
Academic Editors: Christy Ashley

and Jason D. Oliver

Received: 27 December 2025

Revised: 16 January 2026

Accepted: 26 January 2026

Published: 28 February 2026

Correction Statement: This article

has been republished with a minor

change. The change does not affect

the scientific content of the article and

further details are available within the

backmatter of the website version of

this article.

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

A Comprehensive Benefit Evaluation of Offshore Wind–Fishery
Integration Projects from a Sustainable Development
Perspective: Evidence from China
Zixin Fang 1, Chonghua Zhu 2 and Ting Zhou 1,*

1 School of Business, Guangdong Ocean University, Yangjiang 529500, China
2 School of Mechanical and Energy Engineering, Guangdong Ocean University, Yangjiang 529500, China
* Correspondence: tingzhou@gdou.edu.cn

Abstract

The rapid expansion of offshore renewable energy and fisheries has intensified competition
for limited marine space, posing challenges for sustainable marine resource management.
Offshore wind–fishery integration, as a typical form of multi-use ocean space, has been
promoted to enhance spatial efficiency and support coordinated economic, ecological, and
social development. However, existing studies mainly focus on engineering feasibility
or single-dimensional benefits, while comprehensive evaluations of integrated benefits
remain scarce. This study aims to develop a sustainability-oriented framework to quanti-
tatively evaluate the comprehensive economic, ecological, and social benefits of offshore
wind–fishery integration projects. Based on the DPSIR framework, a multidimensional
evaluation index system is constructed, and a multi-criteria decision-making model inte-
grating the Analytic Hierarchy Process (AHP), entropy weighting, and TOPSIS is applied.
Representative projects in Shandong, Guangdong, and Fujian provinces during 2022–2024
are analyzed. The results show that economic benefits currently dominate project perfor-
mance, ecological benefits are becoming increasingly important, and social benefits exhibit
a steady upward trend, with clear regional differences. By moving beyond single-benefit
assessments, this study provides one of the first systematic evaluations of the comprehen-
sive benefits of offshore wind–fishery integration projects, offering policy-relevant insights
for sustainable marine spatial governance.

Keywords: offshore wind–fishery integration; marine spatial planning; comprehensive
benefit evaluation; MCDM; AHP; entropy; TOPSIS

1. Introduction
1.1. Research Background

With the increasing intensity of marine space utilization worldwide, diverse demands,
including offshore energy development, fisheries production, and ecological conservation,
are increasingly concentrated within limited marine areas. Traditional marine management
approaches, which are often oriented toward single sectors or functions, are therefore
becoming inadequate in addressing complex spatial conflicts and sustainability challenges.
In this context, marine space management concepts emphasizing coordination and multi-
objective integration have emerged as a key direction in international ocean governance
and marine resource allocation [1,2]. Previous studies suggest that promoting spatial and
functional co-location of different marine industries can enhance marine space efficiency
while reducing ecological and managerial risks associated with single-use development [3].
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Against this background, the multi-use of ocean space and its practical implementation
through multi-use platforms (MUPs) have gained increasing attention as an effective
pathway to improve the overall performance of marine space utilization. Existing research
indicates that integrating multiple marine functions within the same sea area can alleviate
spatial competition and, through infrastructure sharing and operational synergies, enhance
overall output and system resilience [4,5]. As a result, MUPs have become a central topic in
contemporary marine space management and sustainable marine economy research.

Figure 1 provides a conceptual illustration of a multi-use platform (MUP), in which
multiple renewable energy technologies are configured according to site-specific conditions
and combined with other marine activities such as aquaculture, maintenance services,
and leisure functions. The figure highlights the integrated and multifunctional nature
of MUPs, reflecting their role in enhancing the efficiency and sustainability of marine
space utilization.

Figure 1. Schematic diagram of a potential multi-use platform (MUP) [6].

Within this context, offshore wind–fishery integration has emerged as a representative
and rapidly developing form of energy-led MUPs, particularly in coastal regions where
renewable energy deployment and fisheries activities exhibit strong spatial interdepen-
dence [7,8]. Accordingly, wind–fishery integration platforms should be understood as
complex technical–organizational systems rather than as the mere co-existence of wind
turbines and fisheries facilities [4,6]. In terms of their fundamental nature, such platforms
are designed to simultaneously accommodate energy production, fisheries or aquaculture
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utilization, and ecological regulation objectives, thereby reflecting the core multifunctional
logic underpinning MUP development [1,2,5]. These multiple functions are not pursued
independently but are embedded within a unified spatial and institutional framework that
seeks to enhance the overall efficiency and sustainability of marine space use [9,10].

From a structural perspective, wind–fishery integration platforms can be conceptual-
ized as layered systems comprising several interrelated components [4]. At the physical
level, they typically combine offshore wind turbines and foundation structures with aqua-
culture cages, artificial reefs, or stock enhancement facilities. Spatially, these components
are organized through horizontal co-location and, in some cases, vertical differentiation
across the sea surface, water column, and seabed [11]. At the institutional and organi-
zational level, the platforms involve multiple stakeholders—including energy develop-
ers, fisheries operators, and governmental authorities—whose activities are coordinated
through marine spatial planning instruments and sector-specific regulatory arrangements.
As shown in Figure 2, wind–fishery integration can be generally categorized into spatial
integration, where aquaculture facilities are co-located within offshore wind farm areas,
and structural integration, where wind turbine infrastructure is directly used to support
aquaculture structures.

Figure 2. Aquaculture–offshore wind energy integration technology: (a) conceptual scheme proposed
by the German Feasibility Project and (b) platform integrating aquaculture and offshore wind
energy [12].

In terms of functioning, the subsystems within wind–fishery integration platforms re-
main functionally distinct, yet they are interconnected through shared space, infrastructure,
and management mechanisms [3–5]. Rather than maximizing a single sectoral output, their
interaction aims to enhance overall system performance by balancing economic returns,
ecological benefits, and social outcomes. This integrated functioning logic fundamentally
differentiates wind–fishery platforms from traditional single-purpose marine projects.

In China, the integration of offshore wind and fisheries aligns closely with national
strategies for the green and low-carbon transformation of marine industries, with recent
policy frameworks increasingly emphasizing industrial coordination and high-quality de-
velopment [13]. Against this background, coastal provinces such as Shandong, Guangdong,
and Fujian have implemented pilot integration projects, many of which became operational
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around 2022, marking a transition from conceptual exploration to practical application, as
illustrated by Figure 3, which presents the “Fuxi-1” ultra-large offshore wind–aquaculture
integrated cage platform in Shanwei, Guangdong Province. As offshore wind and marine
ranching evolve from single-function projects to integrated multi-use platforms, systemati-
cally evaluating their performance from a sustainable development perspective has become
a key challenge. Unlike single-industry projects, wind–fishery integration simultaneously
addresses energy production, fisheries development, and ecosystem protection, which can-
not be adequately assessed using isolated economic or ecological indicators. Therefore, this
study develops a comprehensive, sustainability-oriented evaluation framework integrating
economic, ecological, and social dimensions to assess offshore wind–marine ranching
multi-use platforms and to support the sustainable development, regionally differentiated
advancement, and policy optimization of wind–fishery integration projects in coastal areas.

 
Figure 3. “Fuxi-1” ultra-large offshore wind–aquaculture integrated cage platform in Shanwei,
Guangdong Province, China [14].

1.2. Literature Review

Existing studies on the integration of offshore wind power and fisheries have primar-
ily focused on engineering design, structural safety, and environmental impacts [15–17].
From perspectives such as hydrodynamics, structural mechanics, and ecological impact
assessment, research shows that offshore wind installations may affect fishery resource
distribution by altering local hydrodynamic conditions, benthic habitats, and underwater
noise environments [18–22].

On this basis, some studies have examined the feasibility of introducing fisheries
or aquaculture activities within or near offshore wind farms, with emphasis on facility
layout, engineering safety constraints, and operational conflicts [23–25]. These studies
assess the spatial and operational compatibility between wind power infrastructure and
fishery production, providing preliminary technical support for wind–fishery integration.

Compared with wind–fishery integration, marine ranching has been studied within a
more mature analytical framework. Existing literature has systematically evaluated marine
ranching in terms of ecological restoration, fishery resource enhancement, and aquaculture
model innovation, generally recognizing the role of artificial reefs, habitat restoration,
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and stock enhancement in improving resource carrying capacity and coastal ecosystem
recovery [26–30].

However, marine ranching is often analyzed as a single-function system, with evalua-
tions concentrating on ecological or fishery benefits and limited attention to coordinated
development with other marine industries, particularly offshore wind power [31]. As
a result, marine ranching and energy development are commonly treated as indepen-
dent modes of marine space use, and integrated cross-industry evaluation frameworks
remain limited.

Overall, although some studies have acknowledged potential synergies between
offshore wind power and fisheries in terms of space and resource use [23,32], existing
research remains largely dominated by engineering perspectives. Comprehensive analyses
of integrated benefits, industrial coordination mechanisms, and multi-dimensional evalua-
tion frameworks are still insufficient, especially with respect to the joint consideration of
economic, ecological, and social objectives [33].

In the broader literature on the marine economy and sustainable development, various
evaluation frameworks have been developed to assess regional marine economic perfor-
mance and sustainability by integrating economic, social, and ecological indicators, thereby
supporting marine spatial governance and industrial planning [34–37].

Recent studies have also assessed the benefits of offshore wind power or marine ranch-
ing projects [38,39]. However, most adopt single-benefit perspectives or apply cost–benefit
and risk assessment models. Given the limited data availability of early-stage wind–fishery
integration projects, many studies rely on semi-qualitative approaches, such as expert
judgment, scenario analysis, and case studies, to explore development potential [32,40–42].

By contrast, systematic and quantitative models for evaluating the comprehensive ben-
efits of wind–fishery integration are scarce, particularly those that address economic, social,
and ecological dimensions in an integrated manner. This limitation reduces the applicability
of existing research to policy formulation and industrial decision-making [33,43].

Multi-Criteria Decision-Making (MCDM) methods, including the Analytic Hierarchy
Process (AHP), the entropy weight method, and the Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS), have been widely applied in marine resource man-
agement, offshore energy planning, and environmental assessment to address complex
decision-making problems involving multiple objectives and constraints [44–46]. In the
marine context, these methods have been employed for offshore wind site selection, wind
power project evaluation, and marine ranching performance assessment, demonstrating
their effectiveness in integrating economic, ecological, and social indicators [47–49].

However, existing applications of MCDM methods have predominantly focused
on single-industry or single-function marine systems [44,50]. Systematic applications
of MCDM methods to the comprehensive evaluation of offshore wind power–fishery
integration projects, which represent a typical cross-industry and multifunctional marine
space-use model, remain largely unexplored [50–53]. This methodological and application
gap highlights the need for an integrated evaluation framework tailored to wind–fishery
integration from a sustainability perspective.

1.3. Research Objectives and Contributions

Based on the above research background and literature review, this study pursues
three main objectives. First, from a sustainability perspective, it develops a comprehensive
evaluation framework for wind–fishery integration projects to assess their economic, social,
and ecological performance. By adopting a multidimensional indicator system, the frame-
work moves beyond single-benefit or single-industry approaches and captures the overall
value of wind–fishery integration as a representative offshore Multi-Use Platform (MUP).
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Second, in the context of limited data availability, this study integrates multi-source
data with multi-criteria decision-making methods to enhance the scientific robustness and
practical applicability of the evaluation. Specifically, AHP and the entropy weight method
are combined to balance expert judgment and objective weighting, and TOPSIS is applied
to rank project performance across cases.

Finally, representative wind–fishery integration projects in Shandong, Guangdong,
and Fujian provinces are selected as empirical cases (Table 1). These provinces were chosen
because they currently concentrate most of China’s offshore wind power–fishery integration
projects that have entered the pilot or operational stage, thereby offering representative and
comparable cases at the present development stage. Comparative analysis is conducted to
identify regional differences in resource endowments, development models, and overall
performance, providing international reference and comparative insights for advancing the
sustainable development of wind–fishery integration projects.

Table 1. Basic information on approved and operational wind–fishery integration projects in Shan-
dong, Guangdong, and Fujian Provinces.

Project Name Project Location Integration Type Project Scale

Laizhou Offshore Wind
Power–Marine Ranching
Integrated Pilot Project

Laizhou City,
Shandong Province

Offshore wind power +
artificial reefs +

aquaculture cages

Total installed capacity of
304 MW; the first national
pilot project integrating

offshore wind power and
marine ranching.

Changyi Marine Ranching
and 300 MW Offshore

Wind Power Integration
Demonstration Project

Changyi City,
Shandong Province

Offshore wind power +
artificial reefs + shellfish

and macroalgae
aquaculture

Total installed capacity of
300 MW, with an offshore
distance of approximately

14–18 km.

Qingzhou Island Offshore
Wind–Integrated National

Marine Ranching
Demonstration
Zone, Yangxi

Yangjiang City,
Guangdong Province

Offshore wind power +
artificial reefs +

aquaculture cages

Demonstration area covering
497 km2, the largest national

marine ranching
demonstration zone by sea

area in China.

Shapa Deep-Sea Fishery
Aquaculture Pilot
Project, Yangjiang

Yangjiang City,
Guangdong Province

Offshore wind power +
gravity-based

aquaculture cages

Based on the 300 MW Shapa
offshore wind farm,

one typhoon-resistant HDPE
aquaculture cage was

deployed within the wind
farm, with an offshore

distance of about 30 km.

Pingtan Deep- and Far-Sea
Aquaculture and Offshore
Wind Power Integration

Pilot Project

Fuzhou City, Fujian
Province

Offshore wind power +
steel aquaculture cages

Steel aquaculture cages were
deployed within a pilot wind
farm to test the cultivation of
grouper and sparidae species.

SPIC “New Energy +
Marine Ranching”

Integrated Innovation
Demonstration Base

Jieyang City,
Guangdong Province

Offshore wind
power + artificial

reefs + coastal tourism

Total installed capacity of
315 MW, proposing a

“Four-Seas Model” integrating
marine energy, marine

ranching, marine carbon sinks,
and marine ecological

restoration.
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Table 1. Cont.

Project Name Project Location Integration Type Project Scale

CGN National Marine
Ranching Demonstration

Zone in the Nanpeng
Island Waters, Yangjiang

Yangjiang City,
Guangdong Province

Offshore wind power +
artificial reefs +

aquaculture cages

Planned construction includes
artificial reef zones, four-pile
cage aquaculture pilot areas,

smart fishery zones, and
shellfish bottom-seeding and

suspended culture areas.

Qingzhou IV Offshore
Wind Farm and Cage

Aquaculture Integration
Demonstration Project

Yangjiang City,
Guangdong Province

Jacket foundation +
aquaculture cages

Total installed capacity of
500 MW; the jacket–cage

integrated system provides
approximately 5000 m3 of
aquaculture water volume,

supporting about
150,000 golden pompanos.

Longyuan Floating
Offshore Wind and

Aquaculture Integration
Project (“Guoneng

Gongxiang”)

Putian City,
Fujian Province

Semi-submersible
foundation +

aquaculture cages

The foundation adopts a
three-column

semi-submersible structure,
equipped with one 4 MW

floating offshore wind turbine;
the platform provides

approximately 10,000 m3 of
aquaculture water volume.

Houhu Fishery Cage and
Scientific Research

Integrated Experimental
Platform Project, Shanwei

Shanwei City,
Guangdong Province

Offshore wind power +
truss-type

aquaculture cages

Total installed capacity of
500 MW; the main

aquaculture cage structure is
70 m long and 35 m wide, with
an aquaculture water volume
of approximately 60,000 m3.

2. Construction of the Comprehensive Benefit Evaluation Framework
This section focuses on the construction of an indicator system for evaluating the

comprehensive benefits of wind–fishery integration projects. Drawing on theories of
integrated marine space use, Multi-Use Platforms (MUPs), and the DPSIR framework,
wind–fishery integration projects are characterized by multiple functions, including energy
production, fishery production, and ecosystem management. Their performance, therefore,
exhibits clear multi-dimensional and systemic features [54–57]. Accordingly, it is necessary
to develop an evaluation indicator system that captures economic, social, and ecological
benefits in an integrated manner, providing a theoretical foundation and data support for
subsequent quantitative analysis.

2.1. Principles for Indicator Selection

To ensure the scientific validity, rationality, and operability of the evaluation re-
sults, the construction of the comprehensive benefit evaluation indicator system follows
four main principles.

First, the indicator system is grounded in sustainable development theory and research
on the multi-use of ocean space, adopting a systems perspective to comprehensively capture
the multi-dimensional performance of wind–fishery integration projects and to avoid biased
or partial evaluation results [58,59].

Second, the principle of industrial relevance emphasizes that wind–fishery integration
represents a hybrid development model combining offshore wind power and modern
fisheries. Its operational mechanisms, benefit structures, and constraints differ from those
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of single-industry projects. Indicator selection should therefore reflect key characteristics
such as energy–fishery synergy, spatial sharing, and functional integration [58,60].

Third, the principle of data availability acknowledges that wind–fishery integration
projects in China are still at an early stage, with incomplete and unsystematic statistical
data. Indicator design should balance theoretical soundness with practical data conditions,
prioritizing indicators that can be obtained from official statistics, government reports, or
publicly available information from demonstration projects, thereby ensuring the feasibility
of implementation [61].

Finally, the principles of comparability and operability require that indicators be
clearly defined, standardized, and suitable for horizontal comparison across regions and
projects. This facilitates evaluation, ranking, and interpretation of results [59,60].

2.2. Development of the Comprehensive Benefit Evaluation Indicator System

The comprehensive benefits of wind–fishery integration (WFI) reflect regional per-
formance in coordinating renewable energy and fishery resource use, covering economic,
ecological, and social dimensions, and serve as a key basis for assessing sustainability. Pre-
vious studies often focus on single industries or dimensions, such as offshore wind power
or marine ranching [62–66]. To overcome this limitation, this study adopts the DPSIR frame-
work as the theoretical foundation [63,64], widely applied in sustainability assessment
and ecosystem management [64,65]. In DPSIR, “driving forces” denote socio-economic
motivations, “pressures” represent human-induced environmental burdens, “state” indi-
cates ecosystem condition, “impacts” capture economic, social, and ecological outcomes,
and “responses” refer to policy and management feedback mechanisms, as illustrated in
Figure 4.

 

Figure 4. DPSIR theoretical framework. (Arrows indicate the causal and feedback relationships
among the five components: Driving forces, Pressures, State, Impacts, and Responses. Natural change
factors, such as climate variability, are considered part of the system boundary.).
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The DPSIR framework, originally designed for macro-level environmental assess-
ments, may produce imbalanced indicators and data gaps when directly applied to
wind–fishery integration (WFI) [63,65]. To address this, the study integrates DPSIR’s causal
logic with a three-dimensional structure covering ecological, economic, and social aspects.
This dual-layer approach supports the construction of a comprehensive benefit evaluation
system tailored to WFI, balancing theoretical coherence with empirical feasibility.

Based on these theoretical foundations and the principles of system integrity and
operability, the construction of the evaluation indicator system followed a structured
screening process. First, a preliminary pool of over 30 indicators was identified through
a comprehensive review of existing studies on offshore wind power, marine ranching,
and integrated marine space use. Second, indicators were screened according to their
relevance to wind–fishery integration characteristics, availability of data, and comparability
across regions; indicators with unclear definitions, insufficient data support, or redundancy
were removed, resulting in a refined set of 15 indicators. Finally, the remaining indicators
were organized within the integrated DPSIR framework and aggregated into three criteria-
level dimensions—ecological, economic, and social benefits—forming the comprehensive
evaluation indicator system presented in Table 2.

Table 2. Comprehensive Evaluation Indicator System for Wind–Fishery Integration Projects.

Target Layer Criteria Layer Indicator Layer Code Type

Comprehensive
Evaluation of

Wind–Fishery Integration
Projects (A)

Ecological Benefits (B1)

Wind–fishery carbon sequestration (C1) 104 Mg +
Stock enhancement and release volume (C2) 108 units +

Biodiversity index (C3) - +
Seawater quality compliance rate (C4) - +
Number of newly added wind–fishery

integration projects (C5) units +

Economic Benefits (B2)

Marine aquaculture output value (C6) 104 Mg +
Wind power generation output value (C7) USD 107 +

Cost–benefit ratio (C8) - +
Carbon sink trading revenue (C9) USD 107 +

Gross output value of the regional marine
industry (C10) USD 107 +

Social Benefits (B3)

Growth rate of per capita disposable income of
urban and rural residents (C11) - +

Number of marine educations–related public
activities (C12) units +

R&D investment (C13) USD 107 +
Coverage rate of multi-stakeholder

participation (C14) - +

Total employment in the marine industry (C15) 104 persons +

Note: “+” indicates a positive/beneficial impact or indicator, “-” indicates a negative/less desirable impact
or indicator.

(1) Ecological benefits. Ecological benefits capture the contributions of wind–fishery
integration projects to environmental restoration, carbon mitigation, and marine
ecosystem health [66–69]. Carbon sequestration from wind–fishery integration reflects
the combined effects of clean energy generation and ecosystem carbon sinks and
serves as a key indicator of ecological performance [68]. Stock enhancement and
release volume represent project impacts on fishery resource recovery and ecological
compensation [67]. The biodiversity index and seawater quality compliance rate
evaluate ecosystem structure and environmental quality [68,69], while the number
of newly implemented projects indicates regional progress in promoting integrated
eco-friendly marine use models [69].
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(2) Economic benefits. Economic benefits assess the industrial performance and economic
contribution of wind–fishery integration projects [67,68]. Marine aquaculture output
value and offshore wind power output value measure direct economic returns and re-
flect the foundation of regional economic growth [67]. The cost–benefit ratio evaluates
resource allocation efficiency and investment returns [68]. Carbon trading revenue
represents the market realization of ecological benefits [69], while the gross output
value of the regional marine industry reflects the broader driving effect of integrated
development on the marine economy [68].

(3) Social benefits. Social benefits reflect the impacts of wind–fishery integration on
social welfare, public participation, and innovation capacity [69,70]. The growth
rate of per capita disposable income indicates income effects, while the number
of marine educations–related public activities measures public awareness and en-
gagement [70]. R&D investment represents support for technological innovation
and industrial upgrading [69]. The coverage rate of multi-stakeholder participation
captures collaborative governance, and total marine industry employment reflects
regional job creation effects [70]. It should be noted that indicators C11 and C15 may
theoretically be considered neutral indicators, but based on the observed data in this
study, they currently fall within the range of positive contribution. Therefore, they are
treated as positive indicators in the evaluation.

2.3. Data Sources

The data used in this study are mainly derived from publicly available sources, in-
cluding national and provincial statistical yearbooks, official statistics released by en-
ergy and fishery authorities, local government work reports, publicly disclosed informa-
tion from wind–fishery integration demonstration projects, and relevant industry reports.
The data cover the period in which wind–fishery integration projects in China have en-
tered the demonstration and operation stages, allowing the evaluation to reflect recent
development conditions.

As wind–fishery integration projects in China are still at an early stage, comprehensive
long-term project-level data are limited. Therefore, projects are treated as representa-
tive cases of regional development models, and provincial and regional statistical data
are used as proxies for project operating conditions and overall performance, enabling
cross-regional comparison.

Indicators with different units are normalized to ensure comparability. For a small
number of missing values, reasonable estimation is conducted based on regional statistics
and publicly available project information, and the associated limitations are considered in
the analysis.

3. Construction of the Comprehensive Benefit Evaluation Model
Based on the comprehensive benefit evaluation indicator system established above,

this section introduces the methods and technical procedures adopted in this study, address-
ing how the evaluation is conducted. Given that wind–fishery integration projects involve
multiple objectives, dimensions, and indicators, with substantial differences in units, at-
tributes, and relative importance, a Multi-Criteria Decision-Making (MCDM) approach is
employed to construct the comprehensive evaluation model.

Specifically, the evaluation process includes data preprocessing, indicator weight-
ing, comprehensive benefit assessment, and robustness testing, forming a systematic and
operational framework with stable evaluation results.
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3.1. Data Preprocessing

As the evaluation indicators differ in units, magnitudes, and directional attributes
(positive or negative), direct aggregation may lead to biased results. Therefore, before the
comprehensive evaluation, the original data are normalized and directionally adjusted to
improve comparability among indicators [71,72].

According to their attributes, indicators are classified as positive or negative. Positive
indicators indicate higher comprehensive benefits with larger values, such as wind power
generation output and mariculture output, whereas negative indicators indicate better
performance with smaller values, such as pollution intensity or resource consumption
indicators [71].

Negative indicators are transformed into positive ones using the following formula:

x′ij = max
(

xj
)
− xij (1)

where x′ij denotes the original value of the j indicator for the i evaluation object, and x′ij
represents the value after directional transformation.

To eliminate the effects of differences in units and magnitudes across indicators, the
min–max normalization method is applied to the transformed data, as expressed by the
following formula:

zij =
x′ij − min

(
x′j
)

max
(

x′j
)
− min

(
x′j
) (2)

where zij denotes the normalized value of the indicator, ranging from 0 to 1. Through
normalization, all indicators are placed on a common scale and can be consistently used in
subsequent weight calculation and comprehensive evaluation.

It should be noted that some indicators may theoretically be classified as neutral,
neither strictly positive nor strictly negative. For example, the growth rate of per capita
disposable income (C11) and total employment in the marine industry (C15) could have an
optimal range, beyond which further increases may produce negative effects. However,
based on the actual data observed for the provinces selected in this study, these indicators
remain within the range of positive contribution to the overall evaluation. Therefore, in
this study, C11 and C15 are treated as positive indicators and processed using the same
normalization method as other positive indicators.

3.2. Determination of Indicator Weights

The appropriate determination of indicator weights is essential to ensure the scien-
tific validity and reliability of the comprehensive evaluation results. Given the technical
complexity and cross-industry nature of wind–fishery integration projects, reliance on a
single weighting method may introduce either subjective or objective bias. Therefore, this
study combines the Analytic Hierarchy Process (AHP) and the entropy weight method to
determine indicator weights from both subjective judgment and objective data perspectives.

The Analytic Hierarchy Process (AHP) systematizes expert knowledge and decision
preferences by constructing pairwise comparison matrices and is suitable for indicator sys-
tems with clear hierarchical structures but limited data-driven weighting capacity [73–75].
Based on the hierarchical structure of “target–criterion–indicator”, experts from the fields
of marine economy, offshore wind power, and fishery management were invited to conduct
pairwise comparisons of indicator importance to construct judgment matrices. Subjective
weights were then derived from the maximum eigenvectors of the matrices. To ensure the
rationality and consistency of expert judgments, consistency tests were conducted using
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the Consistency Index (CI) and Consistency Ratio (CR). A judgment matrix is considered
acceptable when the CR value is less than 0.1, indicating satisfactory consistency.

The entropy weight method is grounded in information theory and determines objec-
tive weights based on the degree of dispersion of indicator data. Indicators with greater
variability contain more information and are therefore assigned higher weights [76,77]. The
calculation involves the following steps:

(1) Entropy value calculation:

Ej = −k∑
i

pijlnpij (3)

pij =
X′

ij

∑i X′
ij

, k =
1

ln n
(4)

(2) Determination of objective weights:

wj =
1 − Ej

∑j
(
1 − Ej

) (5)

(3) To integrate the advantages of AHP and the entropy weight method, a linear weighting
approach is adopted to combine the AHP-based subjective weights WAHP

j and entropy-

based objective weights WEntropy
j , yielding a composite weight:

Wj = αWAHP
j + (1 − α)WEntropy

j (6)

where wAHP
j and wEntropy

j represent the subjective and objective weights of the j indicator,
respectively, and α is the weighting coefficient. Considering the balance between expert
judgment and data objectivity, α is set to 0.5 in this study.

3.3. Comprehensive Benefit Evaluation Based on TOPSIS

After determining the indicator weights, the TOPSIS (Technique for Order Preference
by Similarity to Ideal Solution) method is applied to evaluate and rank the comprehensive
benefits of wind–fishery integration projects. TOPSIS assesses overall performance by
measuring the distances between each evaluation object and the positive ideal solution as
well as the negative ideal solution. Owing to its clear logic and intuitive results, this method
has been widely used in studies on energy, environmental assessment, and sustainable
development [78–80].

The main computational steps are as follows:

(1) Construction of the weighted normalized decision matrix:

V = X′·W (7)

(2) Determination of the positive and negative ideal solutions:

V+ =
{

maxvij
}

, V− =
{

minvij
}

(8)

(3) Calculation of Euclidean distances:

S+
i =

√
∑

j

(
vij − v+j

)2
, S−

i =

√
∑

j

(
vij − v−j

)2
(9)

(4) Calculation of the relative closeness:
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Ci =
D−

i
D+

i + D−
i

(10)

where D+
i and D−

i denote the distances between the i evaluation object and the positive
and negative ideal solutions, respectively. The relative closeness Ci ranges from 0 to 1, with
larger values indicating a higher level of comprehensive benefits.

3.4. Robustness Analysis

To further examine the robustness of the comprehensive evaluation results, sensitivity
analysis is conducted after applying the combined AHP–entropy weighting and the TOPSIS
evaluation [81,82]. The robust tests are implemented through the following approaches.

(1) Weight perturbation analysis: While keeping the sum of indicator weights equal to
one, the composite weights are perturbed within a ±10% range, and the compre-
hensive evaluation results are recalculated to assess the sensitivity of the ranking to
weight variations.

(2) Indicator exclusion analysis: Individual indicators are removed one at a time, and
the TOPSIS evaluation is repeated to compare changes in project rankings under
different indicator combinations, thereby examining the dependence of the results on
specific indicators.

(3) Robustness assessment: By comparing rankings before and after weight perturbations
and indicator exclusion, the evaluation model is considered robust if the overall
ranking structure remains relatively stable and no significant rank reversals occur,
indicating a high level of reliability of the results.

4. Results
Based on the AHP–entropy combined weighting and TOPSIS evaluation model, this

chapter presents and interprets the empirical results of the comprehensive benefits of
wind–fishery integration projects in Shandong, Guangdong, and Fujian provinces dur-
ing 2022–2024. The analysis focuses on four key aspects: weight distribution, compre-
hensive benefit ranking, inter-provincial differences, and model robustness, aiming to
reveal the current status and regional characteristics of wind–fishery integration in China’s
coastal areas, providing data support and decision-making references for sustainable
industry development.

4.1. Weight Distribution of Evaluation Indicators

Before presenting the combined weights, the AHP subjective weights were derived
from a panel of 12 experts specializing in marine economics, offshore wind energy, fisheries
management, and marine environmental protection. All experts completed a structured
questionnaire, and 100% of the responses were valid. Pairwise comparison matrices were
constructed based on their evaluations, and individual judgments were aggregated using
the geometric mean method, followed by consistency checks to ensure reliability (CR < 0.1).

The combined weights of the 15 evaluation indicators are shown in Table 3, integrating
expert judgment with objective data to reflect each indicator’s relative importance in the
comprehensive evaluation system. At the indicator level, the top three weights are wind
power generation value (C7), regional marine industry GDP (C10), and wind–fishery
carbon sequestration (C1), while the lowest weight is the number of new wind–fishery
integration projects (C5), due to the early stage of development and high initial investment
in China.
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Table 3. Subjective, Objective, and Combined Weights of Comprehensive Benefit Evaluation Indicators.

Criteria Layer Indicator Layer AHP Subjective
Weight

Entropy Objective
Weight

Combined
Weight

Weight
Ranking

Ecological
Benefits (B1)

Wind–fishery carbon sequestration (C1) 0.100 0.068 0.084 3
Stock enhancement and release

volume (C2) 0.080 0.069 0.074 6

Biodiversity index (C3) 0.070 0.067 0.068 10
Seawater quality compliance rate (C4) 0.070 0.066 0.068 9
Number of newly added wind–fishery

integration projects (C5) 0.030 0.065 0.048 15

Economic
Benefits (B2)

Marine aquaculture output value (C6) 0.080 0.072 0.076 4
Wind power generation output

value (C7) 0.090 0.085 0.088 1

Cost–benefit ratio (C8) 0.080 0.071 0.075 5
Carbon sink trading revenue (C9) 0.070 0.073 0.072 7
Gross output value of the regional

marine industry (C10) 0.080 0.089 0.085 2

Social
Benefits (B3)

Growth rate of per capita disposable
income of urban and rural residents (C11) 0.060 0.070 0.065 11

Number of marine educations–related
public activities (C12) 0.040 0.068 0.054 14

R&D investment (C13) 0.060 0.082 0.071 8
Coverage rate of multi-stakeholder

participation (C14) 0.050 0.067 0.058 13

Total employment in the marine
industry (C15) 0.040 0.083 0.061 12

From a methodological perspective, the entropy weight method emphasizes the dis-
persion of indicator data. The low variability of new project numbers during the sample
period limited its objective weight, highlighting the advantage of the combined weighting
approach in avoiding overemphasis on any single indicator.

This weight distribution aligns with the industrial characteristics of wind–fishery
integration. As a typical offshore Multi-Use Platform (MUP), its core value lies in syner-
gizing energy and fishery outputs, which explains why wind power generation (C7) and
regional marine industry GDP (C10) hold the top two weights, emphasizing industrial
scale and economic driving effects. Wind–fishery carbon sequestration (C1) ranks third,
reflecting the ecological contribution and alignment with China’s dual-carbon goals and
global sustainable ocean development trends. The low weight of new project numbers (C5)
reflects the limited number of early-stage projects across the three provinces and their low
data variability, resulting in minimal information contribution to the evaluation.

As shown in Table 4, the combined weights of the three criteria-level dimensions
follow the order: economic benefits > ecological benefits > social benefits, which re-
flects the developmental characteristics of wind–fishery integration during the initial
demonstration stage.

Table 4. Distribution of Combined Weights Across Different Dimensions.

Criteria Layer AHP Subjective
Weight

Entropy Objective
Weight

Combined
Weight Weight Ranking

Ecological Benefits (B1) 0.350 0.335 0.342 2
Economic Benefits (B2) 0.400 0.390 0.396 1

Social Benefits (B3) 0.250 0.370 0.309 3

In the early stage of industry development, verifying economic feasibility and expand-
ing industrial scale are the primary goals. Therefore, economic benefits (including direct
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output and industry-driven effects) are assigned the highest weight, consistent with the
research conclusion that “economic output is the core evaluation dimension for emerging
marine industries in their initial stage”. Ecological benefits rank second, indicating that eco-
logical sustainability is a key constraint for wind–fishery integration development, aligning
with Marine Spatial Planning (MSP) and ecosystem-oriented management principles. Social
benefits have relatively lower weight, as effects such as employment promotion and public
awareness are derivative outcomes of industrial development and often lag economic
and ecological effects in the early stage. However, this does not diminish their long-term
value—as the industry matures, the importance of social benefits will gradually increase.

It is noteworthy that the weight distribution among the three dimensions is relatively
balanced (the difference between the highest and lowest weight is only 0.087), reflecting the
systematic nature of the evaluation framework, as shown in Table 4. This prevents the bias
of single-dimension evaluation and effectively addresses the multi-objective requirements
of wind–fishery integration, which must consider energy security, food security, and
ecological protection simultaneously.

4.2. Comprehensive Evaluation Results

When interpreting the TOPSIS-based provincial ranking, it should be noted that the
ordering reflects differences in the comprehensive performance of wind–fishery integration
under distinct resource endowments and policy contexts, rather than a purely ordinal
comparison. The ranking, therefore, provides a comparative lens to examine how different
development pathways and platform configurations translate into economic, ecological,
and social benefits, which supports the evaluation of wind–fishery integration platform
designs across regions.

Table 5 presents the TOPSIS composite scores and rankings for the three provinces
from 2022 to 2024: (1) Shandong ranks first with scores increasing from 0.615 in 2022 to
0.685 in 2024; (2) Guangdong ranks second, with scores rising steadily from 0.489 to 0.532,
showing stable growth; (3) Fujian ranks third, with scores improving from 0.436 to 0.487,
representing the fastest growth among the three provinces.

Table 5. TOPSIS-based Composite Scores and Rankings of Wind–Fishery Integration Projects
by Province.

Region Year TOPSIS Composite Score Ranking

Guangdong Province
2022 0.489 5
2023 0.513 4
2024 0.532 3

Fujian Province
2022 0.436 9
2023 0.462 8
2024 0.487 6

Shandong Province
2022 0.615 2
2023 0.468 7
2024 0.685 1

Note: The ranking results are based on a global comparison across all provinces–year samples, rather than an
inter-provincial ranking within a single year.

In terms of temporal evolution, as shown in Table 6, the average annual growth
rates of comprehensive benefits are 5.61% for Fujian, 5.30% for Shandong, and 4.28% for
Guangdong. Fujian’s high growth rate is attributed to its lower initial base and accelerated
benefit realization from recent pilot projects; Shandong maintains strong growth despite a
high initial base, reflecting robust sustainability in industry development; Guangdong’s
steady growth is closely linked to its mature policy framework and orderly industrial
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layout. It should be noted that Shandong’s comprehensive score slightly dropped to 0.468
in 2023, likely due to adjustments in marine industry statistical calibers or temporary
impacts during offshore wind farm operation periods, but rebounded in 2024, indicating
an overall stable development trend.

Table 6. Temporal evolution of comprehensive benefits for wind–fishery integration projects,
2022–2024.

Region Indicator Indicator Weight 2022 2023 2024 Annual Growth Rate (%)

Guangdong Province Guangdong Province Comprehensive Score 0.489 0.513 0.532 4.28
Fujian Province Fujian Province Comprehensive Score 0.436 0.462 0.487 5.61

Shandong Province Shandong Province Comprehensive Score 0.615 0.648 0.685 5.30

The dimension-specific scores for the three provinces, as shown in Table 7, further
reveal the composition of comprehensive benefits: (1) Economic dimension: Shandong
holds a clear advantage, with scores rising from 0.856 in 2022 to 0.923 in 2024, well above
Guangdong and Fujian; (2) Ecological dimension: Guangdong slightly leads, with scores
increasing from 0.587 to 0.642, followed closely by Fujian and Shandong, with the gap
among the three provinces gradually narrowing; (3) Social dimension: Guangdong also
leads, while Shandong and Fujian lag behind, though the lag diminishes year by year.

Table 7. Comprehensive scores of ecological, economic, and social dimensions for different provinces.

Region Year Ecological Score Economic Score Social Score

Guangdong Province
2022 0.587 0.312 0.568
2023 0.614 0.335 0.587
2024 0.642 0.351 0.605

Fujian Province
2022 0.572 0.385 0.352
2023 0.601 0.407 0.376
2024 0.638 0.428 0.394

Shandong Province
2022 0.503 0.856 0.428
2023 0.532 0.892 0.453
2024 0.566 0.923 0.476

This dimension-specific performance indicates that Shandong’s overall advantage is
strongly driven by the economic dimension, Guangdong’s core competitiveness lies in
the coordinated development of ecological and social dimensions, and Fujian shows a
“balanced three-dimensional but overall lower-level” pattern. This pattern is closely related
to the provinces’ resource endowments and development strategies.

From a results-oriented perspective, this ranking reflects how different provincial
development patterns of wind–fishery integration translate into distinct combinations of
economic, ecological, and social performance, rather than a simple ordinal comparison
among regions.

4.3. Comprehensive Evaluation Results

As shown in Tables 6 and 7, inter-provincial differences in the comprehensive benefits
of wind–fishery integration mainly manifest in three aspects:

(1) Overall gap: In 2024, Shandong’s comprehensive score was 36.5% higher than Fujian’s
and 28.8% higher than Guangdong’s.

(2) Differentiation by advantage dimension: Shandong’s economic dimension score is
more than twice that of Guangdong and Fujian, while Guangdong’s ecological and
social dimension scores exceed Shandong by 13.4–15.7% and Fujian by 16.1–23.1%.
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(3) Growth trends: Fujian shows the fastest growth, Guangdong the most stable growth,
and Shandong maintains a high growth rate of 5.30% despite a high base.

The ranking of key contributing indicators (Table 8) further reveals the sources of
these differences:

(1) Shandong Province: The top three contributing indicators are all economic (wind
power output value, aquaculture output value, and regional marine industry GDP),
highlighting the dominant role of industrial scale in driving comprehensive benefits.

(2) Guangdong Province: The top three indicators cover both ecological (wind–fishery car-
bon sequestration) and economic (carbon trading revenue, regional marine industry
GDP) dimensions, reflecting an “ecology–economy synergy” pattern.

(3) Fujian Province: The top three indicators combine economic (wind power output
value, carbon trading revenue) and ecological (biodiversity index) metrics, but their
overall contribution is lower than in Shandong and Guangdong.

Table 8. Key Indicator Contribution Ranking of Wind–Fishery Integration Comprehensive Benefits
Note: by Province in 2024.

Region Year TOPSIS Composite Score Ranking

Guangdong Province

Wind–fishery carbon sequestration (C1) 0.084 Ecological Benefits (B1)
Carbon sink trading revenue (C9) 0.072 Economic Benefits (B2)

Gross output value of the regional marine
industry (C10) 0.085 Economic Benefits (B2)

Fujian Province
Wind power generation output value (C7) 0.088 Economic Benefits (B2)

Biodiversity index (C3) 0.068 Ecological Benefits (B1)
Carbon sink trading revenue (C9) 0.072 Economic Benefits (B2)

Shandong Province

Wind power generation output value (C7) 0.088 Economic Benefits (B2)
Marine aquaculture output value (C6) 0.076 Economic Benefits (B2)

Gross output value of the regional marine
industry (C10) 0.085 Economic Benefits (B2)

Shandong Province’s economic advantage stems from its strong industrial base. As
China’s top province in offshore wind capacity and aquaculture output, Shandong Province
has a complete industrial chain from wind power equipment to aquaculture processing.
In 2024, its offshore wind power output value reached USD 34.1 billion, accounting for
over 40% of the total for the three provinces, and aquaculture output was 7.8 million Mg,
driving high economic benefit scores.

Guangdong Province leads in ecological and social dimensions, linked to its high-
end industrial positioning. As a national blue carbon pilot, it generated USD 49 million
in carbon trading revenue in 2024, the highest among the three provinces. Guangdong
Province also maintains high R&D intensity (USD 9.1 billion) and broad multi-stakeholder
participation (68%), supporting technological innovation and public engagement, thus
boosting social benefits.

Fujian Province shows balanced but weaker performance due to a moderate resource
endowment. Its offshore wind and aquaculture scale falls between Shandong Province and
Guangdong Province, and the lack of national pilot policies and large industrial clusters
limits economic output and ecological-social benefit realization.

Policy support is a key driver. Shandong Province’s renewable energy and marine
economy plan explicitly backs large-scale wind–fishery integration via land, tax, and other
incentives, stimulating industrial expansion. Guangdong Province integrates wind–fishery
projects into blue carbon planning, prioritizing carbon projects, providing ecological com-
pensation and subsidies, and promoting ecological benefit marketization. Fujian Province’s
policies are general and lack targeted measures, leading to slower benefit growth.
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Overall, inter-provincial differences result from the combined effects of resource en-
dowment, industrial scale, and institutional tools, reflecting clear regional path dependence.

4.4. Sensitivity Analysis and Robustness Test

To verify the reliability of the evaluation results, a sensitivity analysis was conducted
through weight perturbation, as shown in Table 9. Four scenarios were designed: favoring
entropy weight (α = 0.4), favoring AHP subjective weight (α = 0.6), increasing ecological
dimension weight by 10%, and increasing economic dimension weight by 10%.

Table 9. Comprehensive Evaluation Rankings under Different Weight Perturbation Scenarios.

Scenario Weight Adjustment Guangdong Rank Fujian Rank Shandong Rank

Baseline α = 0.5 2 3 1
Perturbation 1 α = 0.4, favoring entropy 2 3 1
Perturbation 2 α = 0.6, favoring AHP 2 3 1
Perturbation 3 Ecological + 10% 2 3 1
Perturbation 4 Economic + 10% 2 3 1

The results indicate that the provincial ranking of comprehensive benefits remains
stable under all scenarios: Shandong first, Guangdong second, Fujian third. Score fluctua-
tions underweight perturbations (α = 0.4, α = 0.6) or a 10% increase in ecological/economic
weights were minimal (<3%), and overall rankings were unaffected. This demonstrates the
high robustness of the evaluation model, attributed to the combined weighting approach
balancing subjective and objective information. Inter-provincial differences stem from
intrinsic factors, such as resource endowment and industrial scale, rather than weight
settings, ensuring the reliability of the findings for policy guidance.

5. Discussion
Building on the comprehensive evaluation results presented in Section 4, this discus-

sion focuses on interpreting the empirical findings of wind–fishery integration (WFI) from
a result-driven perspective, explicitly linking the observed patterns to existing literature
and practical development contexts. The discussion is organized around key quantitative
outcomes, including indicator weight distribution, provincial ranking differences, and
dimension-specific performance.

5.1. Interpretation of Indicator Weights in the Context of Early-Stage WFI Development

The weight analysis (Tables 3 and 4) shows that economic benefit indicators dominate
the comprehensive evaluation, with wind power generation value (C7, weight = 0.088) and
regional marine industry GDP (C10, weight = 0.085) ranking first and second, respectively.
This result provides quantitative evidence that economic feasibility remains the primary
concern in the early stage of WFI development, consistent with studies on offshore wind
power and emerging marine industries, which emphasize scale expansion and cost recovery
as initial priorities.

Ecological indicators, particularly wind–fishery carbon sequestration (C1, weight = 0.084),
also receive relatively high weights, ranking third overall. Compared with conventional off-
shore wind evaluations that focus mainly on energy output, this finding highlights the added
ecological value embedded in the WFI model, supporting recent literature on multi-use
platforms (MUPs) that integrate renewable energy production with ecosystem services. In
contrast, the low weight of newly added WFI projects (C5, weight = 0.048) reflects limited
variability across provinces during 2022–2024, indicating that project quantity has not yet
become a decisive driver of comprehensive benefits at this development stage.
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At the dimensional level, economic benefits account for the highest combined weight
(0.396), followed by ecological (0.342) and social benefits (0.309). This relatively balanced dis-
tribution, with a maximum difference of only 0.087, suggests that the evaluation framework
avoids single-dimension bias, aligning with marine spatial planning and ecosystem-based
management principles that require simultaneous consideration of energy security, food
security, and environmental protection.

5.2. Provincial Ranking Differences and Their Underlying Mechanisms

The TOPSIS results (Table 5) indicate a stable provincial ranking during 2022–2024,
with Shandong consistently ranking first, followed by Guangdong and Fujian. Shandong’s
comprehensive score increased from 0.615 in 2022 to 0.685 in 2024, reflecting its strong
industrial foundation in offshore wind power and marine aquaculture. This finding is
consistent with regional studies showing that provinces with mature industrial chains tend
to achieve higher economic spillover effects in integrated marine projects.

Guangdong ranks second, with scores rising steadily from 0.489 to 0.532. Although
its overall score is lower than Shandong’s, Guangdong demonstrates clear advantages
in ecological and social dimensions, which distinguish it from purely scale-driven de-
velopment models reported in previous offshore wind literature. Fujian ranks third but
records the highest average annual growth rate (5.61%), indicating strong development
momentum despite a lower initial base, a pattern commonly observed in pilot-oriented
or emerging regions.

5.3. Dimension-Specific Performance and Comparison with Existing Studies

The dimension-specific results (Table 7) further clarify the sources of inter-provincial
differences. Shandong’s economic dimension score exceeded 0.92 in 2024, more than twice
that of Guangdong and Fujian, confirming that its overall advantage is predominantly
economic-scale-driven. This supports earlier findings that industrial agglomeration and
output intensity are decisive factors in the early performance of offshore renewable projects.

By contrast, Guangdong leads in both ecological and social dimensions, with eco-
logical scores increasing from 0.587 to 0.642 and social scores from 0.568 to 0.605. This
coordinated performance aligns with recent studies emphasizing institutional innovation,
blue carbon mechanisms, and stakeholder participation as key drivers of sustainable marine
development, rather than sheer output expansion. Fujian exhibits a relatively balanced but
lower-level three-dimensional structure, suggesting a transitional development pathway
constrained by moderate resource endowment and limited policy targeting.

5.4. Robustness of Results and Implications for Result Interpretation

The sensitivity analysis (Table 9) shows that provincial rankings remain unchanged
under all weight perturbation scenarios, with score fluctuations below 3%. This robust-
ness indicates that the observed inter-provincial differences are not artifacts of weighting
schemes but stem from intrinsic factors such as industrial scale, resource endowment, and
policy orientation, reinforcing the credibility of the empirical results and their suitability
for comparative policy analysis.

6. Conclusions
6.1. Research Contributions and Novelty

Based on the research objectives and analytical framework outlined above, this study
contributes to sustainable marine spatial governance and multi-use offshore platforms in
several ways.
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First, regarding research focus, the study examines the emerging and early-stage
field of offshore wind–fishery integration, using representative Chinese provinces with
operational pilot projects. This complements existing literature and expands the application
of multi-use marine space and sustainable marine economy research.

Second, methodologically, the study integrates AHP, entropy weighting, and TOPSIS
to build a multi-criteria decision-making framework for evaluating the comprehensive
benefits of wind–fishery integration. This provides a practical approach for quantitative
analysis under limited data conditions.

Third, in terms of research approach, the study adopts a “case study—multi-source
data integration—comprehensive evaluation” pathway, reducing reliance on large-sample
datasets and offering a replicable framework for early-stage empirical studies.

Fourth, at the practical and policy level, the study proposes targeted, forward-looking
policy recommendations based on evaluation results and national and local policy contexts,
supporting government decision-making, corporate investment, and industrial planning,
thereby enhancing the real-world relevance of the findings.

6.2. Main Conclusions

The results indicate that, at the current development stage, economic benefits play
a dominant role in shaping the comprehensive performance of wind–fishery integration,
as reflected by the highest dimension weight (0.396), compared with ecological (0.342)
and social (0.309) dimensions. This finding suggests that industrial scale, output value,
and related economic indicators remain the primary drivers of overall benefits during the
early and expansion phases of integration projects. However, the contribution of ecological
and social dimensions is non-negligible and shows a gradual upward trend, indicating a
transition toward more balanced and sustainable development.

Significant inter-provincial heterogeneity is observed in both performance levels and
structural compositions. Provinces with a strong industrial foundation exhibit clear advan-
tages in economic benefits, while regions emphasizing blue carbon mechanisms, technolog-
ical innovation, and stakeholder participation demonstrate comparatively higher ecological
and social scores. The observed differences are not merely reflected in absolute scores but
also in the internal configuration of benefit dimensions, revealing distinct development
pathways shaped by resource endowment, industrial structure, and policy orientation.

From a dynamic perspective, all sampled provinces show growth in comprehensive
benefits during 2022–2024, with annual growth rates ranging from 4.28% to 5.61%. Regions
with a relatively lower initial base exhibit faster growth, while provinces with higher base-
line performance maintain stable upward trajectories, indicating both catch-up effects and
sustained development capacity. Sensitivity analysis further confirms the robustness of the
evaluation results, as provincial rankings and relative performance patterns remain largely
stable under alternative weighting scenarios, enhancing the credibility of the conclusions.

Overall, this study contributes to existing research by quantitatively revealing the
multi-dimensional benefit structure and dynamic evolution of wind–fishery integration
projects, moving beyond single-dimensional assessments and providing empirical evidence
on how economic dominance, ecological enhancement, and social engagement interact
during different stages of integrated marine development.

6.3. Policy Implications

The evaluation results provide several targeted policy implications. First, given the
current dominance of economic benefits, policy design should acknowledge the stage-
specific characteristics of wind–fishery integration. In the early and expansion phases,
ensuring economic feasibility through industrial scale optimization, infrastructure support,
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and market-oriented mechanisms is essential for sustaining investment incentives and
project viability.

Second, the observed advantages of certain provinces in ecological and social dimen-
sions highlight the importance of differentiated policy pathways. Regions with strong
ecological performance demonstrate that integrating wind–fishery projects into blue carbon
schemes, ecological compensation mechanisms, and environmental governance frame-
works can effectively enhance non-economic benefits. Therefore, a uniform policy approach
may be inefficient, and region-specific strategies aligned with local resource endowments
and development objectives are recommended.

Third, the stable growth trends and robustness of evaluation results suggest that policy
instruments should focus on structural optimization rather than short-term performance
ranking. Encouraging technological innovation, improving stakeholder participation mech-
anisms, and strengthening cross-sectoral coordination can facilitate the gradual conver-
gence of economic, ecological, and social benefits, supporting the long-term sustainability
of wind–fishery integration.

6.4. Limitations and Future Research Directions

This study has several limitations. The analysis is limited to a small number of
provinces and a short time span, which may affect generalizability. In addition, some
ecological and social indicators are represented by proxy variables due to data constraints,
and dynamic feedback mechanisms are not fully captured. Future research may extend
the spatial and temporal scope, incorporate dynamic modeling approaches, and integrate
micro-level project data to further examine long-term development mechanisms.
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