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With the promotion of marine power strategies and marine ecological civilization construction, marine green development has become an important issue. This study utilizes the mixed distance function Epsilon-based measure and the global Malmquist–Luenberger index model, which accommodates both radial and non-radial models, to evaluate the marine green total factor productivity (GTFP) across 11 coastal regions of China. The findings of this study are as follows. First, the marine GTFP showed a gradual increase in China’s coastal regions during the study period, with notable differences observed among the three primary marine economic circles. Second, technological advancement was the primary driver of the transformation of marine GTFP. Third, the distribution across the space pattern of marine GTFP tended to be concentrated continuously, which shows that the overall spatial distribution pattern of marine GTFP remained relatively stable. Fourth, there is no obvious σ convergence in a northern, eastern marine economic circle. Both absolute and conditional β convergence exists, indicating that the marine GTFP converged to their respective steady-state levels during the study period. This study can provide decision-making reference for accelerating the green growth and sustainable development of China’s marine economy.
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1 Introduction

In the 21st century, the marine economy has emerged as a strategic linchpin in China’s pursuit of high-quality economic growth and serves as a vital reservoir for ensuring sustainable development (Wang and Wang, 2019; Liu et al., 2021; Feng et al., 2024). According to the China Marine Economy Statistical Bulletin, China’s gross ocean product (GOP) soared to 9.9097 trillion yuan by 2023, constituting 7.9% of the nation’s overall GDP. Following the directives of the 18th National Congress of the Communist Party of China (CPC), considerable efforts were made to propel the nation toward maritime prowess, a commitment reaffirmed in the 19th CPC National Congress report, which underscored the imperative of “balancing land-sea integration and hastening the advancement of maritime capabilities.” The national “Fourteenth Five-Year Plan (2021-2025)” and the 2035 Long-Range Objectives Outline further emphasized the need to “harmonize land-sea development, foster collaborative human-ocean interactions, and drive progress in marine ecological conservation, economic development, and the safeguarding of marine interests to accelerate the journey toward maritime prominence.” China’s marine economy is now at a pivotal juncture of transformation, and the realization of high-standard marine economic development is a linchpin for the nation’s maritime ambitions (Liu et al., 2017; Cao et al., 2021; Yin et al., 2022).

Nonetheless, as the marine economy progresses, issues surrounding marine environmental pollution and ecological deterioration have become increasingly acute, posing significant obstacles to its robust expansion of the marine economy (Sun et al., 2017; Ren et al., 2018; Ye et al., 2021). Green total factor productivity (GTFP), which focuses on environmental sustainability, serves as a vital metric for assessing the integrity and advancement of marine economic activities and offers insights into the holistic advancement of regional marine resources, environmental preservation, and economic prosperity (Xu et al., 2023; Chen et al., 2024). With the aim of promoting a marine ecological civilization in China, research on marine GTFP has received increasing attention in recent years to truly reflect the growth efficiency of China’s marine economy. The index selection of marine GTFP differs from traditional total factor productivity, which not only selects marine labor and marine capital elements but also reflects the dependence and sustainability of the marine economy on resources. Therefore, this study holds that the marine GTFP aims to introduce the unique resource factors and the energy factors that will affect the marine environment on the basis of the traditional marine capital and marine labor input factors and by undertaking comprehensive assessments and spatially heterogeneous analyses of marine GTFP, we can effectively chart the trajectory of the advancement of China’s superior oceanic economy.

The objective of this study is to address the following questions: What is the status of green development in China’s coastal regions? What is the dynamic change trend of marine GTFP? What is the spatiotemporal difference and spatial gravity shift law of marine GTFP during the study period? Have the marine green development levels in China’s three major marine economic circles reached their respective convergence states? To solve these problems, this study applied the Epsilon-based measure (EBM) approach and the global Malmquist–Luenberger (GML) index model to measure marine GTFP and analyze its spatial distribution pattern and convergence features of marine GTFP in China’s coastal regions.

The remainder of this paper is organized as follows. Section 2 provides the literature review and contributions. Section 3 explains the methodology. Section 4 describes the results analysis, which contains data resources and empirical results. Finally, Section 5 presents the main conclusions and policy suggestions. A flowchart of this study is shown in Figure 1.




Figure 1 | Flow chart.






2 Literature review

The advancement of a superior ocean economy is crucial for China’s enduring economic progress. By focusing on the comprehensive key points and processes of marine economic development, some studies aim to achieve a balanced supply-demand equilibrium at a higher level, ensuring the coordinated rapid growth of both the quantity and quality of the marine economy (Calel and Dechezleprêtre, 2016; Lin, 2020; Zheng et al., 2022; Jia et al., 2024). Driving development through total factor productivity (TFP) is central to realizing high-quality economic growth (Sheng et al., 2021), and some studies have employed TFP as a metric to gauge the quality of economic development (Ren and Ji, 2021; Qin et al., 2021). As environmental issues garner increasing attention amid economic development, scholars are endeavoring to refine the methods for calculating TFP. Currently, the methods for calculating GTFP primarily include the Solow residual and stochastic frontier methods. Among these, Solow (1957) is widely acknowledged as a pioneering figure, with the “Solow residual” theory particularly serving as a foundational theory for subsequent research.

Against the backdrop of resources and the environment becoming increasingly significant constraints on economic growth, GTFP, which integrates energy consumption and pollution emissions, is considered more scientifically robust in measuring the standard of economic expansion. Academics have suggested measures such as GTFP, which accounts for energy use and pollution emissions (Kumar, 2006; Wang et al., 2010; Chen and Qian, 2020). While TFP overlooks negative externalities such as environmental pollution, which affect the ocean economy, the enduring development of the ocean economy necessitates resource conservation and conservation of oceanic ecological systems. The GTFP also considers resource and environmental constraints, providing a more accurate reflection of the essence of high-standard growth in the maritime economy (Zhang et al., 2004a; Bolam et al., 2006; Shao et al., 2021).

Faced with the pressing challenge of severe ecological degradation in marine environments, embedding green development models more effectively in the high-standard transformation of the ocean economy has become a crucial objective of macroeconomic policy regulation (Islama and Shamsuddoha, 2018; Brunel, 2019; Zheng et al., 2020; Tomashuk et al., 2023). Scholars have conducted research on the high-quality and rapid development of the marine economy (Xu and Liu, 2023; Gao et al., 2024). Sun et al. (2023) constructed a “2 + 6+4” bi-directional multi-indicator comprehensive evaluation framework to measure the high-quality development of China’s Marine economy. Ji et al. (2024) used random forest regression and partial correlation graphs to reveal the drivers of high-quality marine economic development. Some scholars use the GTFP as an indirect measure of the high-standard growth of the ocean economy. Recognizing the significant differences among sectors within the ocean industry, Wang et al. (2021) employed the network data envelopment analysis (DEA) approach to assess marine production efficiency by decomposing complex processes to study the potential impact of each link on it. Zhao et al. (2021) utilized the slacks-based measure (SBM) model considering unwanted outputs to compute the efficiency of ocean economies in 20 coastal countries. In addition, they applied the Malmquist–Luenberger output efficiency model to analyze the dynamic variations in marine economic efficiency, with findings that offer insights that foster the enduring growth and resilience of the coastal economy.

Considering that innovative technologies may lead toward energy savings, pollution abatement, or increased economic production, Kang et al. (2020) conducted deviation and influencing factor analyses of technological advancements in the ocean economy. They employed the DEA-Malmquist model to quantify directional technological advancements and subsequently examined the elements contributing to directional biases in technological progress. Their study has significant guiding implications for the reduction in the maritime economy’s energy usage and pollution emissions and offers maritime insight into the growth of the European maritime economy. Zou et al. (2024) measured China’s marine green economy efficiency by using a two-stage network DEA model and analyzed the influencing factors through the panel Tobit model. Their findings are useful in identifying the operational characteristics of the marine green economy at different stages. Chen et al. (2023) used the SBM model and the GML index to discuss the Marine eco-efficiency of China’s coastal areas and its interregional technological gap. Yang et al. (2024) comprehensively used the entropy and analytic hierarchy process to determine the weights of each index. Then, they used TOPSIS to describe the relative performance level of Marine ecological civilization.

Building on the definition of the implications of high-standard growth in the ocean economy, some scholars have examined the extent of high-standard growth in the ocean economy through the construction of evaluation indicator systems. Guided by five development concepts based on the actual situation and development trends of China’s oceanic industry, Yu and Xing (2021) created a comprehensive system of indicators to assess China’s oceanic economic development status. They applied the integrated entropy weight method to evaluate the spatial and temporal characteristics of China’s maritime economic growth, leveraged spatial spillover effects to strengthen the comparative advantages of regions experiencing high-standard progress, and promoted cooperative efforts to advance high-standard growth of the oceanic industry. Based on the “New Development Philosophy,” Liu et al. (2020) developed an assessment framework for the high-standard growth of Jiangsu Province’s maritime economy in accordance with five key aspects: “innovation, coordination, green, openness, and sharing.” They used a linear weighting model to calculate the extent of high-standard processes in the ocean economy. Essentially, their study integrates the framework with the coupling coordination index model and kernel density estimation technique to investigate the evolutionary dynamics of high-standard growth in Jiangsu Province’s maritime economy. Yu et al., 2024 studied the tradeoff between economic expansion and environmental protection in the marine economy and found that an underdeveloped marine industrial structure in coastal provinces has a negative impact on the marine economy.

Compared with previous literature, the findings and contributions of the present study lie in the following four aspects. First, it measures the green development level of China’s coastal regions by utilizing the mixed distance function EBM-GML model, which accommodates both radial and non-radial models simultaneously. Second, the improvement in the technological progress level was the main driving force for the growth of marine GTFP during the study period. Third, centroid standard deviation ellipse-related parameters and spatial position transfer paths of the marine GTFP in China’s 11 coastal regions, which explored the spatial change characteristics of the marine green development level. Fourth, it used the α-convergence and β-convergence methods to explore the convergence feature, providing decision-making references for accelerating the high-quality development and green growth of China’s marine economy.




3 Methodology



3.1 Epsilon-based measure model

A basic characteristic of the conventional radial DEA patterns is that the input and output parameters must be altered to equivalent ratios. However, the conventional radial DEA model overlooks the influence of slack parameters when calculating efficiency values. Tone (2001) considered the effect of slack variables on correcting efficiency values and proposed the SBM model, which is a non-angular and non-radial model grounded in the measurement of slack variables. Nevertheless, this model also has shortcomings because the input and output variables in the actual manufacturing process may simultaneously possess radial and non-radial characteristics, leading to measurement deviations between the target and actual values.

When calculating function models that include non-desirable outputs, there is a non-radial connection between resources, energy usage, and pollutant emissions and a radial relationship between capital, labor, and economic output. This study adopts the EBM model (Tone and Tsutsui, 2010) to avoid these complexities, which is a mixed-distance function model that accommodates both radial and non-radial models simultaneously. Compared with other efficiency measurement models, the EBM model has the following advantages: (1) it contains slack variables in efficiency measurement, which effectively prevents the efficiency measurement result from exceeding the true efficiency benchmark, and (2) it considers the linear correlation among input factors, which prevents efficiency measurement results that are lower than the actual efficiency level. The mathematical expression for the EBM model is as follows:

 

	

	

	

	

where   represents the optimal solution for efficiency;   denotes the radial efficiency value;   symbolizes the weight assigned to input indicators;   denotes the weight allocated to desirable output indicators;   symbolizes the weight assigned to non-desirable output indicators, satisfying  ;   represents the parameter that encompasses non-radial as well as radial efficiency values; if  , the EBM model becomes the traditional input-focused CCR model; if  , the EBM model becomes a non-radial, non-angular SBM model.




3.2 Global malmquist–luenberger index model

Based on the EBM mixed radial function model, the GML index model can be further constructed (Oh, 2010). The GML index model is primarily applicable for measuring changes in the productivity of green factors that contain undesirable outputs. The change in GTFP from period   to period   was calculated as follows:

 

The GML index comprises two parts: technical efficiency change (TEC) and technical change (TC).

 

 

 

  represents the spatial metrics of the given timeframe  , indicating the distance between the effective production frontier and the decision-making unit. If  , it signifies an improvement in GTFP from period   to period  ; if  , it signifies a decline in GTFP from period   to period  . The GML index can be subdivided into the TC and TEC indices. The TC index represents the degree to which decision-making units move toward the production frontier during adjacent periods. If this index exceeds 1, it signifies an advancement in green production technology. The TEC index represents the catching-up extent to which each decision-making unit approaches the production frontier from period   to period  . If this index exceeds 1, it signifies an improvement in green technical efficiency. TEC can be further articulated as the outcome of multiplying the index for pure technical efficiency change (PEC) by that for scale efficiency change (SEC). This study uses the EBM-GML model to calculate the marine GTFP of China’s coastal regions. The coexistence of radial and non-radial characteristics is considered, which can accurately reflect the green development level of China’s marine economy.




3.3 Standard deviation-ellipse model

Lefever proposed the standard deviation-ellipse model (Lefever, 1926), which analyzes the moving characteristics and spatial distribution of geographic elements in two-dimensional space. The key parameters for describing the relevant geographic elements are the mean center, movement distance, movement speed, minor axis, and major axis. The specific calculation formulae are as follows:

 

 

 

In the formulation,   represents the decision-making units; x​ and y represent the positional offsets of each point from the central area; the spatial location of the geographic elements is denoted as  ;   represents the weight;   represents the dispersion along the x​-axis;  ​ represents that along the y-axis; the angle of the distribution pattern can be obtained according to the formula   ​.




3.4 σ convergence test model

The σ convergence test model generally uses statistical indicators of dispersion to intuitively reflect the development gap of economic levels among different economies. In this study, the σ convergence can be understood as a process in which the discrete degree of marine green development in different coastal areas decreases continuously over time. The coefficient of variation method is used for the calculations. This can be calculated using (9).

 




3.5 Absolute β convergence model

In this study, natural logarithms are applied in the application of the absolute β convergence model, and the calculation formula is presented below:

 

  and   symbolize the GTFP of the ith province (municipality and autonomous areas) at the start and conclusion of a specific period, respectively. The ith province (municipality or autonomous area) is referred to as subscript i, the base year as subscript t, and the end year as subscript t+1. The average growth rate of the GTFP for the ith province (municipality, autonomous areas) is denoted by  ; the intercept term is denoted by  ; the growth rate coefficient is denoted by β; the stochastic error term is denoted by ui,t. When β is a negative value, absolute convergence is present.




3.6 Conditional β convergence model

Within the context of in terms of β convergence, additional factors influencing GTFP are incorporated to form conditional β convergence, which is then examined. Drawing on a review of relevant literature, this study incorporates four control variables into the absolute β convergence framework to derive the conditional β convergence model:

 





4 Result analysis



4.1 Calculation indicator selection of marine GTFP



4.1.1 Data sources

Considering data accessibility, we selected information from 11 coastal regions in China from 2006 to 2016 to calculate the degree of green development in the marine economy. This is because China’s “Eleventh Five-Year Plan” formally proposed power saving and emissions control in 2016, which was officially integrated into the constraints of China’s economic growth. The statistics used in the mathematical operations, including the input, expected output, and non-expected output factors, were chiefly sourced from the “China Ocean Statistical Yearbook,” “China Energy Statistical Yearbook,” “China Environmental Yearbook,” and “China Ocean Economic Statistical Bulletin” for the corresponding years.




4.1.2 Calculation indicators of marine GTFP

	Input indicators. Specifically cover labor, capital, and energy.	○ Labor input indicators. Regarding labor input, the number of persons employed by sea is chosen for measurement (Sun and Song, 2021), and data are from the “China Ocean Statistical Yearbook” for each year.

	○ Capital input indicators. Marine investment stock was selected as the capital input. As there is no pertinent information on marine fixed-asset investments, this study follows Zhang et al. (2004b). Specifically, it calculates the capital stock of coastal provinces and municipalities using an ongoing inventory approach, with 2000 as the benchmark year. This was adjusted using the GOP-GDP ratio to obtain the marine capital stock for each province and municipality.

	○ Energy input indicators. In terms of energy input, this study, referring to the most relevant studies, regards energy as an input element and uses the GOP-GDP ratio to convert the energy consumption of each coastal province and city. The unit is 10,000 tons of standard coal.






	Output indicators.	○ Expected output indicators. The GOP for each province and municipality is used as the measurement, and statistics are obtained from the “China Ocean Statistical Yearbook.”

	○ Non-expected output indicators. Considering the principal aims proposed in the climate action and resource conservation scheme within China’s “Fourteenth Five-Year Plan,” and considering the existing environmental regulatory framework does not completely capture a single form of pollutants, the non-expected output primarily includes the following forms: industrial waste gas, industrial wastewater, and industrial solid waste. The following basic data were selected: marine industrial wastewater discharge, solid waste, sulfur dioxide emissions, and carbon dioxide emissions. These were calculated using the proportion of ocean production value to the local production value to obtain the final calculated data.









4.1.3 Impact indicators of marine GTFP

This study selected four other control indicators that affect marine GTFP: economic development level (Economy), marine industrial structure (Industry), level of openness (Open), and environmental regulation (Regulation). The GOP per capita represents the degree of economic development, the added value of the marine tertiary industry/added value of the marine secondary industry represents the marine industrial structure, the level of openness is the ratio of regional import and export volumes to GDP, and investment in industrial pollution control/GOP represents environmental regulation.

Descriptive statistics of the variables is shown in Table 1.


Table 1 | Descriptive statistical analysis of the indicators.







4.2 Estimation of marine GTFP based on the EBM-GML index model

In this study, a hybrid radial EBM-GML productivity index model was employed for estimation. The calculated results represent the marine GTFP from time t to t+1. Moreover, this study calculated the marine GTFP for different coastal regions of China from 2007 to 2016. The findings are presented in Table 2 and Figures 2 and 3.


Table 2 | Marine GTFP of 11 coastal regions in China from 2007 to 2016.






Figure 2 | Trend of China’s marine GTFP from 2007 to 2006. (A) Trend of marine GTFP in Northern Marine Economic Circle. (B) Trend of marine GTFP in Eastern Marine Economic Circle. (C) Trend of marine GTFP in Southern Marine Economic Circle.






Figure 3 | Comparison of the average Marne GTFP of the three marine economic circles from 2007 to 2016.



The results (Table 2) show that the overall average marine GTFP of the 11 coastal regions of China increased from 1.1011 in 2007 to 1.1822 in 2016. Throughout the study period, the average comprehensive marine GTFP of the 11 coastal regions of China was 1.0715. The present state of low-level development in China’s green marine sector is undergoing transformation. China is gradually moving away from a low-quality, extensive, and outward-oriented model of marine economic growth and transitioning toward a high-quality, intensive, and efficient model. The quality and efficiency of China’s marine economy are becoming increasingly evident.

To obtain more thorough insight into the dynamic changes in the marine GTFP of the 11 coastal regions and primary marine economic circles in China, this study presents a trend chart of the marine GTFP in the 11 coastal regions of China from 2007 to 2016 (Figure 2) and a comparative chart of the average marine GTFP in the three major marine economic circles (Figure 3).

As depicted in Figure 2, the marine GTFP levels in the 11 coastal regions of China exhibited distinct phase characteristics, reflecting an overall trend of fluctuating increase. From 2007 to 2009, the marine GTFP declined slowly, decreasing from 1.1011 in 2007 to 1.0091 in 2009 (a decline of 8.35%). This indicates that, under the adverse effects of the 2008 financial crisis, China’s main green productivity experienced a certain impact, displaying a noticeable downward trend. In 2010, marine green productivity recovered to 1.1288. From 2011 to 2015, the marine GTFP in most of China’s coastal regions declined to varying degrees. The main reasons for this were that China was in the “Twelfth Five-Year Plan,” and there was increased pressure to reorientate the ocean industry composition and enhance transformation. Some ocean industries face issues, such as overcapacity and degradation of the oceanic ecological environment. In 2016, China introduced the “Maritime power strategy,” explicitly stating that the growth of the marine economy is a key direction for China’s future economic growth. This emphasizes the need to strengthen the extraction and application of marine resources, foster marine industry, and protect the oceanic ecological environment.

Consequently, the comprehensive marine GTFP increased to 1.1822 in 2016. The 19th National Congress of the CPC proposed accelerating the establishment of an ecological civilization by placing higher requirements on environmental pollution control. It has made important deployments to advance the establishment of an ecological civilization and accelerate the development of marine power. Entering the “Thirteenth Five-Year Plan” period, with the introduction of the economic and social development concepts of “innovation, coordination, green, openness, and sharing,” China’s marine economy has evolved into a more advanced form, with optimized division of labor and a more rational structure. China’s marine GTFP is a significant milestone.

Looking at the marine economic circles of China (Figure 3), the regions with the highest average yearly growth rates of comprehensive marine GTFP are the eastern, southern, and northern marine economic circles. The comprehensive marine GTFP of the eastern marine economic circle increased from 1.1156 in 2007 to 1.2245 in 2016 and exhibited a fluctuating trend during the study period. The average marine GTFP was 1.1047, with a yearly growth rate of 0.94%. The marine GTFP of the southern marine economic circle increased from 1.0662 in 2007 to 1.1253 in 2016 and remained stable throughout the study period. The average marine GTFP was 1.0650, with a yearly growth rate of 0.54%. The marine GTFP of the northern marine economic circle increased from 1.1251 in 2007 to 1.2073 in 2016, with an average value of 1.0531.




4.3 Decomposition analysis of China’s marine GTFP

The variation and decomposition trends in the comprehensive marine GTFP for the 11 coastal regions and three primary marine economic circles in China from 2007 to 2016 are displayed in (Table 3; Figure 4). From 2007 to 2016, the overall growth rate of the marine GTFP in the 11 coastal regions of China reached approximately 7.15%. Specifically, technological progress consistently displays an upward trend, with a mean rate of increase of 7.98%, whereas the average decrease in technological efficiency was 0.86%. These results suggest that technological advancement is the key element influencing the comprehensive variation in marine GTFP. Technological advances stimulated the comprehensive development of marine GTFP. Concurrently, the trends in the changes of absolute technical efficiency and economies of scale efficiency have constrained the rise in comprehensive marine green productivity, with rates of increase of -0.19% and -0.67% in turn. The empirical results suggest that variations in scale efficiency have a greater adverse effect on China’s marine GTFP.


Table 3 | Marine GTFP and its decomposition in 11 coastal regions of China from 2007 to 2016.






Figure 4 | Changes in China’s marine GTFP and its decomposition index from 2007 to 2016.



Table 3 presents the variation patterns of the comprehensive marine GTFP in the 11 coastal regions of China from 2007 to 2016, along with the differences between the regions. Approximately half of the provinces had comprehensive marine GTFP values exceeding the national average. These include the Zhejiang, Tianjin, Shanghai, Jiangsu, Hebei, Fujian, and Hainan provinces. Hebei and Tianjin are provinces of the northern marine economic circle that surpass the national average. The growth levels of the other provinces in the northern marine economic circle were below average, primarily because of technological progress, a decline in absolute technical efficiency, and a decrease in economies of scale. In the eastern marine economic circle, the comprehensive marine GTFP of all provinces exceeded the national average. The mean rate of increase in the marine green comprehensive productivity in Shanghai was 11.00%, whereas that in Jiangsu was 11.50%. Fujian and Hainan surpassed the national average in the southern marine economic circle, whereas Guangxi and Guangdong experienced negative growth. The main reason for this was a decline in technological efficiency. Through a longitudinal analysis of the comprehensive marine GTFP in the 11 coastal regions of China, it was evident that the marine GTFP in all 11 coastal regions remained above one throughout the duration of the study, indicating rapid growth in the degree of marine green development.




4.4 Spatial pattern of China’s marine GTFP

To more directly reflect the regional characteristics of the marine GTFP in China, this study adopted ArcGIS software to draw the evolution of the spatial pattern of the marine GTFP of China in 2007, 2010, 2013, and 2016 using the natural breakpoint method. The results are shown in Figure 5.




Figure 5 | Evolution of spatial pattern of marine GTFP in coastal regions.



As depicted in Figure 5, the marine GTFP increased in most provinces, which indicates that the green transformation and upgrading of China’s marine economy have been accelerating, and new achievements have been made in the high-quality development of the marine economy. From 2007 to 2010, the marine GTFP in Zhejiang, Tianjin, Shanghai, Liaoning, Hainan, Guangxi, and Guangdong exhibited an upward trend. From 2010 to 2013, the marine GTFP in Guangxi and Fujian showed a smooth increase, whereas those in the other nine coastal regions showed a decreasing trend. From 2010 to 2016, the marine GTFP increased significantly in most coastal provinces. In general, the results show that China has greatly improved the utilization rate of marine resources, with almost no over-exploitation or utilization during the study period. This also indicates that China’s marine economic development has shifted to high-quality development, and efforts should be made to control energy consumption and shift toward the use of clean energy in the future.

Combined with regional analysis, the three marine economic circles in China show significant differences. In the eastern region, marine GTFP increased, whereas it was relatively stable in the northern and southern regions. This indicates that the initiative and consciousness of implementing the concept of green innovation in our eastern marine economic circle have been significantly enhanced, with more attention paid to the formation of culture and green values, and that actively promoting environmental governance can form an environmental protection linkage. The rational allocation of resources has further improved the level of marine GTFP. In the process of economic development in the northern and southern marine economic circles, great efforts have been made to introduce advanced green technologies and related industries in the eastern regions. In the process of green economic development, the late-developing advantage of northern and southern marine economic circles is gradually becoming obvious.




4.5 Center of gravity transfer path and standard deviation ellipse analysis of China’s marine GTFP

Marine GTFP data were calculated based on the EBM-GML index model, and the center-of-gravity standard deviation ellipse-related parameters and spatial position transfer paths of the marine GTFP in 11 coastal regions of China from 2007 to 2016 were calculated. The geographic center of efficiency depicts the distribution of marine GTFP intensity across 11 coastal provinces in China. Additionally, the standard deviation ellipse provides insights into the spatial spread of the marine GTFP across these coastal regions. The shift in the center of gravity reflects the shift in spatial distribution, which has great significance for exploring the spatiotemporal evolution of the marine GTFP in China.

Based on an examination of the distribution and shifts of the gravitational center for the marine GTFP (see Table 4; Figure 6), the gravitational center of the marine GTFP in 11 coastal regions of China varied from 116.635° E to 116.776° E and 30.817° N to 31.294° N from 2007 to 2016, indicating that the marine GTFP in the 11 coastal regions of China remained spatially stable throughout the study period. From the standard deviation of the ellipse parameters from 2007 to 2016, the variation range of the major half-axis of the ellipse was 1201.902–1234.915 km, and the variation range of the shorter half-axis was 408.905–415.054. The corresponding space for the orientation angle of the standard deviation ellipse was 19.704° to 21.027°. Throughout the study, the standard deviation ellipse range of each characteristic time point exhibited a path of initial expansion, followed by a slow decline, suggesting that the spatial distribution pattern of the marine GTFP in the 11 coastal areas of China is constantly tending toward concentration.


Table 4 | Standard deviation ellipse parameters of the spatial distribution pattern of marine GTFP in 11 coastal regions of China from 2007 to 2016.






Figure 6 | Standard deviation ellipse and center of gravity transfer path of China’s marine GTFP.



Compared with the expansion of the standard deviation ellipse, the form index of the standard deviation ellipse aligns with the variation in the expanse of the ellipse, demonstrating a tendency to diverge from a circular shape. This suggests an uneven distribution of the marine GTFP across the 11 coastal regions of China in the east-west and north-south directions. This imbalance became particularly evident during the initial phase of the investigation (2007–2010). The extent of the major axis expanded from1224.159 km in 2007 to 1227.501 km in 2010; the length of the minor axis expanded from 408.905 km in 2007 to 411.270 km in 2010; and the elliptical rotation angle increased and became increasingly circular. In the intermediate and later phases of the study (2010–2016), the length of the major half-axis first increased and then decreased, whereas that of the minor half-axis decreased and then increased. The fluctuation amplitude of the elliptical rotation angle was relatively narrow, suggesting that the overall spatial distribution pattern of the marine GTFP in the 11 coastal regions of China was relatively stable (Gai et al., 2018).




4.6 Analysis of convergence test for the marine GTFP in China

The divergence and convergence of the marine GTFP in China were analyzed using a convergence test. In this study, the dynamic evolution trend of the GTFP differences among coastal provinces in China was analyzed in accordance with the empirical findings of the convergence test. The convergence of the analysis findings shows that introducing a series of ocean policies in China helps narrow the gap in the GTFP of the ocean among provinces. Similarly, the lack of convergence in test results indicated a growing gap between some undeveloped and more developed provinces in the current marine policy environment. In order to conduct a more thorough analysis of the regional disparities in the GTFP of the 11 coastal regions of China, this study uses a convergence test to investigate the characteristics and origins of regional disparities in marine GTFP in 11 coastal regions of China.



4.6.1 σ Convergence test

As shown in Table 5, only the southern circle has σ convergence, while there is no σ convergence in the northern, eastern economic circle, and the whole country during the study period. According to the calculation results, the national and northern economic circles show a fluctuating state of decline-rise-decline-rise, whereas the eastern economic circle fluctuates significantly. The results show that the difference in the marine GTFP in the southern circle gradually disappears over time. In contrast, the difference in the marine GTFP in the northern economic circle, eastern economic circle, and the entire country always exists. As for the three marine economic circles, the mean standard deviation of marine GTFP in the northern economic circle was the largest (0.0810), followed by the eastern (0.0535) and southern economic circles (0.0478), suggesting that the internal regional disparity in marine GTFP in the northern economic circle was greater than that in the eastern and southern marine economic circles.


Table 5 | China and the Northern, Eastern, and Southern marine economic circles σ convergence value.






4.6.2 Absolute β convergence test

The absolute β convergence test can further confirm whether the marine GTFP in 11 coastal regions of China approaches a consistent and uniform level, that is, whether the provinces with comparatively undeveloped marine GTFP have a “catch-up effect” on developed provinces. There is a negative correlation between the expansion rate of the marine GTFP and that of the primary stage. The value lower than zero shows the absolute β convergence, indicating that the rates of increase in the provinces with undeveloped initial levels are larger and higher than that of the more developed provinces, forming a catch-up effect, and the two are likely to ultimately converge toward a consistent and uniform level.

Before the empirical analysis, the panel model is evaluated using the Hausman test, and the comprehensive importance of the conformance outcomes of the regression equation is further analyzed. The estimation outcomes of absolute β convergence of GTFP in 11 coastal regions of China are presented in Table 6. The overall significance in the eastern economic circle, the southern economic circle, and the northern economic circle was judged with the random utility model, while the general significance in the whole country was judged with the regular effect model. The corresponding β values of each region were negative, suggesting that the absolute β convergence of marine GTFP exists across the entire nation and three marine economic circles. The findings indicate that the marine GTFP in the 11 coastal regions of China can increase relatively synchronously and that the internal differences gradually disappear over time (Zhao et al., 2023). Viewed through the lens of regional variations, the calculated parameters for the three marine economic circles are all negative and highly significant, indicating that the disparity in the growth of the marine GTFP within the same area is progressively narrowing and that all regions of the three marine economic circles can achieve the same steady-state growth rate in the marine GTFP.


Table 6 | Absolute β convergence test.






4.6.3 Analysis of conditional β convergence test

Conditional β convergence tests whether the convergence of marine GTFP in 11 coastal regions of China approaches their steady-state levels under the respective characteristic systems of different regions. Similarly, the panel data were first analyzed using the Hausman test to ascertain the selection of the model, and a significance analysis of the fitting results was conducted. Table 7 presents the results.


Table 7 | Conditional β convergence test.



The results reveal that the conditional β convergence coefficients of the three marine economic circles and the whole country were significantly negative, which suggests that the marine GTFP in 11 coastal regions of China gradually tends to their own steady-state levels over time, showing certain conditional convergence characteristics. The economic development coefficients of the eastern and southern marine economic circles are positive, suggesting that an increase in the percentage of marine GDP positively affects marine GTFP growth. The marine industrial structure parameters are notably positive within the northern marine economic circle; however, they are not significant in the eastern and southern economic circles, suggesting that the 11 coastal regions of China need to further enhance the degree of marine green development by rationally enhancing the marine industrial structure.

The parameter for the level of openness was notably negative within the northern marine economic circle and nationwide, indicating that an enhancement in the degree of openness was not beneficial for the advancement of China’s marine green development level. The environmental regulation coefficients for the eastern, southern, and nationwide regions were negative. This suggests that the rate of convergence of the marine economy’s GTFP decelerates through environmental governance investment, which does not contribute to the advancement of China’s marine economy towards greater environmental sustainability.





4.7 Robustness test

The robustness testing is very important for the rationality of the model design. Therefore, we replaced the interpreted variable to perform a standard regression robustness test in our study. We used the SBM-GML model to recalculate the marine GTFP of China’s coastal regions, the results are consistent with the estimates above, which confirmed the robustness of our study.

The σ convergence test recveals that the σ coefficient of China’s marine GTFP shows a trend of”down-up-down”, which indicates that China’s marine GTFP shows the characteristics of periodic convergence and divergence. The σ coefficient of the southern marine economic circle has the largest decrease and the strongest convergence, which is basically consistent with the results of 4.6.1.

The absolute β convergence test shows that the estimated coefficients of the three marine economic circles and the nationwide are significantly negative,the estimated coefficients are -1.234, -0.346, -0.849, -0.973 of the northern,eastern, southern economic circle and nationwide respectively, the estimates were highly consistents with regession analysis and reveals the absolute β convergence of marine GTFP exists during the study period. The conditional β convergence tests indicates that he estimated coefficients are -1.284, -0.606, -0.958, -0.980 of the northern,eastern, southern economic circle and nationwide respectively,which significantly negative at the 1% level. Meanwhile, the control variables coefficients were little difference from the results of the baseline regression. It is concluded that the empirical results obtained in this study are extremely stable.(Note: Due to the limitation of space, the estimated results of the robustness test are omitted and can be obtained from the author).





5 Conclusion and recommendation



5.1 Conclusion

In addition to promoting maritime power strategies and marine ecological civilization, China attaches great importance to marine green development. This study uses the EBM-GML model to calculate the marine GTFP of China’s coastal regions, which reflects the change in factor allocation and utilization efficiency in the marine economy under multi-period dynamic conditions. The findings of this study are summarized as follows.

	The marine GTFP in the 11 coastal regions of China increased from 1.1011 in 2007 to 1.1822 in 2016. The average marine GTFP value was 1.0715, showing an overall gradual improvement.

	Improvement in the technological progress level is the main driving force for the growth of marine GTFP, with a mean increase rate of 7.98% and a mean decrease in technical efficiency of 0.86%.

	The spatial distribution patterns of the marine GTFP tended to be concentrated continuously, suggesting that the overall spatial distribution pattern of the marine GTFP in China remained relatively stable during the study period.

	There is no obvious σ convergence in the northern, eastern marine economic circle. There is absolute and conditional β convergence in all coastal regions of China, indicating that the marine GTFP across the entire nation and the three marine economic circles converged to their respective steady-state levels during the study period.






5.2 Recommendations

Based on the aforementioned results, this study makes the following policy recommendations.

	The government should accelerate innovation in marine scientific and technological research, as well as boost the green and superior growth of the marine economy. Actively promoting the thorough fusion of marine innovation chains and industrial chains is driven by the industrialization of high and new technologies; vigorously developing new marine technologies, processes, models, and types of businesses; optimizing the institutional environment for innovation in marine scientific and technological research; and strengthening the top-level overall planning of marine science and technology innovation.

	The government should facilitate the transformation of the marine economy from extensive to green and intensive development. This can be achieved by strengthening the dynamic surveillance and precursory alerting for marine industry operations; optimizing the allocation of cluster pollution emissions; encouraging the research, development, and promotion of marine green technologies; and forming a green marine industry development system for advanced and applicable technology, continuous protection of resources, and a friendly natural environment in line with carbon reduction environmental targets.

	The government should facilitate the coordinated advancement of the regional marine economy and foster the construction of a new model of international engagement with internal and external linkages and mutual aid between land and sea. This can be achieved by deepening international exchanges, introducing and learning foreign high and new technologies, taking China as the main body of the cycle, promoting domestic and international double cycles, carrying out mutual development and rational allocation of the capital stock of the marine economy, and promoting the growth of marine GTFP from the level of technological progress.

	Local governments must set environmental constraint targets according to circumstances, their own marine oceanic advancements, the present state of marine resources, and the environment. The government should continuously optimize the combination of environmental regulation tools and fully exploit the function of ecological regulations during the eco-friendly transition of the marine economy.
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The pattern evolution and
spatial heterogeneity of
green development level
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and Hongshuo Zhang™
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With the promotion of marine power strategies and marine ecological civilization
construction, marine green development has become an important issue. This
study utilizes the mixed distance function Epsilon-based measure and the global
Malmquist—Luenberger index model, which accommodates both radial and
non-radial models, to evaluate the marine green total factor productivity
(GTFP) across 11 coastal regions of China. The findings of this study are as
follows. First, the marine GTFP showed a gradual increase in China's coastal
regions during the study period, with notable differences observed among the
three primary marine economic circles. Second, technological advancement was
the primary driver of the transformation of marine GTFP. Third, the distribution
across the space pattern of marine GTFP tended to be concentrated
continuously, which shows that the overall spatial distribution pattern of
marine GTFP remained relatively stable. Fourth, there is no obvious ¢
convergence in a northern, eastern marine economic circle. Both absolute and
conditional B convergence exists, indicating that the marine GTFP converged to
their respective steady-state levels during the study period. This study can
provide decision-making reference for accelerating the green growth and
sustainable development of China’'s marine economy.

KEYWORDS

marine green total factor productivity, marine economy, EBM-GML index, center of
gravity-standard deviation ellipse, convergence

1 Introduction

In the 21st century, the marine economy has emerged as a strategic linchpin in China’s
pursuit of high-quality economic growth and serves as a vital reservoir for ensuring
sustainable development (Wang and Wang, 2019; Liu et al, 2021; Feng et al, 2024).
According to the China Marine Economy Statistical Bulletin, China’s gross ocean product
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(GOP) soared to 9.9097 trillion yuan by 2023, constituting 7.9% of
the nation’s overall GDP. Following the directives of the 18th
National Congress of the Communist Party of China (CPC),
considerable efforts were made to propel the nation toward
maritime prowess, a commitment reaffirmed in the 19th CPC
National Congress report, which underscored the imperative of
“balancing land-sea integration and hastening the advancement of
maritime capabilities.” The national “Fourteenth Five-Year Plan
(2021-2025)” and the 2035 Long-Range Objectives Outline further
emphasized the need to “harmonize land-sea development, foster
collaborative human-ocean interactions, and drive progress in marine
ecological conservation, economic development, and the
safeguarding of marine interests to accelerate the journey toward
maritime prominence.” China’s marine economy is now at a pivotal
juncture of transformation, and the realization of high-standard
marine economic development is a linchpin for the nation’s
maritime ambitions (Liu et al., 2017; Cao et al., 2021; Yin et al., 2022).

Nonetheless, as the marine economy progresses, issues
surrounding marine environmental pollution and ecological
deterioration have become increasingly acute, posing significant
obstacles to its robust expansion of the marine economy (Sun et al.,
2017; Ren et al., 2018; Ye et al., 2021). Green total factor productivity
(GTFP), which focuses on environmental sustainability, serves as a
vital metric for assessing the integrity and advancement of marine
economic activities and offers insights into the holistic advancement
of regional marine resources, environmental preservation, and
economic prosperity (Xu et al., 2023; Chen et al,, 2024). With the
aim of promoting a marine ecological civilization in China, research
on marine GTFP has received increasing attention in recent years to
truly reflect the growth efficiency of China’s marine economy. The
index selection of marine GTFP differs from traditional total factor
productivity, which not only selects marine labor and marine capital

10.3389/fmars.2024.1466494

elements but also reflects the dependence and sustainability of the
marine economy on resources. Therefore, this study holds that the
marine GTFP aims to introduce the unique resource factors and the
energy factors that will affect the marine environment on the basis of
the traditional marine capital and marine labor input factors and by
undertaking comprehensive assessments and spatially heterogeneous
analyses of marine GTFP, we can effectively chart the trajectory of the
advancement of China’s superior oceanic economy.

The objective of this study is to address the following questions:
What is the status of green development in China’s coastal regions?
What is the dynamic change trend of marine GTFP? What is the
spatiotemporal difference and spatial gravity shift law of marine
GTFP during the study period? Have the marine green development
levels in China’s three major marine economic circles reached their
respective convergence states? To solve these problems, this study
applied the Epsilon-based measure (EBM) approach and the global
Malmquist-Luenberger (GML) index model to measure marine
GTFP and analyze its spatial distribution pattern and convergence
features of marine GTFP in China’s coastal regions.

The remainder of this paper is organized as follows. Section 2
provides the literature review and contributions. Section 3 explains
the methodology. Section 4 describes the results analysis, which
contains data resources and empirical results. Finally, Section 5
presents the main conclusions and policy suggestions. A flowchart
of this study is shown in Figure 1.

2 Literature review

The advancement of a superior ocean economy is crucial for
China’s enduring economic progress. By focusing on the
comprehensive key points and processes of marine economic
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development, some studies aim to achieve a balanced supply-
demand equilibrium at a higher level, ensuring the coordinated
rapid growth of both the quantity and quality of the marine
economy (Calel and Dechezlepreétre, 2016; Lin, 2020; Zheng et al.,
2022; Jia et al., 2024). Driving development through total factor
productivity (TFP) is central to realizing high-quality economic
growth (Sheng et al,, 2021), and some studies have employed TFP as
a metric to gauge the quality of economic development (Ren and Ji,
2021; Qin et al,, 2021). As environmental issues garner increasing
attention amid economic development, scholars are endeavoring to
refine the methods for calculating TFP. Currently, the methods for
calculating GTFP primarily include the Solow residual and
stochastic frontier methods. Among these, Solow (1957) is widely
acknowledged as a pioneering figure, with the “Solow residual”
theory particularly serving as a foundational theory for
subsequent research.

Against the backdrop of resources and the environment
becoming increasingly significant constraints on economic
growth, GTFP, which integrates energy consumption and
pollution emissions, is considered more scientifically robust in
measuring the standard of economic expansion. Academics have
suggested measures such as GTFP, which accounts for energy use
and pollution emissions (Kumar, 2006; Wang et al., 2010; Chen and
Qian, 2020). While TFP overlooks negative externalities such as
environmental pollution, which affect the ocean economy, the
enduring development of the ocean economy necessitates
resource conservation and conservation of oceanic ecological
systems. The GTFP also considers resource and environmental
constraints, providing a more accurate reflection of the essence of
high-standard growth in the maritime economy (Zhang et al,
2004a; Bolam et al., 2006; Shao et al., 2021).

Faced with the pressing challenge of severe ecological
degradation in marine environments, embedding green
development models more effectively in the high-standard
transformation of the ocean economy has become a crucial
objective of macroeconomic policy regulation (Islama and
Shamsuddoha, 2018; Brunel, 2019; Zheng et al., 2020;
Tomashuk et al., 2023). Scholars have conducted research on
the high-quality and rapid development of the marine economy
(Xu and Liu, 2023; Gao et al., 2024). Sun et al. (2023) constructed a
“2 + 6+4” bi-directional multi-indicator comprehensive
evaluation framework to measure the high-quality development
of China’s Marine economy. Ji et al. (2024) used random forest
regression and partial correlation graphs to reveal the drivers of
high-quality marine economic development. Some scholars use
the GTFP as an indirect measure of the high-standard growth of
the ocean economy. Recognizing the significant differences among
sectors within the ocean industry, Wang et al. (2021) employed
the network data envelopment analysis (DEA) approach to assess
marine production efficiency by decomposing complex processes
to study the potential impact of each link on it. Zhao et al. (2021)
utilized the slacks-based measure (SBM) model considering
unwanted outputs to compute the efficiency of ocean economies
in 20 coastal countries. In addition, they applied the Malmquist-
Luenberger output efficiency model to analyze the dynamic
variations in marine economic efficiency, with findings that offer
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insights that foster the enduring growth and resilience of the
coastal economy.

Considering that innovative technologies may lead toward
energy savings, pollution abatement, or increased economic
production, Kang et al. (2020) conducted deviation and
influencing factor analyses of technological advancements in the
ocean economy. They employed the DEA-Malmquist model to
quantify directional technological advancements and subsequently
examined the elements contributing to directional biases in
technological progress. Their study has significant guiding
implications for the reduction in the maritime economy’s energy
usage and pollution emissions and offers maritime insight into the
growth of the European maritime economy. Zou et al. (2024)
measured China’s marine green economy efficiency by using a
two-stage network DEA model and analyzed the influencing
factors through the panel Tobit model. Their findings are useful
in identifying the operational characteristics of the marine green
economy at different stages. Chen et al. (2023) used the SBM model
and the GML index to discuss the Marine eco-efficiency of China’s
coastal areas and its interregional technological gap. Yang et al.
(2024) comprehensively used the entropy and analytic hierarchy
process to determine the weights of each index. Then, they used
TOPSIS to describe the relative performance level of Marine
ecological civilization.

Building on the definition of the implications of high-standard
growth in the ocean economy, some scholars have examined the
extent of high-standard growth in the ocean economy through the
construction of evaluation indicator systems. Guided by five
development concepts based on the actual situation and
development trends of China’s oceanic industry, Yu and Xing
(2021) created a comprehensive system of indicators to assess
China’s oceanic economic development status. They applied the
integrated entropy weight method to evaluate the spatial and
temporal characteristics of China’s maritime economic growth,
leveraged spatial spillover effects to strengthen the comparative
advantages of regions experiencing high-standard progress, and
promoted cooperative efforts to advance high-standard growth of
the oceanic industry. Based on the “New Development Philosophy,”
Liu et al. (2020) developed an assessment framework for the high-
standard growth of Jiangsu Province’s maritime economy in
accordance with five key aspects: “innovation, coordination,
green, openness, and sharing.” They used a linear weighting
model to calculate the extent of high-standard processes in the
ocean economy. Essentially, their study integrates the framework
with the coupling coordination index model and kernel density
estimation technique to investigate the evolutionary dynamics of
high-standard growth in Jiangsu Province’s maritime economy. Yu
et al., 2024 studied the tradeoft between economic expansion and
environmental protection in the marine economy and found that an
underdeveloped marine industrial structure in coastal provinces has
a negative impact on the marine economy.

Compared with previous literature, the findings and
contributions of the present study lie in the following four
aspects. First, it measures the green development level of China’s
coastal regions by utilizing the mixed distance function EBM-GML
model, which accommodates both radial and non-radial models
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simultaneously. Second, the improvement in the technological
progress level was the main driving force for the growth of
marine GTFP during the study period. Third, centroid standard
deviation ellipse-related parameters and spatial position transfer
paths of the marine GTFP in China’s 11 coastal regions, which
explored the spatial change characteristics of the marine green
development level. Fourth, it used the a-convergence and B-
convergence methods to explore the convergence feature,
providing decision-making references for accelerating the high-
quality development and green growth of China’s marine economy.

3 Methodology
3.1 Epsilon-based measure model

A basic characteristic of the conventional radial DEA patterns is
that the input and output parameters must be altered to equivalent
ratios. However, the conventional radial DEA model overlooks the
influence of slack parameters when calculating efficiency values.
Tone (2001) considered the effect of slack variables on correcting
efficiency values and proposed the SBM model, which is a non-
angular and non-radial model grounded in the measurement of
slack variables. Nevertheless, this model also has shortcomings
because the input and output variables in the actual
manufacturing process may simultaneously possess radial and
non-radial characteristics, leading to measurement deviations
between the target and actual values.

When calculating function models that include non-desirable
outputs, there is a non-radial connection between resources, energy
usage, and pollutant emissions and a radial relationship between
capital, labor, and economic output. This study adopts the EBM
model (Tone and Tsutsui, 2010) to avoid these complexities, which
is a mixed-distance function model that accommodates both radial
and non-radial models simultaneously. Compared with other
efficiency measurement models, the EBM model has the following
advantages: (1) it contains slack variables in efficiency
measurement, which effectively prevents the efficiency
measurement result from exceeding the true efficiency
benchmark, and (2) it considers the linear correlation among
input factors, which prevents efficiency measurement results that
are lower than the actual efficiency level. The mathematical
expression for the EBM model is as follows:

. 0- 5x(1/2ﬁlwf)2§ilwfsfxi,k
min q T .99 TR 1)
¢+ 8y<1/2r=lwfg)2r=lWV S/ Yrge + £Z(I/Et=lwt)zt=lwtst /Zuk

y' =
s.t. XA+s; =0
YIL-s! = oy

Zbl + S? = @z

Asiysd P >0
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where y* represents the optimal solution for efficiency; 6
denotes the radial efficiency value; w; symbolizes the weight
assigned to input indicators; wy denotes the weight allocated to
desirable output indicators; w? symbolizes the weight assigned to
non-desirable output indicators, satisfying > w = 1; &, represents
the parameter that encompasses non-radial as well as radial
efficiency values; if & =0, the EBM model becomes the
traditional input-focused CCR model; if 6 =¢, =1, the EBM
model becomes a non-radial, non-angular SBM model.

3.2 Global malmquist—luenberger
index model

Based on the EBM mixed radial function model, the GML index
model can be further constructed (Oh, 2010). The GML index
model is primarily applicable for measuring changes in the
productivity of green factors that contain undesirable outputs.
The change in GTFP from period t to period t + 1 was calculated
as follows:

[1+Di(x', 5", b5 ¢")]
[1 + Dﬁ(x‘“,y”l, bt+l;gt+l)]

[1 + Df.“(x',y’,b’;g’)] 3
X [1 +Dt+l(xt+l t+1 h[+1. t+l) (2)
Gy b gt

GML{" = {

The GML index comprises two parts: technical efficiency
change (TEC) and technical change (TC).

GML = TEC x TC 3)

gt - {2 i)

[1 +D£+l(xt+l’yt+l,ht+l;gt+1)] % (4)
[1+Di(x', ', b's g)]

[1 + DE(XHI:}’HI, bt+1;gt+l)]

14+ DLy, b5 )]
TECHI _ [ c ) U 5
t [1 + Dé*l(x’“,y”l, bt+1;gt+1)} (5)

DL(x',y',b',g") represents the spatial metrics of the given
timeframe f, indicating the distance between the effective
production frontier and the decision-making unit. If GMLE*1 > 1,
it signifies an improvement in GTFP from period ¢ to period t + 1; if
GML{* < 1, it signifies a decline in GTFP from period ¢ to period
t+1. The GML index can be subdivided into the TC and TEC
indices. The TC index represents the degree to which decision-
making units move toward the production frontier during adjacent
periods. If this index exceeds 1, it signifies an advancement in green
production technology. The TEC index represents the catching-up
extent to which each decision-making unit approaches the
production frontier from period t to period ¢+ 1. If this index
exceeds 1, it signifies an improvement in green technical efficiency.
TEC can be further articulated as the outcome of multiplying the
index for pure technical efficiency change (PEC) by that for scale
efficiency change (SEC). This study uses the EBM-GML model to
calculate the marine GTFP of China’s coastal regions. The
coexistence of radial and non-radial characteristics is considered,
which can accurately reflect the green development level of China’s
marine economy.
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3.3 Standard deviation-ellipse model

Lefever proposed the standard deviation-ellipse model (Lefever,
1926), which analyzes the moving characteristics and spatial
distribution of geographic elements in two-dimensional space.
The key parameters for describing the relevant geographic
elements are the mean center, movement distance, movement
speed, minor axis, and major axis. The specific calculation
formulae are as follows:

n n
Ei:nlwle ;TW — Ei:lwlyz (6)
D

Mean center: X,, =

X — axis standard deviation : o,

V2L (w;X; cos @ — w,y; sin 6)
= ST W (7)
i=1"i

Y — axis standard deviation: 0,

VL (w;x; sin @ — w;y; cos 6)
= 3 (8)

E?:lwi

In the formulation, i represents the decision-making units; x

and y represent the positional offsets of each point from the central
area; the spatial location of the geographic elements is denoted as
(x;,y:); w; represents the weight; o, represents the dispersion along
the x-axis; 0, represents that along the y-axis; the angle of the
distribution pattern can be obtained according to the formula tan6 .

3.4 ¢ convergence test model

The o convergence test model generally uses statistical
indicators of dispersion to intuitively reflect the development gap
of economic levels among different economies. In this study, the ¢
convergence can be understood as a process in which the discrete
degree of marine green development in different coastal areas
decreases continuously over time. The coefficient of variation
method is used for the calculations. This can be calculated using (9).

N, Valush, A
o _ | Zi (GTEP, - GTFP,)/N; ©)
’ GTFP;

3.5 Absolute 3 convergence model

In this study, natural logarithms are applied in the application
of the absolute 3 convergence model, and the calculation formula is

presented below:
ln(GTFPi,r+1/GTFPi,t) =0+ ﬁln (GTFPM) + Uiy (10)

GTFP;, and GTFP;,,, symbolize the GTFP of the ith province
(municipality and autonomous areas) at the start and conclusion of
a specific period, respectively. The ith province (municipality or
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autonomous area) is referred to as subscript i, the base year as
subscript ¢, and the end year as subscript t+1. The average growth
rate of the GTFP for the ith province (municipality, autonomous
areas) is denoted by In(GTFP;,,,/GTFP;,); the intercept term is
denoted by 9; the growth rate coefficient is denoted by f; the
stochastic error term is denoted by u;,. When f is a negative value,
absolute convergence is present.

3.6 Conditional B convergence model

Within the context of in terms of 3 convergence, additional
factors influencing GTFP are incorporated to form conditional f
convergence, which is then examined. Drawing on a review of
relevant literature, this study incorporates four control variables
into the absolute f convergence framework to derive the
conditional f3 convergence model:

In (GTEP,,,,/GTFP,,)
= o+ BIn(GTFP;;) + By Economy;; + B,Industry;,

(11)

+ B;O0pen; ; + ByRegulaiton;; + u;,

4 Result analysis

4.1 Calculation indicator selection of
marine GTFP

4.1.1 Data sources

Considering data accessibility, we selected information from
11 coastal regions in China from 2006 to 2016 to calculate the
degree of green development in the marine economy. This is
because China’s “Eleventh Five-Year Plan” formally proposed
power saving and emissions control in 2016, which was officially
integrated into the constraints of China’s economic growth. The
statistics used in the mathematical operations, including the input,
expected output, and non-expected output factors, were chiefly
sourced from the “China Ocean Statistical Yearbook,” “China
Energy Statistical Yearbook,” “China Environmental Yearbook,”
and “China Ocean Economic Statistical Bulletin” for the
corresponding years.

4.1.2 Calculation indicators of marine GTFP

* Input indicators. Specifically cover labor, capital,
and energy.

o Labor input indicators. Regarding labor input, the
number of persons employed by sea is chosen for
measurement (Sun and Song, 2021), and data are
from the “China Ocean Statistical Yearbook” for
each year.

o Capital input indicators. Marine investment stock was
selected as the capital input. As there is no pertinent
information on marine fixed-asset investments, this
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study follows Zhang et al. (2004b). Specifically, it
calculates the capital stock of coastal provinces and
municipalities using an ongoing inventory approach,
with 2000 as the benchmark year. This was adjusted
using the GOP-GDP ratio to obtain the marine capital
stock for each province and municipality.

o Energy input indicators. In terms of energy input, this
study, referring to the most relevant studies, regards
energy as an input element and uses the GOP-GDP ratio
to convert the energy consumption of each coastal
province and city. The unit is 10,000 tons of
standard coal.

*  Output indicators.

o Expected output indicators. The GOP for each province
and municipality is used as the measurement, and
statistics are obtained from the “China Ocean
Statistical Yearbook.”

o Non-expected output indicators. Considering the
principal aims proposed in the climate action and
resource conservation scheme within China’s
“Fourteenth Five-Year Plan,” and considering the
existing environmental regulatory framework does not
completely capture a single form of pollutants, the non-
expected output primarily includes the following forms:
industrial waste gas, industrial wastewater, and
industrial solid waste. The following basic data were
selected: marine industrial wastewater discharge, solid
waste, sulfur dioxide emissions, and carbon dioxide
emissions. These were calculated using the proportion
of ocean production value to the local production value
to obtain the final calculated data.

TABLE 1 Descriptive statistical analysis of the indicators.

10.3389/fmars.2024.1466494

4.1.3 Impact indicators of marine GTFP

This study selected four other control indicators that affect
marine GTFP: economic development level (Economy), marine
industrial structure (Industry), level of openness (Open), and
environmental regulation (Regulation). The GOP per capita
represents the degree of economic development, the added value
of the marine tertiary industry/added value of the marine secondary
industry represents the marine industrial structure, the level of
openness is the ratio of regional import and export volumes to
GDP, and investment in industrial pollution control/GOP
represents environmental regulation.

Descriptive statistics of the variables is shown in Table 1.

4.2 Estimation of marine GTFP based on
the EBM-GML index model

In this study, a hybrid radial EBM-GML productivity index model
was employed for estimation. The calculated results represent the
marine GTFP from time t to t+1. Moreover, this study calculated the
marine GTFP for different coastal regions of China from 2007 to 2016.
The findings are presented in Table 2 and Figures 2 and 3.

The results (Table 2) show that the overall average marine
GTFP of the 11 coastal regions of China increased from 1.1011 in
2007 to 1.1822 in 2016. Throughout the study period, the average
comprehensive marine GTFP of the 11 coastal regions of China was
1.0715. The present state of low-level development in China’s green
marine sector is undergoing transformation. China is gradually
moving away from a low-quality, extensive, and outward-oriented
model of marine economic growth and transitioning toward a high-
quality, intensive, and efficient model. The quality and efficiency of
China’s marine economy are becoming increasingly evident.

VARIABLES Unit Mean Sd Min Max
Labor Ten thousand persons 305.0 210.1 81.50 868.5
Capital 100 million RMB 6,869 5,291 437.6 25,448
Energy Ten thousand tons of
2,645 1,718 272.3 7,827
standard coal
GOP 100 million RMB 4,079 3,268 300.7 15,968
Marine industrial wastewater discharge Ten thousand tons 16,472 11,257 771.8 43,233
Marine industrial solid waste Ten thousand tons 1,264 1,144 43.51 5,138
Marine i trial sulfi Ten th
an'ne '1ndus %‘la' sulfur en thousand tons 9,091 6447 0137 58.07
dioxide emissions
Marine industrial carbon Million tons
L. L 5491 35.60 5.680 168.4
dioxide emissions
Economy RMB 10,139 8,220 720.4 35,215
Industry / 1.245 0.573 0.457 3.082
Open / 0.566 0.381 0.109 1.670
Regulation / 5.358 2.190 2.595 10.70
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TABLE 2 Marine GTFP of 11 coastal regions in China from 2007 to 2016.

District
Zhejiang 1.0875 1.1048 1.0573 1.1170 1.1052 1.0539 1.0427 1.0455 1.0038 11274
Tianjin 1.1018 1.1565 1.0480 1.2031 1.1150 1.0482 1.0702 1.0354 0.9918 1.0148
Shanghai 1.0480 1.0541 0.9662 1.3095 1.1475 1.1878 1.0945 1.0403 1.1183 1.2757
Shandong 1.0758 1.1084 0.9723 1.0435 1.0489 1.0068 0.9962 0.9903 0.9673 1.2685
Liaoning 1.0085 1.0591 0.9858 1.0648 1.0677 09717 0.9879 0.9521 0.7771 0.9940
Jiangsu 1.2115 1.0811 1.1517 1.1648 1.1084 1.0399 1.0292 1.0614 1.0344 1.2704
Hebei 1.3141 1.2337 0.8584 1.0724 1.0891 0.9581 0.9463 0.9855 0.9820 1.5520
Hainan 11239 1.0311 1.1165 1.1959 0.9473 1.0387 1.1241 1.0345 1.0569 1.0839
Guangxi 0.9877 0.9689 0.8778 1.0704 1.1303 1.0431 1.0946 1.0525 1.0418 1.1204
Guangdong 1.0461 1.0777 1.0069 1.0779 1.0567 1.0177 1.0400 1.0572 1.0191 1.1828
Fujian 1.1071 1.0862 1.0595 1.0971 1.1007 1.0653 1.1066 1.0278 11116 1.1142
Mean 1.1011 1.0874 1.0091 1.1288 1.0833 1.0392 1.0484 1.0257 1.0095 11822

Data source: The author compiled the data based on the calculation results.

To obtain more thorough insight into the dynamic changes in
the marine GTFP of the 11 coastal regions and primary marine
economic circles in China, this study presents a trend chart of the
marine GTFP in the 11 coastal regions of China from 2007 to 2016
(Figure 2) and a comparative chart of the average marine GTFP in
the three major marine economic circles (Figure 3).

As depicted in Figure 2, the marine GTFP levels in the 11
coastal regions of China exhibited distinct phase characteristics,
reflecting an overall trend of fluctuating increase. From 2007 to
2009, the marine GTFP declined slowly, decreasing from 1.1011 in
2007 to 1.0091 in 2009 (a decline of 8.35%). This indicates that,
under the adverse effects of the 2008 financial crisis, China’s main
green productivity experienced a certain impact, displaying a
noticeable downward trend. In 2010, marine green productivity
recovered to 1.1288. From 2011 to 2015, the marine GTFP in most
of China’s coastal regions declined to varying degrees. The main
reasons for this were that China was in the “Twelfth Five-Year

Plan,” and there was increased pressure to reorientate the ocean
industry composition and enhance transformation. Some ocean
industries face issues, such as overcapacity and degradation of the
oceanic ecological environment. In 2016, China introduced the
“Maritime power strategy,” explicitly stating that the growth of the
marine economy is a key direction for China’s future economic
growth. This emphasizes the need to strengthen the extraction and
application of marine resources, foster marine industry, and protect
the oceanic ecological environment.

Consequently, the comprehensive marine GTFP increased to
1.1822 in 2016. The 19th National Congress of the CPC proposed
accelerating the establishment of an ecological civilization by
placing higher requirements on environmental pollution control.
It has made important deployments to advance the establishment of
an ecological civilization and accelerate the development of marine
power. Entering the “Thirteenth Five-Year Plan” period, with the
introduction of the economic and social development concepts of
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Trend of China's marine GTFP from 2007 to 2006. (A) Trend of marine GTFP in Northern Marine Economic Circle. (B) Trend of marine GTFP in
Eastern Marine Economic Circle. (C) Trend of marine GTFP in Southern Marine Economic Circle.
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FIGURE 3
Comparison of the average Marne GTFP of the three marine economic circles from 2007 to 2016.

“innovation, coordination, green, openness, and sharing,” China’s
marine economy has evolved into a more advanced form, with
optimized division of labor and a more rational structure. China’s
marine GTFP is a significant milestone.

Looking at the marine economic circles of China (Figure 3), the
regions with the highest average yearly growth rates of
comprehensive marine GTFP are the eastern, southern, and
northern marine economic circles. The comprehensive marine
GTFP of the eastern marine economic circle increased from
1.1156 in 2007 to 1.2245 in 2016 and exhibited a fluctuating
trend during the study period. The average marine GTFP was
1.1047, with a yearly growth rate of 0.94%. The marine GTFP of the
southern marine economic circle increased from 1.0662 in 2007 to
1.1253 in 2016 and remained stable throughout the study period.
The average marine GTFP was 1.0650, with a yearly growth rate of
0.54%. The marine GTFP of the northern marine economic circle
increased from 1.1251 in 2007 to 1.2073 in 2016, with an average
value of 1.0531.

4.3 Decomposition analysis of China’s
marine GTFP

The variation and decomposition trends in the comprehensive
marine GTFP for the 11 coastal regions and three primary marine
economic circles in China from 2007 to 2016 are displayed in
(Table 3; Figure 4). From 2007 to 2016, the overall growth rate of
the marine GTFP in the 11 coastal regions of China reached
approximately 7.15%. Specifically, technological progress
consistently displays an upward trend, with a mean rate of
increase of 7.98%, whereas the average decrease in technological
efficiency was 0.86%. These results suggest that technological
advancement is the key element influencing the comprehensive
variation in marine GTFP. Technological advances stimulated the
comprehensive development of marine GTFP. Concurrently, the
trends in the changes of absolute technical efficiency and
economies of scale efficiency have constrained the rise in
comprehensive marine green productivity, with rates of increase

TABLE 3 Marine GTFP and its decomposition in 11 coastal regions of China from 2007 to 2016.

District GTFP EC PEC SEC TC
Zhejiang 1.0745 0.9994 0.9993 1.0001 1.0752
Tianjin 1.0785 1.0000 1.0000 1.0000 1.0785
Shanghai 1.1242 1.0000 1.0000 1.0000 1.1242
Shandong 1.0478 0.9783 1.0000 0.9783 1.0712
Liaoning 0.9869 0.9662 0.9727 0.9932 1.0206
Jiangsu 1.1153 1.0000 1.0000 1.0000 1.1153
Hebei 1.0992 0.9904 1.0000 0.9904 1.1036
Hainan 1.0753 0.9788 1.0000 0.9788 1.0984
Guangxi 1.0388 0.9834 1.0000 0.9834 1.0553
Guangdong 1.0582 1.0000 1.0000 1.0000 1.0582
Fujian 1.0876 1.0092 1.0066 1.0025 1.0779
Mean 1.0715 0.9914 0.9981 0.9933 1.0798

Data source: The author compiled the data based on the calculation results.
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FIGURE 4

Changes in China’s marine GTFP and its decomposition index from 2007 to 2016.

of -0.19% and -0.67% in turn. The empirical results suggest that
variations in scale efficiency have a greater adverse effect on
China’s marine GTFP.

Table 3 presents the variation patterns of the comprehensive
marine GTFP in the 11 coastal regions of China from 2007 to 2016,
along with the differences between the regions. Approximately half
of the provinces had comprehensive marine GTFP values exceeding
the national average. These include the Zhejiang, Tianjin, Shanghai,
Jiangsu, Hebei, Fujian, and Hainan provinces. Hebei and Tianjin are
provinces of the northern marine economic circle that surpass the
national average. The growth levels of the other provinces in the
northern marine economic circle were below average, primarily
because of technological progress, a decline in absolute technical
efficiency, and a decrease in economies of scale. In the eastern
marine economic circle, the comprehensive marine GTFP of all
provinces exceeded the national average. The mean rate of increase
in the marine green comprehensive productivity in Shanghai was
11.00%, whereas that in Jiangsu was 11.50%. Fujian and Hainan
surpassed the national average in the southern marine economic
circle, whereas Guangxi and Guangdong experienced negative
growth. The main reason for this was a decline in technological
efficiency. Through a longitudinal analysis of the comprehensive
marine GTFP in the 11 coastal regions of China, it was evident that
the marine GTFP in all 11 coastal regions remained above one
throughout the duration of the study, indicating rapid growth in the
degree of marine green development.

4.4 Spatial pattern of China’s marine GTFP

To more directly reflect the regional characteristics of the
marine GTFP in China, this study adopted ArcGIS software to
draw the evolution of the spatial pattern of the marine GTFP of
China in 2007, 2010, 2013, and 2016 using the natural breakpoint
method. The results are shown in Figure 5.
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As depicted in Figure 5, the marine GTFP increased in most
provinces, which indicates that the green transformation and
upgrading of China’s marine economy have been accelerating,
and new achievements have been made in the high-quality
development of the marine economy. From 2007 to 2010, the
marine GTFP in Zhejiang, Tianjin, Shanghai, Liaoning, Hainan,
Guangxi, and Guangdong exhibited an upward trend. From 2010
to 2013, the marine GTFP in Guangxi and Fujian showed a
smooth increase, whereas those in the other nine coastal regions
showed a decreasing trend. From 2010 to 2016, the marine GTFP
increased significantly in most coastal provinces. In general, the
results show that China has greatly improved the utilization rate
of marine resources, with almost no over-exploitation or
utilization during the study period. This also indicates that
China’s marine economic development has shifted to high-
quality development, and efforts should be made to control
energy consumption and shift toward the use of clean energy in
the future.

Combined with regional analysis, the three marine economic
circles in China show significant differences. In the eastern region,
marine GTFP increased, whereas it was relatively stable in the
northern and southern regions. This indicates that the initiative
and consciousness of implementing the concept of green
innovation in our eastern marine economic circle have been
significantly enhanced, with more attention paid to the
formation of culture and green values, and that actively
promoting environmental governance can form an
environmental protection linkage. The rational allocation of
resources has further improved the level of marine GTFP. In the
process of economic development in the northern and southern
marine economic circles, great efforts have been made to introduce
advanced green technologies and related industries in the eastern
regions. In the process of green economic development, the late-
developing advantage of northern and southern marine economic
circles is gradually becoming obvious.
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4.5 Center of gravity transfer path and
standard deviation ellipse analysis of
China’s marine GTFP

Marine GTFP data were calculated based on the EBM-GML
index model, and the center-of-gravity standard deviation
ellipse-related parameters and spatial position transfer paths of
the marine GTFP in 11 coastal regions of China from 2007 to
2016 were calculated. The geographic center of efficiency depicts
the distribution of marine GTFP intensity across 11 coastal
provinces in China. Additionally, the standard deviation ellipse
provides insights into the spatial spread of the marine GTFP
across these coastal regions. The shift in the center of gravity
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reflects the shift in spatial distribution, which has great
significance for exploring the spatiotemporal evolution of the
marine GTFP in China.

Based on an examination of the distribution and shifts of the
gravitational center for the marine GTFP (see Table 4; Figure 6),
the gravitational center of the marine GTFP in 11 coastal regions
of China varied from 116.635° E to 116.776° E and 30.817° N to
31.294° N from 2007 to 2016, indicating that the marine GTFP in
the 11 coastal regions of China remained spatially stable
throughout the study period. From the standard deviation of the
ellipse parameters from 2007 to 2016, the variation range of the
major half-axis of the ellipse was 1201.902-1234.915 km, and the
variation range of the shorter half-axis was 408.905-415.054. The

TABLE 4 Standard deviation ellipse parameters of the spatial distribution pattern of marine GTFP in 11 coastal regions of China from 2007 to 2016.

Year Barycentric Corner Area/ Standard deviation along = Standard deviation along Shape
Coordinate 0/° 10000km? the x-axis the y-axis Index
2007 116.750°E,31.245°N 19.704 157.249 408.905 1224.159 0334
2010 116.776°E,31.029°N 20.639 158.590 411.270 1227.501 0335
2013 116.635°E,30.817°N 21.027 159.371 410.813 1234915 0333
2016 116.753°E,31.294°N 19.758 156.712 415.054 1201.902 0.345

Data source: The author compiled the data based on the calculation results.
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Standard deviation ellipse and center of gravity transfer path of China’s marine GTFP.

corresponding space for the orientation angle of the standard
deviation ellipse was 19.704° to 21.027°. Throughout the study, the
standard deviation ellipse range of each characteristic time point
exhibited a path of initial expansion, followed by a slow decline,
suggesting that the spatial distribution pattern of the marine
GTFP in the 11 coastal areas of China is constantly tending
toward concentration.

Compared with the expansion of the standard deviation
ellipse, the form index of the standard deviation ellipse aligns
with the variation in the expanse of the ellipse, demonstrating a
tendency to diverge from a circular shape. This suggests an
uneven distribution of the marine GTFP across the 11 coastal
regions of China in the east-west and north-south directions.
This imbalance became particularly evident during the initial
phase of the investigation (2007-2010). The extent of the major
axis expanded from1224.159 km in 2007 to 1227.501 km in 2010;
the length of the minor axis expanded from 408.905 km in 2007
to 411.270 km in 2010; and the elliptical rotation angle increased
and became increasingly circular. In the intermediate and later
phases of the study (2010-2016), the length of the major half-axis
first increased and then decreased, whereas that of the minor
half-axis decreased and then increased. The fluctuation
amplitude of the elliptical rotation angle was relatively narrow,
suggesting that the overall spatial distribution pattern of the
marine GTFP in the 11 coastal regions of China was relatively
stable (Gai et al., 2018).
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4.6 Analysis of convergence test for the
marine GTFP in China

The divergence and convergence of the marine GTFP in China
were analyzed using a convergence test. In this study, the dynamic
evolution trend of the GTFP differences among coastal provinces in
China was analyzed in accordance with the empirical findings of the
convergence test. The convergence of the analysis findings shows
that introducing a series of ocean policies in China helps narrow the
gap in the GTFP of the ocean among provinces. Similarly, the lack
of convergence in test results indicated a growing gap between some
undeveloped and more developed provinces in the current marine
policy environment. In order to conduct a more thorough analysis
of the regional disparities in the GTFP of the 11 coastal regions of
China, this study uses a convergence test to investigate the
characteristics and origins of regional disparities in marine GTFP
in 11 coastal regions of China.

4.6.1 o Convergence test

As shown in Table 5, only the southern circle has ©
convergence, while there is no ¢ convergence in the northern,
eastern economic circle, and the whole country during the study
period. According to the calculation results, the national and
northern economic circles show a fluctuating state of decline-rise-
decline-rise, whereas the eastern economic circle fluctuates
significantly. The results show that the difference in the marine
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TABLE 5 China and the Northern, Eastern, and Southern marine economic circles ¢ convergence value.

Northern Marine

Eastern Marine

Southern Marine

Economic Circle Economic Circle Economic Circle Mo E
2007 0.1174 0.0765 0.0582 0.0843
2008 0.0653 0.0235 0.0517 0.0625
2009 0.0818 0.0876 0.1004 0.0897
2010 0.0661 0.0837 0.0523 0.0718
2011 0.0263 0.0210 0.0758 0.0501
2012 0.0404 0.0746 0.0187 0.0575
2013 0.0515 0.0327 0.0332 0.0532
2014 0.0345 0.0105 0.0135 0.0338
2015 0.1099 0.0564 0.0373 0.0903
2016 02166 0.0687 0.0369 0.1325
Mean 0.0810 0.0535 0.0478 0.0726
GTFP in the southern circle gradually disappears over time. In  undeveloped initial levels are larger and higher than that of the

contrast, the difference in the marine GTFP in the northern
economic circle, eastern economic circle, and the entire country
always exists. As for the three marine economic circles, the mean
standard deviation of marine GTFP in the northern economic circle
was the largest (0.0810), followed by the eastern (0.0535) and
southern economic circles (0.0478), suggesting that the internal
regional disparity in marine GTFP in the northern economic circle
was greater than that in the eastern and southern marine
economic circles.

4.6.2 Absolute 3 convergence test

The absolute B convergence test can further confirm whether
the marine GTFP in 11 coastal regions of China approaches a
consistent and uniform level, that is, whether the provinces with
comparatively undeveloped marine GTFP have a “catch-up effect”
on developed provinces. There is a negative correlation between the
expansion rate of the marine GTFP and that of the primary stage.
The value lower than zero shows the absolute 3 convergence,
indicating that the rates of increase in the provinces with

TABLE 6 Absolute  convergence test.

more developed provinces, forming a catch-up effect, and the two
are likely to ultimately converge toward a consistent and
uniform level.

Before the empirical analysis, the panel model is evaluated using
the Hausman test, and the comprehensive importance of the
conformance outcomes of the regression equation is further
analyzed. The estimation outcomes of absolute  convergence of
GTFP in 11 coastal regions of China are presented in Table 6. The
overall significance in the eastern economic circle, the southern
economic circle, and the northern economic circle was judged with
the random utility model, while the general significance in the
whole country was judged with the regular effect model. The
corresponding B values of each region were negative, suggesting
that the absolute B convergence of marine GTFP exists across the
entire nation and three marine economic circles. The findings
indicate that the marine GTFP in the 11 coastal regions of China
can increase relatively synchronously and that the internal
differences gradually disappear over time (Zhao et al, 2023).
Viewed through the lens of regional variations, the calculated

Northern Marine Eastern Marine Southern Marine Nationwide
Economic Circle Economic Circle Economic Circle
-0.989%** -0.969** -0.944%** -1.013%*
Lny
(-4.430) (-4.210) (-5.330) (-7.950)
0.0370* 0.093*** 0.058*** 0.063*%*
Constant
(1.820) (3.830) (4.200) (5.630)
Model random random random regular
Settings
R? 0.388 0.415 0.455 0.421
N 40 30 40 110
conclusion convergence convergence convergence convergence
*p< 0.10, **p< 0.05, ***p< 0.01; t values are in parentheses.
Frontiers in Marine Science 12 frontiersin.org



https://doi.org/10.3389/fmars.2024.1466494

https://www.frontiersin.org/journals/marine-science

https://www.frontiersin.org



Huang et al. 10.3389/fmars.2024.1466494

TABLE 7 Conditional B convergence test.

Southern Marine

Eastern Marine

Northern Marine

o e o Nationwide
Economic Circle Economic Circle Economic Circle
Lny -0.570* -0.971%* S1L110%0* -0.875%+
(-2.030) (-3.650) (-5.860) (-10.130)
Lnx1 -0.230%¢ 0.007 0.036 -0.046
(-2.480) (0.200) (1.070) (-1.370)
Lnx2 0.082** 0.167 -0.001 0.940
(0.620) (0.530) (-0.310) (1.400)
Lnx3 -0.535%* -0.046 -0.032 -0.154%¢
(-2.620) (-0.710) (-0.120) (-1.740)
Lnx4 0.414 -0.097 -0.013 -0.050
(0.920) (-1.470) (-0.180) (-0.270)
Constant 0.831 0.143 -0.249 0411
nstan
ons (0.890) (0.460) (-0.690) (0.990)
Model random random random regular
Settings
R? 0.536 0.493 0.536 0.462
N 40 30 40 110
COIlClLlSiOIl conver: gence conver gence conver: gence convergence

*p< 0.10, **p< 0.05, ***p< 0.01; t values are in parentheses.

parameters for the three marine economic circles are all negative
and highly significant, indicating that the disparity in the growth of
the marine GTFP within the same area is progressively narrowing
and that all regions of the three marine economic circles can achieve
the same steady-state growth rate in the marine GTFP.

4.6.3 Analysis of conditional B convergence test

Conditional B convergence tests whether the convergence of
marine GTFP in 11 coastal regions of China approaches their
steady-state levels under the respective characteristic systems of
different regions. Similarly, the panel data were first analyzed using
the Hausman test to ascertain the selection of the model, and a
significance analysis of the fitting results was conducted. Table 7
presents the results.

The results reveal that the conditional f convergence
coefficients of the three marine economic circles and the whole
country were significantly negative, which suggests that the marine
GTFP in 11 coastal regions of China gradually tends to their own
steady-state levels over time, showing certain conditional
convergence characteristics. The economic development
coefficients of the eastern and southern marine economic circles
are positive, suggesting that an increase in the percentage of marine
GDP positively affects marine GTFP growth. The marine industrial
structure parameters are notably positive within the northern
marine economic circle; however, they are not significant in the
eastern and southern economic circles, suggesting that the 11
coastal regions of China need to further enhance the degree of
marine green development by rationally enhancing the marine
industrial structure.

Frontiers in Marine Science 13

The parameter for the level of openness was notably negative
within the northern marine economic circle and nationwide,
indicating that an enhancement in the degree of openness was
not beneficial for the advancement of China’s marine green
development level. The environmental regulation coefficients
for the eastern, southern, and nationwide regions were
negative. This suggests that the rate of convergence of the
marine economy’s GTFP decelerates through environmental
governance investment, which does not contribute to the
advancement of China’s marine economy towards greater

environmental sustainability.

4.7 Robustness test

The robustness testing is very important for the rationality of
the model design. Therefore, we replaced the interpreted variable to
perform a standard regression robustness test in our study. We used
the SBM-GML model to recalculate the marine GTFP of China’s
coastal regions, the results are consistent with the estimates above,
which confirmed the robustness of our study.

The G convergence test recveals that the ¢ coefficient of China’s
marine GTFP shows a trend of’down-up-down”, which indicates
that China’s marine GTFP shows the characteristics of periodic
convergence and divergence. The ¢ coefficient of the southern
marine economic circle has the largest decrease and the strongest
convergence, which is basically consistent with the results of 4.6.1.

The absolute B convergence test shows that the estimated
coefficients of the three marine economic circles and the

frontiersin.org
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nationwide are significantly negative,the estimated coefficients are
-1.234, -0.346, -0.849, -0.973 of the northern,eastern, southern
economic circle and nationwide respectively, the estimates were
highly consistents with regession analysis and reveals the absolute 3
convergence of marine GTFP exists during the study period. The
conditional B convergence tests indicates that he estimated
coefficients are -1.284, -0.606, -0.958, -0.980 of the northern,
eastern, southern economic circle and nationwide respectively,
which significantly negative at the 1% level. Meanwhile, the
control variables coefficients were little difference from the results
of the baseline regression. It is concluded that the empirical results
obtained in this study are extremely stable.(Note: Due to the
limitation of space, the estimated results of the robustness test are
omitted and can be obtained from the author).

5 Conclusion and recommendation
5.1 Conclusion

In addition to promoting maritime power strategies and marine
ecological civilization, China attaches great importance to marine
green development. This study uses the EBM-GML model to
calculate the marine GTFP of China’s coastal regions, which
reflects the change in factor allocation and utilization efficiency in
the marine economy under multi-period dynamic conditions. The
findings of this study are summarized as follows.

1. The marine GTFP in the 11 coastal regions of China
increased from 1.1011 in 2007 to 1.1822 in 2016. The
average marine GTFP value was 1.0715, showing an
overall gradual improvement.

2. Improvement in the technological progress level is the main
driving force for the growth of marine GTFP, with a mean
increase rate of 7.98% and a mean decrease in technical
efficiency of 0.86%.

3. The spatial distribution patterns of the marine GTFP
tended to be concentrated continuously, suggesting that
the overall spatial distribution pattern of the marine GTFP
in China remained relatively stable during the study period.

. There is no obvious G convergence in the northern, eastern
marine economic circle. There is absolute and conditional
convergence in all coastal regions of China, indicating that
the marine GTFP across the entire nation and the three
marine economic circles converged to their respective

steady-state levels during the study period.

5.2 Recommendations

Based on the aforementioned results, this study makes the
following policy recommendations.
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1. The government should accelerate innovation in marine
scientific and technological research, as well as boost the
green and superior growth of the marine economy. Actively
promoting the thorough fusion of marine innovation chains
and industrial chains is driven by the industrialization of
high and new technologies; vigorously developing new
marine technologies, processes, models, and types of
businesses; optimizing the institutional environment for
innovation in marine scientific and technological research;
and strengthening the top-level overall planning of marine
science and technology innovation.

. The government should facilitate the transformation of the
marine economy from extensive to green and intensive
development. This can be achieved by strengthening the
dynamic surveillance and precursory alerting for marine
industry operations; optimizing the allocation of cluster
pollution emissions; encouraging the research, development,
and promotion of marine green technologies; and forming a
green marine industry development system for advanced and
applicable technology, continuous protection of resources, and
a friendly natural environment in line with carbon reduction
environmental targets.

. The government should facilitate the coordinated
advancement of the regional marine economy and foster the
construction of a new model of international engagement with
internal and external linkages and mutual aid between land
and sea. This can be achieved by deepening international
exchanges, introducing and learning foreign high and new
technologies, taking China as the main body of the cycle,
promoting domestic and international double cycles, carrying
out mutual development and rational allocation of the capital
stock of the marine economy, and promoting the growth of
marine GTFP from the level of technological progress.

. Local governments must set environmental constraint targets
according to circumstances, their own marine oceanic
advancements, the present state of marine resources, and the
environment. The government should continuously optimize
the combination of environmental regulation tools and fully
exploit the function of ecological regulations during the eco-
friendly transition of the marine economy.
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