai Rim region improved substan-
tially, with mean travel time decreasing from 3.0725 h to 2.7174 h—a
11.5 % reduction over the study period. This steady improvement un-
derscores the sustained investment in inland transportation networks
and enhanced regional port connectivity (Table 6).

Accessibility improvements across the Bohai Rim ports were uneven,
yet collectively significant. Yingkou Port consistently ranked as the most
accessible, maintaining the lowest average travel time throughout the
study period—reflecting its strong integration with inland transport
corridors. Qingdao Port, a southern core hub, also exhibited stable and
efficient accessibility, underscoring the benefits of sustained infra-
structure investments and hinterland coordination. Rizhao Port closed
much of its accessibility gap with peer ports, aided by incremental up-
grades in regional connectivity. Tianjin Port, despite remaining a
northern powerhouse, showed moderate improvement and retained
higher average travel times than its southern counterparts. The most
notable progress occurred at Yantai Port, which achieved the largest
proportional gain in accessibility, indicative of significant advances in
rail-road intermodal systems along the eastern Shandong axis. In
contrast, Dalian Port—geographically more peripheral—recorded
improvement but remained the least accessible overall, suggesting
slower adaptation of inland connectivity.

Regionally, accessibility disparities among ports narrowed over time.
The declining standard deviation of travel times signals a trend toward
spatial equilibrium in inland connectivity. While early-stage improve-
ments were uneven, later years showed a convergence effect driven by
coordinated infrastructure development and the roll-out of national
transport integration programs. This convergence, however, masks
important structural nuances: ports achieving rapid accessibility gains,
such as Yantai and Rizhao, often leveraged targeted provincial or
corridor-specific investments, whereas ports with slower gains, like
Dalian, are constrained by geography and slower intermodal expansion.

Overall, the evolving pattern reflects the positive impact of regional
transport integration policies. Enhanced inland mobility not only
improved individual port performance but also fostered a more balanced
and resilient hinterland-port system across the Bohai Rim. Importantly,
accessibility gains can act as a multiplier for sustainability-oriented
initiatives by enabling smoother modal shifts and reducing the carbon
intensity of hinterland logistics, thereby reinforcing the long-term
competitiveness of ports that integrate infrastructure upgrades with
green development strategies.

4.3.3. Evolutionary characteristics of port field strength

This study integrates land-based accessibility with port sustainability
performance to derive port field strength using the maximum mem-
bership principle, thereby capturing both spatial influence and

Table 5

Estimated hinterland radius of major container ports in the Bohai Rim region, 2011-2023 (Unit: km).
Year Dalian Qingdao Rizhao Tianjin Yantai Yingkou Average
2011 264.0510 255.8553 215.8639 275.2154 240.7461 233.0459 247.4630
2012 269.7129 259.8283 218.7831 279.5322 243.9709 240.2227 252.0084
2013 272.4103 262.6888 220.0409 283.1819 247.3499 243.7387 254.9018
2014 274.3041 263.8153 218.8998 284.9425 248.2843 246.6952 256.1569
2015 275.2377 267.1823 218.0068 287.1648 250.3377 247.6054 257.5891
2016 275.4680 270.8439 220.6608 288.5987 253.1903 250.8501 259.9353
2017 277.5442 277.8324 226.0322 288.7917 266.9402 252.9030 265.0073
2018 278.9882 282.3350 228.9796 290.3488 269.2359 255.3558 267.5406
2019 275.4455 283.9150 233.1147 287.7477 268.9446 246.1137 265.8802
2020 272.0736 286.2031 234.7273 288.4103 271.8301 251.4978 267.4571
2021 272.7454 291.2973 238.2859 293.0545 274.9960 250.5375 270.1528
2022 273.6207 292.7214 239.5076 293.7869 277.4587 249.8411 271.1561
2023 274.2067 295.2582 242.2139 294.8856 279.8538 253.2491 273.2779
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Fig. 3. Estimated hinterland radii of major container ports in the Bohai Rim region, 2011.

developmental intensity. As visualized in Fig. 6, the port hinterland field
strength maps for 2011, 2017, and 2023 reveal the spatiotemporal
evolution of influence zones across the Bohai Rim region.

The spatial configuration of port field strength consistently presents
a clear “core-periphery” pattern, with high-strength zones clustered
around major ports and gradually attenuating inland. Over the study
period, three trends became evident: core zones expanded and intensi-
fied, inter-port overlaps increased, and secondary nodes achieved mar-
ginal inland growth—a pattern suggesting that hinterland interactions
are no longer defined solely by geographic proximity, but increasingly
by the differentiated capacity of ports to integrate sustainability-
oriented transport infrastructure into regional corridors.

Tianjin Port, benefiting from its role as a national logistics hub and
core node of the Jing-Jin-Ji integration strategy, sustained the most
expansive and contiguous high-field strength zone throughout the study
period. While dominating the Beijing-Tianjin-Hebei urban agglomera-
tion, its influence field gradually extended westward into Shanxi and
northward into Inner Mongolia. By 2023, spatial overlaps became
increasingly evident with Dalian and Qingdao ports, suggesting deep-
ened inland penetration and intensified regional competition that could
either lead to intensified market rivalry or, if strategically coordinated,
promote functional specialization across overlapping hinterland areas.
This expansion is closely linked to strategic investments in inland dry
ports and multimodal transport infrastructure upgrades, which
strengthened both the extent and intensity of its hinterland influence.

Qingdao Port demonstrated the fastest inland expansion in terms of
field strength diffusion. Its dominant zone evolved from the Shandong
Peninsula outward to major cities such as Jinan, Zibo, and Weifang. This
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rapid spatial growth aligns with Qingdao’s steadily improving sustain-
ability scores—attributed to advancements in green technologies and
intermodal systems like sea-rail corridors. Field expansion toward
southwestern Shandong was especially prominent, likely supported by
the Qingdao-Jinan-Heze logistics corridor and dry port integration,
allowing Qingdao to bridge coastal and inland logistics nodes more
effectively. Unlike Tianjin’s broad continuity, Qingdao’s field exhibited
sharper gradients, suggesting strong yet more localized hinterland
gravity that could make it more sensitive to future infrastructure shifts
or policy incentives in the Shandong region.

Dalian Port’s spatial pattern remained relatively stable between
2011 and 2023, with its core field strength zone anchored in southern
Liaoning—especially Shenyang, Anshan, and Fushun. Though the areal
expansion was minimal, the internal field intensity rose noticeably,
reflecting consolidation of port-inland logistics and steady demand
accumulation within the mature industrial belt. This moderate dyna-
mism may stem from Dalian’s peripheral location in the Bohai Rim lo-
gistics system and its slower adaptation to inland green transport
upgrades—highlighting the structural constraints faced by ports situated
on the geographic margins of integrated port clusters.

Yingkou Port’s spatial footprint, in contrast, was marked by stag-
nation. Throughout the study period, its influence remained confined to
western Liaoning and marginal areas in eastern Inner Mongolia. Despite
early-stage gains, its field strength plateaued, largely due to unchanged
OD accessibility and limited progress in sustainability initiatives.
Additionally, competition from the proximate Dalian Port resulted in
significant spatial overlaps and hinterland redundancy, diluting Ying-
kou’s unique regional role and underscoring the importance of niche
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Fig. 4. Estimated hinterland radii of major container ports in the Bohai Rim region, 2017.

market positioning for mid-tier ports to avoid being overshadowed by
proximate, larger competitors.

Rizhao and Yantai Ports exhibited more modest yet strategic hin-
terland gains. Rizhao’s influence zone progressively expanded westward
and began merging with Qingdao’s secondary field by 2023, forming an
emerging inland corridor of green connectivity across southwestern
Shandong. This is largely attributed to Rizhao’s focus on rail-sea inter-
modality and inland logistics cooperation with resource-exporting
regions—an approach that demonstrates how targeted green infra-
structure can enable smaller ports to carve out complementary roles
within overlapping hinterlands. Yantai, while still exhibiting a pre-
dominantly coastal hinterland, demonstrated improved spatial cohe-
sion—likely supported by its integration into Shandong’s provincial
transport plan and increased road-rail interface efficiency that has hel-
ped stabilize its competitive position despite limited inland reach.

Taken together, the spatiotemporal evolution of port hinterlands in
the Bohai Rim illustrates a clear spectrum of developmental trajector-
ies—from the expansive, high-intensity influence zones of Tianjin and
Qingdao to the relative stagnation of Dalian and Yingkou. Notably, the
emergence of overlapping hinterland fields, especially in Hebei and
Shandong, reveals intensifying inter-port competition while also
fostering the potential for synergistic coordination if policy frameworks
can incentivize cooperative capacity planning and differentiated service
strategies. This transition from fragmented dominance to a more tiered
and interconnected spatial configuration reflects how green develop-
ment and sustainability-driven logistics capacity are increasingly rede-
fining not only the functional roles of individual ports, but also the
broader spatial architecture of port clusters. As such, coordinated
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regional planning becomes imperative to mitigate hinterland redun-
dancy, enhance system-wide efficiency, and strengthen the Bohai Rim’s
collective competitiveness in global maritime networks—a goal that will
require balancing competitive dynamics with mechanisms for collabo-
rative investment and shared sustainability targets.

4.3.4. Evolutionary characteristics of port hinterland extents

(1) General evolutionary trends

From a sustainability-oriented perspective, the spatiotemporal evo-
lution of port hinterlands in the Bohai Rim region (Fig. 7) reflects both
the dynamic expansion of regional logistics capacity and the increasing
spatial coupling between port performance and inland integration. Be-
tween 2011 and 2023, the total number of hinterland counties grew
from 346 to 373. This spatial expansion reflects the dynamic reconfi-
guration of port hinterlands driven by differentiated levels of port sus-
tainability—particularly improvements in infrastructure capacity, green
development performance, and inland accessibility. The assignment of
hinterland counties follows the principle of maximum membership,
based on a combined evaluation of these sustainability dimensions.

Across the region, hinterland coverage remained centered around
key urban agglomerations, expanding in gradient diffusion rather than
abrupt shifts. Notably, the combined hinterland coverage of Qingdao,
Tianjin, and Yingkou consistently comprised over 80 % of the total
counties, underscoring their dominant sustainability and accessibility
performance. In contrast, Yantai and Rizhao ports remained spatially
limited, though Rizhao displayed evident upward momentum (Table 7).

(2) Port-specific evolutionary dynamics

A sustainability-oriented analysis reveals divergent yet interrelated



C. Yeet al

Ecological Indicators 178 (2025) 114095

110°0'0"E 115°0'0"E 120°0'0"E 125°0'0"E 130°0'0"E
' ! ; SIPIE . Siping 7 Rlin \ *
e Yanbianchaoxianzu
Tongliao : N
Tieling Beislen
Xilinguole Chifeng
Z
o
K=
>
Panjin
Wulanchabu Chengde =
Baotou
[ingkou
Bayannaoer Zhangjiakou Y'mg kou Port
7 Euhehaote Beijing Dalian
:O Datong Langfang | Tangshadf
;c)> 7 Eerduosi o Tianjin @Dalian Port
=)
4 - Langfane  @Tias
Xinzhou
Cangzhou .
o - Shijiazhuang .Y&:En Port
ol Taiyuan Rl Hengshui Bmzmbmsying\ Yantat z
Litiang / -
Jinzhong Xingtai pa M Lege nd | o
Snan Zibo| \\Weifang : OO
Handan Liaocheng .ngdao Port e Port lrc;
Changzhi Taign .
s Linfen oy Raing [IDalian Port
. Toligy - - Ruchgo Port Qingdao Port
ncheng .
nxiang Heze
v ) Xinxi AN Rizhao Port
S [onechuan | O iyuan Raomeo Lianyungang Tianjin Port
S veioan Toagton Kifeg Yuzhos Yantai Port
) [anyang ; ; < 7 .
@ [ sten Sanmenxid Luoyang S . Suzhou’, - Suaitn Yancheng [ 1Yingkou Port
€ Hhuibei Huai
Pingdingshan 3\ 1o Zhoukou ol
Ankan;
paRtE — fonet e YangzhouTsizhou 0 75 150 300 450 500
T ) Fhumadizn el 7 T i A
T 1
110°0'0"E 115°0'0"E 120°0'0"E 125°0'0"E
Fig. 5. Estimated hinterland radii of major container ports in the Bohai Rim region, 2023.
Table 6 Shandong. Rizhao Port, despite a smaller base, registered a 32 % growth,
able

Analysis of land accessibility of major container hub ports in Bohai Rim region.

Year 2011 2017 2023 Average port’s
Port land
accessibility
Dalian 4.2834 3.9791 3.7507  4.0044
Qingdao 2.5893  2.6485  2.5324  2.5901
Rizhao 27929 26250 2.5396  2.6525
Tianjin 2.8937 2.8326 2.5981 2.7748
Yantai 3.3990 2.7914  2.6455  2.9453
Yingkou 2.4769 25282  2.2383  2.4145
Average annual land 3.0725 2.9008 2.7174 —
accessibility

trajectories of hinterland evolution among the six major container ports
in the Bohai Rim region.

Tianjin Port consistently maintained the broadest hinterland, aver-
aging over 174 counties between 2011 and 2023. Its spatial coverage
remained largely stable, supported by high composite sustainability
scores and long-term investments in green corridor infrastructure.
Functioning as the logistics backbone for the Beijing-Tianjin-Hebei re-
gion, Tianjin’s reach extends deep into Shanxi and Inner Mongolia,
consolidating its role as a national logistics hub.

In contrast, Qingdao and Rizhao Ports demonstrated the strongest
upward momentum in hinterland expansion. Qingdao increased its
hinterland from 45 to 65 counties, representing a 44 % rise. This growth
is closely tied to its strategic deployment of electrified railways and
inland dry ports, particularly in northern Jiangsu and southwestern
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with hinterland counties rising from 28 to 37. This expansion reflects the
port’s improving multimodal transport capacity and environmental
performance, positioning it as a rising sub-regional node. Compared to
Tianjin’s stable dominance, Qingdao and Rizhao showcase an adaptive,
growth-oriented trajectory driven by targeted green logistics
enhancements.

Dalian and Yingkou Ports exhibited relatively stable hinterland
patterns with slight fluctuations. Dalian’s coverage remained steady
around 26-27 counties across the three periods, constrained by
geographical limitations and mature logistics corridors. However, it
retained a solid sustainability profile, indicating a mature but capacity-
limited hinterland structure that can remain competitive if operational
efficiency and green performance are maintained. Yingkou peaked at 59
counties in 2017 but slightly declined by 2023, indicating initial gains
from inland corridor initiatives but subsequent vulnerabilities to
regional competition and shifting policy support that may require niche-
market targeting or deeper integration with neighboring port systems to
avoid further erosion. The parallel stability of Dalian and the mild
contraction of Yingkou reflect two different outcomes of ports with
limited expansion room—one sustained by equilibrium, the other
challenged by external pressures.

In contrast, Yantai Port experienced a consistent reduction in hin-
terland counties, declining from 16 to 12 over the study period. This
shrinkage highlights its relative underperformance in hinterland acces-
sibility improvements and weaker sustainability evaluation—a signal
that without targeted infrastructure or environmental upgrades, further
marginalization in the regional port hierarchy is possible.
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Fig. 6. Port hinterland field strength distribution for major container hub ports in the Bohai Rim region (2011, 2017, 2023).

Collectively, while Tianjin exemplifies sustained dominance, Qing-
dao and Rizhao represent emergent growth, and Dalian, Yingkou, and
Yantai underscore varying degrees of spatial stagnation or retreat. These
port-level differences reflect how sustainability performance and inter-
modal investment jointly shape the competitive reconfiguration of
hinterlands.

(3) Driving mechanisms and strategic implications

The evolution of port hinterlands in the Bohai Rim region is influ-
enced by multiple interconnected driving forces.

First and foremost, green development policies have become a pri-
mary driver of spatial change. The integration of sustainability meas-
ures—such as carbon emissions reduction and sea-rail intermodal
transport—has increasingly shaped port hinterland boundaries (Gu and
Lam, 2013; Yin et al., 2021b). Ports like Qingdao and Rizhao, which
have heavily invested in green infrastructure and multimodal connec-
tivity, have seen substantial hinterland expansion, driven by their high
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sustainability performance. These investments in sustainability allow
them to better serve regional economic activities while enhancing their
competitiveness in global logistics networks (Li et al., 2024a).

In addition to green policies, regional transport network improve-
ments play a pivotal role in the expansion of port hinterlands (Zhong
et al., 2023). The development and integration of multimodal transport
systems—comprising railways, highways, and ports—have extended the
reach of ports like Tianjin and Qingdao. These ports benefit from
stronger interconnections with the hinterland, improving the efficiency
of cargo flow and logistics. On the other hand, ports such as Dalian and
Yantai, which have made slower progress in expanding their inland
transport networks, face challenges in increasing their hinterland in-
fluence. The evolution of these ports highlights the critical importance
of transport infrastructure in enabling effective regional integration
(Guo et al., 2023)—in part due to geographical constraints and the
slower rollout of green-oriented intermodal upgrades. The evolution of
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Fig. 7. Temporal dynamics of the hinterland distribution of major container hub ports in the Bohai Rim region (2011, 2017, 2023).
regions significantly influence port hinterland dynamics (Hui and Hao,
Table 7

Spatiotemporal evolution in the number of hinterland counties of major
container hub ports in the Bohai Rim region (2011, 2017, 2023).

Year 2011 2017 2023 Average Number
Port

Dalian 25 26 27 26

Qingdao 45 55 65 40.67

Rizhao 28 30 37 31.67

Tianjin 177 172 174 174.33

Yantai 16 12 12 13.33

Yingkou 55 59 58 57.33

Total Number 346 354 373 357.67

these ports highlights the critical importance of transport infrastructure
in enabling effective regional integration.
Furthermore, economic development trends within the hinterland
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2020). Ports situated in economically dynamic regions, such as Qingdao
and Tianjin, exhibit faster hinterland growth due to strong synergies
with industrial hubs. These ports benefit from the expanding industrial
and commercial sectors in their hinterlands, facilitating smoother cargo
flows and enhancing their economic integration. Conversely, ports like
Yingkou and Dalian, which are more reliant on resource-based in-
dustries, show slower growth. This limited expansion is largely due to
the slower pace of industrial diversification and regional economic
transformation. Ports in more traditional industrial areas face greater
challenges in tapping into new, emerging markets compared to those
situated in rapidly evolving urban and industrial hubs (Wan, 2012).
An additional factor that must be considered is the policy-driven
economic shifts within the region. Policy interventions, such as the
establishment of special economic zones or regional industrial policies,
can either promote or hinder hinterland growth (Zhong et al., 2023).
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Ports situated in regions with favorable industrial and economic policies
benefit from accelerated growth, while those in less dynamically sup-
ported areas face more significant obstacles in expanding their
influence.

Inter-port competition and cooperation also play a critical role in
shaping hinterland dynamics. As ports like Qingdao and Tianjin expand
their territories, competition for regional cargo intensifies. However,
this competition can sometimes lead to cooperative strategies, where
ports collaborate on logistics services or infrastructure development to
optimize resource usage. In practice, such cooperation—if embedded
within formalized regional planning frameworks—could mitigate
redundant infrastructure investments and help align green development
goals across the cluster. This balance between competition and coop-
eration is crucial for maintaining efficiency in the regional logistics
system.

These driving factors underscore the interrelationship between sus-
tainability, infrastructure, and economic dynamics, emphasizing the
need for ports to integrate green development strategies, enhance
transport infrastructure, and foster regional economic integration. Pol-
icymakers and port authorities must prioritize investments in green
technologies, multimodal transport systems, and the diversification of
industrial activities within hinterland regions. By doing so, they can
create more resilient, competitive, and sustainable port systems that not
only expand their hinterlands but also ensure better economic and
environmental outcomes for the region.

Strategically, these findings suggest that port authorities in the Bohai
Rim region should focus on enhancing intermodal connectivity, pro-
moting green transport solutions, and leveraging sustainability perfor-
mance as a key driver for hinterland expansion. Moreover, fostering
collaborative frameworks between competing ports could yield benefits
in terms of shared resources, better logistical coordination, and overall
improved regional efficiency. This approach will ensure more equitable
access to markets, strengthen environmental performance, and solidify
the competitiveness of Bohai Rim ports in the global arena—ensuring
that growth trajectories are not only competitive but also complemen-
tary, thereby maximizing collective advantages in global maritime
networks.

5. Discussion

The empirical analysis reveals that the spatiotemporal evolution of
port hinterlands in the Bohai Rim region is not merely a result of
geographical proximity or administrative delineation but is increasingly
shaped by port sustainability performance. Ports demonstrating higher
sustainability scores—driven by infrastructure modernization, carbon
emission control, and intermodal connectivity—tend to exhibit stronger
spatial influence and broader hinterland reach. This underscores the role
of green competitiveness as a new determinant in shaping port-inland
interactions, a conclusion that aligns with the findings of Yin et al.
(2021b) and Li et al. (2024b).

The study also finds that the expansion and restructuring of hinter-
lands are strongly moderated by differentiated development strategies.
Qingdao and Tianjin ports, for example, not only lead in sustainability
metrics but also show robust inland penetration through multimodal
transport integration (Guo et al., 2023) and sustained investment in
hinterland transport corridors. Conversely, ports like Dalian and Ying-
kou, despite having established logistics foundations, exhibit limited
hinterland dynamism, reflecting relatively stagnant progress in sus-
tainability transformation and weaker alignment with emerging
regional logistics demands. These findings suggest that sustainability
transitions act not only as performance indicators but also as spatial
drivers, amplifying or constraining the regional influence of ports (Li
et al., 2024b).

To quantify this relationship, the enhanced field strength model in-
tegrates port sustainability assessments with land accessibility metrics to
capture the composite forces driving hinterland formation. Compared
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with traditional static boundary methods, this dynamic approach more
accurately reflects how spatial influence shifts with port-level im-
provements in environmental and logistical performance. The analysis
further reveals increasing inter-port spatial overlaps in areas such as
Hebei, Shandong, and Liaoning, signaling intensified competition and
potential synergy among regional ports. These overlaps not only illus-
trate the rising spatial reach of ports but also raise governance chal-
lenges in coordinating investment, cargo distribution, and
environmental policies.

Moreover, the findings highlight the critical role of policy alignment
and institutional coordination in shaping hinterland evolution (Zhong
et al., 2023). Ports embedded in regions with consistent policy support
for green logistics, multimodal transport integration, and regional
planning—such as Qingdao—demonstrated stronger spatial gains.
Conversely, ports lacking policy backing or regional cooperation
frameworks have struggled to expand their hinterlands despite
geographic or industrial advantages. This emphasizes that
sustainability-led spatial expansion is not solely a technological or
infrastructure-driven process, but also one that depends on cross-sector
coordination and institutional capacity (Guo et al., 2023; Yin et al.,
2021b).

From a policymaking and management perspective, these findings
suggest that port authorities in the Bohai Rim region should strengthen
multimodal  transport  corridors—particularly  sea-rail  inter-
connectivity—to support hinterland expansion while reducing envi-
ronmental pressures from road freight. For ports constrained by
geography or infrastructure, targeted strategies should prioritize oper-
ational efficiency, smart technology deployment, and low-carbon ser-
vices over extensive spatial growth. Increasing spatial overlaps among
core ports highlight the need for cross-port governance mechanisms to
foster synergy, reduce redundancy, and improve overall logistics effi-
ciency. Incorporating sustainability metrics—such as carbon intensity,
modal shift performance, and inland accessibility—into planning
frameworks and incentive schemes will further align port development
with ecological goals.

At a system level, the increasing alignment of hinterland areas, the
reduction in inter-port accessibility disparities, and the emergence of
overlapping field zones all indicate a transition from fragmented port
dominance to a more integrated and synergistic regional logistics
landscape. These dynamics not only reflect competitive realignments
but also offer strategic opportunities for functional complementarity and
shared hinterland governance.

6. Conclusions

This paper presents an analytical framework to investigate how
green development reshapes the spatial influence of hub ports in the
Bohai Rim region. A multidimensional evaluation system is constructed
to measure port sustainability, encompassing economic performance,
infrastructure, transport integration, and environmental impact. Com-
posite sustainability scores are derived through a hybrid weighting
strategy that combines Entropy Weight Method (EWM), Criteria
Importance Through Intercriteria Correlation (CRITIC), and Principal
Component Analysis (PCA), followed by the TOPSIS method for
comprehensive assessment. Based on these scores and regional port
distribution, the Wilson model is employed to estimate the general
hinterland reach. To further refine the spatial delineation, an enhanced
field strength model is developed, integrating sustainability scores with
OD-based land accessibility indicators. Hinterland boundaries are then
determined using the maximum membership principle, allowing for a
dynamic representation of evolving port-inland interactions driven by
sustainability performance.

Empirical findings across the 2011-2023 period demonstrate that:

(1) Sustainability performance is a key determinant of hinterland
expansion. Ports that score higher on green development,



C. Ye et al.

transport connectivity, and economic integration exhibit broader
and deeper hinterland influence.

The Bohai Rim port system evolves toward a more integrated and
overlapping spatial structure, particularly among Qingdao,
Tianjin, and Rizhao, shifting from fragmented dominance to a
more tiered, interlinked configuration.

The hinterland expansion patterns differ significantly across
ports. Qingdao and Rizhao experienced pronounced inland
growth, largely attributed to advances in multimodal transport
and green logistics initiatives. In contrast, Dalian and Yantai
remained relatively stagnant, hindered by geographical con-
straints and limited sustainability improvements.

Underlying these spatial dynamics are four driving mechanisms:
(i) sustainability-oriented investment, (ii) upgrades in multi-
modal infrastructure, (iii) alignment with regional development
policies, and (iv) adaptive strategies in response to geographical
limitations.

(2)

3

(4

—

In contrast to prior studies that focus solely on economic perfor-
mance or omit hinterland dynamics altogether, this study introduces a
comprehensive, sustainability-driven analytical system. The integrated
use of the EWM-CRITIC-PCA weighting scheme and TOPSIS ensures a
more robust and objective assessment of port sustainability. The com-
bined application of the Wilson model and an enhanced field strength
approach allows for a dynamic, spatially explicit evaluation of hinter-
land evolution. By embedding green development as a core performance
lens, this research moves beyond traditional port evaluation to offer a
forward-looking perspective aligned with global sustainability tar-
gets—providing actionable insights for coordinated port planning,
regional logistics governance, and sustainable maritime network
optimization.

However, this study has certain limitations. The analysis is based on
six major ports due to data availability, and the accessibility and sus-
tainability indicators rely partly on derived or aggregated sources rather
than real-time transport flow data. Future research could expand the
port sample, incorporate machine learning-based weighting schemes,
and adopt higher-resolution spatiotemporal data to further refine and
validate the proposed framework.

By addressing the intricate interplay between sustainability, trans-
port integration, and spatial dynamics, this study not only advances the
methodological toolkit for port hinterland analysis but also contributes
to the broader discourse on sustainable infrastructure development in a
globalized economy. The findings underscore that port systems, as
critical nodes in international trade and regional economic integration,
must embrace green and resilient strategies to remain competitive in an
era of environmental constraints and shifting trade patterns. Insights
from the Bohai Rim case can inform policymakers, planners, and in-
dustry stakeholders worldwide on how to harmonize economic effi-
ciency with environmental stewardship, thereby fostering port networks
that are not only competitive and connected, but also socially respon-
sible and aligned with global sustainability agendas such as the United
Nations Sustainable Development Goals (SDGs). In this way, the study’s
analytical framework and empirical evidence offer both a regional
blueprint and a globally relevant reference for guiding the sustainable
transformation of maritime logistics systems.

CRediT authorship contribution statement

Chong Ye: Writing — review & editing, Writing — original draft,
Validation, Supervision, Resources, Project administration, Formal
analysis, Conceptualization. Tingshan Cai: Writing — review & editing,
Writing — original draft, Visualization, Validation, Software, Resources,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Chenliang Zhang: Writing — review & editing, Visualization,
Validation, Software, Methodology, Formal analysis. Wenting Cao:
Writing — review & editing, Visualization, Validation, Investigation.

16

Ecological Indicators 178 (2025) 114095
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.ecolind.2025.114095.

Data availability

Data will be made available on request.

References

Abbes, S., 2015. Seaport competitiveness : a comparative empirical analysis between
North and West African Countries using principal component analysis. Int. J. Transp.
Econ. 3 (2015), 289-314. https://doi.org/10.1400/236143.

Acciaro, M., 2015. Corporate responsibility and value creation in the port sector. Int. J.
Logist. Res. Appl.

Akyol Ozcan, K., 2023. Sustainability ranking of Turkish universities with different
weighting approaches and the TOPSIS method. Sustainability 15, 12234. https://doi.
org/10.3390/su151612234.

Alamoush, A.S., Ballini, F., élger, AL, 2021. Revisiting port sustainability as a
foundation for the implementation of the United Nations sustainable development
goals (UN SDGs). J. Shipping Trade 6, 19. https://doi.org/10.1186/s41072-021-
00101-6.

Asgari, N., Hassani, A., Jones, D., Nguye, H.H., 2015. Sustainability ranking of the UK
major ports: methodology and case study. Transp. Res. Part E: Logist. Transp. Rev.
78, 19-39. https://doi.org/10.1016/j.tre.2015.01.014.

Ba, Q., He, D., Kang, Y., 2023. Local hinterland and distant hinterland: evidence from
container ports regionalization in Yangtze River Delta. Acta Geograph. Sin. 78,
2520-2534. https://doi.org/10.11821/d1xb202310009.

Bergqvist, R., Monios, J., 2019. Green Ports in Theory and Practice, in: Bergqvist, R.,
Monios, J. (Eds.), Green Ports. Elsevier, pp. 1-17. https://doi.org/10.1016,/B978-0-
12-814054-3.00001-3.

Bhatti, O.K., Hanjra, A.R., 2019. Development prioritization through analytical hierarchy
process (AHP) - decision making for port selection on the one belt one road. J. Chin.
Econ. Foreign Trade Stud. 12, 121-150. https://doi.org/10.1108/JCEFTS-04-2019-
0020.

Bouchery, Y., Fransoo, J., 2015. Cost, carbon emissions and modal shift in intermodal
network design decisions. Int. J. Prod. Econ. 164, 388-399. https://doi.org/
10.1016/j.ijpe.2014.11.017.

Cao, L., Lu, Y., Ma, Y., 2016. Research on Jiangsu ports hinterland segmentation based
on the plume model. Areal Res. Dev. 35, 41-46.

Chakrabarty, S.N., 2024. Port sustainability index: methodological issues. JEESc 2.
https://doi.org/10.23880/jeesc-16000107.

Chang, Y.-T., 2013. Environmental efficiency of ports: a data envelopment analysis
approach. Marit. Policy Manag. 40, 467-478. https://doi.org/10.1080/
03088839.2013.797119.

Chang, Y.-T., Park, H., 2016. Measuring foregone output under industry emission
reduction target in the transportation sector. Transp. Res. Part D: Transp. Environ.
49, 138-153. https://doi.org/10.1016/j.trd.2016.08.017.

Chen, J.-R., Choi, J.-W., Seo, Y.-J., 2025. Environmental efficiency assessment of coastal
ports in China: implications for sustainable port management. Mar. Pollut. Bull. 211,
117436. https://doi.org/10.1016/j.marpolbul.2024.117436.

Chen, P., 2021. Effects of the entropy weight on TOPSIS. Expert Syst. Appl. 168, 114186.
https://doi.org/10.1016/j.eswa.2020.114186.

Chen, X., Di, Q., 2023. Spatial connection and radiation effect of regional high-quality
development: a case study of the Liaoning coastal economic belt. Prog. Geogr. 42,
2126-2142.

Chen, Y., Zeng, X., Wang, J., 2017. Analysis of airport hinterland based on an improved
Wilson model. J. East China Jiaotong Univ. 34, 56-64. https://doi.org/10.16749/j.
cnki.jecjtu.2017.05.009.

Chen, Z., 2022. Port logistics function evaluation model based on entropy weight TOPSIS
method. Discret. Dyn. Nat. Soc. 2022, 5006900. https://doi.org/10.1155/2022/
5006900.

Deng, X., 2010. Geographic scope of technology spatial diffusion in the municipalities of
China. Stud. Sci. Sci.

Dong, G., Zhu, J., Li, J., Wang, H., Gajpal, Y., 2019. Evaluating the environmental
performance and operational efficiency of container ports: an application to the
maritime silk road. Int. J. Environ. Res. Public Health 16, 2226. https://doi.org/
10.3390/ijerph16122226.

Du, X., Wang, Y., Chen, F., 2024. Evaluation of coal-resource-based cities transformation
based on CRITIC-TOPSIS model. Sustain. Cities Soc. 103, 105271. https://doi.org/
10.1016/j.s¢cs.2024.105271.

Fahimnia, B., Sarkis, J., Davarzani, H., 2015. Green supply chain management: a review
and bibliometric analysis. Int. J. Prod. Econ. 162, 101-114. https://doi.org/
10.1016/j.ijpe.2015.01.003.


https://doi.org/10.1016/j.ecolind.2025.114095
https://doi.org/10.1016/j.ecolind.2025.114095
https://doi.org/10.1400/236143
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0010
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0010
https://doi.org/10.3390/su151612234
https://doi.org/10.3390/su151612234
https://doi.org/10.1186/s41072-021-00101-6
https://doi.org/10.1186/s41072-021-00101-6
https://doi.org/10.1016/j.tre.2015.01.014
https://doi.org/10.11821/dlxb202310009
https://doi.org/10.1108/JCEFTS-04-2019-0020
https://doi.org/10.1108/JCEFTS-04-2019-0020
https://doi.org/10.1016/j.ijpe.2014.11.017
https://doi.org/10.1016/j.ijpe.2014.11.017
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0050
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0050
https://doi.org/10.23880/jeesc-16000107
https://doi.org/10.1080/03088839.2013.797119
https://doi.org/10.1080/03088839.2013.797119
https://doi.org/10.1016/j.trd.2016.08.017
https://doi.org/10.1016/j.marpolbul.2024.117436
https://doi.org/10.1016/j.eswa.2020.114186
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0080
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0080
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0080
https://doi.org/10.16749/j.cnki.jecjtu.2017.05.009
https://doi.org/10.16749/j.cnki.jecjtu.2017.05.009
https://doi.org/10.1155/2022/5006900
https://doi.org/10.1155/2022/5006900
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0095
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0095
https://doi.org/10.3390/ijerph16122226
https://doi.org/10.3390/ijerph16122226
https://doi.org/10.1016/j.scs.2024.105271
https://doi.org/10.1016/j.scs.2024.105271
https://doi.org/10.1016/j.ijpe.2015.01.003
https://doi.org/10.1016/j.ijpe.2015.01.003

C. Ye et al.

Feng, H., Ye, C., Gao, R., 2020. AHP-Based Evaluation of Port Logistics Transportation
Efficiency.

Gattuso, D., Cassone, G.C., 2020. Port-Hinterland Identification: A Method Based on
Transportation Approach. Presented at the European Transport Conference 2020.

Ge, Y., Wang, S., 2021. Total factor productivity and influencing factors analysis for ports
considering carbon emissions. J. Transp. Syst. Eng. Inf. Technol. 21, 22-29. http
s://doi.org/10.16097/j.cnki.1009-6744.2021.02.004.

General Office of the State Council of the People’s Republic of China, 2018. The General
Office of the State Council issued the “Three-Year Action Plan for Promoting
Transport Structure Adjustment (2018-2020).”.

Georgoulas, D., Koliousis, 1., Papadimitriou, S., 2023. An AHP enabled port selection
multi-source decision support system and validation: insights from the ENIRISST
project. J. Shipp. Trade 8, 16. https://doi.org/10.1186/541072-023-00144-x.

Gok-Kisa, A.C., Gelik, P., Peker, 1., 2021. Performance evaluation of privatized ports by
entropy based TOPSIS and ARAS approach. BIJ 29, 118-135. https://doi.org/
10.1108/BI1J-10-2020-0554.

Gu, Y., Lam, J.S.L., 2013. Port Hinterland Intermodal Network Optimisation for
Sustainable Development: A Case Study of China. Presented at the International
Forum on Shipping, Ports and Airports (IFSPA) 2013: Trade, Supply Chain Activities
and Transport: Contemporary Logistics and Maritime IssuesHong Kong Polytechnic
University.

Guo, J., Wang, Z., Yu, X., 2022. Accessibility measurement of China’s coastal ports from
a land-sea coordination perspective - an empirical study. J. Transp. Geogr. 105,
103479. https://doi.org/10.1016/j.jtrangeo.2022.103479.

Guo, T., Liu, P., Wang, C., Xie, J., Du, J., Lim, M.K., 2023. Toward sustainable port-
hinterland transportation: a holistic approach to design modal shift policy mixes.
Transp. Res. A Policy Pract. 174, 103746. https://doi.org/10.1016/].
tra.2023.103746.

Guo, Z.J., Zhang, Q., Wang, W.Y., Wang, C., 2015. Using Ecological Footprint Model for
Port Ecosystem Sustainability Assessment, in: Proceedings of the Eastern Asia
Society for Transportation Studies.

He, D., Sun, Z., Gao, P., Lau, Y., 2019. Spatial-temporal evolution of the port-hinterland
relationship: a case study of the Midstream Yangtze River, China. Growth Chang. 50,
1043-1061. https://doi.org/10.1111/grow.12320.

He, D., Xu, J., Chen, X., 2016. Information-theoretic-entropy based weight aggregation
method in multiple-attribute group decision-making. Entropy 18, 171. https://doi.
org/10.3390/e18060171.

Hua, C., Chen, J., Wan, Z., Xu, L., Bai, Y., Zheng, T., Fei, Y., 2020. Evaluation and
governance of green development practice of port: a sea port case of China. J. Clean.
Prod. 249, 119434. https://doi.org/10.1016/j.jclepro.2019.119434.

Huang, G., Feng, X., Chen, M., Jiang, L., Wang, H., Wang, S., 2023. Spatial evolution
model of port group hinterland from the perspective of intermodal transport. Marit.
Policy Manag. 50, 390-411. https://doi.org/10.1080/03088839.2021.2009134.

Hui, H., Hao, Y., 2020. Research on the Coordinated Development of Beijing-Tianjin-
Hebei Port-Hinterland Economy. Presented at the 2020 International Conference on
Social Sciences and Big Data Application (ICSSBDA 2020), Atlantis Press, pp.
222-229. https://doi.org/10.2991/assehr.k.201030.046.

Lam, J.S.L., Li, K.X., 2019. Green port marketing for sustainable growth and
development. Transp. Policy 84, 73-81. https://doi.org/10.1016/j.
tranpol.2019.04.011.

Lang, K., Gu, L., Chen, Z., Niu, C., Li, L., Ma, J., 2023. Ecological quality status evaluation
of port sea areas based on EW-GRA-TOPSIS model. Sustainability 15, 8809. https://
doi.org/10.3390/s5u15118809.

Li, S., Wu, J., Jiang, Y., Yang, X., 2024a. Impacts of the sea-rail intermodal transport
policy on carbon emission reduction: the China case study. Transp. Policy 158,
211-223. https://doi.org/10.1016/j.tranpol.2024.09.019.

Li, X., Li, F., Zhao, N., Zhu, Q., 2020. Measuring environmental sustainability
performance of freight transportation seaports in China: a data envelopment analysis
approach based on the closest targets. Expert. Syst. 37, €12334. https://doi.org/
10.1111/exsy.12334.

Li, Y., Yin, M., Ge, J., 2024b. The impact of port green competitiveness on the hinterland
economy: a case study of China. PLoS One 19, e0311221. https://doi.org/10.1371/
journal.pone.0311221.

Li, Z., Huang, Y., Yang, F., Li, Y., Fang, Y., Fu, R., 2022. Evaluation of port-hinterland
synergy level considering fixed asset allocation and social commodity circulation
under the “dual circulation” development pattern. J. Mar. Sci. Eng. 10, 1476.
https://doi.org/10.3390/jmse10101476.

Limbourg, S., Jourquin, B., 2010. Market area of intermodal rail-road container terminals
embedded in a hub-and-spoke network. Pap. Reg. Sci. 89, 135-155. https://doi.org/
10.1111/j.1435-5957.2009.00255.x.

Liu, C., Zhan, S., Heng, L., 2022. Evaluation of smart port development level based on
entropy weight TOPSIS method, in: International Conference on Frontiers of Traffic
and Transportation Engineering (FTTE 2022). Presented at the International
Conference on Frontiers of Traffic and Transportation Engineering (FTTE 2022),
SPIE, pp. 368-375. https://doi.org/10.1117/12.2652585.

Liu, H., Liu, C., Liu, J., 2025. A study of port efficiency in bohai rim based on three-stage
DEA-Malmquist model. Math. Practice Theory 55, 16-30. https://doi.org/10.202
66/j.math.21-1482.

Liu, J., Kong, Y., Li, S., Wu, J., 2021. Sustainability assessment of port cities with a hybrid
model-empirical evidence from China. Sustain. Cities Soc. 75, 103301. https://doi.
org/10.1016/j.scs.2021.103301.

Liu, J., Qi, Y., Lyu, W., 2023. Port resilience in the post-COVID-19 era. Ocean Coast.
Manage. 238, 106565. https://doi.org/10.1016/j.0cecoaman.2023.106565.

Liu, X., Tan, Z., Yuan, Z., Liu, Y., 2022. Combination weighting-based method for access
point optimization of offshore wind farm. Energy Reports, 2021 The 8th

17

Ecological Indicators 178 (2025) 114095

International Conference on Power and Energy Systems Engineering 8, 900-907.
https://doi.org/10.1016/j.egyr.2021.11.121.

Lu, S., Jiang, H., Liu, Y., 2010. Port competitiveness evaluation research based on
combined model of Cluster and TOPSIS analysis, in: 2010 The 2nd Conference on
Environmental Science and Information Application Technology. Presented at the
2010 The 2nd Conference on Environmental Science and Information Application
Technology, pp. 488-491. https://doi.org/10.1109/ESIAT.2010.5567378.

Lu, Y., Ding, W., Li, Z., 2022. A New EWM-FCM approach to optimize the allocation of
water ecology compensation funds. Water Resour. Manag. 36, 3779-3795. https://
doi.org/10.1007/511269-022-03230-0.

Madanchian, M., Taherdoost, H., 2023. A comprehensive guide to the TOPSIS method for
multi-criteria decision making. Sustain. Soc. Dev. 1, 2220. https://doi.org/10.
54517 /ssd.v1i1.2220.

Mao, X., Zhou, J., Corsetti, G., 2014. How well have China’s recent five-year plans been
implemented for energy conservation and air pollution control? Environ. Sci.
Technol. 48, 10036-10044. https://doi.org/10.1021/es501729d.

Merk, O., Dang, T.-T., 2013. The Effectiveness of Port-City Policies: A Comparative
Approach [WWW Document]. URL https://ideas.repec.org/p/oec/govaab/2013-2
5-en.html (accessed 6.10.25).

Notteboom, T., Yang, D., Xu, H., 2020. Container barge network development in inland
rivers: a comparison between the Yangtze River and the Rhine River. Transp. Res. A
Policy Pract. 132, 587-605. https://doi.org/10.1016/j.tra.2019.10.014.

Notteboom, T.E., Haralambides, H.E., 2020. Port management and governance in a post-
COVID-19 era: quo vadis? Marit. Econ. Logist. 22, 329-352. https://doi.org/
10.1057/541278-020-00162-7.

Ozcan, K.A., 2023. Sustainability ranking of Turkish universities with different weighting
approaches and the TOPSIS method. Sustainability. https://doi.org/10.3390/
sul51612234.

Pan, J., Liu, W., 2014. Identification of spatial influence sphere of urban agglomerations
in China based on urban hinterland delimitation. Adv. Earth Sci. 29, 352. https
://doi.org/10.11867/j.issn.1001-8166.2014.03.0352.

Park, Y.S., Ghani, M.A., Muhammad Aslaam, N., Gebremikael, F., Egilmez, G., 2019.
Benchmarking environmental efficiency of ports using data mining and RDEA: the
case of a U.S. container ports. Int. J. Log. Res. Appl. 22, 172-187. https://doi.org/
10.1080/13675567.2018.1504903.

Platias, C., Chlomoudis, C., Pallis, P., Tozidis, M., Zarakeli, V., 2025. Redefining port
concession agreements: a framework for environmental sustainability. Sustainability
17, 2550. https://doi.org/10.3390/5u17062550.

Qian, L., Wang, F., Cao, W., Ding, S., Cao, W., 2023. Ecological health assessment and
sustainability prediction in coastal area: a case study in Xiamen Bay, China. Ecol.
Ind. 148, 110047. https://doi.org/10.1016/j.ecolind.2023.110047.

Ren, Z., 2020. Evaluation method of port enterprise product quality based on entropy
weight TOPSIS. J. Coast. Res. 766-769.

Shandong Provincial People’s Government, 2021. Notice of the Shandong Provincial
People’s Government General Office on the Issuance of the Shandong Province “14th
Five-Year” Marine Economic Development Plan.

Song, M., Wu, J., Song, M., Zhang, L., Zhu, Y., 2020. Spatiotemporal regularity and
spillover effects of carbon emission intensity in China’s Bohai Economic Rim. Sci.
Total Environ. 740, 140184. https://doi.org/10.1016/j.scitotenv.2020.140184.

Taaffe, E.J., 1962. The urban hierarchy: an air passenger definition. Econ. Geogr 38,
1-14. https://doi.org/10.2307/142321.

Tan, F., Lu, Z., 2015. Study on the interaction and relation of society, economy and
environment based on PCA-VAR model: As a case study of the Bohai Rim region,
China. Ecol. Ind. 48, 31-40. https://doi.org/10.1016/j.ecolind.2014.07.036.

Thill, J.-C., Venkitasubramanian, K., 2015. Multi-layered hinterland classification of
Indian ports of containerized cargoes using GIS visualization and decision tree
analysis. Marit. Econ. Logist. 17, 265-291. https://doi.org/10.1057/mel.2014.24.

UNCTAD, 2021. Review of Maritime Transport 2021: Challenges Faced by Seafarers in
View of the COVID-19 Crisis. UN, Geneva.

Vitiello, D.M., Serra, P., Fancello, G., 2024. Bibliometric Analysis and Knowledge
Mapping of Greenhouse Gas Emissions in Ports: A Review, in: Gervasi, O., Murgante,
B., Garau, C., Taniar, D., C. Rocha, A.M.A., Faginas Lago, M.N. (Eds.), Computational
Science and Its Applications — ICCSA 2024 Workshops. Springer Nature Switzerland,
Cham, pp. 313-325. https://doi.org/10.1007/978-3-031-65329-2_21.

Wan, C., Zhang, D., Yan, X., Yang, Z., 2018. A novel model for the quantitative
evaluation of green port development — a case study of major ports in China. Transp.
Res. Part D: Transp. Environ. 61, 431-443. https://doi.org/10.1016/j.
trd.2017.06.021.

Wan, Z., 2012. Research on Competitiveness of Main Ports in Circum-Bohai Area.
Resource Development & Market.

Wang, A., Wu, W., 2017. Evaluating the Efficiency of the Pearl River Delta Ports Based on
Three-stage DEA Model. gygc 20, 82-88. https://doi.org/10.3969/j.issn.1007-7375.
€16-1259.

Wang, B., Wang, Y., Yang, G., He, Q., Zhang, Y., Lu, Y., 2024. Ecological health
evaluation of an urban riverside greenway based on the AHP-EWM-TOPSIS model: a
case study of Hangzhou, China. Environ. Res. Commun. 6, 105029. https://doi.org/
10.1088/2515-7620/ad87b8.

Wang, F., Zhang, L., 2025. Evaluation of typical natural landscapes in Xinjiang based on
an EWM-CRITIC-TOPSIS model. Remote Sens. Nat. Resour. 37, 94-101. https://doi.
org/10.6046/zrzyyg.2023242.

Wang, J., Tang, S.-M., 2012. Port Market Segmentation Based on Wilson Model
1262-1268. https://doi.org/10.1061/41039(345)209.

Wang, L., Zhou, Z., Yang, Y., Wu, J., 2020. Green efficiency evaluation and improvement
of Chinese ports: a cross-efficiency model. Transp. Res. Part D: Transp. Environ. 88,
102590. https://doi.org/10.1016/j.trd.2020.102590.


https://doi.org/10.16097/j.cnki.1009-6744.2021.02.004
https://doi.org/10.16097/j.cnki.1009-6744.2021.02.004
https://doi.org/10.1186/s41072-023-00144-x
https://doi.org/10.1108/BIJ-10-2020-0554
https://doi.org/10.1108/BIJ-10-2020-0554
https://doi.org/10.1016/j.jtrangeo.2022.103479
https://doi.org/10.1016/j.tra.2023.103746
https://doi.org/10.1016/j.tra.2023.103746
https://doi.org/10.1111/grow.12320
https://doi.org/10.3390/e18060171
https://doi.org/10.3390/e18060171
https://doi.org/10.1016/j.jclepro.2019.119434
https://doi.org/10.1080/03088839.2021.2009134
https://doi.org/10.1016/j.tranpol.2019.04.011
https://doi.org/10.1016/j.tranpol.2019.04.011
https://doi.org/10.3390/su15118809
https://doi.org/10.3390/su15118809
https://doi.org/10.1016/j.tranpol.2024.09.019
https://doi.org/10.1111/exsy.12334
https://doi.org/10.1111/exsy.12334
https://doi.org/10.1371/journal.pone.0311221
https://doi.org/10.1371/journal.pone.0311221
https://doi.org/10.3390/jmse10101476
https://doi.org/10.1111/j.1435-5957.2009.00255.x
https://doi.org/10.1111/j.1435-5957.2009.00255.x
https://doi.org/10.20266/j.math.21-1482
https://doi.org/10.20266/j.math.21-1482
https://doi.org/10.1016/j.scs.2021.103301
https://doi.org/10.1016/j.scs.2021.103301
https://doi.org/10.1016/j.ocecoaman.2023.106565
https://doi.org/10.1007/s11269-022-03230-0
https://doi.org/10.1007/s11269-022-03230-0
https://doi.org/10.54517/ssd.v1i1.2220
https://doi.org/10.54517/ssd.v1i1.2220
https://doi.org/10.1021/es501729d
https://ideas.repec.org/p/oec/govaab/2013-25-en.html
https://ideas.repec.org/p/oec/govaab/2013-25-en.html
https://doi.org/10.1016/j.tra.2019.10.014
https://doi.org/10.1057/s41278-020-00162-7
https://doi.org/10.1057/s41278-020-00162-7
https://doi.org/10.3390/su151612234
https://doi.org/10.3390/su151612234
https://doi.org/10.11867/j.issn.1001-8166.2014.03.0352
https://doi.org/10.11867/j.issn.1001-8166.2014.03.0352
https://doi.org/10.1080/13675567.2018.1504903
https://doi.org/10.1080/13675567.2018.1504903
https://doi.org/10.3390/su17062550
https://doi.org/10.1016/j.ecolind.2023.110047
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0310
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0310
https://doi.org/10.1016/j.scitotenv.2020.140184
https://doi.org/10.2307/142321
https://doi.org/10.1016/j.ecolind.2014.07.036
https://doi.org/10.1057/mel.2014.24
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0340
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0340
https://doi.org/10.1016/j.trd.2017.06.021
https://doi.org/10.1016/j.trd.2017.06.021
https://doi.org/10.1088/2515-7620/ad87b8
https://doi.org/10.1088/2515-7620/ad87b8
https://doi.org/10.6046/zrzyyg.2023242
https://doi.org/10.6046/zrzyyg.2023242
https://doi.org/10.1016/j.trd.2020.102590

C. Ye et al

Wang, Z., 2022. Research on the evolution of port hinterland scope in Jiangsu Province
based on accessibility. Presented at the 2022 3rd International Conference on
Advances in Social Sciences and Sustainable Development (ASSSD 2022).

Wu, J., Feng, Z., Zhang, X., Xu, Y., Peng, J., 2020. Delineating urban hinterland
boundaries in the Pearl River Delta: an approach integrating toponym co-occurrence
with field strength model. Cities 96, 102457. https://doi.org/10.1016/j.
cities.2019.102457.

Yang, L., Wang, Y., 2021. Innovative radiation effects of scientific research institutions in
central cities of Guangdong Province. Sci. Technol. Manage. Res. 41, 65-71.

Yang, S., Pan, Y., Zeng, S., 2022. Decision making framework based Fermatean fuzzy
integrated weighted distance and TOPSIS for green low-carbon port evaluation. Eng.
Appl. Artif. Intel. 114, 105048. https://doi.org/10.1016/j.engappai.2022.105048.

Yang, Y.-C., 2015. Determinants of container terminal operation from a green port
perspective. Int. J. Shipp. Transp. Logist. 7, 319-346. https://doi.org/10.1504/
1JSTL.2015.069123.

Yin, C., Ke, Y., Chen, J., Liu, M., 2021a. Interrelations between sea hub ports and inland
hinterlands: Perspectives of multimodal freight transport organization and low
carbon emissions. Ocean Coast. Manage. 214, 105919. https://doi.org/10.1016/j.
ocecoaman.2021.105919.

Yin, J., Du, X., Yuan, H., Ji, M., Yang, X,, Tian, S., Wang, Q., Liang, Y., 2021. TOPSIS
Power Quality Comprehensive Assessment Based on A Combination Weighting
Method, in: 2021 IEEE 5th Conference on Energy Internet and Energy System
Integration (EI2). Presented at the 2021 IEEE 5th Conference on Energy Internet and
Energy System Integration (EI2), pp. 1303-1307. https://doi.org/10.1109/
E1252483.2021.9713201.

18

Ecological Indicators 178 (2025) 114095

Zeng, Y., Yuan, X., Hou, B., 2023. Analysis of carbon emission reduction at the port of
integrated logistics: the port of Shanghai case study. Sustainability 15, 10914.
https://doi.org/10.3390/5u151410914.

Zhang, N., Gao, J., Xu, S., Tang, S., Guo, M., 2022a. Establishing an evaluation index
system of coastal port shoreline resources utilization by objective indicators. Ocean
Coast. Manage. 217, 106003. https://doi.org/10.1016/j.ocecoaman.2021.106003.

Zhang, W., Wu, X., Guo, J., 2022b. CO2 emission efficiency analysis of rail-water
intermodal transport: a novel network DEA model. J. Mar. Sci. Eng. 10, 1200.
https://doi.org/10.3390/jmse10091200.

Zhao, D., Dongmei, X., Wei, D., 2024. Research on port-industry-city integration and its
spatial spillover effects: empirical evidence from the Bohai Sea Rim Region. Appl.
Spatial Analysis 17, 1653-1679. https://doi.org/10.1007/512061-024-09599-2.

Zhong, H., Chen, W., Gu, Y., 2023. A system dynamics model of port hinterland
intermodal transport: a case study of Guangdong-Hong Kong-Macao Greater Bay
Area under different carbon taxation policies. Res. Transp. Bus. Manag. 49, 100987.
https://doi.org/10.1016/j.rtbm.2023.100987.

Zhu, P., Hein, C., 2019. The Dalian port cluster: spatial practice of the one belt one road
initiative. Int. J. Transp. Dev. Integr. 3, 344-354.

Zhuang, J., Yu, S., 2014. The Hinterland Spatial Structure Evolvement of Competitive
Port Based on ArcGIS, in: Wen, Z., Li, T. (Eds.), Practical Applications of Intelligent
Systems. Springer, Berlin, Heidelberg, pp. 1143-1153. https://doi.org/10.1007/
978-3-642-54927-4_109.

Zhuang, R., Mi, K., Liang, L., 2017. Tempo-spatial pattern evolution of spatial field of
central cities based on perspective of accessibility: a case study of Zhejiang Province.
Areal Res. Dev. 36, 50-56.


https://doi.org/10.1016/j.cities.2019.102457
https://doi.org/10.1016/j.cities.2019.102457
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0395
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0395
https://doi.org/10.1016/j.engappai.2022.105048
https://doi.org/10.1504/IJSTL.2015.069123
https://doi.org/10.1504/IJSTL.2015.069123
https://doi.org/10.1016/j.ocecoaman.2021.105919
https://doi.org/10.1016/j.ocecoaman.2021.105919
https://doi.org/10.3390/su151410914
https://doi.org/10.1016/j.ocecoaman.2021.106003
https://doi.org/10.3390/jmse10091200
https://doi.org/10.1007/s12061-024-09599-2
https://doi.org/10.1016/j.rtbm.2023.100987
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0445
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0445
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0455
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0455
http://refhub.elsevier.com/S1470-160X(25)01027-1/h0455

	Sustainability-based evolution of port hinterlands: green performance and spatial impacts in the Bohai Rim
	1 Introduction
	2 Literature review
	3 Research model
	3.1 Research framework
	3.2 EWM-CRITIC-PCA model
	3.2.1 EWM model
	3.2.2 CRITIC model
	3.2.3 PCA model
	3.2.4 Calculation of composite weights

	3.3 TOPSIS model
	3.4 Wilson model
	3.5 OD cost matrix-based land accessibility model
	3.6 Field strength model

	4 Results
	4.1 Data
	4.1.1 Research area
	4.1.2 Data sources

	4.2 Port sustainability indicators weights and scores
	4.2.1 Port sustainability indicators weights
	4.2.2 Port sustainability indicators scores

	4.3 Port hinterland division
	4.3.1 Port hinterland radius measurement
	4.3.2 Analysis of port land accessibility
	4.3.3 Evolutionary characteristics of port field strength
	4.3.4 Evolutionary characteristics of port hinterland extents


	5 Discussion
	6 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Appendix A Supplementary data
	Data availability
	References


