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Since the last round of government-led provincial port reforms, China’s port clusters have developed rapidly. Despite being China’s most significant port cluster, the Yangtze River Delta (YRD) port cluster faces certain constraints in its development process, which hinder it from fully realizing its potential. This paper aims to clarify the advantages and constraints of the Yangtze River Delta port cluster development through a comprehensive and systematic evaluation, which is crucial for optimizing the cluster’s collective efficiency and effectiveness. Therefore, further deepening of reform is needed, which requires a comprehensive evaluation of the development performance of the port cluster. This study develops a port cluster evaluation model (S = P × k), where S = score, P = competitiveness (hard power), and k = harmony coefficient (system coordination). The framework follows three principles: functional differentiation, hierarchical decomposition (macro to micro), and dynamic equilibrium. The indicator system includes two Level-1 metrics—Overall competitiveness (4 sub-indicators, e.g., economic scale) and System harmony (2 sub-indicators, e.g., cooperation-competition balance)—plus 10 Level-3 operational indicators (e.g., cargo throughput). Weights are determined via AHP, combining objective and subjective methods. Subsequently, the developmental level and overall performance of the Yangtze River Delta port cluster are assessed with the evaluation model. The evaluation results show a clear performance hierarchy: Shanghai port cluster leads (0.230), preceding Zhejiang (0.178) and Jiangsu (0.127), whereas Anhui (0.020) occupies the lowest position. The evaluation results reveal three significant findings. First, the harmony coefficient (k) demonstrates a particularly strong influence on the comprehensive scores. Second, the 0.230-0.020 performance range across provincial clusters quantitatively validates the YRD’s development imbalances. Third, our three-tier indicator system successfully identifies under performing dimensions at different levels (e.g., Anhui’s weak Level-3 operational indicators). In light of the evaluation outcomes and the actual development status, optimization strategies (such as enhance planning and coordination, promote port cooperation, clarify port positioning and division of labor) are proposed to address the existing problems in this large port cluster.
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1 Introduction

China, currently the world’s top trading nation in terms of goods volume, has developed five major port clusters along its coastline, from south to north, namely the Southwestern Coast port cluster, the Pearl River Delta port cluster, the Southeastern Coast port cluster, the Yangtze River Delta port cluster, and the Bohai Rim port cluster (Xu et al., 2021), as shown in Figure 1. Most of China’s maritime trade is conducted through these five port clusters. As a vital component of marine economy, port clusters not only play an important part in improving international trade (Lu, 2024; Xie et al., 2025) and enhancing local economic development (Nguyen et al., 2020; Lu, 2024), but also hold prime importance in ecological conservation and sustainability initiatives (Nie et al., 2023). However, as port economies continue to grow, problematic trends have emerged, particularly phenomena of redundant construction, chaotic spatial expansion, and intense inter-port rivalry within geographical clusters (Lu, 2023). At present, China’s ports face the problem of overcapacity amid global economic downturn and weakening growth drivers in port cities (Cong et al., 2020). In particular, the global COVID-19 pandemic in previous years, coupled with the Russia-Ukraine conflict and regional tensions in the Middle East in recent years, has further exacerbated this situation. Therefore, China’s ports are confronting many challenges like overstock of port assets and poor utilization rate of terminals (Guo et al., 2021; Wang et al., 2022a).

[image: Map of China showing major port clusters with red dashed lines, including the Bohai Rim, Yangtze River Delta, Southeast Coast, Southwest Coast, and Pearl River Delta. Main ports like Tianjin, Qingdao, Shanghai, and Guangzhou are marked with a dot. An inset map provides context.]
Figure 1 | Diagram of the port clusters along China’s coast.
In response to the aforementioned challenges, the YRD port cluster has implemented a series of integrated governance measures. However, the current state of cross-regional governance integration within the YRD port system shows noticeable shortcomings (Li et al., 2023a), and these challenges persist. Some problems, such as the rivalry between Shanghai and Ningbo-Zhoushan for recognition as premier international shipping hubs, have even intensified. Therefore, further integrated governance is imperative for the YRD port cluster.

Effective governance of a port cluster requires: systematic analysis of the cluster’s integration in conjunction with the regional economy, rational planning and positioning of both the cluster and its constituent ports, and implementation of resource integration measures to reduce problems caused by excessive intra-cluster competition and enhance overall competitiveness. Nevertheless, due to the division of national administration, the development and governance of each port are primarily dominated by its provincial government. Currently, China’s port governance is evolving toward provincial port groups (Fu et al., 2023). Therefore, while the combination of all ports in the YRD can be regarded as a single port cluster, ports within each province (or municipality) in the YRD are also considered as individual port clusters in this study to facilitate a more nuanced analysis and evaluation of the YRD port cluster development and governance.

In this study, a comprehensive evaluation model and indicator system for the port cluster are constructed using port competitiveness theory and system science theory. Then, the weights of the port cluster evaluation indicators are determined by AHP, which combines objective and subjective methods. Based on the development status of these provincial port clusters (e.g., port cluster scale, competitiveness of key ports, competition/cooperation relationships between ports, etc.), the evaluation model is subsequently used to assess their strengths and weaknesses across different resource dimensions.

The subsequent sections of this study are structured accordingly: Section 2 undertakes a comprehensive literature review, establishes the investigation’s motivation, and reveals understudied aspects of the subject matter. Section 3 describes the research methods and details the sources of materials used to conduct a comprehensive evaluation of the YRD port cluster. Section 4 presents the evaluation results. Section 5 analyzes the results, clarifies the problems identified in the YRD port cluster, and proposes recommendations. The final section provides a summative recapitulation of the research outcomes and outlines prospective directions for further academic inquiry.


2 Literature review


2.1 Port cluster development

As port clusters develop and assume growing importance in international trade, the study of port clusters has gradually become a focal point of academic research. Zhang et al. (2022) conducted a comprehensive analysis of port system dynamics across both space and time within the Maritime Silk Road economic corridor, revealing spatial disparities among port clusters and a shift in the system’s center of gravity from Europe to Asia. Lupi et al. (2021) studied Deep Sea Shipping (DSS) and Short Sea Shipping (SSS) container routes in Italian port clusters, finding that Genoa’s container traffic grew steadily, while SSS routes experienced reduced frequencies but increased lengths and port calls. Serra et al. (2022) explored LNG supply management in Mediterranean port clusters, finding that organized networks enhance bargaining power, reduce transport costs, and secure favorable import prices through guaranteed purchase volumes. Glavinović et al. (2023) determined the optimal standards and management model for regional sea port clusters in the Republic of Croatia, favoring a coordinated decentralized approach for Croatian regional seaports. De Vicente-Lama et al. (2023) analyzed Spain’s port cluster, emphasizing the need to enhance social and environmental reporting to address the ecological impacts of port operations. Mohd Rozar et al. (2023) studied the performance of Malaysian ports through hierarchical cluster analysis and highlighted the significance of port clusters in enhancing regional logistics efficiency and competitiveness. Huang et al. (2023) investigated the Gulf of Guinea port cluster’s hinterland, revealing intense coastal-to-inland competition and a “funnel effect” in spatial morphology, with remote inland areas offering significant expansion potential. Moretti (2025) explored port clusterization impacts through a case study of Italian port clusters, emphasizing spatial reconceptualization and regional collaborations enabled by transformative design projects.

Meanwhile, given the significant position of China’s ports in the global port economy, scholars have also conducted extensive research on port cluster development in China. Xu et al. (2021) analyzed China’s coastal ports (2001-2018) using the rank-size rule, finding that cargo throughput was decentralized while container throughput was centralized, with macroeconomic, technological, and policy factors significantly influencing port evolution. Pan (2022) studied five major coastal port clusters in China, revealing issues such as polarization, excessive competition, insufficient cooperation, and low-quality development. Wang et al. (2022b) used a dynamic spatial panel model to study competition and cooperation in China’s coastal and inland port clusters, identifying influencing factors like supply-demand, scale, function, and management structures. Lu (2023) focused on the collaborative operation of port clusters and conducted an in-depth analysis of their high-quality collaborative mechanisms. He et al. (2024) examined the foreland structure variations of China’s five port clusters in 2019 and 2022, revealing the impacts of geopolitical and bilateral factors, while global supply chain demands drove alternative transport strategies. Qiu and Zhang (2024) measured the spatial spillover effects of Chinese ports from the perspective of port clusters and found negative spatial spillovers in China’s coastal ports, indicating competition. Yu et al. (2021) explored the spatio-temporal evolution of the Bohai Rim port cluster, revealing staged development with significant port disparities but high potential. Jin et al. (2022) studied the Bohai Rim port cluster, finding that national strategies like industrial revitalization boosted Dalian and Qingdao ports but weakened Tianjin’s competitiveness. The Guangdong-Hong Kong-Macao port cluster was examined through two distinct studies: Su and Lan (2022) applied synergetic theory to revealed unbalanced development and proposed government-led and enterprise-led collaborative models for regional improvement, while Ding et al. (2022) forecasted trends in inter-port relationships, waterway networks, and river-sea intermodal transport hubs based on the regional development plan. Tang and Lin (2023) empirically examined the Pearl River Delta port cluster, revealing a complementary relationship between port development and port city economies. Geng (2024) studied Guangdong’s port clusters, revealing significant disparities in port development, with intra-cluster differences exceeding inter-cluster gaps. Yu et al. (2022) used three-stage DEA and Malmquist models to analyze the efficiency of the YRD coastal port cluster, revealing mid-high static efficiency hindered by scale inefficiency and a 3.6% productivity rise driven by technological progress. Utilizing niche theory as an analytical framework, Li et al. (2023a) enabled systematic examination of integrative administration practices across the YRD port cluster, finding Shanghai superior in economic impact and sustainability, while Ningbo-Zhoushan excelled in natural resources and growth potential. Liu et al. (2024) analyzed the processes and mechanisms of the evolution of the container port system in the YRD, noting incomplete regionalization and low synergy in the YRD region. Leng et al. (2024) analyzed port service coordination sustainability in the YRD, revealing stronger central potential for Shanghai and Ningbo-Zhoushan Ports, distinct port distribution disparities, and a dense semi-circular zone of spatial gravity with weak participation from marginal ports. Wang et al. (2024) suggested that policymakers should consider the YRD as a whole to position the ports functionally and manage them hierarchically, and then tilt the resources towards Anhui.


2.2 Evaluation of port cluster

Evaluation methods have proven effective in quantifying performance indicators and identifying weaknesses, enabling targeted improvements across various fields. In transportation research, applications range from highway lane-changing behavior (Chen et al., 2023a) and port truck emissions (Li et al., 2023b) to ship detection (Chen et al., 2023b), waterway safety analysis (Wu et al., 2015a), NUC ship management (Wu et al., 2015b), collision risk assessment (Wang and Jing, 2025), and intelligent maritime shipping (Zou et al., 2025). Port-related research has explored various aspects, including case studies of individual ports (e.g., Ningbo-Zhoushan by Zeng et al., 2022; Liu et al., 2023a; Suzhou by Chen et al., 2023c) and specific port dimensions such as port distance measurement (Chen et al., 2025), policy impacts on emissions (e.g., MSR policies on SO2 emissions in Chinese ports, Wang et al., 2025; ECA policies on sulfur emissions in major U.S. ports, Xiao et al., 2025). Additionally, scholars have tried to employ various methods to evaluate port clusters from different perspectives. Wang et al. (2022a) introduced an enhanced coupling coordination model to assess the coupling coordination degree between port clusters and their hinterland economic systems across three integration patterns, showing short-term disruptions but long-term improvements in coordination, with variations based on integration purposes and patterns. Xiao et al. (2023) assessed Chinese port clusters using an entropy-TOPSIS method, revealing weak competitiveness in the Bohai Bay and polarized competitiveness in the Yangtze and Pearl River Delta clusters. Zhu et al. (2024) evaluated the spatial suitability of coastal port cluster planning and found that the suitability for port reclamation is relatively high in Shanghai, Jiangsu, and Guangdong. Yu and Sun (2021) focused on the YRD region to assess the coordinated level of port cluster and urban agglomeration using gravity, coupling, and coordination models, showing that initial coordination is progressing toward higher levels, with port cooperation enhancing integrated development. Liu et al. (2023b) constructed a port cluster coupling measurement model to assess the coordination degree of Anhui port cluster, finding high coupling but moderate coordination, indicating a need for faster development toward balanced integration.


2.3 Research gap

Throughout the aforementioned literature, each study has contributed to the development of port clusters both theoretically and practically from different perspectives, such as management models (Glavinović et al., 2023), spatial spillover effects (Qiu and Zhang, 2024), integrated governance (Li et al., 2023a), and so on. However, the evaluation of port clusters is still relatively lacking, as studies focusing on individual ports or specific port dimensions cannot reflect the overall situation of a port cluster. Regarding the existing port cluster evaluation literature, studies merely assess specific dimensions of port clusters, such as competitiveness (Xiao et al., 2023), spatial suitability (Zhu et al., 2024), coordination levels (Yu and Sun, 2021; Liu et al., 2023b), etc. Few scholars have employed quantitative methods to explore and evaluate the comprehensive development of entire port clusters. Furthermore, most scholars who study port clusters focus only on individual clusters without conducting in-depth comparisons among different sub-port clusters within the same region, and they also fail to incorporate parameters such as local government management to construct an evaluation indicator system.

To bridge these research gaps, this paper selects the YRD port cluster as a case study and adopts a broader perspective to study port clusters. The development status of the YRD port cluster is evaluated both quantitatively and qualitatively using a comprehensive evaluation mathematical model. This paper also discusses various problems in its development and provides valuable insights for its comprehensive governance.


3 Materials and methods


3.1 Case description

Geographically, the YRD encompasses Jiangsu, Zhejiang, and Anhui provinces, along with Shanghai, which holds provincial-level administrative status. The YRD port cluster examined in this study comprises every port situated in the region (Figure 2). Occupying a central position in China’s coastal geography and benefiting from the geographical advantage of the intersection of the Yangtze River trunk line and China’s North-South waterway trunk line, it has grown into the most port-dense and route-dense port cluster in the world (Wang, 2022), as well as a key node of the Maritime Silk Road (Li et al., 2023a).

[image: Map showing water transport nodes in the YRD region（including Jiangsu, Zhejiang，Anhui, and Shanghai) in China, with labels for the Yellow Sea and East Sea. The Yangtze River is highlighted. Hub nodes and multimodal transport nodes are marked, with an inset map for location context. Node ports such as Nanjing, Shanghai, and Ningbo-Zhoushan are indicated.]
Figure 2 | Diagram of the YRD port cluster (Wang, 2022).


3.2 Establishment of the comprehensive evaluation model

Port cluster exists and functions as a unified system. The comprehensive evaluation of a port cluster is essentially an assessment of its overall performance, which is reflected not only by its overall competitiveness but also by the harmony among its ports. This study evaluates each provincial port cluster in the YRD by analyzing their overall competitiveness and harmony, thereby achieving a comprehensive evaluation of the overall YRD port cluster. Comprehensive evaluation is the precondition of decision-making, providing a fundamental basis. Combined with the port cluster harmony mechanism to improve the traditional linear weighted model, a weighted comprehensive evaluation model is applied to evaluate port clusters. The evaluation model is illustrated in Figure 3, whose mathematical expression is as Equation 1:

[image: Flowchart depicting port cluster performance evaluation. The main input is “Port cluster performance,” leading to two factors: “Overall competitiveness of port cluster P” and “Harmony coefficient of port cluster k.” These are multiplied to derive “The comprehensive evaluation score S.”]
Figure 3 | Diagram of the comprehensive evaluation model.



S
=
P
×
k(1)
 
where S, P, and k represent the comprehensive evaluation score, the overall competitiveness, and the harmony coefficient of a port cluster, respectively. This model underscores the significance of both the individual strengths of the port cluster and the harmonious interplay among its components, thereby providing a nuanced and holistic evaluation of the port cluster’s performance.


3.3 Construction of comprehensive evaluation indicator system

A comprehensive evaluation indicator system should be developed as a prerequisite for evaluating a port cluster on the basis of the comprehensive evaluation model established above. This system must consider not only the overall competitiveness, which is determined by diverse influencing elements, but also the system harmony, which accounts for competition and cooperation among the constituent ports. It involves a systematic analysis of the interrelationships between these elements, followed by a thorough and stratified evaluation of the port cluster. Additionally, to ensure the indicator system provides an objective assessment of the port cluster’s status, it is essential to utilize quantitative indicators and, wherever possible, to quantify qualitative indicators.

Based on the model established above and considering the factors affecting the development of port clusters, evaluation indicators were selected at each level. The comprehensive evaluation indicator system is established as shown in Figure 4, providing a structured and detailed framework for evaluating the performance of the YRD port cluster. For the purpose of making the statistics clearer, these indicators are summarized in Table 1.

[image: Flowchart showing port cluster performance metrics. It branches into overall competitiveness and system harmony. Competitiveness includes economic scale, port cluster scale, and throughput scale. Various factors such as total economic output and berth quantity influence these scales. System harmony examines competitiveness and degrees of cooperation and competition among ports.]
Figure 4 | Diagram of the comprehensive evaluation indicator system for port clusters.

Table 1 | Indicators for comprehensive evaluation of port clusters.


	Level-1 indicator
	Level-2 indicator
	Level-3 indicator



	Overall competitiveness A1
	Economic scale B1
	Total economic output C1


	Import and export volume C2


	Port cluster scale B2
	Total length of berths C3


	Berth quantity C4


	Deepwater berth quantity C5


	Total port handling capacity C6


	Total container handling capacity C7


	Throughput scale B3
	Total throughput of cargo C8


	Total throughput of container C9


	Ratio of foreign trade cargo C10


	Competitiveness of key port B4
	 


	System harmony A2
	Degree of cooperation among the constituent ports B5
	 


	Degree of competition among the constituent ports B6
	 




3.4 Method for determining the indicator weights

This study applies the Analytic Hierarchy Process (AHP) to determine the relative weights of indicators for evaluating the overall competitiveness of the provincial port clusters in the YRD (A1). By structuring indicators hierarchically and using pairwise comparisons to assess criteria and alternatives, AHP transforms subjective judgments into quantifiable data (Bugingo et al., 2024). The procedural flow of the AHP methodology is depicted in Figure 5.

[image: Flowchart depicting a decision-making process using a pairwise comparison matrix. Steps include defining the problem, determining the criteria, and calculating the consistency ratio. The matrix involves summing columns, adjusting line weights, averaging line values, and verifying consistency with CR. If CR is less than or equal to 0.1, proceed with weight determination based on surveys or expert opinions.]
Figure 5 | AHP process flow diagram (Sisman and Aydinoglu, 2020).
The primary operational stages of the AHP method are shown as follows.

Step 1: Creation of a pairwise comparison matrix.

The AHP method compares alternatives and determines priorities based on predefined criteria (Vukić et al., 2024). According to Table 2, experts are invited to conduct pairwise comparisons of homogeneous-level indicators to determine their relative importance within each hierarchical tier, thereby constructing a pairwise comparison matrix A as expressed in Equation 2.


Table 2 | Comparison matrix scale.


	Scale
	Meaning



	1
	Equal importance


	3
	Moderate importance


	5
	Strong importance


	7
	Very strong importance


	9
	Extreme importance


	2, 4, 6, 8
	Intermediate values


	Reciprocal
	Inverse values


Odd-numbered scales can provide a clear neutral midpoint (such as 5), facilitating the expression of judgments with a clear tendency.
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Step 2: Computation of eigenvalues and eigenvectors.

Performing matrix multiplication between the matrix A and the weight vector w = (w1, w2,…, wn)T produced from the indicator weights yields the eigenvalues and eigenvectors (Aw), as shown in Equation 3.
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Step 3: Examination of consistency.

Check the consistency index (CI) and the consistency ratio (CR) for consistency using Equation 4 and Equation 5, respectively:
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where RI refers to the random index presented in Table 3, determined by the corresponding matrix order (n).


Table 3 | Random index (RI) (Saaty, 1980).


	n
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11



	RI
	0
	0
	0.58
	0.90
	1.12
	1.24
	1.32
	1.41
	1.45
	1.49
	1.51



Acceptable consistency is achieved if CR ≤ 0.1, failing which the comparative judgments should be adjusted accordingly (Saaty, 1980).


3.5 Determination of port cluster harmony coefficient

To assess the system harmony of a port cluster (A2), the function of port cluster harmony coefficient (k) is constructed using the method of undetermined coefficients in this study. This coefficient is directly proportional to the degree of cooperation among the constituent ports (B5) and inversely proportional to the degree of competition among the constituent ports (B6), as shown in Equation 6:




k
=
f
(

B
5
,

B
6
)
=
a
+
b
×



B
5


B
6(6)
 
For ease of calculation, assume B5 + B6 = 1, where B5, B6 

∈ (0,1). Based on the established comprehensive evaluation model (Equation 1), the comprehensive evaluation score S exhibits direct proportionality to k, which itself shows a positive correlation with the B5/B6 ratio according to Equation 6. Therefore, the final evaluation score S demonstrates a positive dependence on the B5/B6 ratio value. Although the setting of the k value to some extent affects the size of the S value of the comprehensive evaluation score of each provincial port cluster, it does not change its ranking and does not affect the evaluation and analysis of each provincial port cluster. Drawing upon practical circumstances and port cluster characteristics, only healthy cooperation and competition can maximize their overall performance, while neither excessive cooperation nor excessive competition is conducive to their progress. However, excessive cooperation exists only in theory and rarely occurs. If it did occur, Equation 6 would fail. Whereas, within the same port cluster, even if there is excessive competition among the constituent ports, there will still be a certain degree of cooperation, that is, the k value is always a value greater than 0. Theoretically, there exists an optimal model for the competitive and cooperative relationship. Although there is no upper limit to the value of k theoretically, for the convenience of calculation, it can be assumed that the maximum value of k is 1, and at the same time, it can be assumed that the minimum value of k is 0.2, that is, 0.2 ≤ k ≤1. Let f (0.55, 0.45) = 0.5 and f (0.75, 0.25) = 1, the calculated values of a and b are 0.16 and 0.28, respectively. As a result, Equation 6 can be transformed to:
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3.6 Data sources

The raw indicator data collected for the comprehensive evaluation of port clusters are clearly shown in Table 4. In this study, the selection of data sources has been meticulously tailored to align with the unique characteristics of each indicator within the evaluation system. Additionally, careful consideration has been given to the accuracy and usability of the collected data. The data sources utilized in this study primarily encompass the following aspects:


Table 4 | Raw indicator data collected for the comprehensive evaluation of port clusters.


	Evaluation indicator Port cluster
	Jiangsu
	Zhejiang
	Anhui
	Shanghai



	Total economic output C1 (billion Yuan)
	12287.56
	7771.50
	4504.50
	4465.28


	Import and export volume C2 (billion Yuan)
	5445.49
	4683.66
	753.06
	4190.27


	Total length of berths C3 (km)
	551.80
	265.56
	71.08
	115.18


	Berth quantity C4 (Pc)
	6406
	3460
	844
	1297


	Deepwater berth quantity C5 (Pc)
	560
	275
	16
	189


	Total port handling capacity C6 (million ton)
	2622.56
	1145.10
	569.49
	705.70


	Total container handling capacity C7 (million TEU)
	18.98
	24.20
	1.34
	26.57


	Total throughput of cargo C8 (million ton)
	3243.27
	1919.70
	607.93
	727.77


	Total throughput of container C9 (million TEU)
	23.94
	39.39
	2.14
	47.30


	Ratio of foreign trade cargo C10
	0.171
	0.309
	0.026
	0.548


	Competitiveness of key port B4
	33
	63
	9
	90


	Degree of cooperation among the constituent ports B5
	0.44
	0.55
	0.45
	0.61


	Degree of competition among the constituent ports B6
	0.56
	0.45
	0.55
	0.39



	Public data statistics. To ensure data consistency over time, this study uniformly collected data up to the end of 2022. These data were obtained from the official websites of the National Bureau of Statistics and the Ministry of transport, PRC, as well as the latest edition of the China Ports Yearbook (2023), including all the Level-3 indicators in Table 1, such as total economic output, berth quantity, total throughput of container, etc.

	Other relevant data were obtained through consultations with representative experts. Drawing upon the evaluation indicator system constructed before, we meticulously designed a questionnaire to establish comparative weights among different evaluation indicators and construct the judgment matrix. Thirty experts with extensive experience in shipping and ports participated in the survey, including 9 port operators (30%), 9 port corporation management personnel (30%), 6 port office commissioners (20%), 4 scholars specializing in this field (13%), and 2 experts from Shanghai International Shipping Institute (7%). The three Level-2 indicators—namely, the competitiveness of key ports, the degree of cooperation and the degree of competition among the constituent ports—were also derived from the feedback of the valid questionnaires. Hsu et al. (2023) suggested that the number of experts required to address a group decision issue should not be fewer than five. Therefore, the feedback from the 30 experts involved in this survey is highly representative.



4 Results

Building upon the collected data and the AHP approach described above, the indicator weight vectors for the overall competitiveness evaluation of port clusters are obtained by standardizing the corresponding eigenvectors, as follows:
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Consistency is examined according to Table 3 and Equation 5. For the indicator weight vectors 
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3, the values of CR are 0.0038, 0.0182 and 0.0463, respectively, all of which are less than 0.1. Therefore, the above results are satisfied with the requirements and valid. The weights of Level-3 indicators are normalized, and the final weight of each indicator is obtained, as illustrated in Table 5.


Table 5 | Weights for evaluation indicators of overall competitiveness.


	Level-1 indicator
	Level-2 indicator
	Level-2 indicator weight
	Level-3 indicator
	Level-3 indicator weight



	Overall competitiveness of port cluster A1
	Economic scale B1
	0.152
	Total economic output C1
	0.333


	Import and export volume C2
	0.667


	Port cluster scale B2
	0.283
	Total length of berths C3
	0.049


	Berth quantity C4
	0.102


	Deepwater berth quantity C5
	0.182


	Total port handling capacity C6
	0.283


	Total container handling capacity C7
	0.383


	Throughput scale B3
	0.489
	Total throughput of cargo C8
	0.312


	Total throughput of container C9
	0.490


	Ratio of foreign trade cargo C10
	0.198


	Competitiveness of key port B4
	0.076
	 
	 



Each raw indicator value in Table 4 is normalized to obtain its normalized value, which is then multiplied by its corresponding indicator weight to calculate the weighted value of each indicator. By summing the weighted values, the overall competitiveness score (P) of port cluster is finally obtained, representing its weighted evaluation value. These can be illustrated in Table 6.


Table 6 | Calculation of the overall competitiveness score.


	Indicator
	Indicator weight
	Jiangsu port cluster
	Zhejiang port cluster
	Anhui port cluster
	Shanghai port cluster


	Normalized value
	Weighted value
	Normalized value
	Weighted value
	Normalized value
	Weighted value
	Normalized value
	Weighted value



	C1
	0.051
	0.423
	0.0214
	0.268
	0.0136
	0.155
	0.0079
	0.154
	0.0078


	C2
	0.101
	0.361
	0.0366
	0.311
	0.0315
	0.050
	0.0051
	0.278
	0.0282


	C3
	0.014
	0.550
	0.0076
	0.265
	0.0037
	0.071
	0.0010
	0.115
	0.0016


	C4
	0.029
	0.534
	0.0154
	0.288
	0.0083
	0.070
	0.0020
	0.108
	0.0031


	C5
	0.052
	0.538
	0.0278
	0.264
	0.0136
	0.015
	0.0008
	0.182
	0.0094


	C6
	0.080
	0.520
	0.0417
	0.227
	0.0182
	0.113
	0.0090
	0.140
	0.0112


	C7
	0.109
	0.267
	0.0290
	0.340
	0.0369
	0.019
	0.0020
	0.374
	0.0406


	C8
	0.153
	0.499
	0.0761
	0.295
	0.0451
	0.094
	0.0143
	0.112
	0.0171


	C9
	0.240
	0.212
	0.0509
	0.349
	0.0838
	0.019
	0.0046
	0.419
	0.1006


	C10
	0.097
	0.163
	0.0157
	0.293
	0.0283
	0.024
	0.0023
	0.520
	0.0503


	B4
	0.076
	0.169
	0.0129
	0.323
	0.0245
	0.046
	0.0035
	0.462
	0.0351


	Overall competitiveness score P
	 
	0.3351
	 
	0.3075
	 
	0.0525
	 
	0.3048



By substituting the degree of cooperation (B5) and competition (B6) among the constituent ports obtained through the expert questionnaire survey into Equation 7, all port cluster harmony coefficients (k) are calculated. Based on the port cluster comprehensive evaluation model (Equation 1) established earlier, the overall competitiveness score (P) of each provincial port cluster in the YRD is multiplied by its corresponding harmony coefficient (k), resulting in their comprehensive evaluation scores (S), see Table 7.


Table 7 | Calculation of the comprehensive evaluation score.


	Port cluster
	Degree of cooperation B5
	Degree of competition B6
	Harmony coefficient k
	Overall competitiveness score P
	Comprehensive evaluation score S
	Ranks



	Jiangsu
	0.44
	0.56
	0.380
	0.3351
	0.127
	3


	Zhejiang
	0.60
	0.40
	0.580
	0.3075
	0.178
	2


	Anhui
	0.45
	0.55
	0.389
	0.0525
	0.020
	4


	Shanghai
	0.68
	0.32
	0.755
	0.3048
	0.230
	1




5 Discussion


5.1 Result analysis

The development performance of a port cluster correlates positively with the comprehensive evaluation score, where higher comprehensive evaluation score (S) correspond to superior cluster performance. As shown in Table 7, the Shanghai port cluster attains top evaluating value, preceding Zhejiang and Jiangsu in ranking order, while Anhui trails significantly behind.

Shanghai port cluster achieves premier status in the comprehensive evaluation, securing a 0.052-point advantage against second-ranked Zhejiang. The primary reason is that its harmony coefficient (k) significantly exceeds that of each rest port cluster, which is the result of a top level of integration achieved by integrating Yangshan Port into Shanghai Port (Wang, 2020, 2022), so that the degree of cooperation (B5) surpasses the degree of competition (B6) among the constituent ports within the port cluster to a significant extent. Additionally, even though Shanghai is in a weak position as for economic scale (B1) and port cluster scale (B2), it significantly outperforms the other three provinces as for total throughput of container (C9) and ratio of foreign trade cargo (C10), two critical indicators for quality measurement of port cluster. Moreover, in the survey score on competitiveness of key port (B4), Shanghai has far more advantages compared to the other provinces, outperforming other cities in the YRD in nearly all aspects. It is not only the most developed port city but also the leading comprehensive transportation hub in China. Currently, a significant challenge for this port cluster is that the insufficient deepwater shoreline severely limits its container handling capacity (C6) (26.57 million TEU), which is just over half of its total container throughput (C9) (47.30 million TEU). This natural disadvantage results in severe port congestion and limited room for further integration of this busiest port cluster.

Zhejiang port cluster takes second place in the comprehensive evaluation. Though lagging behind Shanghai port cluster by a significant margin, it performs considerably better than the other two port clusters. The primary reason is that it has achieved a higher level of integration by effectively combining port administration and enterprise operation (Wang, 2020, 2022), so that the degree of cooperation(B5) surpasses the degree of competition (B6) among the constituent ports within the port cluster. Consequently, its harmony coefficient (k) exceeds those of the rest two provincial port clusters a lot, though still lower than that of Shanghai port cluster. Additionally, compared with the port clusters of Jiangsu and Anhui, it holds a notable advantage in competitiveness of key port (B4) and total throughput of container (C9). In particular, regarding the competitiveness of key port (B4), leveraging its natural deep-water advantages, Ningbo-Zhoushan Port has grown into the world’s biggest port in terms of cargo throughput and a significant hub port in Northeast Asia. Owing to its rapid development momentum, Ningbo-Zhoushan Port has consistently narrowed the gap with Shanghai Port while widening the gap against other ports in the YRD region. Similar to Shanghai port cluster, Zhejiang port cluster also has the problem on port congestion. Compared to its huge throughput of container (C9) (39.39 million TEU), its container handling capacity (C6) (24.20 million TEU) appears insufficient and must be improved through the development of new berths.

The performance of Jiangsu port cluster in the comprehensive evaluation is not only significantly inferior to that of the Shanghai port cluster, but also lags behind Zhejiang port cluster to a certain extent. The primary reason can be attribute to its much smaller port cluster harmony coefficient (k) compared to the two aforementioned port clusters. Owing to the lack of reform in port administration and only partial enterprise-level integration, its integration level falls far behind that of the Shanghai and Zhejiang port clusters (Wang, 2020, 2022). This has resulted in the degree of cooperation (B5) remaining lower than the degree of competition (B6) among its constituent ports. However, its overall competitiveness (P) ranks highest among the four provincial port clusters, primarily due to its advantages in economic scale (B1) and port cluster scale (B2), especially its total throughput of cargo (C8) which ranks first. Nevertheless, its competitiveness of key port (B4) is notably weaker compared to the two aforementioned clusters. Even Suzhou Port, the most powerful port in this cluster, remains far behind Ningbo-Zhoushan Port and lags even further behind Shanghai Port. This also prevents the formation of a regional hub port within the Jiangsu port cluster and results in relatively lower container throughput (C9) and a lower ratio of foreign trade cargo (C10). Overall, despite its significant integration potential, particularly in port administration, the reintegration of the Jiangsu port cluster is more challenging compared to the other three port clusters, as its main ports are relatively balanced in strength and have similar endowments.

The Anhui port cluster registers minimal scores in the comprehensive evaluation, significantly below the other provincial port clusters discussed above. The primary reason is that it is at a disadvantage in every indicator for evaluating the overall competitiveness of port clusters (P), resulting in its complete inferior position in the evaluation of this item. Similar to the Jiangsu port cluster, moreover, the integration level of Anhui port cluster is very low (Wang, 2020, 2022), causing its harmony coefficient (k) nearly as small as that of the Jiangsu port cluster. In general, due to its inherent weaknesses in natural endowments, the development potential of Anhui port cluster is limited. However, its reintegration is still promising, as its reform started later.


5.2 Problem finding

Although the provincial port clusters in the YRD have achieved some development through previous integration reforms, each one still has its own deficiencies, as revealed by the evaluation results and development status discussed above. Particularly from a broader perspective of the YRD port cluster, several prominent problems persist within the cluster, as outlined below:

Firstly, the spatial layout of ports in some provinces is monotonous and lacks hierarchy, leading to disorderly competition. Ports within a port cluster often share the same economic hinterland, meanwhile, engage in redundant construction due to their geographical proximity and functional substitutability (Lu, 2024; Su et al., 2024; Zhang et al., 2025). Among the main ports in each province, the lack of significant differences in port scale has prevented the emergence of clear hub ports or feeder ports. Intense competition exists, but none of these ports has the capacity to become the hub port of the YRD. This makes the key ports lack of competitiveness and difficult to participate in international competition. This phenomenon is particularly severe in Jiangsu and also notable in Anhui.

Secondly, the unclear positioning of ports within the YRD region leads to intensified internal competition, which weakens the overall performance of the port cluster. As different ports fall under distinct provincial jurisdictions but share the same economic hinterland while being functionally substitutable, competition between hub ports within the cluster is inevitable (Li et al., 2023a). Particularly, as the two most significant ports in the YRD region (Zheng et al., 2021), Shanghai Port and Ningbo-Zhoushan Port compete fiercely not only for cargo supply from the Yangtze River valley provinces but also for the status of an international shipping center, which significantly undermines the overall performance of the YRD port cluster.

Moreover, the management system is decentralized. The most favorable management model for a port cluster is widely believed to be the coordinated decentralized model (Glavinović et al., 2023). However, in the YRD port cluster, there is neither a strong port administration responsible for planning and coordinating port development nor a unified enterprise association or large port group company formed to manage and operate all the ports within the cluster. These factors result in disordered competition rather than effective cooperation among the ports in the cluster.


5.3 Strategy suggestions

Combined with the reality and based on the evaluation results of the YRD port cluster, the following measures are proposed to address the aforementioned problems:

First, establish a cross-provincial port planning coordination mechanism to plan and coordinate the development of the entire port cluster. The Chinese government has designated the YRD regional integration as a strategic priority at the national level, necessitating enhanced cooperation among local governments and the removal of administrative barriers (Li et al., 2023a). For the sake of rationally planning the entire YRD port cluster and ensuring the effective implementation of the plan, thereby avoiding redundant construction projects and the waste of port resources, the central government should break down administrative barriers between provinces and establish a port management agency with ultimate administrative authority to to systematically organize and harmonize the growth of the entire port cluster. In addition, from the perspective of competing with other port clusters both domestically and internationally, port enterprises within this region should be encouraged to form a unified strategic alliance or establish a large port group company to manage and operate the port cluster as a whole, thereby enhancing its overall competitiveness.

Second, promote port cooperation. In addition to cooperation through enterprise mergers and equity investment (Leng et al., 2024), internal competition can be reduced and cooperation between adjacent ports can be enhanced by establishing combined ports or joint port authorities. Shanghai Port should adopt this mode with Ningbo-Zhoushan Port, while other ports can adopt a feeder-to-hub port cooperation model in relation to the above two ports to achieve rational division of labor and resource sharing. In addition, the model of cross-shareholdings among port enterprises is suitable for cooperation between any two or more ports. Through capital joint ventures, ports can effectively prevent issues such as vicious price competition and achieve a balanced state of shared benefits and risks.

Third, clarify port positioning and division of labor. A high-efficiency port cluster should achieve differentiated development, reasonable functional positioning, and clear hierarchical levels (Li et al., 2023a). The spatial layout of the port cluster should emphasize functional division of labor to avoid repeated construction and vicious competition (He and Xu, 2023; Moretti, 2023). Shanghai Port, positioned as an international shipping center by the national government, should focus on international container transportation, adjust its cargo structure, and significantly enhance high-end shipping services like shipping finance, ship trading and management, and customized shipping data information services, etc. As a regional comprehensive hub port, Ningbo-Zhoushan Port needs to continue strengthening its role as a comprehensive cargo distribution center, consolidating its standing as the planet’s foremost port in terms of cargo throughput, while coordinating container transportation development with Shanghai Port. Other branch and feeder ports should optimize resource allocation and operational strategies based on their functional positioning.


6 Conclusions

This study makes three key contributions to port cluster evaluation and development policy. First, we innovatively integrate port competitiveness theory with system science theory to develop a novel evaluation framework (S = P × k) that captures both hard competitiveness factors (P) and systemic harmony effects (k) - an advancement beyond conventional linear weighting approaches. Second, our dimension partitioning methodology establishes new guidelines for port cluster assessment through three key approaches: differentiating quantitative and qualitative dimensions, implementing hierarchical decomposition, and incorporating dynamic equilibrium analysis - collectively providing a more nuanced understanding of cluster performance drivers.

The evaluation results indicate that, among the provincial port clusters, Shanghai ranks first (0.230), followed by Zhejiang (0.178) and Jiangsu (0.127), with Anhui at the bottom (0.020). The evaluation results reveal three significant findings. First, the harmony coefficient (k) demonstrates a particularly strong influence on the comprehensive scores, confirming that systemic harmony is as critical as traditional competitiveness factors in port cluster development. Second, the 0.230-0.020 performance range across provincial clusters quantitatively validates the YRD’s development imbalances, with Shanghai’s lead attributable to superior system harmony (cooperation-competition balance) alongside expected economic factors. Finally, our three-tier indicator system successfully identifies underperforming dimensions at different levels (e.g., Anhui’s weak Level-3 operational indicators).

Additionally, the study identifies significant challenges facing the YRD port cluster in spatial layout, functional orientation, and management systems. To address these, we propose three evidence-based strategies: enhanced planning and coordination through model-driven performance monitoring; targeted cooperation programs to remedy identified harmony deficiencies; and precise functional positioning guided by hierarchical indicator analysis.

Our model serves as a decision-support tool for testing reform scenarios, future research could apply this framework to other major port clusters and incorporate real-time data for dynamic assessment. As an extension of this study, further research is needed on how to align the local governments in the YRD with the arrangements of the central port administration agency to integrate the port resources of the entire YRD port cluster. Additionally, the optimal allocation of governmental and market roles in cross-provincial port resource consolidation warrants deeper exploration.
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