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In large economies of high-volume international trade, such as China, the concept of regional port integration
requires the establishment of provincial-level port companies and the consolidation of major local ports. While
port reform at the provincial/regional level has seen considerable success, the current state-of-the-art studies on
port integration mainly focus on two-dimensional analysis (e.g., port-city and port-industry), which reveals a
remaining research gap in the evaluation of the port-Industry-City (PIC) integration from a new three-
dimensional perspective. This study aims to develop a new method enabling the assessment of the impact of
provincial reform at the PIC level. The method can deliver a new comprehensive evaluation index system and a
new coupling coordination degree model (CCDM) to facilitate PIC integration. Moreover, a critical analysis is
conducted on the main trends, primary obstacles, and impact of port reform models at the PIC level. Real big data
describing prefecture-level cities is collected and used to conduct a case study of coastal ports across different
provinces in China. The results reveal an overall upward trend of the comprehensive development index, which
is especially evident after the port reforms. Furthermore, significant strategic developments are proposed in the
implementation of regional port reform. Except for Zhenjiang, southern and central cities perform better than
those in northern regions. Consequently, this study makes new contributions to enabling the quantification of the
impact of the reform on PIC integration and laying the groundwork for decision-makers seeking to determine
appropriate port management models.

1. Introduction

the 1990s to address the declining international competitiveness of Ja-
pan's container ports, cargo handling volumes have continued to

As port functions continue to evolve, port system reforms are being
progressively implemented worldwide. Port reform refers to the trans-
formation of management models across four key dimensions: admin-
istrative entities, management functions, operational mechanisms, and
legal systems (Cai et al., 2024; Cheng et al., 2022). The primary objec-
tive is to improve port efficiency, service quality, competitiveness, and
sustainability, enabling ports to better adapt to shifting market demands
and emerging environmental challenges. However, the motivations and
impacts of these reforms vary significantly between countries (Buor,
2024). For instance, Mexico introduced port reform in the 1990s to
improve competitiveness in the global trade market (Villa, 2017).
Spain's port reform led to significant advancements in its ports' tech-
nological change and efficiency over time (Gonzalez & Trujillo, 2008).
Although the Japanese government has undertaken port reforms since
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decrease. Within the global maritime container network, the centrality
rankings of Keihin and Hanshin ports have dropped significantly,
whereas major ports across Asia have consistently maintained high
rankings (Sugimura et al., 2023). Given the prevailing uncertainties,
evaluating the impacts of port reforms remains a primary objective for
many researchers (Pilcher & Tseng, 2017). Relevant research has
focused on various key areas, including evaluating performance changes
following governance reforms (Brooks & Pallis, 2008), analyzing the
socio-cultural environment of reformed ports while considering the
specificities of local environments (Debrie et al., 2013), and developing
methods for assessing the enhancement of port competitiveness result-
ing from reforms (Cheng et al., 2022).

Among the reforms, port integration attracts increasing attention,
particularly from large economies of high-volume international trade
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such as China. In response to evolving societal demands and in pursuit of
maximizing benefits throughout China's contemporary history, the
administrative paradigm of port governance in the country is undergo-
ing significant transformations. This progression encompasses a
centralized phase from 1954 to 1984, a dual-track system from 1984 to
2003, and a phase of decentralization from 2003 to 2015, culminating in
a semi-centralized approach from 2015 onwards (Chen et al., 2020;
Cullinane & Wang, 2006). During the centralized management stages,
the focus on the public attributes of ports came at the expense of market
dynamics, leading to slow port development. The subsequent dual-track
system introduced a balance between public oversight and market-
oriented practices, resulting in the rapid development of China's ports.
Nevertheless, the full decentralization of port authorization to local
governments led to fragmented planning, disorderly expansion, and
intense homogeneous competition among ports. To address these issues
and support the development of world-class ports, the concept of a semi-
centralized phase was proposed, building on the foundation of the pre-
vious three phases. The semi-centralized phase is also known as regional
port integration, which refers to the reorganization and consolidation of
port resources within a particular province. Thus, provincial ports are
integrated through administrative and economic measures. Provincial
port groups are typically established to facilitate the centralized
administration and operation of the majority of ports within the region
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(Zhang et al., 2021b). However, the complete implementation of the
integration reform in China's coastal provinces has not been achieved, as
the market participants within the system have shifted from numerous
local port companies to a limited number of provincial port groups (Feng
et al., 2019). While integration efforts alleviate internal competition
within provinces, they may also create challenges, such as weakening
the relationship between ports and their supporting cities (Zhang et al.,
2021). This detachment risks undermining the integrated development
and synergies between ports and urban areas, highlighting the need for
forward-looking planning and adaptive strategies to ensure sustainable
and balanced growth in China's port sector.

Port cluster refers to a collection of interdependent firms engaged in
port-related activities within the same port area, which share similar
development strategies that generate competitive advantages in relation
to the cluster's external environment (Zhang et al., 2025). Port clusters
at the provincial level are predominantly under the jurisdiction of pro-
vincial governments or managed by large-scale state-owned enterprises,
all under the aegis of the central government. These entities possess a
substantial portfolio of port assets, wield significant bargaining
leverage, and exhibit robust investment capabilities (Chen et al., 2020).
In the reform process, the change in equity structures and market
competition entities poses a primary challenge. Overall, the integration
processes of provincial regional ports in Zhejiang, Jiangsu, Shandong,
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Fig. 1. The investigated area.
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and Liaoning achieved notable breakthroughs, marked by the estab-
lishment of provincial port groups in 2015, 2017, 2018, and 2019,
respectively. The Mixed Reform implemented by the China Merchants
Group leads to a vertical linkage mode of integration in Liaoning, which
contrasts with the top-down integration approach led by provincial
state-owned enterprises in Zhejiang, Jiangsu, and Shandong. Diverse
approaches can lead to achieving varying levels of PIC, requiring a new
indexing system to benchmark, standardize, and evaluate the integra-
tion for rational strategic development at both national and interna-
tional levels. This study aims to develop a new method enabling the
assessment of the impact of regional reform at the PIC level and lays the
groundwork for decision-makers seeking to determine appropriate port
management models. Considering data availability and the fact that
regional port integration began in 2015, coastal port cities were selected
for this study. Fig. 1 presents the locations of the port cities in the
research areas.

Numerous studies have confirmed that ports serve as significant
catalysts for urban development (Efimova & Gapochka, 2020; Lonza &
Marolda, 2016). Research on the relationships between ports and cities
has a long history, with scholars extensively examining various aspects,
including the economic impact of ports on urban areas (Zhao et al.,
2023), their hierarchical scale and distribution (Xu et al., 2021), inter-
action models and processes between ports and cities (Guo & Qin, 2022),
and the interplay between ports and urban environments (Chen et al.,
2022; Gonzalez-Aregall & Bergqvist, 2020). At the level of port-industry
relationships, scholars investigate topics such as the role of port infra-
structure in improving supply chain integration for industries (Park &
Dossani, 2020), ports concentration and competition, and strategies for
industrial transformation and upgrading (Li et al., 2022; Yang et al.,
2019).

The Ministry of Transport of the People's Republic of China issues its
guidelines for Building World-Class Ports (MOT, 2019), emphasizing the
degree of PIC integration as a key indicator of a port's economic impact.
Subsequently, local governments roll out specific action plans for PIC
integration, such as Tianjin's “Policy Measures for Promoting High-
Quality Integration of Port, Industry, and City Development” (TMPG,
2023). PIC integration extends the traditional port-city relationship to
include a focused integration on the industry. It represents an urban
economic model where the city relies on the port and centers around
port-related industries. The goal is to foster a new development pattern
where ports, cities, and industries coexist and thrive, emphasizing the
enhancement of complementary and symbiotic relationships among
these three elements. Research on PIC integration has primarily
concentrated on challenges encountered at different development
stages, addressing policies, legal regulations, and port management
(Taylor & McDonald, 2023; Zhou et al., 2023).

In light of the state-of-the-art developments described above in PIC,
the main research challenges associated with port reform and the PIC
system, particularly in evaluating their effects, remain as follows:

(1) Existing methods for assessing port reforms are criticized in terms
of their precision, breadth and standardization. Quantitative
approaches focusing on economic impacts require reliable eval-
uation methods for both direct and indirect effects, while quali-
tative analysis could arguably introduce subjective bias.

(2) The aforementioned studies have not specifically investigated the
correlation between port-related industries and ports, nor have
they analyzed ports, cities, and industries as three subsystems.

(3) Comparative studies on the development of PIC integration
before and after port reforms are limited, although such research
is vital for evaluating the impact of port system reforms.

Thus, there exists a significant research gap, particularly in the
comparative assessment of PIC integration before and after port reform.
The main contributions of this study are therefore outlined below:
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(1) Itinvestigates the reform of port integration in China and assesses
the coupling effect by considering ports, cities, and industries as
three interactive subsystems. This approach involves isolating the
industrial subsystem to explore deeper into the interconnections
between ports, cities, and industries.

(2) It introduces a comprehensive PIC integration evaluation index
system, utilizing the proposed CCDM to measure changes before
and after the implementation of regional port integration policy
through defined specific indicators.

(3) It delves into the underlying factors contributing to these
changes. Its findings serve as a valuable resource for developing
global port management models and shaping the future trajectory
of port and urban growth.

The remainder of this paper is organized as follows: Section 2 pro-
vides a comprehensive review of the existing literature. Section 3 de-
scribes the methodology proposed to conduct this study. A comparative
analysis of the PIC evaluation results is presented in Section 4, followed
by detailed discussions and implications. Finally, Section 5 presents the
conclusions.

2. Literature review

In Section 2.1, the impact of ports on urban economic development
and environmental quality, as well as industries related to ports and
trade, is primarily explored. In Section 2.2, the selection of evaluation
methods and indicators is addressed. Through a review of relevant
literature, the achievements and limitations of existing studies are
analyzed to establish a theoretical foundation for future research.

2.1. Port-industry-city interactions

Ports, as critical transportation infrastructure, have multifaceted
impacts on cities. Thus, in recent decades, the contribution of coastal
ports to urban economies has been extensively investigated. For
example, Li (2019) used econometric analysis to illustrate the correla-
tion between port or container throughput and regional GDP, revealing
their intrinsic relationship. Hidalgo-Gallego and Ntnez-Sanchez (2023)
assessed the impact of ports on city economies, particularly their role in
creating employment opportunities within port areas. Therefore, local
economic development encompasses not only GDP but also other critical
factors like population, employment, area, and intellectual property,
showcasing the interaction between port and urban development
(Bottasso et al., 2014).

Ports function as more than just transportation hubs; they also attract
various shipping-related elements to port cities, including logistics parks
and free trade zones. This clustering positively impacts both the ports
themselves and the surrounding cities (Cai et al., 2021; Fan et al., 2022).
Due to their strategic coastal locations, shipping-related industries tend
to concentrate on coastal port cities, particularly premium shipping
services, thereby fostering their development into international shipping
centers (Wan & Luan, 2022). Furthermore, ports contribute not only
directly but also indirectly to the economy of cities, although quanti-
fying these indirect contributions accurately can be challenging due to
the involvement of multiple industries. Over the past 30 years, China's
port industry has developed by leaps and bounds. An effective method
has been developed for quantifying both the direct and indirect contri-
butions of the port industry by considering industrial linkage effects, the
production-inducing effects of port investment, the supply shortage ef-
fects of port losses, and employment-inducing effects. This provides a
relatively effective method of assessing the economic contributions of
the port industry, although the results are still somewhat coarse (Wang
& Wang, 2019).

With the increased environmental awareness, the relationship be-
tween ports and urban environments has gained increasing attention.
Current discussions revolve around sustainable development in both
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ports and urban environments (Kong & Liu, 2021). While stringent
environmental policies may increase costs for port enterprises, they also
lead to improvements in urban air quality and other environmental as-
pects, along with the social responsibility of port development (Chen &
Lam, 2018). Therefore, environmental factors must be carefully
considered in the relationship between ports and cities (Ducruet et al.,
2024). For instance, research by Chen et al. (2022) explored the
coupling effect between port city development and the environment
using indicators such as energy and electricity consumption and air
quality, illustrating the synchronous development of Shanghai's port
economy and urban environment.

On the other hand, the hinterland of a city serves as a vital source of
cargo for ports, thus playing a pivotal role in their sustainable devel-
opment. Intense competition in the hinterland can affect the growth of
port throughput (Wan & Luan, 2022). Ports not only influence their host
cities but also have positive effects on the surrounding areas, particu-
larly industries that heavily rely on imports and exports. The relation-
ship between ports and industry clusters is intricate (Zhang & Lam,
2016). According to the supply shortage effect, the industries primarily
affected by port activities are primarily manufacturing and tertiary
sectors (Wang & Wang, 2019). Commonly used indicators for charac-
terizing industrial development include industrial structure (e.g., in-
dustrial output value), employee proportion, and industrial scale (e.g.,
the number of large-scale enterprises and their output values) (Gan
et al., 2020).

Government-led investment attraction typically drives the develop-
ment of local industries, especially when governments recognize the
pivotal role of ports and prioritize port-related industries (Pettit, 2008).
The regional integration of Chinese ports, where primary management
rights are often held by provincial entities, will reduce the shareholding
ratio for local governments (Zhang et al., 2021). Therefore, it is partic-
ularly crucial to motivate the government to develop ports, as also re-
flected in the evaluation of the PIC coupling effect.

Despite the close relationship of port-city-industry, the existing
literature focuses largely on port-city and/or port industry integration,
as evidenced by Appendix 1. It leaves a significant research gap to
investigate a new and effective method that enables the assessment of
port-city-industry integration, given their natural in-between close-loop
interdependency.

2.2. Review of methods and indicators for evaluating PIC integration

Various approaches exist for evaluating the interactions and mutual
influences between systems, including both qualitative and quantitative
analyses. Quantitative methods primarily involve statistical economet-
rics, utilizing continuous data series for specific port and city analyses,
as shown in Table 1. In examining the mutual relationship between port
and urban economic development, Bottasso et al. (2014) used a spatial
panel econometric framework to highlight spillover effects and estimate
the direct and indirect effects associated with port activities. This
method effectively captures spatial dependencies and quantifies spill-
over effects. However, it relies heavily on high-quality panel data and
may oversimplify complex interactions by assuming linear relationships.
Furthermore, Akhavan (2017) hypothesized a four-phase model as a tool
for investigating the changing spatial and functional dynamics at the
port city interface from the 1900s to the 2010s. While this model pro-
vides a historical perspective and a structured framework for under-
standing long-term changes, its qualitative nature may limit its precision
and generalizability across different contexts. Chang et al. (2014) and
Santos et al. (2018) conducted input-output analyses on how port sec-
tors impact a particular economy. Input-output analysis is effective in
quantifying direct and indirect economic impacts and identifying in-
terdependencies between sectors. However, it is inherently static,
assuming fixed production coefficients, and does not account for dy-
namic changes or technological advancements over time. Additionally,
Luo, Ding, Chen, & Kuang, 2023 established a system dynamics model to
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Table 1
Specific indexes.

Subsystem  Indicator Name References Indicator Characteristics
P;: Port cargo (Valenzuela
throughput et al., 2023)
p Trujillo, 2008)
berths .
. Infrastructure conditions
P3: Unit berth e .

) ) and facilities (reflecting
throughput (Cheung & the port's
(throughput/berth Yip, 2011) P L

Port competitiveness)
length)
P, Port
quantification (Wu et al.,
(throughput/ 2022)
throughput capacity)
Ps: Main busi
N ain business (Santos et al., Reflecting the port's
ncome 2018) operating conditions
Pg: Total profit P s
I;: Number of
1 Rum erlo (Liu et al.,
employees in the
. 2018) L .
secondary industry Reflecting industry city
I>: Number of i i
:m ll:)meeesrifl e (Cheung & interaction
ploye Yip, 2011)
tertiary industry
I3: GDP share of the
secondary indust (He etal,
v Ty 2023) Reflecting the position of
output value . ; .
industry in the national
L;: GDP share of the
Industry L (Chang et al., economy
tertiary industry
2014)
output value
Is: The number of
. ial .
industrial 'enterprlses (Yilmaz, 2022)
above designated
size Reflecting the economic
Ig: Value added of contribution
| . N (Dadashpoor
industrial enterprises . .
above designated & Taheri,
X g 2023)
size
Reflecting the living
. (Akhavan, standard of city residents
Ci: GRP t:
1 per capita 2017) and the contribution of
PIC integration
Lonza &
C_: Fixed asset (M::]ollzjq Reflecting the economic
Investment 5 (; 16) > level of the city
Cit C3: Total retail sales (Guo et al.,
y of consumer goods 2020) Reflecting economic
Cy4: Total value (Santos et al., prosperity
import and export 2018)

(Wang &
Wang, 2019)

. Reflecting sustainable
Cs: Economic Value -g
economic development
Ce: Fine rate of
atmospheric

environment quality

(Chen et al., Reflecting environmental
2022) quality

explore the relationship between ports and regional economies. System
dynamics is particularly useful for capturing feedback loops and simu-
lating long-term trends, making it well-suited for analyzing complex
systems. However, it requires extensive data and relies on subjective
assumptions for model construction, which may affect the accuracy and
reliability of the results.

CCDM is the primary approach to investigating the impact of
coupling effects. It has been proven to be an effective means of obtaining
coupling effect indices between different systems (Chen et al., 2022).
CCDM has significant advantages in analyzing the coupling relationships
between complex systems. It quantifies the degree of coordination be-
tween systems, providing clear indicators for studying multi-system
interactions. Moreover, it is applicable to various fields, such as eco-
nomics, environment, and society, and allows for the integration of
different weighting methods to meet diverse research needs. Addition-
ally, CCDM is also capable of revealing dynamic coupling relationships,
enhancing its adaptability and utility. Nevertheless, the results of CCDM
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are somewhat dependent on the selection of indicators and the accuracy
of weighting methods, and the calculation process can become
increasingly complex when dealing with multiple systems and large
datasets (Kong & Liu, 2021). To address this weakness, an objective
weighting method and a comprehensive framework are proposed in this
study. Additionally, a sensitivity analysis of subsystem weights is con-
ducted to evaluate their impact and enhance the robustness of the
results.

Before conducting coupling analysis, it is necessary to determine the
weight of each indicator using such methods as the Technique for Order
of Preference by Similarity to Ideal Solution (TOPSIS) (Chen et al.,
2022), the Entropy Weighting Method, the Analytic Hierarchy Process
(AHP) (Gan, Shi, Hu, Lev, & Lan, 2020), and the Principal Component
Analysis (PCA) (Wang, 2022). Among these methods, the Entropy
Weighting Method stands out for its objectivity, as it relies purely on the
variability of data to determine weights, avoiding subjective biases. This
makes it particularly suitable for studies requiring a high degree of
impartiality and consistency. In comparison, TOPSIS is straightforward
and easy to implement but may oversimplify the ranking process. AHP
incorporates expert judgment, which can be valuable in some contexts,
but it is prone to inconsistency in pairwise comparisons. PCA effectively
reduces dimensionality but may compromise the interpretability of the
original indicators. Given its ability to objectively reflect the inherent
characteristics of data, the Entropy Weighting Method is a robust choice
for determining indicator weights in coupling analysis.

This study primarily explores changes in the PIC coupling effect
before and after port reform, and the CCDM has been proven to be an
effective means of obtaining coupling effect indices between different
systems (Chen et al., 2022). The challenge lies in the selection of in-
dicators and the analysis of key influencing factors. This study identified
evaluation indicators through a literature search and inductive
reasoning and employed the obstacle degree model to extract the key
influencing factors (Han et al., 2021). CCDM provides a robust frame-
work for analyzing coupling effects, while the Entropy Weighting
Method offers an objective approach to determining indicator weights.
The combination of these two methods ensures a more reliable and
impartial analysis of coupling relationships.

After a thorough review of the Web of Science and Scopus databases,
Appendix 1 not only highlights the research gaps in the study of the
relationships between ports, cities, and industries but also presents the
key indicators used in such studies. From Appendix 1, it can be seen that
the key indicators at the port level include port throughput, container
throughput, port capacity, coast length, terminal area, number of quay
cranes, storage capacity, number of berths, passenger number, port
revenue, port profits, and port investments. At the urban level, the key
indicators are Gross Domestic Product (GDP), Gross Regional Product
(GRP), employment numbers, output value of the secondary and tertiary
industries, infrastructure investment, total import and export value,
urban development, ecological construction, total retail sales of con-
sumer goods, fixed asset investment, urban freight volume, environ-
mental protection investment, environmental energy consumption and
environmental pollution (e.g., emissions of SOy, NO,, PM2.5, and
PM10), as well as other air quality indicators.

The aforementioned indicators categorize both urban and industrial
metrics under the umbrella of urban development indicators. However,
the impacts of port integration are multifaceted, extending beyond a
simple increase in throughput to significant effects on cities and in-
dustries. The current lack of research on the PIC system leads to an
incomplete understanding of the consequences of port integration, with
few studies comparing the impacts before and after reform. Through a
holistic analysis of ports, industries, and cities as the three subsystems of
PIC, deeper insights into their relationships can be newly gained and
populated to guide the PIC development of other countries in the world.

Research in Transportation Business & Management 60 (2025) 101375
3. Methodology
3.1. Systematic framework and evaluation indicator system

This section outlines a new methodology to investigate the coordi-
nation dynamics within the PIC system and to analyze China's major
coastal port cities from an applied research perspective using real data
from 2015 to 2021, focusing on three main aspects: (1) identification of
crucial influencing factors at the PIC integration level, (2) development
of a new framework for evaluating the PIC system, and (3) a compara-
tive analysis to evaluate the coupling coordination degree.

Initially, the study explores the coupling coordination relationship
and detailed indicators for the PIC system's evolution cycle. The rela-
tionship among these three can be summarized as a cyclic and interac-
tive coupling mechanism: ports drive industries by exerting pressure and
providing promotion, industries stimulate urban development, in turn,
offer support while imposing restraints on the development of ports and
industries. This dynamic relationship involves both synergistic effects
and inherent tensions, requiring proper planning and coordination to
achieve sustainable development among the three (see Fig. 2).

Subsequently, an integrated approach is used to calculate the PIC
system's degree of coupling coordination, incorporating the entropy
weight method, a comprehensive development index model, the CCDM,
and the obstacle factors model.

Finally, through a comparative analysis of the PIC evaluation results,
this study reveals the impact of regional port reform and identifies the
key factors influencing the level of PIC integration. Additionally, the
analysis delves into the effects of equity changes during the port reform
process, accompanied by a focused discussion on the implications. The
comprehensive research methodology is visually outlined in Fig. 2.

The rationality of the indicator system directly affects the evaluation
results. Based on the literature review presented in Section 2, the new
comprehensive evaluation indexes for PIC integration are shown in
Table 1. Variables appearing two or more times in Appendix 1 are
selected as evaluation indices, while those of one occurrence are
reserved in the questionnaire survey stage for the possibility of bringing
them back to the list by the experts when and if any indicator's impor-
tance is underestimated in the first round screening by their appearance
in the literature. The indicators assessing the development of ports are
mainly chosen from two distinct categories. The first category is related
to the conditions and facilities of the port's infrastructure, including
cargo throughput, number of berths, unit berth throughput, and port
quantification. The second category pertains to the port's operational
performance, encompassing income from the main business and total
recognized profit.

The industrial sector is represented by three categories. The first
category emphasizes the interaction between industry and urban areas,
incorporating the number of employees engaged in secondary and ter-
tiary industries. The second category concentrates on the role of industry
in the national economy, including the proportion of secondary and
tertiary industries in the GDP. Finally, the third category focuses on the
economic significance of the industrial sector, covering the quantity of
industrial enterprises, and the number of industrial employees.

Regarding urban development indicators, four categories are chosen.
The first category concerns the city's living standards, covering metrics
such as per-capita GRP; the second category involves the economic
status of the city, including various measures such as investment in fixed
assets. The third category addresses the comprehensive economic state,
considering factors such as the total retail sales of consumer goods and
total foreign trade value; and lastly, the fourth category highlights the
sustainable development of the economy, specifically through the eco-
nomic content, which is measured by the ratio of residents' disposable
income to per capita GRP.
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Fig. 2. The research framework of this study.

3.2. Data collection and processing

This study investigates the progress of PIC integration in 10 repre-
sentative coastal port cities in the Chinese provinces of Zhejiang,
Jiangsu, Shandong, and Liaoning, given their advanced PIC develop-
ment state and geographical distribution in China. The selected cities
include global, regional and local ports, located in the southern, central
and northern areas. Both regional and economic impacts are taken into
consideration. The cities are Ningbo-Zhoushan (Zhejiang); Suzhou,
Nanjing, Zhenjiang, and Nantong (Jiangsu); Qingdao, Yantai, and Riz-
hao (Shandong); and Dalian and Yingkou (Liaoning). The analysis fo-
cuses on assessing the extent of PIC integration in the specified locations.
The primary data are fused with raw data from multiple sources,
including the China Statistical Yearbook 2015-2021, the China Port
Yearbook, the statistical yearbooks of the individual provinces, the
statistical bulletins of related cities, and the statistical yearbooks and
annual reports of each port group.

The comprehensive development evaluation model is a multifactor
assessment that focuses on the integration of the PIC relationship (Bian
et al., 2022). The evaluation involves assigning weights to each index to

accurately measure the level of integration. The entropy weight method,
an important information weight model that has been extensively
studied and practised, is then employed to calculate the indicators'
weights, eliminating the influences of dimensions and the measurement
scale (Kong & Liu, 2021).

Before calculating the weights, the initial data has to be devoid of
dimensions. Extreme value theory is applied to standardize the original
data and generate the x’{j indicators, while the entropy method is used to
determine the relative significance of each indicator (Han et al., 2021).
The following formulas are used for the calculations:

Step 1. Extreme value theory is applied to standardize the raw data:

x5 — Min

=L 1
X7
i MaxJ Min; M

Step 2. Characteristic weighting of indicators is performed by:
&
X7
& i
b= < (2)
! i Zk:lx/g‘

Step 3. The entropy value of each indicator is determined:
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1 P
E = <*W>ZH kz:;pij'lnpij 3)

Step 4. The indicators' weights are calculated:
1-F

; “
Zj:l (1 - EJ)

w; =

where x{; is the original data of the indicators, xfg indicates the indicator
that was obtained by standardizing the original data, Min; denotes the
minimum value of each indicator, Max; is the maximum value of each
indicator, pg represents the characteristic weight of each city indicator,
E; is the entropy value of each indicator, and w; indicates the weight of
each indicator. i represents the i coastal province, i =1,2---m, j is the jth
index, j =1,2---n, k denotes the Kkt year, k =1,2.--, in this study, m=10,
=7, n =18.

Through using original data and applying Egs. (1)-(4), the results
presented in Table 2 are obtained.

3.3. Comprehensive development index model for the PIC level

The comprehensive development model assesses the overall degree
of development of the three subsystems, and overarching PIC system.
The evaluation is conducted using the following formulas:

1
P(x) = Z:‘):l > ;x'g"wf &)
1
Iy) = Zf:oﬂzlil ;X/g"wf (6)

!
C(z) = ijp+12i:1 kgl:x/g..wj )

T = aP(x) + pI(y) + AC(z) ®

where P(x),I(y),and C(z) are the comprehensive development index of
the port, industry, and city subsystems, respectively; x’g are standard-
ized values of the factors; o(=6),p(=12),n( =18) indicate the
numbers of indicators; T is the comprehensive development index of the
PIC system; and a,f,and A are the influence coefficients of each sub-
system on the whole system, which are often calculated asa+ f+ 1 =1.

Table 2
Weights of evaluation indicators for PIC integration development.

Indicator ~ The weight of each indicator with regard to local subsystem and global
PIC perspectives
Global Subsystem
Py 3.68 % 14.78 %
P, 4.68 % 18.79 %
Py 2.24% 9.00 %
Py 5.64 % 22.64 %
Ps 6.23 % 24.99 %
Pg 2.44 % 9.80 %
I 3.36 % 6.55 %
I 2.77 % 5.39 %
I3 17.68 % 34.43 %
I 1856 %  36.14 %
Is 5.28 % 10.27 %
Is 3.71% 7.22%
C; 2.08 % 8.75 %
Cs 3.31% 13.97 %
Cs 5.51 % 23.21 %
Cy 3.85% 16.24 %
Cs 7.20 % 30.34 %
Cs 1.78 % 7.50 %
Total 1.000 3.000
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The coefficients can be determined through a combination of expert
scoring to fit specific requirements in PIC evaluation. With regard to the
existing literature, the undetermined coefficients are evenly distributed
asa=pf=1=1/3 (e.g., (Ai et al., 2016, Gan et al., 2020, Han et al.,
2021, Kong & Liu, 2021, Liu et al., 2018, Wang et al., 2022).

3.4. Proposed CCDM for the PIC level

The CCMD evaluates the extent of interactions among various in-
dicators related to ecological service levels. Coupling refers to the phe-
nomenon where multiple systems interact and mutually affect one
another. The strength of interaction within a system is quantified by the
degree of coupling. The ultimate value of coupling coordination reflects
the level of accomplished coordinated development (Lin & Tang, 2023).

By employing the CCDM, the degree of PIC integration in each city is
calculated as follows (Liu et al., 2021):

. \/ Px)"Iy)*Clz) _ ©
(PG +1(y) + C(2))

where C represents the degree of coupling, which reflects the strength of
mutual influences among systems.

The CCDM is able to further reflect the degree to which the devel-
opment of systems is coherent and harmonious. It is calculated using the
formula below:

CCI =VC*T (10)

where CCI represents the degree of coupling coordination, which serves
as an indicator of the extent of coupling within an interaction rela-
tionship. CCI also reflects the quality of coordination and signifies the
level of coordinated development among different subsystems (Bian
et al., 2022).

Table 3 shows the criteria for the degree of coupling coordination.
The larger the value of the CCI, the higher the degree of coupling.

3.5. Analysis of obstacles

The obstacle degree model is applied to reveal specific obstacles that
hinder the PIC system's collaborative growth (Wang, 2022). This model
is particularly effective at breaking down complex interactions into
quantifiable factors, allowing for a more nuanced understanding of what
exactly constitutes a barrier in different scenarios. It is frequently
employed alongside the CCDM (Zhang, 2021). In this study, the
following obstacle degree model is used:

0= M an
Zj:lwf" (1 - X’E-)

where O represents the obstacle degree, w; represents weight, 1 — x’{; is
the degree of deviation between the standardized indicator value and its

optimal value.

Table 3
Classification criteria for the degree of coupling coordination of the PIC system.

Range of
Coordination Level

Classification Stages Development Level

Weak coordination

Slightly weak coordination
Average coordination
Slightly strong coordination
Strong coordination

0.00 < CCI < 0.20
0.21 < CCI < 0.40
0.41 < CCI < 0.60
0.61 < CCI < 0.80
0.81 < CCI < 1.00

Seriously imbalanced
Imbalanced

Moderately coordinated
Well-coordinated
Highly coordinated
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4. Comparative analysis of PIC evaluation results and discussion

The results of the comprehensive development index and the
coupling degree are presented in this section. By comparing CCI changes
across different regions or periods, trends, fluctuations, and key factors
are identified. Finally, specific implications and sensitivities are pro-
posed based on the conclusions, helping to explore potential impacts and
provide recommendations for policy-making, future research, and
practical applications.

4.1. Comprehensive development index evaluation

4.1.1. Results of comprehensive development index T

Applying Egs. (5)-(8), the corresponding calculation results are
presented in Table 4. Furthermore, Fig. 3 shows a comparative analysis
of the calculation outcomes ranging from 2015 to 2021. The compre-
hensive development index for the 10 major coastal port cities exhibits
an overall upward trajectory. Ningbo-Zhoushan in Zhejiang demon-
strates a consistent growth pattern, with an average growth rate of 6.51
%. In 2021, the comprehensive development index of Ningbo-Zhoushan
reached a score of 0.538, surpassing that of the other cities except
Qingdao.

Overall, the cities in Jiangsu Province show a steady growth trend,
although the comprehensive development index of the three cities, apart
from Suzhou, remains relatively low. Suzhou demonstrates a steady
increase from 0.296 to 0.394 between 2015 and 2021, with an average
annual growth rate of 4.93 %. In comparison, the rates for Nanjing,
Zhenjiang, and Nantong are 5.37 %, 6.86 %, and 7.75 %, respectively.
Following the completion of port integration in 2017, the annual
average growth rate slightly increased compared to the period before
integration.

For the cities in Shandong, the year 2018, when port reform was
completed, marks a turning point. Before 2018, there is an overall
downward trend, which shifts to a rapid upward trend afterwards. From
2015 to 2021, Qingdao, Rizhao, and Yantai experienced average annual
growth rates of 6.74 %, 18.41 %, and 11.82 %, respectively. However,
from 2017 to 2021, these rates increase significantly to 18.84 %, 38.49
%, and 26.46 %. In 2021, Qingdao achieved the highest score of 0.593,
surpassing the other nine cities. Following the reform, the pace of
growth increased, with Rizhao showing the highest acceleration and
Qingdao the lowest.

Among the northern port cities, Dalian and Yingkou in Liaoning
exhibit comparatively lower comprehensive development index values.
Although the absolute values are modest, Yingkou shows an impressive
growth rate of 20.86 % from 2019 to 2020, and Dalian experienced a
notable growth rate of 9.61 % from 2020 to 2021, indicating significant
potential for future growth.

4.1.2. Analysis of comprehensive development levels
Overall, the values of the comprehensive development index are
relatively low. Except for Qingdao, Ningbo-zhoushan, and Yantai, whose

Table 4

Results of comprehensive development index.
Region 2015 2016 2017 2018 2019 2020 2021
Ningbo-

0.370 0.377 0.412 0.443 0.476 0.486 0.538
Zhoushan

Suzhou 0.296  0.302 0.328 0.336 0.353  0.367 0.394
Nanjing 0.170  0.173 0.187  0.190 0.206  0.213 0.232
Zhenjiang 0.090 0.095 0.091 0.096 0.133 0.143 0.126
Nantong 0.129  0.138 0.147  0.167 0.197  0.187 0.200
Qingdao 0.515  0.464 0.292  0.278 0.331 0.543 0.593
Rizhao 0.299 0.298 0.110 0.137 0.138 0.342 0.344
Yantai 0.356  0.357 0.180 0.213 0.210  0.421 0.433
Dalian 0.157  0.161 0.154  0.177 0.166  0.168 0.198
Yingkou 0.090 0.111 0.113  0.128 0.119 0.170 0.168
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indices exceed 0.4; all other port cities have indices of 0.3 or lower. In
2021, Qingdao has the highest scores, followed by Ningbo-Zhoushan,
with both having similar absolute values of around 0.6. Qingdao and
Ningbo-Zhoushan both belong to international port cities. As of 2023,
Ningbo-Zhoushan is ranked third globally in container throughput and
first in cargo throughput, while Qingdao holds fifth and fourth,
respectively. Clearly, in terms of port throughput, Ningbo-Zhoushan
Port outperforms Qingdao Port. However, following port integration,
the comprehensive development index of Qingdao experiences a rapid
surge. In 2020, its growth rate soared by 63.81 % compared to 2019,
with a three-year average growth rate from 2019 to 2021 reaching
18.84 %, significantly higher than Ningbo-Zhoushan's of 6.51 %. This
suggests that the impact of port integration on Qingdao is better than
that on Ningbo-Zhoushan. Moreover, it also indicates that the compre-
hensive development index is a composite metric, with port throughput
representing just one facet of it.

The comprehensive development index results of the ten cities reveal
that port cities within the same province exhibit relatively consistent
trends, particularly pronounced in Shandong province. Additionally,
larger cities in the same province tend to have lower growth rates in the
comprehensive development index compared to smaller cities, which is
especially evident after the port reforms. In Liaoning, after the port re-
form, the average annual growth rate of Yingkou exceeds Dalian by over
11 %, compared to a difference of just 7 % before the reform. Shandong
and Jiangsu have a similar trend. Port resource integration generally has
positive impacts on port cities, with smaller cities benefiting even more.
It also elucidates that larger ports are the primary obstacles during the
integration process, whereas smaller ports are more inclined to
integrate.

4.1.3. Implications of comprehensive development index

The integration of provincial ports marks a pivotal advancement in
the reform of China's port systems and sets a precedent for global port
reform initiatives. The decentralization era, spanning from 2003 to
2015, significantly propelled the growth of China's ports, and this
progress is reflected in their throughput rankings. However, the transi-
tion from merely large to truly influential ports remains a critical hurdle.
In pursuit of elevating its ports to global prominence, China has
embarked on an ambitious journey of provincial port reform, targeting
the cultivation of world-class, influential maritime gateways.

The investigation of the comprehensive development index reveals
that reforms at the PIC level typically manifest their positive outcomes
with a significant difference between big cities and small cities in the
same province, especially evident after the port reforms. This insight
underscores the necessity of policy bias and resource consolidation for
large ports at the beginning of such reforms. It also highlights the
variability in the impact across different locales, emphasizing the need
for tailored approaches in addressing the unique challenges and
leveraging the distinct advantages of each port city.

4.2. Results and discussion of the coupling coordination index

4.2.1. Results of CCI

The CCI, as determined by Eqs. (9)-(10), is presented in Table 5 and
Fig. 4. The findings suggest that the CCI of the ten major coastal port
cities exhibits consistent increases over the investigated period. Ningbo-
Zhoushan transitioned from average to slightly strong coordination in
2017 and achieved a score of 0.690 in 2021, marking its entry into the
category of well-coordinated development.

Furthermore, Suzhou, Nanjing, Zhenjiang, and Nantong in Jiangsu
show consistent development rates. Suzhou leads a shift from a state of
average to slightly strong coordination, surpassing a score of 0.6 by
2020. However, the overall coordination levels of the other three cities
remain relatively low, with Nanjing and Nantong maintaining an
average level, while Zhenjiang stays at a slightly weak level.

The changes in Shandong present a different trend. Between 2015
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Fig. 3. Results of calculating the PIC comprehensive development index for different port groups (2015-2021).

(Note: The dashed line indicates the establishment time of the port group.)

Table 5

Results of CCI of the PIC system.
Region 2015 2016 2017 2018 2019 2020 2021
Ningbo-

0.565  0.579 0.603  0.621 0.642  0.656 0.690
Zhoushan

Suzhou 0.530  0.537 0.557  0.559 0.572  0.583 0.600
Nanjing 0.404  0.406 0.416  0.424 0.438  0.439 0.458
Zhenjiang 0.294  0.302 0.296  0.305 0.343  0.360 0.346
Nantong 0.359  0.370 0.381 0.404 0.438  0.425 0.437
Qingdao 0.702 0.654 0.506 0.497 0.531 0.724 0.763
Rizhao 0.468  0.470 0.289  0.314 0.314  0.540 0.544
Yantai 0.538 0.538 0.413  0.440 0.438  0.621 0.633
Dalian 0.353 0.339 0.337 0.359 0.357 0.354 0.378
Yingkou 0.223  0.212 0.212  0.228 0.228  0.258 0.257

and 2018, the CCI values decrease. However, after 2018, there is a rapid
increase, with Qingdao and Yantai surpassing 0.6 by 2021, reaching a
state of slightly strong coupling. Moreover, the CCI values in 2021
exhibit a substantial improvement compared to those in 2015. In 2021,
the CCI of Qingdao is the highest among the ten coastal cities, reaching
0.763.

Dalian and Yingkou in Liaoning exhibit comparatively lower
coupling levels than other cities. Specifically, the CCI of Dalian remains
below 0.4 before 2020, while Yingkou consistently stays below 0.3, with
a slightly weak coordination status.

4.2.2. Temporal distribution characteristics

To visually observe the changes in CCI, Fig. 5 illustrates the annual
coupling status for each city. In 2021, it is evident that Ningbo-
Zhoushan, Suzhou, Qingdao, and Yantai achieved a slightly strong
coupling level, while Zhenjiang, Dalian, and Yingkou exhibited rela-
tively low coupling levels. Except for Zhenjiang, southern and central
cities perform better than those in northern regions, primarily due to the
slow growth rates of their ports, industries, and cities.

Port reforms have the most significant impact on improving the CCI

in Shandong. Upon the completion of port reforms in Shandong in 2018,
the CCI of all three cities was elevated by one level. Following regional
integration in Shandong ports, both cargo and container throughput
grow steadily, especially in Yantai and Rizhao, resulting in notable
economic benefits for the ports. The establishment of dedicated de-
partments by the Shandong Provincial Port Group to improve PIC
integration degree significantly enhances the coordination level of these
subsystems after 2019, culminating in a peak in 2021.

Various integration paths and modes lead to distinct port develop-
ment models. Liaoning port reform employs a vertical integration
strategy, which is different from the other three provinces. Following the
port reform, although the CCI of Dalian and Yingkou remains relatively
low, the growth rate is noticeable. Despite limited improvement in
throughput, the ports achieve significant increases in main business
income and profits benefiting from investment from China Merchants
Group. Additionally, significant cost reduction and efficiency improve-
ments are observed, suggesting that the integration paths and modes can
influence ports' development model.

4.2.3. Implications of CCI

The current objective of provincial-level port reforms is to enhance
the PIC integration. A high level of PIC integration would promote
comprehensive improvement across the three subsystems. CCI has
elucidated two critical insights that hold substantial implications for
both the national context and the broader sphere of global port reform.

(1) Comprehensive evaluation framework.

By considering ports, industries, and cities as three interconnected
subsystems of equal importance, this study has pioneered a more holistic
approach to understanding the synergies and tensions within the con-
nections between ports, industries, and cities. This broader perspective
enriches the conventional port city evaluation indices and validates the
use of the CCDM in exploring these complex relationships, thus paving
the way for its further application in diverse contexts.
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(2) Diverse integration strategies.

The paper outlines the diverse approaches taken by provinces,
including the top-down integration model spearheaded by provincial
state-owned enterprises in Zhejiang, Jiangsu, and Shandong, as well as
Liaoning's vertical integration strategy, which involves central enter-
prises. This diversity in approaches provides valuable lessons on the
effectiveness and potential pitfalls of different integration models,
thereby offering a comparative basis for other regions contemplating
similar reforms. This paper suggests that the long-term efficacy of these
strategies requires further investigation, inviting detailed research to
extend the analysis over a longer period.

Overall, the implications drawn from this study not only contribute
to the refinement of China's ambitious endeavour to develop world-class
ports but also offer significant insights for global port reform efforts.
They advocate for a nuanced understanding of port integration dy-
namics and the adoption of informed context-specific strategies.

4.3. Main obstacle indicators

4.3.1. Results of obstacle indicators
Table 6 outlines the top three indicators that hinder the synergistic

10

Table 6
Main obstacle indicators.
City Port Industry City
Rank Rank Rank
1 2 3 1 2 3 1 2 3
Ningbo-Zhoushan Ps P3 Ps Iy I3 Is C3 Cs Cy
Suzhou Ps Py P, I, I3 Is C3 Cy Cy
Nanjing Ps Py Py Iy I3 Is Cs C3 Cy
Zhenjiang Ps Py P, 1 I3 Is Cs C3 Cy
Nantong Ps by P, I I3 Is Cs Cs Cy
Qingdao P, Py P; I3 I Is Cs C3 Cy
Rizhao Ps P; P, I, Iy I Cs C; Cp
Yantai Ps Py Py Iy I3 Is Cs Cs3 Cy
Dalian Ps P, P, L I Is Cs Cs Cz
Yingkou Ps P, Py 1 I3 Is Cs Cs Cs
Total score Ps Py Py 1 I3 Is Cs C3 Cy

Note: “1” indicates that the obstacle degree of the indicator ranks first; “2” in-
dicates that it ranks second; and “3” indicates that it ranks third.

development of the three subsystems in each city. First place is awarded
3 points, second place 2 points, and third place 1 point. The total score
for each indicator is then calculated, with higher scores indicating
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greater importance. The top three overall indicators are shown in
Table 6. Within the port system, the main business income (P5) signifi-
cantly affects the collaborative dynamics within the PIC framework.
Following closely in the second and third place is the port quantification
(P4) and number of productive terminal berths (P). In the industrial
domain, the paramount indicator of influence is the GDP share of the
tertiary industry output value (I), followed by the GDP share of the
secondary industry output value (I3) and the number of industrial en-
terprises above the designated size (I5). Conversely, in the urban system,
the top three determinants are the economic value (Cs), total retail sales
of consumer goods (Cs) and the total value of imports and exports (Cy).

4.3.2. Analysis of main obstacle indicators

Comparing and analyzing the results of obstacle indicators with the
overall weights (see Fig. 6), a consistent pattern is revealed. The in-
dicators with higher weights correspond to higher obstacle scores.
However, the obstacle degree model may have different results and
convey more information for each city. For the Ningbo-Zhoushan Port
subsystem, Pg ranks first instead of Ps.

The results indicate that within the port subsystem, Ps, P4, and P, are
the top three obstacles. Main business income reflects the port's financial
stability and serves as a key indicator of its operational performance and
market competitiveness. It not only demonstrates the port's ability to
generate revenue from core activities but also underscores its direct
contribution to the local and regional economy, playing a vital role in
facilitating trade, creating jobs, and driving economic growth. Port
quantification reflects the saturation level of a port and has significant
implications for its development capability and potential. The number of
productive terminal berths reflects a port's infrastructure and facilities
while serving as a key indicator of its operational capacity, efficiency,
and competitiveness. It highlights the port's ability to handle cargo,
accommodate larger vessels, and support diverse trade, shaping its ap-
peal to shipping lines and its role in regional and global trade networks.

In the industrial subsystem, I, and I3 demonstrate absolute impor-
tance, consistently ranking as the top two indicators across ten cities.
Except for Qingdao, I4 consistently ranks higher than I3 in terms of ob-
stacles. This suggests that the proportion of GDP in the tertiary sector is
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more significant for PIC integration than the proportion in the secondary
sector. The following important indicator is Is. As China has advanced
manufacturing, The number of industrial enterprises above the desig-
nated size is an important representation of the manufacturing industry.
A developed manufacturing industry is a major source of maritime
cargo. On the other hand, disruptions in port services would have the
greatest impact on the manufacturing industry, which is consistent with
the findings of Zhang and Lam (Zhang & Lam, 2016).

In the urban subsystem, Cs and C3 are the two most frequently
appearing indicators. Cs reflects both the standard of living and the
sustainable development of the economy. Examining the ratio allows for
a comprehensive evaluation of overall economic well-being and stabil-
ity, providing insights into the region's prosperity and economic sus-
tainability. Fluctuations in the total retail sales of consumer goods can
reflect the economic climate and serve as a crucial reference for evalu-
ating economic performance. C4 represents the total value of imports
and exports, signifying a critical aspect of global trade. Noteworthily,
approximately 75 % of world trade relies on maritime transportation,
with the shipping industry being a fundamental driver of international
trade (Lane & Pretes, 2020). It highlights the indispensable role of
maritime shipping in facilitating and enabling trade activities.

4.3.3. Implications of obstacle indicators
The results of the obstacle indicators reveal the key indicators of each
subsystem in various cities, providing the following main insights:

(1) Differentiated obstacle indicators.

The obstacle degree index identifies key indicators for each subsys-
tem in each city. Notably, when primary obstacle indicators vary across
cities, local governments should take into account both common and
unique indicators in their policy formulation. For instance, in Ningbo-
zhoushan port, total profit (Py) is prioritized from the obstacle anal-
ysis, suggesting that the port's policies should focus on enhancing overall
profitability and financial performance. In contrast, in Suzhou port, the
main business income (Pg) is more significant, indicating that the port
needs to concentrate on increasing revenue from its core business
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activities. Developing a differentiated policy system that addresses these
specific factors can offer targeted support for the sustainable integration
of PIC.

(2) Developing port-compatible industries.

In the port and industrial sectors, container throughput and the GDP
share of the tertiary industry are the primary obstacle indicators. This
suggests that developing port-compatible industries tailored to the
specific characteristics of each city is crucial for enhancing PIC inte-
gration. For example, the CCI results in Jiangsu Province show that
Zhenjiang performs relatively poorly. Zhenjiang primarily handles bulk
cargo, with a very small container throughput. Therefore, for Zhenjiang,
expanding container cargo sources or developing industries related to
bulk cargo are important pathways to improve PIC integration. Fully
leveraging the port's engine role and promoting container transportation
development can significantly improve PIC integration.

4.4. Sensitivity analysis

Previous studies often set the weights of the three subsystems equally
at 1/3 each when calculating their coupling effects (Wang et al., 2022).
This study focuses on investigating the impact of port reforms on PIC
integration. Therefore, a sensitivity analysis of the port weight is con-
ducted. This approach enables an accurate assessment of the port sys-
tem's true contributions to overall performance, providing a
comprehensive evaluation of the impact of port reforms. Using a = = 1
= 1/3 as the baseline, the weight of a is gradually increased and set to
=1/2,p=1=1/4a=2/3,p=1=1/6;a=0.8,=1=0.1;and a =
1.0, # =2 = 0. The changes in CCI values and the growth rates of various
cities are obtained to generate insightful implications in the ensuing
sections.

4.4.1. Port-driven development

As the weight of ports increases, CCI values for Ningbo-Zhoushan,
Dalian, and Yingkou consistently rise each year, though at varying
growth rates. Specifically, as illustrated in Fig. 7, Ningbo-Zhoushan
exhibits a steady average annual growth rate of 6.3 %. Dalian shows
an average growth rate of 5.8 %, while Yingkou demonstrates a more
pronounced average annual growth rate of 6.7 %.
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With the increasing importance of ports, CCI values also rise, high-
lighting the dominant role ports play in PIC integration. The faster the
growth, the more evident the port's dominance becomes. Among the
three cities, Yingkou Port demonstrates the most significant dominance
in PIC integration.

Despite Zhejiang and Liaoning employing different methods of
integration, their equity structures are comparable. For instance, Zhe-
jiang Port Group holds complete ownership of Ningbo-Zhoushan Port,
giving it total control over its operations. On the other hand, Liaoning
Port Group has full ownership of Dalian port and over 51 % ownership in
Yingkou port, with the remaining shares held by creditor banks. Despite
this, Liaoning Port Group retains full operational control of both ports.
This similarity in equity structures provides the foundational conditions
for a port-driven model of integration.

Since 2015, Zhejiang Province has unified all ports, including marine
and inland ports, progressing from the integration of Ningbo and
Zhoushan Ports. The construction of the Yiwu-Ningbo-Zhoushan open
corridor has facilitated the synergy of four types of ports - seaport,
airport, inland port, and information port - thereby establishing a major
international logistics corridor (ZPDRC, 2021). These efforts have
expanded cargo sources for Ningbo-Zhoushan Port, ensuring continuous
and stable growth and providing a solid foundation for port-driven
development. The stable growth rate indicates the positive impact of
the overall integration of PIC.

Since 2019, the average growth rate of the CCI for Dalian has shown
a modest increase compared to the period before 2019, while Yingkou
has experienced more noticeable growth. The Liaoning Port Group has
deepened its cooperation with the Liaoning provincial government in
multiple areas, including port operations, logistics transportation, park
development, and financial services. This cooperation extends beyond
traditional port operations to encompass a wider range of activities,
enhancing upstream and downstream linkages. The Taiping Bay in
Dalian has been transformed into a front port-central zone-back city
model, fostering positive interactions between industrial park develop-
ment and free trade zone construction (SAPAC, 2020). This model
effectively addresses the integration of PIC. While the short-term effects
of these policies may not be very evident, this is a highly beneficial
development model for PIC integration in the long term.
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Fig. 7. Sensitivity of Ningbo-zhoushan, Dalian and Yingkou.
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4.4.2. Non-port-driven development

Fig. 8 illustrates that as ports become more significant, the CCI values
for Suzhou, Nanjing, and Nantong show a marked downward trend, all
experiencing negative growth. Over the past seven years, the average
growth rate for Suzhou is —5.2 %, for Nanjing —1.4 %, and for Nantong
—1.1 %. The smaller the negative growth rate, the weaker the port's
dominant role becomes. Therefore, Suzhou port has the least impact on
PIC, followed by Nanjing port and Nantong port. The results suggest that
the ports in these three cities are not the main drivers for the PIC
development, relying instead on both industry and city.

On the other hand, Zhenjiang shows a markedly different trend.
Zhenjiang consistently maintaines a positive annual growth rate, aver-
aging 3.2 %. Notably, in 2019 and 2020, the growth rates reach 6.5 %
and 5.2 %, respectively, highlighting a robust port-driven economic
performance.

To identify the reasons behind this discrepancy, the equity structures
of four ports are examined (see Fig. 9). Jiangsu Port Group owns 61.04 %
of Suzhou port and 55 % of Nanjing port, with the local government
holding the remaining shares. Nantong port is fully controlled by the
local government. In contrast, the equity of Zhenjiang port is entirely
held by Jiangsu Port Group. Among the four ports, Zhenjiang local
government is the only one that does not possess any shares in Zhenjiang
port, whereas the other three port cities typically hold around 40 % or
more of the shares.

Both the CCI results in Section 4.2.1 and the sensitivity analysis
indicate that PIC integration in Zhenjiang is worse than in the other
three cities in Jiangsu. The equity structure is likely a significant
contributing factor. Thus, if the local government of a port city does not
participate in equity at all and lacks a dedicated department for pro-
moting PIC integration, then the equity structure will severely impact
the connection between the port, city, and industries. Consequently, this
lack of industrial cohesion will hinder the port's full potential.

4.4.3. Mixed driven development
The CCI values of the three cities in Shandong Province demonstrate
a consistent trend (see Fig. 10). With increasing port weight, there is a
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clear positive growth from 2017 to 2019. Qingdao experiences an
average growth rate of 5.1 %, Rizhao 8.6 %, and Yantai 3.8 %. During
this period, port development takes precedence in PIC integration.
However, starting in 2020, the influence of ports gradually declines,
with Rizhao and Yantai showing more significant changes, leading to a
shift in dominance towards cities and industries.

Shandong Port Group has full ownership of Qingdao, Yantai, and
Rizhao. Furthermore, the group implements a specialized division that
primarily focuses on the integration of various industries and urban
areas. Its main functions include the integration of industries and cities,
the construction and management of port industrial parks, and the
revitalization of obsolete ports and urban areas. Shandong Port Group
commits to enhancing PIC integration in 2020 and devises construction
projects with substantial investments exceeding 1776.3 billion RMB.
Consequently, since 2020, a significant enhancement has occurred in the
PIC integration for Qingdao, Yantai, and Rizhao.

4.4.4. Implications of sensitivity analysis results

Sensitivity analysis contributes to a reanalysis of sensitive factors to
identify patterns and improve the reliability of results. In analyzing the
coupling relationships between subsystems, the weights of each
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subsystem are critical parameters. This study makes significant contri-
butions through sensitivity analysis as follows:

(1) Breakthrough in subsystem weight.

Breaking away from the traditional practice of assigning equal
weights to the three subsystems, the study explores the changes in
coupling relationships when changing the weights of the port systems.
Based on the different patterns of coupling results, three distinct driving
types of PIC integration are summarized, providing a clearer view of the
impact of port reform on PIC. This approach significantly enriches the
research on the effects of port reform.

(2) Equity allocation strategies.

The alteration of equity is the most crucial and challenging aspect of
port reform. Exploring the impact of equity on PIC provides a vital
reference for equity alteration schemes in port reform. PIC integration
requires mutual support between local governments, ports, and in-
dustries. The lack of any party will hinder the integration progress.
Sensitivity analysis reveals the impact of equity on PIC more clearly, and
the conclusions obtained can provide an important basis for regional
port reform. However, the optimal level of involvement from local
governments remains to be explored and may require further observa-
tion over an extended period.

5. Conclusions

This study proposes a new comprehensive evaluation index system
for evaluating the development of PIC integration for port cities. The
comprehensive development index model is developed, and the CCDM is
applied to investigate the effect of provincial reform on the PIC inte-
gration level in China using 10 representative coastal cities as illustra-
tive cases and their associated data from 2015 to 2021. There are three
primary findings drawn from the study, as follows:

First, the comprehensive development index for all the investigated
port cities exhibits an overall upward trend, with cities within the same
province displaying relatively consistent patterns. Notably, larger cities
(e.g. Ningbo-zhoushan, Qingdao, Suzhou and Dalian) tend to have
slower growth in the comprehensive development index compared to
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smaller cities (e.g. Yantai, Rizhao, Nanjing, Zhenjiang, Nantong and
Yingkou) in the same province. This disparity becomes more pro-
nounced following the implementation of port reforms and could largely
be attributed to two key factors: (1) larger cities, having already ach-
ieved a higher level of development, encounter diminishing marginal
returns on further investments, and (2) smaller cities, benefiting more
directly from the reforms, experience accelerated growth due to
improved infrastructure and expanded economic opportunities. These
findings highlight the differentiated impact of port reforms on cities of
varying sizes.

Second, Ningbo-Zhoushan, Suzhou, Qingdao, and Yantai achieve a
slightly strong coupling level, while Zhenjiang, Dalian, and Yingkou
exhibit relatively low coupling levels. This variation cannot be attrib-
uted solely to geographical factors but is more closely linked to port
specialization, functional roles, and the degree of integration with their
local industries. For instance, Zhenjiang Port's emphasis on bulk cargo
transshipment, coupled with its limited integration with local industrial
activities, results in weaker coupling effects. Similarly, the positive
economic growth in Liaoning Province, coupled with negative cargo
throughput growth at Dalian and Yingkou, contributes to their weaker
performance. These findings suggest that economic structure, industrial
base, and port functionality are more influential in determining coupling
levels than geographic location alone.

Third, the obstacle degree model is used to identify the key indicators
that hinder the development of the three PIC subsystems. Specifically,
main business income (P5), the GDP share of the tertiary industry output
value (I), and the economic value generated (Cs) are recognized as the
most significant obstacles within the port, industrial, and city sub-
systems, respectively. P;5 reflects the port's financial stability and oper-
ational performance, highlighting its ability to generate revenue,
support regional economies, and contribute to employment and eco-
nomic growth. Iy emphasizes the critical role of service-oriented eco-
nomic activities in fostering PIC integration, indicating that the tertiary
sector plays a more pivotal role than the secondary sector in achieving
sustainable and balanced development. Finally, Cs provides a compre-
hensive measure of regional economic vitality and long-term sustain-
ability, offering valuable insights into the overall prosperity and
resilience of the local economy. These indicators offer a robust analytical
framework for understanding the dynamics of PIC integration and un-
derscore the significance of financial performance, industrial structure,
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and economic sustainability in influencing the integration and devel-
opment of PIC systems.

There are a few limitations which inspire future studies in the field.
First, the variable selection and weighting methodologies used in the
analysis may introduce potential biases or shortcomings. Due to limi-
tations in data availability, such as the difficulty in obtaining detailed
data on economic activities specifically related to the shipping industry,
broader indicators from the secondary and tertiary sectors were used as
substitutes. While this approach ensures feasibility, it may not fully
capture the unique characteristics of the shipping industry, potentially
leading to biases in the results and the weighting process. Future studies
could address this issue by incorporating more granular and industry-
specific data to enhance the precision and reliability of the findings.
Second, extending the timeframe of analysis beyond the 2015-2021
period could provide deeper insights into the long-term and enduring
effects of the observed trends and policy impacts. Lastly, the optimal
level of local government involvement remains unclear and warrants
further investigation through extended observation and analysis.
Addressing these limitations in future research could significantly
improve the robustness and applicability of the findings.
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Appendix A
Appendix 1
Survey of the existing literature.
Study theme Study places Year Variable Methods Results References
The two reach entirely contradictory
conclusions: the former asserts that
Plymouth, South Observational Ports are not particularI'y effective (G]-"ipi.l]'()s &
Port-cit West England, 1989-1991, PT. NP. E. NJ method: GMM. instruments for economic Gripaios, 1995)
Y 116 ports from 2000-2006 e > development, while the latter (Bottasso et al.,
System estimator . .
Europe contends that ports play a vital rolein ~ 2014)
influencing regional economic
growth.
Population, GDP, . -
R Container ports significantly enhance Park & Seo,
Port-city South Korea 2000-2013 economic growth rate, port Solow model . p ‘g Y (Par o
. regional economic growth. 2016)
investment, PT, CT
Terminal area, berth length, numbe - ..
20 world-leading g 8 g Prevailing policies affect levels of )
. . of quay cranes, CT, land area, energy R (Chen & Lam,
Port-city container port 2013 . DEA sustainable development between the
L. consumption, labour, GDP, CO» . 2018)
cities . port and city system.
emissions
Past and present hinterland initiatives (Gonzalez-
. CT, emission of SOz, NOp, PM2.5, Mathematical P ! Aregall &
Port-city Barcelona 2012-2017 . that could successfully facilitate the .
PM10, statistics L . . Bergqvist,
growth and resilience of this port city.
2020)
PT capacity, PT, port pressure, GDP, . . .
. increases in sea transportation
port revenue, port profit, port . .
. activity and economic pull
investment, port demand, waste coefficients help to propel the growth
Port-city Shanghai, China 2010-2017 solid discharge, wastewater System dynamics . P to prop . 8 (Li et al., 2019)
. . of port—city GDP to a certain extent,
discharge, waste gas discharge, X
. but also cause environmental
energy occupation, and water .
. pollution and resource wastage.
resources occupation.
PT, CT, Length of docks, Number of . . .
. . Entropy weight the six port-city systems have not .
. . . . berths, GRP, Proportion of tertiary . (Liu et al.,
Port-city Liaoning, China 2008-2017 . . . method; strongly correlated and are in the
industry. Life quality, urban R 2019)
. 3 . CCDM stage of coordinated development.
construction, ecological construction
. 16 port-city pairs second-generation (Cong et al.,
Port- 2000-2016 PT, GDP, P], SI, TI, TRSCG, FT PI tes TI.
ort-city in China ’ P T ’ panel method promotes 2020)
Saint Petersburg . . (Efimova &
F 1 PT P but h k
Port-city and Leningrad 2000-2015 PT, E, GRP stl:eessequentla in ﬂﬂ ::::zej rGeRion:lt er?ls fow;im Gapochka,
Province 8 g ploy ) 2020)
Main coastal port PT, fixed-assets investment, total The strength of port—city relationships (Guo et al
Port-city .. K P 2001-2015 industrial output value, total retail DCI s P Y L. P ) . o
cities in China are not related to port or city size, but ~ 2020)

sales of consumer goods, tertiary
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Appendix 1 (continued)
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Study theme Study places Year Variable Methods Results References
industrial output value, and urban the development stage of the port or
freight volume city.
The PT has a significant impact on
. GDP, UP, TI, environmental economic development.
. Shanghai, L . .. (Chen et al.,
Port-city China 2000-2019 protection investment, PT, CT, NCB, PCA, CCDM Environmental protection investment 2022)
ecological environmental index can improve the economy and
ecological environment.
Lianyungang, 1995-2005, Trafﬂc level, public service, The low development level ar.ld the (Ai et al,, 2016,
L . . environmental governance, CCDM, TOPSIS, slow development rate of the industry
City-industry Jinan, Sichuan, 1996-2014, . . Gan et al., 2020,
. population & employment, Entropy method subsystem are the key constraints for .
China 2000-2016 . . .. L. Liu et al., 2018)
industrial structure and efficiency low coordination.
E i P, fi
Beijing-Tianjin i:j;::nn;;ta giieiiieal(fii); o)r(te ‘ CCL the obstacle A coupling coordination index was (Han et al,
City ERE system J .g / 2008-2017 ’ p X P degree model, ping 2021, Wang
Hebei trade); economic benefit and developed for the ERE system. U
. . CCDM et al., 2022)
structure; environment quality
Energy input, labour force, capital i . Lo .
Fi tificial The critical fact ffect dustrial
Industry 33 cities in China 2002-2017 stock, industrial output value, uzzy artificia ¢ critica a.c _0 1S atled mg n L}S, na (He et al., 2023)
s neural network green competitiveness are identified.
emission of SO3, CO5, COD
The Port Industry Ecosystem (PIDES)
in coastal areas is well-developed,
31 provinces in NB, CW]'3, LMC, the n}lmber of ) ) with its .scale. c}osely linked to (Zhang et al.,
Port Industry 2022 companies and establishments in Helix theory economic efficiency. However, 82 %

China . .
port-related industries

. ; 2025)
of coastal areas must prioritize marine

environmental protection in PIDES
development.

Note: Port Throughput (PT), Contain Throughput (CT), Gross Domestic Product (GDP), Gross Regional Product (GRP), Primary Industry (PI), Secondary Industry (SI),
Tertiary Industry (TI), Total Retail Sales of Consumer Goods (TRSCG), Number of Passengers (NP), Employment (E), Number of Jobs (NJ), Number of Container Berths
(NCB), Data Envelopment Analysis (DEA), Chemical Oxygen Demand (COD), Coupling Coordination Index (CCI), Economy-Resources-Environment system (ERE
system), Dynamic Centralisation Index (DCI), Number of Berths of 10,000 Tons and Above (NB), Coastal Wharf Berths (CWB), and Length of Mainland Coastline (in

kilometers) (LMC).
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