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Abstract: As the scale of the marine economy continues to expand, the problems of environmental
pollution and the over-exploitation of marine resources have become increasingly severe. The purpose
of this study is to realize the sustainable growth of the marine economy, the rational utilization of
resources, and the coordinated development of environmental protection. Method: This research first
adopts the system dynamics (SD) model. It then uses the entropy method to weigh the evaluation
indicators and create a coupling coordination degree (CCD) assessment simulation of the marine
economic-resource—ecological environment. We use the created SD model to build and simulate four
standard scenarios: current, economic, resource, and environmental. Finally, we propose suitable
recommendations for the long-term development of the marine economy based on the coordination
evaluation results of the CCD model. Results: Results show the following: (1) In the immediate term,
the economic scenario is poorly coordinated, whereas the environmental scenario is more effectively
coordinated. However, in the long-term development process, the resource scenario is reasonably
well coordinated. (2) Priority attention must be given to improving the energy mix and protecting the
natural environment to promote the sustainable development of the marine economy. (3) To achieve
a virtuous cycle between marine economic development and environmental protection, governments,
businesses, and all sectors of society need to work together to formulate and implement relevant
policies and initiatives.

Keywords: marine ERE system; SD model; CCD model; sustainable marine development

1. Introduction

With the global emphasis on sustainable development and the depletion of marine
resources [1,2], people have become increasingly concerned about how to use and manage
marine resources more effectively while protecting the marine environment [3-6]. China
has large ocean areas, and the marine sector is a significant aspect of the country’s economic
development [7]. According to the “2024 China Marine Economic Statistical Bulletin”,
the national marine GDP reached CNY 9909.7 billion in 2023, accounting for 7.9% of the
total GDP. However, the rapid development of the marine economy has led to problems
such as overfishing and illegal fishing in some sea areas, resulting in the continuous
depletion of marine resources and the deterioration of the ecological environment [8]. The
excessive use of fossil fuels has negatively affected the environmental quality in China,
and pollutants such as marine garbage and chemical wastewater have caused serious
damage to the marine ecosystem and affected the development of marine industries [9].
The “2023 China Marine Ecological Environment Bulletin” reported that in 2023, 455 marine
pollution sources in the country discharged approximately 7.76 billion tons of sewage, with
an estimated 3.2 billion cubic meters of marine garbage dumped. Indeed, marine pollution
has significantly impacted the development of China’s marine economy [10].
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To promote the sustainable growth of the marine industry, China has passed numerous
environmental and marine resource protection policies in recent years [11]. For example, the
“Law of the Sea” and other relevant laws and regulations were promulgated, a marine man-
agement system was established, and the protection and rational use of marine resources
were strengthened [12]. Many marine protected areas were also established to protect coral
reefs, marine ecosystems, and marine biodiversity, as well as promote the restoration and
protection of the marine ecological environment [13]. Measures were taken to strengthen
marine pollution prevention and control, promote the building of a marine environmental
monitoring network, strengthen cleanup emergency response capabilities for marine oil
pollution, and ensure the cleanliness and safety of the marine environment [14]. Moreover,
investments in marine scientific research have increased, marine scientific and technological
innovations are being promoted, and marine resource survey and assessment capabilities
have been enhanced to support the scientific and effective protection and consumption of
marine resources.

However, scientific decision-making necessitates a thorough grasp of the economic,
resource, and environmental subsystems as well as the key factors that interact with them
under various policies [15]. On the one hand, the marine economic-resource—ecological
environment (ERE) is a complicated system with several interactions. The system dy-
namics (SD) model can consider issues such as marine economic development, resource
exploitation, and environmental preservation, aiding in the analysis of these elements and
revealing the overall evolution law of the system. At the same time, the creation of the
marine ERE system is typically a long-term process that must consider the impact and
changes over various time periods. The SD model is suitable for long-term prediction and
simulation, helping decision makers formulate sustainable development strategies and
plans [16]. On the other hand, there are complex feedback mechanisms in the marine ERE
system, and changes in a certain factor may cause reactions in other parts of the system [17].
The SD model can capture these feedback effects, help researchers understand the nonlinear
characteristics of system behavior, and help avoid unexpected results. At the same time,
the marine ERE SD model can provide a scientific basis for governments and management
departments to support decision making and implementation. By simulating the effects of
different policy measures, the model can evaluate their impacts on the marine economy;,
resource utilization, and environmental protection, providing decision makers with more
comprehensive information [18,19].

2. Literature Review

The marine ERE system is affected by a variety of factors, such as the marine ecological
environment, climatic factors, and marine topography, the interaction of which complicates
the operation of the system [20]. A coupling coordination degree (CCD) analysis, which can
vividly express the relationship between systems, has been widely used in the study of eco-
nomic management. Various models have been used to analyze the coupling effect between
multiple factors, including the environmental Kuznets curve (EKC), double exponential
model [21], nonlinear dynamics model [22], coupling degree model, gray correlation degree
analysis, dynamic coupling model, vector autoregressive (VAR) model [23], spatial regres-
sion model [24], and ArcGIS center of gravity curve optimization classification. Among
these, the CCD model (CCDM) is notable for its simplicity and ease of calculation. It uses
coupling degree to explain the interrelationship between several subsystems and employs
the coordination development degree for a comprehensive evaluation of the whole system.
Owing to its intuitive results, the CCDM has been widely used in empirical research on the
coupling development level of various systems, including the environment, economy, social
development, urbanization, agriculture, industry, transportation, population, across differ-
ent scales and regions. To date, scholars have conducted various research on mathematical
model construction, simulation, index construction.

First, the marine ERE system is complicated and characterized by numerous dynamic
relationships. Various methodologies have been developed and implemented to analyze the
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performance and functioning of composite systems. The primary objective of these studies
was to offer recommendations for system coordination, albeit with differing focal points.
These studies can be categorized according to three aspects. First, an index system was
established to assess the coordination level of composite systems. Luiz C Terra Dos Santos
(2023) utilized a five-sector sustainable development model to evaluate the environmental,
economic, and social factors of the circular economy across three economic blocs from 2000
to 2020 [25]. Jing Zhaorui (2020) used a complex network approach to create a system
of evaluation indexes for sustainable growth that prioritizes social harmony, economic
progress, and environmental enhancement. They conducted a dynamic system analysis
of China’s RBC (Shuozhou) development process up to 2016. A comparison of individual
social, economic, or environmental subsystems revealed that the entire socioeconomic envi-
ronmental system exhibits the highest connectivity and information transfer efficiency [26].
Wang Yuanhui (2023) likewise developed an SD model for the ERE system. The model
evaluated ERE system coordination under various trade-off scenarios by establishing and
applying a CCDM based on weight ranking. Furthermore, the author optimized the ERE
system in Xining, the largest city on the Qinghai-Tibet Plateau [27].

Second, researchers have developed numerous mathematical models to analyze the
causes of important elements in complex systems. Liu Fan (2020) developed a co-equation
model using data from China’s coastal regions between 2001 and 2020. The study inves-
tigated the relationship between marine environmental contamination, aquatic product
commerce, and the coastal fisheries economy in China. A matrix correction framework
was used to study the interplay of variables and determine their level of interaction [28].
In 2022, Sun Jing determined a way to establish the carrying capacity of marine ecosys-
tems. He based the method on the analytic hierarchy process (AHP) and entropy theory
to examine carrying capacity from different points of view. Between 2008 and 2017, a
dynamic analysis was performed on data from Shandong Province [29]. Guo Jing (2022)
used the energy-based model and data envelopment analysis to assess the marine economic
efficiency of 11 coastal areas in China from 2007 to 2017. The researcher also looked at the
spatiotemporal evolution trend of marine economic efficiency and built a spatial Durbin
model to understand the relevant elements and mechanisms at work [30].

Third, other studies have focused on modeling and predicting dynamic outcomes for
composite systems. SD is a common method to deal with such problems. Other research
focuses on modeling and predicting dynamic outcomes for composite systems. Cao (2022)
developed a framework for assessing integrated regional resource restoration, utilizing an
SD model to simulate relationships in human—environment systems [31]. Based on data
on Wuhan City from 2000 to 2015, Xing (2019) established a CCDM of ERE SD and power
system coordination with an emphasis on the SD method [32].

In summary, although the ERE SD development method is often used to study the
influencing factors, interactions, and dynamic changes of different complex systems, the
study of marine ERE systems is rarely involved. The index system method of marine
sustainable development assessment can effectively integrate multiple factors affecting
the ERE system into a comprehensive index. However, this approach does not adequately
reflect the dynamic interactions between these factors. The marginal contribution of this
paper lies, first, in the prediction analysis of the coordinated development system of the
marine ERE using the SD and CCD models, which enriches the theoretical research mecha-
nism of the sustainable development of China’s marine economy. Therefore, the dynamic
model of the marine ERE system is established in this study. Second, the evaluation model
of the marine ERE CCD is established. Finally, this study provides feasible suggestions for
the sustainable development of the marine economy.

In conclusion, research on marine ERE systems is rare despite the frequent use of
the ERE SD development approach to study the influencing variables, relationships, and
dynamic changes of many complex systems. While the indicator system approach of
marine sustainable development evaluation may effectively incorporate many aspects
influencing the ERE system into a single indicator, this method does not adequately capture
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the dynamic interactions among these components. To study the marine ERE system in
depth, comprehensive dynamic models, system analysis, comprehensive evaluation, and
other methods must be used to reveal the relationships and interactions between different
elements. By establishing dynamic models, the changing trends in various elements in
the marine system can be simulated and predicted, thereby providing a scientific basis for
formulating effective management strategies and sustainable development planning. To
achieve this goal, this work first developed a dynamic model of the marine ERE system,
followed by a model for evaluating marine ERE coupling coordination. Finally, we present
reasonable proposals for the steady growth of the marine economy:.

The marginal contributions of this paper are as follows: (1) SD and the coupled coordi-
nated development model are used to predict and analyze the coordinated development
of the marine ERE system. The SD method can better reflect the internal structure and
dynamic evolution of complex systems, while the coupled coordinated development model
helps reveal the interaction and influence among different elements. (2) By combining
these methods, researchers can more comprehensively consider the complex relationship
between the marine economy, environment, and resources, as well as predict and evaluate
the future development trend of the system. This comprehensive analysis method enriches
the theoretical research mechanism of sustainable development of our country’s marine
economy and provides a more scientific reference for relevant decision making. (3) The
research results also help deepen the understanding of the coupled coordinated develop-
ment mechanism in the marine field and provide new ideas for exploring the paths and
measures to promote the sustainable development of marine ERE. Through system-level
analysis and prediction, we can better grasp the regularity and sustainability of marine
development and make deeper theoretical and practical contributions to the coordinated
development of the marine economy and ecological environment.

3. Research Methods and Data Sources
3.1. SD Model
3.1.1. ERE System

The marine ERE system considers the influence of diverse marine economic activities
on the development and usage of marine resources and economic advantages, as well as
the impact of these activities on the marine ecological environment and its sustainability
assessment. When studying the marine ERE system, the complex interactions of various
factors must be considered comprehensively. Marine economic activities involve many
variables, including the marine industrial structure, marine economic growth, and the
number of persons employed in the marine sector. These activities compete and clash with
the development and exploitation of marine resources and have an impact on the marine
environment, causing problems such as water quality deterioration and biodiversity loss.
These influencing elements have a relationship (Figure 1).

The marine resource subsystem is a complex, multi-level system that includes a variety
of resource types and ecological processes [33,34]. We further classify these subsystems
into biological resources (e.g., fish, seaweed), abiotic resources (e.g., minerals, energy), and
ecological service systems (e.g., coral reefs, wetlands). While marine resource extraction
and use have provided enormous economic benefits, they have also caused significant
environmental damage. The growth of marine resources, such as fishing, offshore oil
and gas exploitation, and tourism [35], immediately provides a great number of jobs and
helps many coastal towns. The expansion of marine resources has fueled the growth of
corresponding industry sectors, including processing and manufacturing, shipbuilding,
and port logistics, as well as the diversification and comprehensive development of the
overall economy [36,37]. Marine resource products, such as seafood, minerals, and energy,
are important parts of international trade, facilitating the flow and economic interconnection
of global markets [38,39]. However, these factors have also caused ecological damage and
marine environmental pollution [40]. For example, human activities such as offshore project
construction, extraction activities, and pollution can destroy marine habitats (e.g., coral
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reefs, seagrass beds, mangroves), leading to a decline in biodiversity [41]. The extraction
and burning of fossil fuels increase greenhouse gas emissions and exacerbate global climate
change, causing marine environments to become more acidic and threatening coral reefs
and shellfish [42].

Economy subsystem:
Industrial structure

\economy growth A

Population
Resource subsystem: Environment subsystem:
Energy structure A \ Environment investment
Energy consumption v | Polluting emission
Ocean resource Ambient level

Figure 1. Structure and main feedback sources of the marine ERE system.

The marine economic subsystem comprises the collection of economic activities and
industries associated with the development and use of marine resources. It includes
the development, use, and preservation of marine resources, as well as a wide range of
economic and social activities [43,44]. The primary fields are fishery, shipping, marine
energy, marine tourism, marine biological medicine, and marine mineral resources [45,46].
The marine economic system has not only aided economic and technological progress
but has also contributed significantly to resource utilization, environmental protection,
and sociocultural development [46]. Through integrated management and sustainable
development strategies, marine economic systems will bring long-term, sustainable benefits
to human society [47]. At the same time, various marine economic activities, such as
fisheries, marine transportation, and marine energy development, provide numerous jobs
for coastal communities and related industries, including fisheries, tourism, shipbuilding,
and research. They also promote the development of many industrial chains; the growth of
related industries such as manufacturing, information technology, and services; and the
growth of local and national economies [48].

The marine environmental subsystem is a significant part of the marine economic sys-
tem because it is dedicated to maintaining the marine ecological environment, monitoring
marine ecological changes, managing marine pollution, and ensuring the sustainable use
of marine resources. It includes a wide range of actions and initiatives, from natural ecosys-
tem protection to the application of environmental management laws, all with the goal of
preserving healthy and functional marine ecosystems to enable the long-term development
of other marine economic activities. Xu (2023) and Xin (2022) conducted an analysis on
the influence of marine energy consumption and economic growth on greenhouse gas
emissions and climate change. They also investigated the importance of emission reduction
policies and technological innovation in environmental protection [49,50]. Delphi Ward
(2022) and Guo (2022) assessed the impacts of marine resource exploitation on ecosys-
tems and biodiversity and explored strategies for sustainable resource management and
conservation [51,52]. Sun (2022) and Zhou (2023) studied the impact of marine energy
development on local jobs and economies and how it balances economic growth and social
development with environmental protection [29,53]. The effective operation of the marine
environmental subsystem is crucial for maintaining the marine ecological environment,
ensuring the sustainable utilization of resources, and promoting the healthy development
of the marine economy. Through scientific management and collaborative cooperation, we
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can achieve a virtuous cycle of the marine environment and economy and help build a
sustainable marine economic system. These studies provide a scientific basis for under-
standing the environmental impacts of marine energy consumption and economic growth,
providing important references for managers and policymakers to formulate sustainable
development policies and conservation measures.

3.1.2. SD Model

The SD model is a mathematical modeling method for investigating the behavior
of dynamic systems. It can help us understand and predict the interactions and evolu-
tionary laws between various elements in complex systems and has many advantages:
(1) Comprehensive analysis: The SD model can comprehensively consider the complex
relationship between marine economic activities, resource development and utilization,
and environmental protection. By establishing a mathematical model, it reveals the causal
relationship among various elements and helps managers fully understand the system
operation mechanism. (2) Predictive analysis: SD can make a dynamic model of the marine
ERE system, which can then be used to compare how different policies and measures
affect system development, predict future development trends, and give a scientific ba-
sis for decision-making. (3) Sensitivity analysis: SD can analyze the impact of changes
in system elements on stability and sustainability, identifying critical factors and weak
links. (4) System optimization: Using the SD model, solutions may be compared and
optimized across many scenarios to determine the best development route and accomplish
the coordinated growth of the marine economy, resource exploitation, and environmental
protection. (5) Decision support: The SD model is a systematic decision support tool that
can assist government departments and firms in developing long-term development plans
and management policies for the sustainable growth of the marine ERE system. As a result,
it has considerable application prospects in evaluating the sustainable development of the
marine ERE, helping us better understand and deal with complex challenges in the marine
system while also promoting sustainable growth in the marine field.

3.1.3. VENSIM-PE Software

This research project applies the SD modeling software Vensim-PE (http://vensim
(accessed on 12 July 2024) to determine the interaction of various factors in the marine
ERE system, as well as simulate the influence of current ERE settings on the long-term
development of China’s marine economy. We use data from 2011 to 2020 as samples and
extend the simulations to 2050. In that example, the time boundary of the model is in
the 2011-2050 period (i.e., 40 years) with a step length of one year. Furthermore, the SD
model produces reliable and accurate findings through a comprehensive and scientific
modeling approach.

3.2. Evaluation of the Coupling Coordination Degree
3.2.1. Data Source and Pre-Processing

We gather statistics for this research from the China Fishery Statistical Yearbook
(2010-2022), China Marine Statistical Yearbook (2010-2022), and China Urban Statistical
Yearbook (2010-2022). Using the two formulas below, we standardize the indicators to
make conclusions comparable and avoid the effect of dimensions.

(1) Raw data preprocessing

Quantifying the original data is an important step in building a CCDM. The main
reasons are as follows: first, the original data often have different scales and units. Through
quantification, different data types can be unified into the same standard range, which is
conducive to the comparison and analysis of the model. Second, the original data may
have missing values, outliers, and other problems. Through quantification, the impact
of these problems can be reduced, and the stability and reliability of the model can be
improved. Finally, quantification can reduce the data dimension and number of features,
thereby reducing the time and computational cost of model training
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Positive indicator:
rij = (Xjj — minX;) / (maxX; — minX;) (1)
Negative indicator:
rij = (maxX; — minX;;)/ (maxX; — minX;) ()

where maXXj and mian are the maximum and minimum, respectively, of indicator j in
all years; Xj; and r;; are the original and standardized values of indicator j in year i. A
positive indicator implies that a higher value corresponds to a more favorable outcome for
the system’s development, and vice versa.

(2) To assure accuracy in data processing, zero values in the data after standardized
processing must be eliminated. Therefore, a global translation operation on the data is
required, that is, each data point is redefined as X’ ij = x! jj + . To maximize the retention of
the original data information, the value of « should be as small as possible, because when
the value of « is small, the response of the system is more stable. By reducing the value
of o, the sensitivity of the model to the input data can be reduced, and system fluctuation
in the face of noise or uncertainty can be reduced, thereby improving the stability of the
model. For this reason, we choose « = 0.0001 in this study.

Proportion (P) of indicator j in year i:

m
Py =r1;/) 1ij (©)
i=1

Information entropy (e) of each indicator j:

1=

S (Pij X LnP,»j)(O < €j < 1) (4)

- Inm ~
Entropy redundancy (e) of each indicator j:
d] =1- Ej (5)

Weight (W) of each indicator j:

W df/n (6)
j = d:
L

Evaluation of level (L) of indicator j in year i:
Lij = Wj X 1j )

Comprehensive level (CL) of subsystem in year i:
n
CLi=)_ S (8)
=1

In a subsystem, we use either Formula (1) or (2) to compute rj;, where n represents the
number of indicators, and m represents the number of years. We use Formulas (3) and (4)
to calculate the weights for each indication and apply Formulas (7) and (8) to calculate the
total level of each subsystem.
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3.2.2. Coupling Coordination Degree Model

The CCDM is a model that can describe the overall operating characteristics of the
system by considering the interactions and influences among various subsystems in system
analysis and design. This model can not only reveal the relationships among various
subsystems but also evaluate the overall performance and efficiency of the system. The
main reasons for choosing the CCDM in this study are as follows: (1) There are complex
relationships and interactions among the marine ERE. The various parts are coupled with
one another, and changes in one part will have an impact on other parts. Therefore, the
CCDM can better reveal the internal connection and influence mechanism between them.
(2) The development of the marine ERE system is a dynamic process. With the passage of
time, the status and relationship of each element will change. The CCDM can dynamically
simulate the system and better reflect the process of system evolution. (3) The CCDM can
comprehensively evaluate the marine ERE system, including its stability, sustainability, and
coordination. Through CCDM evaluation, scientific basis and reference suggestions can be
provided for relevant decision making. (4) The CCDM can be used for system analysis and
evaluation and provide decision support and policy suggestions for relevant managers and
decision makers. Through simulation and evaluation, paths and measures can be provided
for the coordinated development of the marine ERE system [54,55]. The standard formula
below shows the CCDM for three subsystems [56-58]:

f(X)g(Y)h(W)
[f<x>g(§>h<w>kr

D=+CTand T = af(X)+ Bf(Y) +rf(W)

where C denotes the connection degree, and f (X), g (Y), and h (Z) represent the comprehen-
sive levels of the marine economy, resource, and environment subsystems, respectively. Sias
calculates the values of f(X), g(Y), and h(Z), as shown in Formula (8). D is the CCDM, and T
is the overall development of the maritime ERE system, including subsystem contributions.
The research presented here assigns equal priority to each subsystem in the coordinated
development of the marine ERE system, resultingin x =3 =y =1/3.

Often, scholars subjectively categorize the CCDM into different levels after calculation.
In this study, the quartile method is utilized for CCDM classification, which may provide a
more objective approach to assessing CCDM levels. Table 1 displays the breakdown of the
CCDM based on this method.

Table 1. The division of the development stages of the marine ERE system is important.

Value of D 0<D<0.25 025<D<05 05<D <075 075<D<1
Development Seriously Slightly Superior
stages unbalanced unbalanced Barely balanced balance

3.2.3. Indicator Construction

Based on our previous investigation and the SD model framework we developed, we
establish an index system to comprehensively assess the development level and coupling
relationship of each subsystem within the marine ERE system. On the one hand, indicator
selection should ensure that the evaluation indicators can cover the key elements of each
subsystem of the marine ERE system to reflect its overall development status; on the
other hand, the mutual influence and correlation between different indicators should be
considered to avoid selecting independent or highly repetitive indicators and thus fully
reflect the coupling relationship within the system. Table 2 shows the indicator architecture,
which includes 19 indications. The marine economic subsystem shows how developed the
marine economy is through four indicators: the total value of the marine environment’s
output, the pattern of the marine industry’s three sectors, and the fund income of marine
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academic institutions [59]. The marine resources subsystem measures the development
potential of marine resources using indicators such as aquaculture area, wetland area,
marine fishing output, marine aquaculture output, and sea salt production. The marine
environmental subsystem reflects the growth status of the marine environment through
indicators such as the direct discharge of a large amount of industrial wastewater into the
marine environment, the amount of wastewater outlets discharged into the ocean, the types
of marine nature reserves in coastal areas, and storm tide disaster areas (Table 2).

Table 2. The indicator system used to assess the CCD of the marine ERE system.

Subsystem Indicator Direction Unit Weight
Gross ocean product (GOP) ) + Million yuan 0.2260
Proportion of gross marine product in gross + % 0.1354
national product

E bsvst Proportion of marine secondary industry + % 0.1390
conomy subsystem Proportion of marine tertiary industry + % 0.1450
Port cargo throughput + Ten thousand tons 0.0830
Marine shipbuilding completions + Ten thousand boats 0.1243
Marine industry employees + Thousands of people 0.0560
Investment in marine scientific research + Million yuan 0.0913
Sea water breeding area + Ten thousand hectares 0.2430
Confirm area of sea area + Ten thousand hectares 0.1560
Wetland area + Ten thousand hectares 0.2370
Resource subsystem Marine fishing yield + Million tons 0.1620
Mariculture yield + Million tons 0.0920
Sea salt yield + Million tons 0.1100
Direct discharge of industrial wastewater - Ten thousand tons 0.1212
Comprehensive utilization of industrial solid _ Ten th nd ton. 0.2520

Environment subsystem  waste en thousand tons )
Number of sewage outlets into the sea - Quantity 0.2436
Marine-type nature reserves in coastal areas + Quantity 0.1350
Storm surge damage area - Ten thousand hectares 0.2482

Notes: “+” and “—" represent the positive and negative indicators, respectively.

4. The Modeling of the SD Model of the Marine ERE System
4.1. The Conceptualization of the Marine ERE System

Based on the above discussion of the marine ERE system structure, the SD model of
the coupled and coordinated development of China’s marine ERE is built using VENSIM,
and a causal relationship diagram is drawn (Figure 2).

The causal relationship diagram contains three core elements: economy, resources,
and environment. The marine economy, comprising the marine primary, marine secondary,
and marine tertiary industries, forms the core of this causal relationship diagram. Labor
and capital have an impact on the development of the marine industry. The development
of the marine secondary industry may result in high pollution. The current study identifies
a feedback loop between marine economic development, energy consumption, and envi-
ronmental pollution. Another path shows the opposite process. The declining state of the
marine environment could hinder the growth of the marine economy or endanger human
health. However, boosting investment in maritime environmental protection or streamlin-
ing the industrial structure can help bridge the gap between economic development and
environmental protection. The response path is as follows: marine environment, energy
consumption, and marine economic development.

4.2. Establish Stock Flow Diagram (SFD)

The stock flow diagram (SFD) is a commonly used graphical tool in the SD method,
used to describe the relationship between the stock and flow of various factors in the system.
In the SFD, the stock represents the amount of material or information accumulated in the
system, while the flow represents the flow rate of these materials or information. Through
the SFD, we can clearly see the interaction between elements in the system, which helps
us better understand the behavior and change trends in the system. The SFD helps reveal
the cause-and-effect relationship in the system and provides an important reference for
formulating effective policies and decisions. Based on the cause-and-effect relationship
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in Figure 2, the SFDs of the economic, environmental, and resource subsystems were
established, respectively, in Figures 3-5.

Total energy
consumption T
. . /ﬁ/' °© Fossil fuel
Energy mtensity o ion,
Output of primary ) New energy
industry Energy equipment  consumpti on,
upgrading
secondm‘:ltirl?iisu}' Energy pollution
© / Solid wastewater index

polhution
GOP

ut of tertiary Axr pollutiono Waste water
pollution

P

Total population | =%>-Natural resources Pollution index
(o]

Labour force

Environmental
investment

Figure 2. Causal loop diagrams of the marine ERE system.

(1) Economic subsystem

Marine fishery
industry
The propo.rtion on the Ouput ofthe ?li}lmre gﬂdmxi
primary industrial primary industry nafural gas ndustry
Rate offixed assets investment marine mining
investment industry
: }m‘iﬁdﬁgl Labourl force.mtion of Sea salt industry
 The primary e asets | The prinary industril the primary industry T
The proportionofthe ~ industrialnvestment deprecation Marine shipbuiking
Totalfixed assets  secondary industrial Output ofhe G —  indwty
investment investment secondary industry €—— Marine chemical
The stock of the g / ) \indusny
secondary industria A Deprecation| Marine biomedici
The secondary fixed assets The; sle(ciondary indu ' ’ J arne dlome icme
industrial inestent strial deprecation , ke :1 nglljtsle?mg
The proportion ({fthe " Labour force ration gf architecture industry
fertary ndstral ‘ the tertiary industry
ivestment The stock of i 7 Marine electric
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Figure 3. The SFD of the marine economy subsystem.
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(2) Resource subsystem
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Figure 4. The SFD of the marine resource subsystem.
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4.3. Model Testing and Scenario Design
4.3.1. Model Run Check

The model running test includes two aspects: structure running test and dimension
consistency test. Referring to the research by Yaman (1996), this study uses the model check
tool to test the structure of the model [60]. The result demonstrates that the model is OK,
which means that the structure of the model is correct, and all relations and equations are
correctly defined without internal logic errors. The model is tested with the Unites Check
tool, and the Unites is OK, indicating that all equations and calculations in the model have
dimensional consistency. This means that the units of all variables in the model coordinate
with one another, and there is no case of unit mismatch. Therefore, the model constructed
in this paper passes the running test.

4.3.2. Model History Check

Compare the historical data with the simulation results of each variable after running
to examine the overall prediction accuracy and effectiveness of the model. The error
of the simulation results of the SD is controlled within 10% to improve the accuracy
of the model, reduce uncertainty, increase credibility, and ensure its effectiveness. This
allows the model to be better applied to the analysis and decision-making process of
practical problems. According to the characteristics of the system model, three variables,
namely, GOP, wastewater discharge, and aquaculture area, are selected for historical
testing, representing the economic system, environmental system, and resource system,
respectively. The simulation interval is the 2010-2022 period, representing the historical
value, simulation value, and relative error of the variables. The results are shown in Table 3.
In particular, the relative errors are all within 10%, which means there is a small deviation
between the simulation results and actual observation values, and the model can better
describe the dynamic characteristics and change laws of the system. In this case, we can
compare the prediction ability of the trust model to better analyze and understand the
system’s behavior. We find that the model constructed in this study can truly reflect the
development status of China’s marine ERE system, and the model simulation effect is good.

Table 3. Historical test results.

GOP Wastewater Discharge Aquaculture Area

Years True Simulated Relative True Simulated Relative True Simulated Relative

Value Value Error (%) Value Value Error (%) Value Value Error (%)
2010 39,619.20 40,134.25 1.30% 617.00 637.98 3.40% 2080.90 2135.00 2.60%
2011 45,580.40 47,266.87 3.70% 659.00 676.13 2.60% 2106.40 2142.21 1.70%
2012 50,172.90 54,387.42 8.40% 685.00 695.96 1.60% 2180.90 2320.48 6.40%
2013 54,718.30 56,305.13 2.90% 695.00 755.47 8.70% 2315.60 2380.44 2.80%
2014 60,699.10 61,488.19 1.30% 716.00 760.39 6.20% 2305.50 2395.41 3.90%
2015 65,534.40 68,483.45 4.50% 735.00 766.61 4.30% 2317.80 2375.75 2.50%
2016 69,693.70 71,366.35 2.40% 711.00 724.51 1.90% 2098.10 2232.38 6.40%
2017 76,749.00 77,976.98 1.60% 699.66 726.25 3.80% 2084.10 2119.53 1.70%
2018 78,077.80 82,528.23 5.70% 682.30 718.46 5.30% 2043.10 2114.61 3.50%
2019 84,191.30 88,990.20 5.70% 669.00 687.06 2.70% 1992.20 2049.97 2.90%
2020 79,549.80 82,095.39 3.20% 655.80 672.85 2.60% 1995.60 2065.45 3.50%
2021 90,385.00 91,469.62 1.20% 633.58 666.53 5.20% 2025.50 2112.60 4.30%
2022 89,415.00 92,455.11 3.40% 629.36 649.50 3.20% 2074.40 2132.48 2.80%

4.3.3. The Set of Different Development Scenarios

The marine economy, resources, and environment are inseparably connected, form-
ing a complex and interdependent system. Marine resources form the foundation of the
marine economy, which propels economic growth via the marine industrial chain. Marine
resources, such as fisheries, minerals, and energy, provide the foundation and support for
the marine economy. These resources, directly or indirectly, supply human production and
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living needs while promoting the growth of the social economy. However, environmen-
tal concerns frequently accompany the growth and consumption of maritime resources.
Overfishing consumes fishery products, marine pollution disrupts the ecological balance
of the ocean, and the marine ecosystem faces rising strain. Therefore, maintaining the
marine environment is crucial to achieving sustainable marine economic development.
Only through the conservation of the marine environment can we use marine resources
sustainably and ensure the steady expansion of the marine economy. To promote the devel-
opment of the marine economy; it is essential to embrace sustainable resource utilization,
environmental protection, and the coordinated development of economic benefits. This
approach should prioritize green and sustainable development within the marine sector.
Countries should strengthen cooperation, jointly formulate and implement relevant policies
and measures, and work toward the coordinated development of the marine ERE, thereby
contributing to the sustainable development of human society. In light of these realities,
this study examines various development scenarios, on the basis of which we propose
feasible policies and suggestions.

By changing the variables and settings in the existing SD model, this study assumes
four development scenarios: (1) Current scenario. This scenario maintains the original
values of all parameters and variables and serves as a reference for other scenarios. (2) Eco-
nomic scenario. We raise investment in economic development by raising the amount of
fixed asset investment in the marine industry relative to the total investment. Meanwhile,
China’s “14th Five-Year Plan” for marine economic growth focuses on scientific and techno-
logical innovation and industrial upgrading to support the transformation and upgrading
of traditional maritime sectors. As a result, we strengthen the proportion of investment
in the marine tertiary industry. (3) Resource scenario. This scenario emphasizes marine
resources, mainly fishery resources. (4) Environmental scenario. This scenario emphasizes
industrial structure adjustment and environmental protection investment. Investment
should be increased in tertiary industries, environmental protection initiatives, and the
upgrading of energy equipment.

4.4. Simulation Result

Figure 6 simulates the dynamic changes in the marine ERE system under different
scenarios, with a particular focus on the evolution of the GOP under the economy, resources,
environment, and current scenarios from 2010 to 2050. According to the results, the eco-
nomic scenario has the highest level, followed by the resource scenario, while the current
and environmental scenarios have lower levels. This result shows that the current society is
relatively strong in economic development but still has weaknesses in resource utilization
and environmental protection. From an economic perspective, increasing economic invest-
ment can promote economic growth and increase employment and industrial development.
Especially in the case of a high current economic scenario, more economic investment is
expected to accelerate economic improvement and raise the economic level. In the resource
scenario, improving the energy structure will help improve environmental cleanliness,
reduce resource waste and environmental pollution, and provide more sustainable support
for economic development. By optimizing resource utilization, effective resource allocation
can be achieved, and the healthy development of the economy can be promoted. However,
in the environmental scenario, increasing environmental investment may bring certain GOP
costs because environmental protection and governance often require a certain amount of
funds, labor, and material resources. This may lead to a relatively low economic level in the
short term. In the long run, however, protecting the environment and improving ecological
conditions are also important components of sustainable development. Therefore, con-
sidering the three aspects of ERE, balance must be sought between economic growth and
resource utilization; focus on sustainable development; actively promote economic trans-
formation and upgrading; achieve a benign interaction between the economy, resources,
and environment; and achieve a win-win situation for the economy and society.
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Figure 6. Simulated results of GOP under different scenarios.

Figure 7 shows the changing patterns in the marine tertiary industry under different
conditions. According to the statistics, the marine tertiary industry is experiencing slug-
gish expansion. The rapid development of this sector has accelerated economic growth.
Simultaneously, promoting the growth of the marine tertiary sector can help improve and
optimize the structure of the marine industry. As an important part of the marine economy,
the marine tertiary industry holds significant potential for development. Accelerating the
development of sectors such as marine tourism and marine cultural and creative industries
can attract more investment and resources, extend and improve related industrial chains,
and inject new vitality into the marine economy. At the same time, the development of
the marine tertiary industry can drive the coordinated development of related industries,
promote the optimization and adjustment of the marine industrial structure, and boost
overall industrial competitiveness.

Marine tertiary industry
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Figure 7. Simulated results of marine tertiary industry under different scenarios.

Figure 8 shows that from 2010 to 2050, the pollution index shows a trend of initially
increasing and then decreasing across all scenarios—environmental, economic, resource, and
current. This indicates that, over time, the pollution problem may worsen, thus attracting
the attention of all sectors of society. Notably, the pollution index in the environmental
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scenario is relatively low, which reflects that the pollution level can be effectively controlled
when environmental protection is prioritized. The pollution index in the economic scenario
may be relatively high, possibly because economic development is often accompanied
by industrialization and urbanization, which increase pollution emissions. The pollution
index in the resource scenario may be affected by the method of resource exploitation and
utilization, and if such method is not environmentally friendly, then the pollution index
may rise. The pollution index in the current scenario reflects the combined effect of the
current level of social and economic development and environmental protection measures.

pollution index
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Figure 8. Simulated results of the pollution index under different scenarios.

Figure 9 shows the trend of marine wastewater accumulation from 2010 to 2050. In
the economic scenario, the amount of wastewater accumulated may be relatively high,
suggesting that in the pursuit of economic growth, the environmental cost (i.e., long-term
investment in wastewater treatment), may be overlooked. From an economic perspective,
this neglect can lead to external diseconomy, in which the total cost to society exceeds the
sum of private costs plus benefits. The resource scenario may show trends in wastewater
accumulation under the more efficient use of resources, including wastewater treatment
resources. The increase in wastewater accumulation usually has a negative impact on the
environment, such as the deterioration of water quality and the destruction of ecosystems.
These effects tend to have externalities; they are not directly reflected in market transactions,
so the market cannot automatically correct these problems. In the environmental scenario,
the amount of wastewater accumulated is relatively low, suggesting that through environ-
mental policy interventions (e.g., stricter discharge standards, environmental regulations),
market failures can be reduced and the environment protected from pollution.

Figure 10 shows projected trends in the aquaculture area from 2010 to 2050 under
different scenarios. Under the economic scenario, the aquaculture area shows a relatively
significant growth trend, reflecting the increasing demand for aquatic products driven
by economic growth and population increase. This trend suggests that the expansion of
the aquaculture industry will likely help meet market demand and become a new driver
of economic growth. However, by around 2030, the growth rate of consumer demand
for aquatic products may slow down due to market saturation, resulting in a weakened
impetus for further expansion of aquaculture areas. With regard to sustainability, the trends
in aquaculture acreage under the current scenario are likely to fall between those observed
in the economic and environmental scenarios. This indicates that while pursuing economic
benefits, it is necessary to consider environmental and social costs to achieve sustainable
development goals.
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Figure 9. Simulated results of wastewater accumulation under different scenarios.
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Figure 10. Simulated results of the aquaculture area under different scenarios.

In conclusion, the marine ERE model developed in this study offers a more compre-
hensive depiction of the dynamic interplay among economic, resource, and environmental
subsystems.

5. An Evaluation of the Coupling Coordination Degree
5.1. Development of Each Subsystem under Different Scenarios

Table 2 illustrates how the value of the marine industry has the highest index weight
within the economic subsystem, followed by the marine tertiary industry, secondary in-
dustry, and completion of ship construction [30]. As a result, between 2010 and 2022, the
economic advancement of the marine industry was an essential element in the evolution
of China’s maritime sector, with the marine tertiary industry providing the fundamental
push for the development of the economic subsystem. The rapid expansion of the marine
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economy not only fosters economic growth in coastal regions but also drives scientific and
technological innovation while enhancing the sustainable utilization of marine resources.
The economic upsurge of the marine industry serves as a potent driving force for the ad-
vancement of China’s maritime sector and is poised to continue playing a crucial role in the
future. The development of the marine secondary industry and the construction of ships
symbolize the establishment of maritime infrastructure, which serves as a fundamental
catalyst for the growth of China’s marine economy. Ports and shipping are critical to the
infrastructure of the marine economy. Modern port facilities and efficient shipping net-
works can significantly improve logistics efficiency and reduce transportation costs, thereby
boosting international trade and economic growth. Many important ports in China, such
as the Shanghai Port and Ningbo Zhoushan Port, are constantly upgrading and expanding,
providing strong support for shipping.

Figure 11 depicts the growth of the economic subsystem under different scenarios.
Over the next 30 years, the aggregate level of all scenarios will rise, with the increase
rate accelerating after 2030. After 2030, the growth rate will accelerate significantly due to
technological breakthroughs, policy improvements, and other factors. Driven by technology,
policy, and market forces, the marine economy will develop into a new growth point for
the global economy, bringing extensive economic, ecological, and social benefits.
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Figure 11. Trends in the comprehensive level of the economy subsystem under different scenarios.

We select six indexes in the resource subsystem, with the mariculture and wetland
areas exerting a greater influence. Through intensive and scientific management meth-
ods, mariculture can greatly improve the utilization efficiency of marine living resources.
Compared to traditional fishing methods, it can produce marine products in a more con-
trolled manner, reducing the dependence and pressure on wild populations. Wetlands are
important ecosystems with various ecological functions, such as water purification, flood
regulation, soil conservation, and biodiversity maintenance. They can effectively filter
pollutants, improve water quality, and play a key role in maintaining the ecological balance
of marine and coastal areas. Wetlands have a strong carbon capture capacity and can absorb
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and store large amounts of carbon dioxide, thus playing a key role in combating climate
change. Protecting and restoring wetlands is one of the most effective ways to reduce
greenhouse gas concentrations. The second is the production of marine fishing and farming.
Fishing is one of the key sources of global protein supply, especially in developing countries,
where many people’s diets derive important animal protein from products caught from
marine environments. Reasonable fishing helps maintain the numbers of certain stocks,
but overfishing can lead to the depletion of fish stocks and disrupt the balance of marine
ecosystems. All scenarios in China showed an increasing trend during the simulation
period (Figure 12).
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Figure 12. Trends in the comprehensive level of the resource subsystem under different scenarios.

Figure 12 depicts how the marine economic subsystem develops under various sce-
narios. The aggregate level of all scenarios will rise over the next 30 years, with the rate
of growth picking up after 2030. With the exception of the resource scenario, we rank the
remaining possibilities as follows: environment, current, and economy. Combined with
Figure 11, we see that the higher the economic system, the lower the resource system. This
finding suggests that the progress of China’s marine economy is mainly dependent on
resource extraction.

The marine environment subsystem is heavy, and the weights of the five indicators
are level. The storm surge disaster area, number of sewage discharge outlets into the
sea, marine type of nature reserves in coastal areas, and large-scale direct discharge of
industrial wastewater all contribute to the comprehensive exploitation of industrial solid
waste. Industrial solid waste is the most extensively used type of waste, and it plays a
significant role in the marine environmental subsystem. The integrated use of industrial
solid waste effectively protects the marine environment and brings significant economic
and social benefits by reducing land-based pollution, promoting a circular economy, pre-
venting marine litter and pollution, promoting sustainable development, and enhancing
technological and management innovation. Storm surges not only affect human activities
but also damage natural ecosystems. Wetlands and mangroves are important components
of coastal ecosystems, and storm surges can lead to the destruction of plant and animal
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habitats in these areas. Storm surges can carry sediment and pollutants, causing water
quality to deteriorate and affecting the survival of aquatic life. Powerful waves and rapid
changes in the marine environment can cause damage to marine habitats in coastal and
shallow waters, affecting biodiversity.

Figure 13 depicts how the comprehensive level of environmental subsystems changes
from 2023 to 2050 under various scenarios. The outcomes, similar to the two other sub-
systems, follow an upward trend across all scenarios throughout the simulation period.
The environmental scenario outperforms the economic scenario. The resource scenario
marginally outperforms the current scenario, with the difference between the two increas-
ing over time. We can link this discovery to the positive environmental consequences of
continuous improvements in the energy mix.
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Figure 13. Trends in the comprehensive level of the environment subsystem under different scenarios.

5.2. CCD Results Under Different Scenarios

The above data show that the evolutionary paths of marine subsystems vary across
circumstances. Hence, a complete evaluation approach should be used to examine and
compare the effectiveness of each strategy. As the marine ERE model has many complicated
relationships, this study uses the CCDM from Section 3.2 to determine the degree of
coupling and the best case scenario.

Figure 14 displays the pattern of coupling degree changes over the four scenarios,
indicating the interaction of various subsystems. Clearly, the patterns in these four scenarios
vary significantly. Although the total connectivity grows across the simulation period,
the economic scenario remains at its lowest level. The other three possibilities fluctuate
slightly but remain between 0.30 and 0.34. The resource scenario has the lowest degree of
coupling at the start of the simulation interval, but it rapidly increases with time, eventually
surpassing the environment and current scenarios in 2035. In the later stages, the general
state of the environment and current condition fluctuates and eventually declines.
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Figure 14. Trends in the coupling degree under different scenarios.

A comparison of the CCD under the four scenarios shows that, although there are
some differences, the overall trend is consistent (Figure 14). The results in Table 3 show
that all scenarios are slightly uneven during the simulation period. Figure 15 shows that
weak coupling between the three subsystems is the primary cause of the low CCD level.
We then investigate and comment on the evolution of CCD in each scenario.
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Figure 15. Trends in the CCD under different scenarios.

(1) Economic scenario: The CCD value grew from 0.28 to 0.32, the lowest among all
scenarios. Throughout the simulation interval, the marine economic subsystem
performed well, while the marine resources and environment subsystem performed
poorly. These findings help clarify the lack of coupling phenomena depicted in
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Figure 14, demonstrating that an overemphasis on economic development will result
in disorganized expansion in China’s maritime economy.

(2) Resource scenario: In this scenario, the CCD value rose from 0.53 to 0.2 before finally
reaching the ideal level. This expansion can be separated into two stages (Figure 15).
Although the resource level in this scenario peaked between 2023 and 2050, the
economic and environmental levels were relatively modest, resulting in a lesser
coupling degree than the current and environmental scenarios (Figure 13). As the
benefits of enhanced energy structure and natural environment become more obvious
after 2023, we see an acceleration in the CCD value during this period.

(3) Environmental scenario: In this scenario, the CCD value rose from 0.37 to 0.46 and
remained in the optimal condition. The proportions of each component in this scenario
stay high in comparison to other scenarios (Figures 10-12). However, as the resource
level decreases after 2035, coupling begins to gradually decrease (Figure 11).

6. Conclusions
6.1. Results

We investigated and appraised the simulation results of China’s marine industry
system using the methods and theories of SD and the CCDM. We first used SD to create
a system model that integrates the interactions of the marine ERE subsystems. We then
evaluated the CCD under various circumstances using the developed CCDM. Specifically,
our SD model adjusts parameters to replicate four typical scenarios: the maritime econ-
omy, resources, environment, and the present. This research aimed to clearly illustrate the
interdependence of various components within the marine ERE system through a compar-
ative analysis of these four scenarios and, ultimately, offer guidance for the sustainable
development of the marine industry in other countries. This investigation’s conclusions
reveal the following: (1) The SD model we developed can accurately replicate the dynamic
interactions in the marine ERE system. (2) Different scenarios highlight different elements.
Compared to the current scenario, the marine economic scenario promotes economic
growth while harming the environment and resources. On the contrary, the resource and
environmental scenarios are both beneficial to energy conservation and emission reduction
but not to marine economic development. (3) The coupling levels of the various scenarios
differ. In comparison to the current scenario, the economic scenario performs poorly, while
the environmental scenario performs well. However, the resource scenario has a greater
influence on the long-term coordinated growth of the urban ERE system.

These conclusions may differ from the research of other scholars in that this study
focuses on the relationship between different factors. Some scholars may be more inclined
to emphasize the importance of economic growth and believe that the development of
the marine economy is a priority. They may believe that the development of the marine
economy can create employment opportunities, promote industrial upgrading, and increase
fiscal revenue, thereby driving the growth of the entire economy. Long-term economic
development must be based on the sustainable use of the environment and its resources.

This view often focuses on the positive impact of economic development on social
stability and the improvement of people’s lives. To achieve sustainability in the marine
economy, China and governments around the world should take beneficial actions to
promote diversification and technological innovation, rationally manage and efficiently use
marine resources, effectively protect the marine ecological environment, and strengthen
international cooperation and coordination, beginning with the economy, resources, and
environment. These efforts will not only serve to foster the healthy development of the
maritime sector but also contribute to the global aim of sustainable development.

6.2. Research Shortcomings

This study has some limitations that need to be improved in future research: (1) The
complexity of model construction. The marine ERE system is a huge and complex system
involving the interaction of multiple factors. The establishment of a dynamic simulation
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and evaluation model needs to consider the influence of various factors, making model
construction very complicated. (2) Difficulty in data acquisition. The marine ERE system
involves data from multiple fields, including economic data, resource data, and environ-
mental data, among various others. The acquisition and organization of these data require
considerable time and effort, and sometimes, the quality and integrity of the data cannot
be guaranteed. (3) Uncertainty in parameter settings. Various parameters need to be set
when building a model, but the values of some parameters may have certain uncertainties.
Different parameter settings may lead to different simulation results, thus affecting the
accuracy of the evaluation.
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