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Introduction: The economic value realization of blue carbon is crucial for
promoting ocean sustainable development and addressing global climate
change. In today's blue carbon development context, the synergy between
green finance and technological innovation is increasingly prominent, serving
as a key channel to activate the latent value of blue carbon resources.
Methods: This study examines the coupling of green finance and technological
innovation in nine Chinese coastal provinces from 2005 to 2021 by constructing
an indicator system and a coupling coordination model, and analyzes how they
jointly enhance marine carbon sink value.

Results: Research findings reveal that the interaction between green finance and
technological innovation exhibits a U-shaped effect on realizing marine carbon sink
value. Specifically, the U-shaped influence of the coupling coordination degree
between green finance and technological innovation on marine carbon sink value is
mediated through marine carbon sink efficiency and marine aquaculture structure.
Moreover, this influence exhibits distinct regional heterogeneity.

Discussion: Based on these findings, this paper proposes policy recommendations
to formulate differentiated green finance policies, innovate marine carbon sink
financial instruments, and promote corporate technological synergy and
management optimization. These measures aim to enhance the synergistic effects
between green finance and technological innovation, thereby further unlocking the
potential for marine carbon sequestration.

green finance, technological innovation, marine carbon sink, coupled coordination,
sustainable development
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1 Introduction

Given the widespread recognition that excessive carbon
emissions from human activities are the primary driver of global
warming, the escalating environmental crisis underscores that
reducing carbon emissions has become the core imperative for
addressing this crisis and advancing global sustainable
development. Among the various pathways for carbon reduction,
the function of marine carbon sinks is becoming increasingly
crucial (Raven and Falkowski, 1999; Xiang and Cao, 2024). Ocean
carbon sink, referred to as “blue carbon sink”, represents a process
where marine operations and bio capture atmospheric carbon
dioxide and sequester it within the ocean (Bopp et al., 2005;
Steinberg and Landry, 2017). As research deepens, its strategic
importance has become increasingly evident, making it a focal point
of international attention.

Marine carbon sinks have both significant environmental
benefits and immense economic value. From an environmental
perspective, studies have consistently demonstrated their crucial
significance in mitigating global warming, protecting marine
biodiversity, and maintaining the stability of marine ecosystems
(Ridge and McKinley, 2021). For example, aquaculture systems
composed of shellfish and algae can efficiently capture and store
carbon, demonstrating remarkable carbon sequestration
capabilities. They make a significant contribution to reducing
atmospheric carbon dioxide concentrations and alleviating
climate change pressures (Gu et al., 2022; Jia et al., 2023).

However, while the ecological advantages of marine carbon
sinks have garnered broad acknowledgment, their economic gains
have yet to be fully unlocked, and their capacity to draw investment
and generate value appreciation is markedly deficient. They are
beset by a host of hurdles in realizing their economic worth: a
thoroughgoing value evaluation has not been initiated on a wide
scale, economic returns are tough to present in a straightforward
manner, and the duration required for investment recouping is
exceedingly extended (Ullman et al., 2013). Furthermore, the
scarcity of data and the shortcomings inherent in current
assessment approaches (Hauck et al., 2020) compound the issue.
These elements combine to make it arduous for investors to
precisely gauge project risks and value-determining factors,
thereby diminishing the allure of investment.

From a sustainable development perspective, the environmental
and economic benefits of marine carbon sinks are mutually
reinforcing and complementary. Realizing the economic value of
marine carbon sinks not only helps fully tap their potential
economic benefits and provide necessary funding for related
projects, but also enhances the sustainability of these initiatives,
thereby ensuring their environmental benefits continue to be
realized. Conversely, if the economic value of marine carbon
sinks cannot be effectively realized, the maintenance and
expansion of their environmental benefits will lack a solid
economic foundation and sustained momentum, severely
constraining the sustainable development of marine carbon sinks.
Therefore, it is imperative to thoroughly explore pathways and
mechanisms for realizing the economic value of marine carbon
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sinks, overcome the challenges encountered in this process,
promote the healthy development of the marine carbon sink
industry, and achieve a virtuous cycle between environmental
protection and economic growth.

2 Literature review

Green finance and technological innovation can effectively
empower the realization of carbon sink value through
institutional innovation and technological embedding, as
respectively (Anthony et al,, 2023; Wu et al,, 2023; Xu and Zhu,
2024). green finance can enable the provision of essential financial
backing ocean carbon sink projects by establishing a financial
system centered on financial instruments and promote the
integration of green financial policies with the blue carbon
economy industry (Belgacem et al., 2023). Innovative technologies
are also instrumental in boosting the efficiency of marine carbon
sinks (Lichtschlag et al., 2021). By optimizing aquaculture and
adopting digital solutions, marine organisms’ carbon
sequestration efficiency can be effectively enhanced and marine
carbon sinks can be accurately monitored and assessed.
Furthermore, new carbon capture, storage and conversion
technologies can transform marine carbon sinks into carbon
products with high economic value, broadening their application
scope and market potential (Almomani et al., 2023).

However, green finance and technological innovation do not
exist in isolation; they are closely coupled and coordinated (Cheng
etal., 2022; Irfan et al., 2022; Wan et al., 2023; Anwar et al., 2024). In
marine exploitation, blue marine carbon sinks struggle to fully
demonstrate their economic value due to underutilized resource
development potential and room for improvement in carbon
sequestration conversion efficiency. Green finance and
technological innovation, through three synergistic mechanisms,
inject new vitality into realizing this value and ensuring sustainable
development. From the perspective of capital-technology synergy,
marine carbon sequestration projects feature long investment
cycles, high risks, and uncertain returns, making traditional
finance ill-suited to meet their financing needs (Xu et al., 2024).
Green finance addresses this by deploying innovative financial
instruments and policy incentives that mitigate risks while
providing low-cost, long-term stable capital (Acheampong, 2019;
van Veelen, 2021; Hanif and Zheng, 2025). Technological
innovation, in turn, enhances carbon capture efficiency, reduces
transaction costs, and strengthens investment return expectations,
creating a virtuous cycle between the two. At the institutional-
market dynamics level, governments formulate policies to foster
collaboration between financial institutions and research
organizations, driving the translation of technological
achievements into practical applications. Market mechanisms
optimize resource allocation through price signals and
competitive effects (Liu et al., 2022; Rasoulinezhad and
Taghizadeh-Hesary, 2022; Yi et al., 2023). Carbon trading
markets and green finance markets jointly facilitate the realization
of carbon sequestration value (Wei and Wang, 2024), with
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institutional forces and market forces synergistically building an
ecosystem for realizing the value of marine carbon sinks. At the
risk-return equilibrium level, marine carbon sink projects face
multiple risk challenges. Green finance provides risk mitigation
mechanisms (Zhong et al., 2024), while technological innovation
enhances project success rates and profitability (Tsakiridis et al.,
2020). Together, they establish a balanced mechanism of “risk
sharing and profit sharing,” thereby strengthening the
sustainability of such projects.

In summary, existing theoretical analyses on the coordinated
development of green finance and technological innovation in low-
carbon economic sectors provide a solid theoretical foundation for
this study. However, relevant research remains largely qualitative,
lacking empirical evidence capable of identifying causal
relationships regarding the impact of the coupling and
coordination between green finance and technological innovation
on blue carbon sinks. Furthermore, existing studies predominantly
assume linear relationships, overlooking the unique characteristics
of the marine carbon sink sector. Marine carbon sink projects are
constrained by multiple factors, including marine natural disasters,
lengthy technology transfer cycles, and variations in policy and
market environments (Ullman et al., 2013; Hauck et al., 2020).
These factors contribute to the sector’s inherent high risk, extended
project timelines, and significant uncertainty, suggesting that the
effects of green finance and technological innovation on marine
carbon sink projects may exhibit nonlinear characteristics.

In this paper, we constructed an evaluation indicator system
and employed a coupling coordination model to analyze the
synergistic effects between green finance and technological
innovation. We aim to reveal the nonlinear impact mechanism of
their coupled coordination on realizing marine carbon sink value,
while identifying critical thresholds and inflection points. This
provides scientific decision support for optimizing marine carbon
sink project investment and financing mechanisms and overcoming
technological conversion bottlenecks. This research not only
expands the application boundaries of coupled coordination
theory between green finance and technological innovation but
also offers a Chinese solution for realizing global blue carbon
sink value.

3 Data and method
3.1 Data source

The study uses panel data, spanning from 2005 to 2021,
encompassing the provincial level across China’s 9 coastal
regions. The data arises from sources including the “China
Fisheries Statistics Yearbook”, “China Science and Technology
Statistical Yearbook”, “China Energy Statistics Yearbook”, “China
Financial Yearbook”, “China Agricultural Statistics Yearbook”,
“China Industrial Statistical Yearbook”, “China Tertiary Industry
Statistical Yearbook”, “China Marine Economy Statistical
Yearbook” and various regional statistical yearbooks.
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3.2 Evaluation indicator system

The majority of studies assess the extent of green financial
development employing metrics such as green credit, green
securities, and carbon finance as indicators (Muganyi et al., 2021;
Angelina and He, 2025). The green credit indicator focuses on
financial institutions’ support of environmental protection projects,
while the green securities indicator measures the performance of
green bonds in the market. The green insurance indicator focuses
on the risk protection provided by insurance companies for the
green industry, while the green investment indicator reflects the
extent of investors’ direct participation in green projects. In
addition, the carbon finance development indicator assesses
carbon trading market activity and carbon financial products
degree of innovation. Here, we further expand the index system
to include green support and green funds, which are associated with
green capital.

For technological innovation, studies have used a variety of
methods such as the entropy method (Cheng et al., 2022; Xu et al,,
2022) or using the number of patents as proxy (Dong et al., 2024;
Nepal et al.,, 2025; Zeb et al., 2025). This paper draws upon existing
research to measure technological innovation from input and
output dimensions: On the input side, it employs the number of
personnel employed by marine research institutions (including
Marine Basic Scientific Research, Marine Engineering Technology
Research, Marine Information Service, and Marine Technology
Service Industry) and funding revenue as indicators to quantify
resource inputs for technological innovation (Ali et al,, 2025); The
output dimension focuses on the number of scientific papers
published and patents granted by marine research institutions to
measure the actual outcomes and contributions of technological
innovation (Dabbous and Aoun Barakat, 2023). The comprehensive
evaluation index system is illustrated in Table 1.

3.3 Coupled coordination model

3.3.1 Coupling degree

The coupling degree reflects how much two or more systems or
elements influence one another through their interplay. The
formula for the coupling degree of green finance and
technological innovation is:

C=2 GF x IN i )
(GF + IN)

Where GF and IN denote green finance and technological
innovation, respectively. The value of C lies within the interval of
0 to 1. A greater value of Cindicates a stronger connection between
green finance and technological innovation.

3.3.2 Coupling coordination degree

Since the coupling degree does not recognize the overall
effectiveness and synergy of the systems. In particular, when the
development levels of the systems are minimal and similar, the use
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TABLE 1 Evaluation index system.

Primary indicators

10.3389/fmars.2025.1694916

Green Finance

Technological Innovation

Secondary indicators Measurement metrics Attribute
Green Credit Total enviro‘nmental protectifm project l'oans in the .
province/Total loans in the province
Green Investment Ratio of investment in pollution control to GDP +
Green Insurance Environmefltal pollution liabil?ty in}surance premium N
income/Total premium income
Green Bonds Total green bond issuance/Total bond issuance +
Fiscal environmental protection expenditures/Fiscal
Green Support . +
general budget expenditures
Total market value of green funds/Total market value of
Green Fund +
all funds
Carbon Finance Ratio of equity trading volume such as carbon trading +
Number of personnel employed by marine research .
Innovation Inputs institutions
Total funding income of marine research institutions +
Number of marine science and technology papers .
published
Innovation outputs
Number of marine science and technology patents .
granted

of the coupling degree model will lead to an erroneous evaluation
that implies a high coupling degree within the total system.
Therefore, when constructing the coupling degree model, the
development level of the total system should be included. The
coupling coordination degree model is constructed as:

T=0xGF+pxIN (2)

D=VCxT 3)

D denotes the degree of synergy between green finance and
technological innovation. The value varies between 0 and 1. As the
value increases, the degree of coordination between the two
variables becomes greater, and the reverse is also true. In this
study, green finance and technological innovation are regarded as
equally significant, thereby assigning equal weights (ot =  =1/2)
to both factors.

3.3.3 Coupled coordination degree classification
Similar to the study conducted by (Yao and Wang, 2024), we
classified the coupled coordination degree into ten levels (Table 2).

3.4 Ocean carbon sink value model

3.4.1 Quality assessment of marine carbon sinks
Within the field of studying carbon sinks in fisheries, fish and
crustaceans do not fall into the category of fisheries with carbon
sinks, given that they require bait inputs in the aquaculture process.
Additionally, since mangroves in the study area account for less
than 5% of the total area of blue carbon ecosystems, and data is
unavailable. Therefore, in this paper, the mariculture carbon sink
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specifically denotes the carbon sequestration capacity attributed to
shellfish and algae. Following previous studies (Tang et al., 2011; Liu
et al, 2022), we measure the carbon sinks of shellfish and algae
using the following formula:

Crs = Cs+ Cg (4)

Where Cgg is the quality of carbon sinks, Cs is the total shellfish
carbon sink and Cy, is the total algae carbon sink.

CSZECI‘ (5)
=1
C=Qi XYy XU XPr+Q; XY XLUXp, (6)

TABLE 2 Coupling coordination degree classification.

C D Coupled coordination level
[0.0,0.1] 1 Extreme disorder
[0.1,0.2] 2 Severe disorder
[0.2,0.3] 3 Moderate disorder
[0.3,0.4] 4 Mildly dysfunctional
[0.4,0.5] 5 Nearly dysfunctional
[0.5,0.6] 6 Barely coordinated
[0.6,0.7] 7 Elementary coordination
[0.7,0.8] 8 Intermediate coordination
[0.8,0.9] 9 Good coordination
[0.9,1.0] 10 Quality coordination
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Among them, D represents the carbon sequestration amount of
the i-th type of shellfish, Ci as the annual total production of the i-th
type of shellfish, y as the moisture-dry conversion coefficient for
shellfish; u; as the shell ratio, p; as the carbon sequestration
coefficient of shells; 1, as the soft tissue ratio, and p, the carbon
sequestration coefficient of soft tissues. The coefficients for carbon
sequestration accounting of marine-cultured shellfish are shown in
Table 3.

n

Cp =3P, x W) x 20%
i=1

7)

Where P; represents the annual total production of the i-th type
of algae; W; the percentage of carbon content in the i-th type of
algae; and 20% is the conversion coefficient for dry weight of algae.
Table 4 presents the coefficients utilized in the accounting of carbon
sequestration by marine-cultured algae.

3.4.2 Assessment of the value of marine carbon
sinks

The value of oceanic carbon dioxide absorption is considered as
the economic value or climate regulation value saved by ocean
carbon sinks. Here, we calculate the economic benefit of carbon
storage in sink fisheries using artificial afforestation and carbon tax
methodologies (Ge et al., 2023). For carbon tax calculations, we
reference the internationally accepted standard proposed by the
Swedish government. Using the 2021 average exchange rate of 6.9:1,
we convert the carbon tax of $150 per ton to approximately RMB
1,035. Since the unit cost of oceanic carbon dioxide absorption
remains undefined, we adopt the average transaction price of the
national carbon market in 2021—RMB 279.73 per ton of carbon—
as the cost benchmark for artificial afforestation in absorbing
carbon dioxide. The calculation formula is as follows:

+C

.
OCS = Cps X (8)

Where OCS represents the value of fishery carbon sequestration,
r as the carbon tax, and C as the economic cost value per unit of
carbon emission reduction.

10.3389/fmars.2025.1694916

TABLE 4 Percentage of dry mass and carbon content of different algae
species.

. Carbon content of Wet/dry
Variety o
algae coefficient

Laminaria

. . 31.20% 20.00%
japonica

Undaria

. 26.40% 20.00%
pinntifida

Porphyra 27.39% 20.00%
Gracilaria 20.60% 20.00%
Other algae 27.76% 20.00%

4 Results

4.1 Temporal-spatial evolution of the
coupled coordination degree

First, the entropy weight method is applied to calculate the
comprehensive score of green finance and technological innovation
of each province and then the coupling coordination degree of g the
two is calculated by using (Equations 1-3). The results are shown
in Figure 1.

The overall trend from 2005 to 2021 shows that synergistic
growth of green finance and technological innovation has been
observed in all provinces. However, some provinces need to further
strengthen synergistic development to improve the overall level of
coordination and ultimately achieve sustainable economic
development and environmental protection.

Most provinces have moved beyond the dissonance stage and
reached coordination stage. Among them, Jiangsu, Zhejiang and
Guangdong Provinces are leading in the degree of coupled
coordination. This is primarily due to their strategic development
supported in funding by the national government and additional
valuable resources that allow their degree of coupled coordination
to exist at high levels. It is also worth noting that Hainan Province,
although their degree of coordination was relatively low in the early

TABLE 3 Percentage of dry mass and carbon content of different shellfish species.

Carbon content of soft

Soft tissue dry mass

VN7 ratio tissue
Ostreidae 6.14% 45.98%
Mytilidae 8.47% 44.40%
scallop 14.35% 42.84%
Veneridae 7.54% 44.90%
sl?e t]i“gs’h 10.10% 43.93%
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Mass ratio of dried = Carbon content of Wet/dry
shells shells coefficient
93.86% 12.68% 65.10%
91.53% 11.76% 75.28%
85.65% 11.40% 63.89%
92.46% 11.40% 52.55%
90.61% 11.93% 64.21%
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FIGURE 1

Coupled coordination degree of green finance and technological innovation.
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Value of marine carbon sequestration.
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stages, we are witnessing rapid growth in their later stages,
appearing as a promising late bloomer. This remarkable growth
may be attributed to Hainan’s geographical advantages and
resources, a well-developed green financial policy system, and an
aggressive product innovation strategy, providing a robust basis for
the synergistic development between the two.

4.2 Value of ocean carbon sinks

To calculate the value of marine carbon sinks, we collected
shellfish and algae-related data from nine coastal provinces in
China between 2005 and 2021, and computed the results using
Equations 4-8. Figure 2 shows a steady increase in the value of
China’s marine farmed shellfish carbon sinks. This is mainly due
to policies that have enhanced the development potential of
marine resources and bolstered the marine economy. These
measures have, in turn, driven the rise in shellfish cultivation,
amplified carbon sequestration through shellfish populations over
time, and ensured consistent economic gains within the marine
aquaculture sector.

At the provincial level, Fujian and Shandong exhibit higher
marine carbon sink values, attributable to their abundant marine
resources and proactive exploration in marine ranch development.
Shellfish farming in Shandong accounts for approximately 30% of
the total aquaculture area, significantly enhancing the role of
shellfish in carbon sequestration. Fujian, meanwhile, leverages the
scale advantages of algae cultivation (such as laver and kelp) and
their high carbon absorption capacity to boost blue carbon sink
contributions. In contrast, Zhejiang, Liaoning, Guangdong,
Guangxi and other provinces are at the mid-range, showing
certain development potential. These provinces have attained
notable progress in marine resource development, utilization, and
ecosystem protection and restoration, thereby increasing marine
carbon sink value. By contrast, Hebei and Hainan Provinces have
comparatively low marine carbon sink value. Hainan Province,
despite its excellent marine environment and tertiary-industry
oriented marine economic structure, is ranked relatively low due
to its relatively small area of shellfish and algae cultivation, which
results in the carbon sink capacity not being fully realized.

4.3 Empirical analysis

4.3.1 Variable selection

The value of ocean carbon sinks (OCS) is the dependent
variable. The OCS value model above is adopted to calculate the
value of ocean carbon sinks in nine coastal provinces of China from
2005 to 2021. The explanatory variable is the coupled coordination
degree of green finance and technological innovation (Coord). It
should be noted that data for specific years in certain provinces are
missing, primarily due to the incompleteness of early statistical
records. To address missing values and ensure the accuracy and
reliability of research findings, linear interpolation was employed to
fill in the gaps.
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This study selects marine carbon sink efficiency (MCSE) and
marine aquaculture structure (MFS) as mechanism variables to
explore the impact mechanism of the coordinated coupling between
green finance and technological innovation on realizing the value of
marine carbon sinks. Specifically, marine carbon sink efficiency is
quantified by the amount of marine carbon sinks per unit of
economic output. This indicator intuitively reflects the carbon
sink benefits generated per unit of marine economic activity,
thereby measuring the utilization efficiency of marine carbon sink
resources. The structure of marine aquaculture is characterized by
the proportion of shellfish and algae production relative to total
marine aquaculture output. This indicator aims to reflect the
development status of shellfish and algae farming within the
marine aquaculture sector, which possesses higher carbon
sequestration capacity.

In addition to the effects of the above variables, other factors
also play a role. To account for the impact of other factors,
referencing related studies (Li et al., 2023; Ren and Xu, 2024; Shi
et al,, 2023), this paper selects disaster, mariculture economic

TABLE 5 Variable description table.

Variables Names Symbols Definitions
Carbon
Dependent Value of ocean sequestration value
. . ocCs .
variable carbon sinks of marine cultured
shellfish and algae
Coupling Coupling
coordination coordination
Explanatory degree of green degree between
. Coord
variable finance and green finance and
technological technological
innovation innovation
The amount of
marine carbon marine carbon
. . MCSE . .
sink efficiency sinks per unit of
economic output
Mechanism
variables the proportion of
marine shellfish and algae
aquaculture MEFS production relative
structure to total marine
aquaculture output
Economic losses
Disaster Disaster caused by fishery
disasters
Mariculture Economic output
economic output Value value of marine
value aquaculture
Mariculture area Area Area of marine
aquaculture
Control
variables Proportion of
Aquatic aquatic technology
techn0¥ogy Culture extension'
extension personnel with
personnel culture bachelor’s degree
or above
Fishery industry Fishery t'ertiary
Industry sector/Fishery

structure
secondary sector
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output value, mariculture area, aquatic technology extension
personnel culture and fishery industry structure as control
variables. The natural logarithm was also applied to the disaster
situation, economic output value of mariculture and mariculture
area. See Table 5 for each variable’s description.

4.3.2 Model construction

A benchmark regression model is constructed to test the direct
impact of the coupled coordination of green finance and
technological innovation on the value of marine carbon sinks. To
explore the nonlinear association between them, we use the second-
degree term of the coupled coordination of green finance and
technological innovation to construct a nonlinear fixed-effects
model. The equation for the econometric model is presented in
(Equation 9):

OCS;, = o + oy Coord,, + o, Coorda + o Controls;, + [y, + 8 + €
©)]

In the equation, i represents different regions; ¢ represents
different years; OCS;; is the ocean carbon sequestration value of
the i-th province in the t-th year; ¢, is the vector of intercept terms;
Coord,, is the coupled coordination level between green finance and
technological innovation; Controls; is a set of control variables
representing marine fishery economy quality; 1, is an individual
fixed-effects term; 0, is a time fixed-effects term; and &, is a random
perturbation term. Table 6 provides the descriptive statistics of
each variable.

To further dissect the impact mechanism of coordination
mechanisms on organizational coordination systems and address
the inherent limitations of traditional mediation models in handling
the potential endogeneity of explanatory and mediating variables,
we constructed a mechanism effects model drawing on the research
methodology of (Liu et al., 2024).

M, = B, + B, Coord,, + B,Coorda + By Controls;, + It + 8, + &, (10)

Where, M;, denotes the intermediate variable, and f; are the
corresponding variable coefficients.

TABLE 6 Descriptive statistics.

10.3389/fmars.2025.1694916

4.3.3 Benchmark regression

To verify the effects of the coupled coordination of green
finance and technological innovation on the value of marine
carbon sinks, we conducted a regression analysis using (Equation
9), with the outcomes presented in Table 7.

Among them, column (2) reflects the results without control
variables. The regression coefficient of the primary term is negative,
yet the regression coefficient of the secondary term is significantly
positive after the inclusion of the secondary term. This suggests that
the effect of the interaction between green finance and technological
innovation on marine carbon sink value follows a U-shaped pattern.

To further verify the robustness of the U-shaped relationship,
we use the UTEST method to assess the U-shaped relationship. We
see that the extreme value is 0.589, which falls between 0.095 and
0.893; at the same time, the slope has the opposite sign in the
interval. The results are displayed in Table 8. Therefore, at 1%
statistical significance, we reject our hypothesis, suggesting that the
U-shaped influence is real and effective.

Therefore, the impact of the coupling coordination degree
between green finance and technological innovation on the value
of marine carbon sinks exhibits a nonlinear relationship
characterized by initial suppression followed by promotion, with
a critical inflection point occurring at a coupling coordination
degree of approximately 0.598. At low coupling levels, synergistic
effects are negligible, and the mismatch between capital and
technology constrains the enhancement of marine carbon sink
value. Once the coupling coordination level exceeds 0.598, as
categorized in Table 2, the relationship between the two gradually
shifts from a state of imbalance toward coordination. Green finance
then precisely supports technological innovation, while
technological innovation in turn drives innovation in green
financial products and services, significantly elevating marine
carbon sink value.

4.3.4 Robustness test
The benchmark regression results may exhibit certain issues
that lead to endogeneity problems, causing the regression results to

Variable Observed value Mean Standard deviation Minimum Maximum
ocs 153 0.860 0.738 0.011 2.679
Coord 153 0.460 0.158 0.095 0.893
MCSE 153 0.052 0.032 0.001 0.221
MFS 153 0.557 0.146 0.083 0.679

Disaster 153 10.403 1.561 4.466 13.593
Value 153 5.197 0.927 2.962 6.978
Area 153 11.818 1.053 9.471 13.756

Culture 153 0.328 0.129 0.108 0.691

Industry 153 1.085 0.926 0.009 4,608
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TABLE 7 Benchmark regression results.

Variable

Coord -0.338 -1.743%%% -2.573%%
(-1.033) (-3.011) (-4.774)
Coord” 1.246*%* 2.150%4%

(2.879) (4.984)

Disaster -0.008 -0.012
(-0.604) (-0.982)

Value -0.044 -0.043
(-0.534) (-0.575)
Area 0.3924%% 0.404*%%

(4.570) (5.154)

Culture 0.213 0.053

(0.671) (0.182)
Industry -0.016 -0.072#%%
(-0.665) (-2.918)
Constant -3.554* 1.092%%* -3.1307*
(-3.257) (7.718) (-3.125)

N 153 153 153
R’ 0.614 0.561 0.680

*, **, % represent significance levels of 10%, 5% and 1%, respectively. Standard errors are
shown in parentheses.

be biased. We introduce explanatory variables lagged by one period
as instrumental variables into the model (Bellemare et al., 2017;
Dong et al,, 2024) and conduct regression analysis using the two-
stage least squares method. (Table 9).

According to the first-stage estimation, the instrumental
variables are significantly positively correlated with explanatory
variables. Subsequently, we replace the second - stage estimation
with the first - stage regression’s fitted values. In the second-stage
estimation, the coupled coordination of green finance and
technological innovation first inhibits and then promotes marine
carbon sink value realization, aligning with the benchmark

regression’s conclusion.

TABLE 8 UTEST test.

Variable Lower bound Upper bound
Interval 0.095 0.893
Slope -2.163 1.264
t-value -4.576 2.881
P> 0.000 0.002
Extreme value point 0.598
Total test p-value 0.002
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TABLE 9 Results of endogeneity test.

First stage S
Variable stage
Coord Coord? ocCs
Coord -2.935%**
(-3.146)
Coord” 2.380%%*
(3.821)
L.Coord 0.676*
(9.593)
L.Coord® 0.836+**
(14.599)
Controls Yes Yes Yes
City FE Yes Yes Yes
Year FE Yes Yes Yes
N 144 144 144
R’ 0.937 0.945 0.662
Kleibergen-Paap rk LM 22.1547%*
Kleibevrszzl;aap tk 38.639 [7.03]
Cragg-Donald Wald F 27.418 [7.03]

*, **, ¥ represent significance levels of 10%, 5% and 1% respectively. Values in parentheses
are standard errors. The LM statistic test results are significant, indicating no issues with
instrument variable under-identification. The Wald F statistic is greater than 7.03 (10%
maximum IV size), suggesting there are no problems with weak instrument correlation.

A series of robustness tests are performed to further verify
our findings:

1. Replacing explanatory variables: The coupling
coordination degree between green finance and
technological innovation was recalculated using the
revised coupling coordination model. The revised
coupling coordination model further optimized the
indicator system and weight settings to more accurately
reflect the coupling coordination relationship between
green finance and technological innovation. Test results
indicate that after replacing explanatory variables, the U-
shaped relationship was validated (Column 1, Table 10).

. Segmented Regression Analysis: Since Guangdong and six
other regions launched carbon emissions trading pilots in
2011, this policy drew more attention to carbon trading
post-2011, possibly changing market environments and
policy mechanisms. Using 2011 as the cutoff, this study
redefined the sample to 2005-2011, re-estimated the
baseline model, and found robustness test results largely
consistent with prior findings (Column 2, Table 10).

. To minimize the impact of outliers on data analysis, we
conducted a regression analysis after performing a 1%
winsorization on the data. According to Column (3)
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TABLE 10 Robustness test results.

Variable
Coord -1.572 -0.524 -2.649*** -2.630***
(-1.627) (-0.937) (-4.749) (-4.158)
Coord” 1.250* 1.674** 2.240%** 24124+
(1.720) (2.269) (5.006) (4.505)
Constant -3.2290* -0.178 -3.3574** -2.591**
(-2.829) (-0.237) (-3.318) (-2.273)
Controls Yes Yes Yes Yes
City FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
N 153 63 153 135
R’ 0.623 0.556 0.682 0.664

*, 4, 2 represent significance levels of 10%, 5%, and 1%, respectively. Standard errors are
shown in parentheses.

within Table 10, after winsorizing the samples, the
regression coefficients and significance do not change
significantly, indicating that the winsorization treatment
does not alter the original conclusions and the baseline
regression still exhibits high robustness.

4. Considering the possible lag effect of policy rollout and
market response, the data of the starting year (2005) and
the ending year (2021) may contain incomplete
information or be influenced by external factors.
Therefore, we repeat the analysis by excluding the data of
the start and end years to reflect the medium-term trend
more accurately (Column 4, Table 10). The results

TABLE 11 Mechanism test.

Variable
Coord 2.143 -0.328***
(1.611) (-3.905)
Coord® -2.206** 0.155*
(-2.067) (2.300)
Constant -7.557** 0.310**
(-3.132) (2.030)
Controls Yes Yes
City FE Yes Yes
Year FE Yes Yes
N 153 153
R2 0.420 0.539

*, 4, 2 represent significance levels of 10%, 5%, and 1%, respectively. Standard errors are
shown in parentheses.
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demonstrate the validity and reliability of the basic
regression model.

4.4 Further analysis

4.4.1 Mechanism test

Based on examining the nonlinear relationship between OCS
and Coord, this study explores its influencing mechanisms from
two perspectives: marine carbon sink efficiency (MCSE) and marine
aquaculture structure (MFES). Using Equation 10 for regression
analysis, Table 11 reports the results of the mechanism tests.

Theoretically, enhancing marine carbon sink efficiency
increases carbon sink output, expanding market scale and
elevating value based on supply-demand theory. Practically, it
increases tradable quotas in carbon markets and boosts project
attractiveness, directly enhancing carbon sink value. Further
analysis of marine carbon sink efficiency mechanisms reveals that
column (1) in Table 11 shows a significantly positive coefficient for
Coord?, indicating an inverted U-shaped effect of coordination on
marine carbon sink efficiency. At low coordination levels,
insufficient integration of capital and technology constrains
efficiency gains, hindering value enhancement. As coordination
increases, capital precisely supports technological innovation,
significantly boosting carbon sink efficiency and driving value
growth. However, excessively high coordination leads to resource
overconcentration or technological bottlenecks, causing
diminishing marginal returns in efficiency gains and weakening
the positive impact on carbon sink value. Analysis indicates that
Coordination exerts a U-shaped influence on OCS through marine
carbon sink efficiency.

Optimizing marine aquaculture structures, particularly by
shifting to low-carbon methods like shellfish and algae farming,
directly enhances carbon sequestration and indirectly boosts marine
carbon sink value by improving biodiversity. In-depth analysis of
this mechanism (Table 11, Column 2) shows a significantly positive
coefficient for the coordination index (Coord), indicating a U-
shaped relationship. At low coordination levels, insufficient green
finance support hinders structural optimization, and traditional
energy-intensive farming may dominate, reducing carbon sink
value. As coordination improves, green finance drives low-carbon
technological innovations, such as promoting algae farming and
improving shellfish cultivation techniques. This optimizes
structures, cuts pollution emissions, and strengthens carbon
sequestration, significantly raising marine carbon sink value.
Therefore, Coord exerts a U-shaped influence on OCS by
affecting marine aquaculture structures.

4.4.2 Heterogeneity analysis

The level of development of green finance and technological
innovation varies across regions depending on geography and
available resources, there are also variations in the potential for
enhancing the value of marine carbon sequestration. Therefore, this
study adopts the methodology of Sun and Gao (2021), using the
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TABLE 12 Heterogeneity analysis.

Larger economic

Variable scales Smaller economic scales
OCS OCS OCS
Coord 1.696 1.087* 2,592
(0.854) (2.001) (-4.462)
Coord* -0.415 3.648*%*
(-0.319) (5.874)
Constant -8.519%%* -8.250%*% 0.787
(-3.778) (-3.976) (1.102)
Controls Yes Yes Yes
City FE Yes Yes Yes
Year FE Yes Yes Yes
N 85 85 68
R’ 0.837 0.836 0.846

*, %, ¥ represent significance levels of 10%, 5%, and 1%, respectively. Standard errors are
shown in parentheses.

2021 provincial marine economic output value to measure the scale
of marine economies. Based on the average marine economic scale,
the complete sample is divided into two regional groups: those with
larger economic scales and those with smaller economic scales.
Grouped regression is employed to conduct heterogeneity
analysis (Table 12).

Among them, the U-shaped relationship is not significant in the
group with larger economic scales, while the coupled coordination
between green finance and technological innovation has a
statistically significant positive effect on the realization of marine
carbon sequestration value. In contrast, the U-shaped relationship
is statistically significant in the group with smaller economic scales.
The possible reasons are as follows: regions with larger economic
scales tend to have more mature financial markets, more
comprehensive technological innovation systems and abundant
resource endowments. These regions may already be at a
relatively advanced stage. Therefore, the impact of their coupled
coordination on the realization of marine carbon sequestration
value may be more direct and positive, rather than following a
complex U-shaped relationship. For the group of regions with
smaller economic scales, the combined effects of resource
constraints, technological bottlenecks, policy implementation lags
and market flexibility result in obstacles to the realization of marine
carbon sequestration value in the initial stages of green finance and
technological innovation. However, once both fields reach maturity,
the realization of marine carbon sequestration value also
accelerates, forming a significant U-shaped relationship.

5 Discussion

Against the backdrop of an intensifying global climate crisis, the
ocean—as Earth’s largest carbon sink system—has emerged as a
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critical natural solution for achieving carbon neutrality through its
blue carbon functions (Heinze, 2014). Yet the potential of marine
carbon sink remains largely untapped, with its strategic value
accelerating as global carbon pricing mechanisms mature.
Concurrently, the global green finance sector continues to
expand, while technological innovation is reshaping the
boundaries of low-carbon technologies, providing new tools for
realizing blue carbon’s value. As the world’s largest carbon emitter,
China’s development of a blue carbon economy is both an
imperative for fulfilling international climate commitments and a
vital pathway for unlocking marine resource potential and
cultivating new drivers of green growth. In recent years, China
has made positive strides in advancing blue carbon development
through policy guidance, financial innovation, and technological
breakthroughs (Mao et al., 2023; Li et al., 2024). Examples include
piloting the “Marine Carbon Sink Ecological Compensation
System,” launching innovative products like “Blue Carbon Loans”
and “Marine Carbon Sink Insurance,” and developing efficiency-
enhancing technologies such as “Cold-Tolerant Algae Carbon
Sequestration Technology” and the “intelligent aquaculture
carbon sink monitoring systems” to enhance carbon sink
efficiency. However, China’s blue carbon economy still faces
contradictions. The coupling mechanism between green finance
and technological innovation has yet to be established, preventing
the formation of a closed-loop system where “capital drives
technological breakthroughs—technology enhances carbon sink
returns—returns reinvest in financial innovation.” This mismatch
between initial high investment and long-term returns inhibits the
sustainability of the blue carbon economy.

This study constructs a coupling coordination evaluation model
for “green finance - technological innovation” and systematically
investigates the intrinsic mechanism by which their coupling
coordination relationship influences blue carbon value realization,
using nine coastal provinces in China from 2005 to 2021 as the
research sample. The findings reveal a pronounced U-shaped
relationship between the level of coupling coordination and blue
carbon value realization: at lower coordination levels, insufficient
technology transfer and immature application, compounded by
fragmented and imprecise green finance resource allocation, result
in suboptimal returns for blue carbon projects, thereby inhibiting
value realization. However, once the coupling coordination level
surpasses a critical threshold, the capital allocation function of
green finance and the technological empowerment role of
innovation form deep synergy. Their combined enabling effects
are significantly unleashed, effectively driving blue carbon value
realization into an accelerated growth phase. Previous studies have
largely focused on the isolated effects of either green finance or
technological innovation, neglecting their synergistic interactions.
Alternatively, they have assumed a linear relationship between
green finance and technological innovation’s impact on the low-
carbon economy, lacking in-depth exploration of nonlinear
dynamics (Song and Du, 2024; Li et al, 2025). The findings of
this paper precisely address this research gap.

The U-shaped impact of the coupling coordination degree
between green finance and technological innovation on marine
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carbon sink value is transmitted through marine carbon sink
efficiency and marine aquaculture structure. Specifically, this U-
shaped effect is mediated by two key variables: The coupling
coordination degree exhibits an inverted U-shaped effect on
marine carbon sink efficiency, where efficiency first increases then
decreases as coupling coordination improves. This dynamic shift is
ultimately transformed into a U-shaped impact on marine carbon
sink value through the expansion of carbon trading market scale
and adjustments to tradable quotas. Simultaneously, coupling
coordination exerts a U-shaped effect on marine aquaculture
structure, driving optimization from traditional high-energy-
consumption models toward low-carbon shellfish-algae-based
approaches. This transformation enhances carbon sequestration
capacity directly and improves biodiversity indirectly, similarly
yielding a U-shaped impact on marine carbon sink value. This
finding deepens understanding of the coupling mechanism between
these factors and enriches the literature on transmission pathways
for capital-technology synergies.

Furthermore, this study reveals regional heterogeneity in the
impact of coupling coordination on realizing the value of marine
carbon sinks. In economically larger regions, mature financial
markets and well-established science and technology innovation
systems enable more efficient integration of green financial
resources and technological innovations, amplifying the direct
role of coupling coordination in enhancing marine carbon sink
value. For instance, Guangdong, with its abundant financial
resources and numerous research institutions, can rapidly convert
capital and technology into tangible productivity, driving the
development of blue carbon projects. In regions with smaller
economies, despite initial resource and technological constraints,
the realization of marine carbon sink value accelerates as
coordination levels improve. This is achieved through policy
guidance, technology introduction, and talent cultivation. This
finding underscores the importance of regional customization
and precision management in policy design, providing
crucial insights for achieving balanced national blue carbon
economic development.

Overall, this study not only provides a phased, differentiated
scientific basis for blue carbon policy formulation but also
contributes a new theoretical perspective for overcoming practical
bottlenecks in blue carbon economic development.

6 Conclusion and implications

This paper explores how the interplay of green finance and
technological innovation drives the realization of marine carbon
sequestration value. Using empirical data from nine coastal Chinese
provinces (2005-2021), we draw these key conclusions: First, green
finance and technological innovation do not act independently on
marine carbon sink value; instead, a complex and nonlinear U-
shaped relationship exists between their coupling coordination and
marine carbon sink value. Second, marine carbon sink efficiency
and marine aquaculture structure serve as key mechanisms through
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which the coupling coordination of green finance and technological
innovation exerts a U-shaped influence on marine carbon sink
value. Moreover, the impact of the coordination between green
finance and technological innovation on realizing marine carbon
sink value exhibits significant regional heterogeneity: in
economically smaller regions, constrained by factors such as
insufficient financial resources and weaker technology transfer
capabilities, the influence of their coordination on marine carbon
sink value realization also follows a U-shaped pattern. In regions
with larger economies, supported by mature financial markets and
comprehensive technological innovation systems, the direct
promotional effect of their coordination on realizing marine
carbon sink value is more pronounced.

Considering the above analyses, we put forward the
following proposals:

1. Develop differentiated green finance policies: For regions
with significant marine carbon sink enhancement potential
but low coordination levels, establish dedicated green
finance support funds to provide preferential credit and
fiscal assistance, thereby stimulating corporate innovation.
For regions with high coordination levels and notable
marine carbon sink achievements, implement dynamic
policy evaluations. Flexibly adjust policies based on core
metrics such as carbon sink increment, capital efficiency,
and outcome conversion rates to promote deep integration
between green finance and technological innovation.

. Innovative marine carbon sink financial instruments:
Launch blue carbon bonds with coupon rates and
maturities tailored to project cycles and returns,
incorporating third-party credit ratings to enhance
market acceptance. Develop blue carbon insurance
products by defining risk classifications and
implementing scientifically-based pricing models, while
strengthening collaboration with research institutions.
Establish a financial support platform to pool resources
and create an innovation fund, supporting the entire
process from fundamental research to commercialization.
For example, the Seychelles government issued the world’s
first sovereign blue bond in 2018, specifically allocated for
expanding marine protected areas and developing the blue
economy. This initiative serves as a model for developing
countries seeking to leverage blue finance instruments for
ecological conservation.

3. Promoting technological synergy and management
optimization: Establish an innovation incentive fund to
reward R&D teams based on technological innovation and
market potential. Collaborate with universities and
research institutions to establish joint laboratories focused
on fundamental research and applied development, while
exploring international technology transfer. Implement a
comprehensive management system for marine carbon
sink projects, conduct regular ecological impact
assessments, and achieve a balance between economic
and ecological benefits through technological upgrades.
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Although this study has yielded academically significant
findings regarding the impact mechanism of the synergistic
coordination between green finance and technological innovation
on realizing the value of marine carbon sinks, a key limitation
remains. The distribution of mangrove forests and seagrass beds
exhibits pronounced regional and fragmented characteristics,
resulting in limited data completeness and accessibility.
Concurrently, existing research methodologies face certain
constraints in accurately assessing the carbon sink functions of
these ecosystems. Given these objective constraints, this study
focused its marine carbon sink value assessment primarily on
shellfish and algae, excluding other critical blue carbon
ecosystems such as mangroves and seagrass beds. Consequently,
the findings may not comprehensively and objectively reflect the
true status of the entire blue carbon ecosystem. Future research
should improve existing carbon sink calculation models and
establish a comprehensive, integrated marine carbon sink value
assessment system to provide stronger support for marine
ecosystem conservation and value enhancement.
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