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As one of the important forces promoting the development of the marine economy, the marine biomedical industry (MBI) shows typical knowledge and technology-intensive characteristics. It is of great significance to explore the industrial innovation dynamic mechanism for breaking through the bottleneck of innovative development as well as achieving high-quality development. This paper constructed a system dynamics model for scientific and technological innovation (STI) in the MBI and then explored the dynamic mechanism of STI in the industry through simulation. The study found that, in the innovation environment subsystem, the two factors of the intellectual property protection intensity and the government’s scientific research funding input had the most significant positive driving effects on STI of the MBI; the promotion of government education funding input showed a significant strengthening trend over time, while the marine environmental regulation intensity had comparatively little effect on the level of STI. In the subsystem of innovation input, both innovation funding input and innovation personnel input were the direct driving forces for the improvement of the STI level. And enterprises played a dominant role in STI because the STI level of the MBI was more sensitive to the changes in enterprise innovation input. Compared with the individual factor input, the synergistic promotion effect of multiple factors is more significant. In addition, it was found that there was a low conversion rate of scientific research achievements in China’s MBI by analyzing the influence of various factors changing on technological output and economic output. Based on the research results, this paper puts forward corresponding policy suggestions in order to provide theoretical support and a practical basis for promoting the technological innovation level of China’s MBI as well as references for other countries.
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1 Introduction

In recent years, the marine economy has attracted high attention from various countries (Stebbings et al., 2020; Pace et al., 2023a). The marine biomedical industry (MBI), as a strategic emerging industry with great development potential, its rapid development is of great significance for fully utilizing marine medicinal biological resources and promoting sustainable development of the marine economy. Under the condition of continuous threats to human health and constraints of resources and environment, the United Nations has proposed to improve global health to enhance human well-being and promote sustainable utilization of marine resources and the environment through scientific and technological innovation (STI) (United Nations, 2014; Pace et al., 2023b). As early as the 1990s, major marine countries put forward international major plans such as the “Marine Biotechnology Plan”, and the MBI has developed rapidly, making important contributions to solving major difficult diseases such as diabetes, cardiovascular and cerebrovascular diseases, and improving human health. China’s MBI has developed rapidly under the background of the “Marine Power” strategy. According to the “China Marine Economic Bulletin”, the average annual growth rate of China’s MBI has exceeded 40% from 2010 to 2021. The MBI has become an important engine for promoting the transformation and upgrading of the marine industry and realizing high-quality development of the marine economy in China (Li et al., 2023). However, there is still a big gap between China’s MBI and developed countries. The overall development level of the industry is not high with the lagging progress of drug research and development (R&D) in China, so the problem of disconnection between drug R&D and production & sales needs to be solved urgently. The STI is the key to solving the above problems and achieving high-quality development of the MBI (Fu et al., 2022). Therefore, it is of great theoretical value and practical significance to explore the dynamic mechanism of STI in China’s MBI for solving the problem of insufficient innovation capability in the development of the industry.

The MBI has become one of the key topics of concern for scholars around the world. Previous studies have mainly involved, for example, the application status of marine organisms in the field of medicine (Araújo et al., 2021; Hu et al., 2023; Gozari et al., 2021), the influencing factors and path of industrial development (Dai and Han, 2017; Fu et al., 2018a), the elements allocation of industrial development and the function mechanism (Fu et al., 2018b), and the evolution of related policies (Ji et al., 2022). The MBI is a technology-intensive industry, and STI is an important driving factor for the high-quality development of the MBI (Fu et al., 2022). In recent years, the innovation efficiency of China’s MBI has been continuously improved, but it is still at a low level in general with a regional imbalance (Fu et al., 2020). As the first link in the innovation chain, basic research is the source of independent innovation. China’s basic research activity in the MBI is on the rise, but there is still a big gap between China and advanced countries (Zhang and Meng, 2019b). In addition, there is still a “disconnect” phenomenon in the cooperation and interaction between enterprises and research institutions in the field of China’s MBI (Zhang and Long, 2019a). The breadth and depth of cooperation between various innovation subjects need to be strengthened in the industry-university-research cooperation network (Zhang et al., 2019c). In order to solve the current problems and realize the breakthrough development of the MBI in China, some scholars put forward suggestions on increasing dynamic factors and strengthening technological innovation based on the perspective of the industrial innovation ecosystem (Bai and Wu, 2020).

The research methods to explore innovation in other fields can be referenced to the MBI. The existing research methods mainly included data enveloping analysis (DEA) (Qian et al., 2022), stochastic frontier analysis (SFA) (Li et al., 2021), and regression analysis (Wang et al., 2022; Yang et al., 2022) to measure innovation efficiency and study its influencing factors. In addition, the spatial econometric method was also adopted to explore the spatio-temporal evolution characteristics of STI levels (Duan and Du, 2022). To explore the dynamic mechanism of industrial technological innovation, some scholars explored the mechanism of key factors through gray correlation analysis (Fang et al., 2021). These studies can provide scientific methods for measuring the efficiency of industrial innovation and exploring the dynamic mechanism of industrial STI in the MBI.

To sum up, in terms of research content, the relevant research mainly focused on the measurement and calculation of the innovation efficiency of the MBI, which could not clearly explain the dynamic mechanism of STI, and thus could not establish a logical framework for its innovation study. In terms of research methods, the existing research was mostly in the static perspective, which could not be used to analyze the interaction mechanism between various factors within the dynamic system of STI in the MBI from a dynamic perspective. In order to solve the problems above, this paper analyzed the dynamic mechanism of STI through simulation based on the construction of the dynamic model of the STI system of the MBI. And then the corresponding countermeasures and suggestions were put forward to provide scientific guidance for improving the innovation level of the MBI to realize the high-quality development of the industry.




2 Theoretical analysis of the dynamic mechanism of STI in China’s MBI

In the 1990s, Breschi and Malerba first proposed the concept of sectoral innovation system, which is mainly composed of enterprises involved in the development, production, and research of products and technologies in specific industries (Breschi and Malerba, 1997). Malerba (2002) further suggested that an sectoral innovation system should also include other innovation subjects, knowledge and technology, and institutional environment apart from enterprises. The STI of the MBI is the process in which relevant enterprises, universities, and research institutes transform innovation inputs into innovation outputs through technological R&D, achievement transformation and so on in innovative environments such as policies and markets, thereby constituting the STI system of the MBI. According to the theory of complex systems, a complex system comprises multiple subsystems whose interactions collectively propel the overall evolution of the complex system. Therefore, this paper divides the STI system of the MBI into three subsystems: the innovation environment subsystem, the innovation input subsystem, and the innovation output subsystem from the perspective of the innovation process based on the theoretical analysis above and existing literature (Hu et al., 2020). On this basis, a diagram of the dynamic mechanism of the STI of the MBI was constructed according to the innovation system theory, technological innovation theory, and production factor theory, as shown in Figure 1. The specific analysis is as follows:

	(1) Innovation input is the direct driving factor of STI. Innovation input includes two parts: innovation funding input and innovation personnel input, which cover all links of the innovation chain of the MBI. Among them, drug discovery, development, and transformation of innovative achievements rely heavily on infrastructure such as high-tech equipment. Innovation funds provide financial guarantees and infrastructure for them, which is the most direct driving force for STI (Xue et al., 2023). From basic research on product development, the main body of each link in the innovation chain is “people”. Innovative talents learn, master, and apply new knowledge and technologies, and then transform them into innovative output. The innovation of the MBI is ultimately conducted by innovative talents (Li et al., 2014). As the most flexible factor of innovation, innovative talents are a necessary condition for conducting basic research and realizing the transformation of scientific research achievements, hence they are one of the important sources of STI. Therefore, innovation input is the basic factor of innovation and the prerequisite for innovation output (Liu et al., 2018), which provides the material basis for innovation while being the direct driving factor of innovation.

	(2) A good innovation environment is a necessary condition for STI. While offering a good environment for the development of innovation in terms of policies, funds, and intellectual property protection, it also stimulates innovation subjects to make innovation investment decisions. The theory of the national innovation system points out that policy factors play an important role in the development of STI. Among them, the government’s fiscal STI policy can not only directly provide financial support for innovation subjects, but also encourage innovation subjects to increase innovation funding input with subsidies, taxes, and other measures. The government’s educational STI policy can cultivate more high-quality professionals so as to provide talent support for the development of STI (Zhang et al., 2019). According to the traditional intellectual property theory, increasing the intellectual property protection intensity can promote innovation efficiency by maintaining market order and promoting technological competition (Han et al., 2019). Intellectual property protection can reduce R&D risks by enabling enterprises to privatize innovative achievements within a certain period and can also help the realization of technology transactions by improving product competitiveness and reducing transaction costs (Yang et al., 2023). Therefore, the protection of intellectual property rights is an important external factor affecting the STI level of the MBI. Environmental regulation plays an important role in marine innovation (Zhang and Wang, 2021). In the process of its development, the marine industry may cause marine environmental pollution characterized by negative externality, which needs to be solved by the government formulating relevant policies to increase the marine environmental regulation intensity. Marine environmental regulatory policies will affect the cost and benefits of STI for enterprises. Consequently, enterprises need to reallocate technological innovation resources. Thus, the marine environmental regulatory policy stimulates enterprises to increase innovation input with the anti-driving mechanism, thereby improving the STI level of enterprises and industrial competitiveness (Ren and Wang, 2023).

	(3) The improvement of innovation output level has a positive feedback effect on both innovation input and innovation environment. The increase in industrial innovation output will bring about the growth of innovation and economic benefits. Both the increase in enterprise innovation profits and the growth of government innovation investment income will in return stimulate enterprises and the government to increase innovation input so that universities and marine research institutes can also obtain more innovation funding support. Thus, the entire innovation system forms a spiral upward virtuous circle.






Figure 1 | Diagram of the dynamic mechanism of the STI system of the MBI. MBI, marine biomedical industry; STI, scientific and technological innovation; R&D research and development.






3 System dynamics model construction



3.1 Research methods

System dynamics provides a method to study the dynamic behavior of the system with mathematical models and computer simulation techniques, based on the feedback mechanism of various factors within the system (Wang, 2009). System dynamics believes that system behavior is determined by the internal structure of the system and the interaction mechanism among various parts. On the basis of fully exploring and analyzing the causal relationship among various factors, this method constructs a system dynamics model and conducts simulation analysis according to the principles of data availability and operability as well as the dynamic changes of each element. The simulation results can reveal the content and characteristics of the system dynamic mechanism.

The STI of the MBI is a dynamic and complex system, which is affected by many factors such as the innovation environment and the innovation input. The method of system dynamics can effectively overcome many problems, such as some data missing, and some indicators being difficult to quantify in the research process. System dynamics has been well applied to study the dynamic mechanism of industrial innovation (Xiong and Zang, 2015) and the factors affecting the level of industrial or national STI (Samara et al., 2012) and other aspects. Based on this, this paper uses the system dynamics method to explore the dynamic mechanism of the STI in China’s MBI.




3.2 System boundary determination

In the system dynamics model, the behavior of the system is determined by the internal factors of the system and the interaction among various factors while the external factors cannot play a decisive role. Therefore, the boundary of the system should first be determined when using this method. According to the theoretical analysis above, this paper divided the STI system of the MBI into three subsystems: innovation environment, innovation input, and innovation output. According to the sectoral innovation system theory, industrial innovation is mainly related to the innovation subject, knowledge and technology, and institutional environment (Malerba, 2002). Moreover, as a knowledge and technology-intensive industry with a high level of STI, the innovation level of the MBI is mainly influenced by factors such as talent, funds, and technology (Di Paola and Spena, 2019; Fu et al., 2020; Lai and Shi, 2021). Therefore, in the innovation environment subsystem, this paper selected factors such as government research funding input, government education funding input, intellectual property protection intensity, and marine environmental regulation intensity; the innovation input subsystem included two parts: innovation funding input and innovation personnel input from various subjects of industry, university, and research institution; the innovation output subsystem included technological output and economic output. The technological output is usually characterized by the number of patent grants or patent applications in the existing literature. Since the patent authorization process is complex and easily affected by human factors (Wang and Tan, 2014), this paper used the number of patent applications of the MBI as a characterization factor of the innovation level by referencing existing literature. At the same time, this paper selected the added value of the MBI to represent the economic output. The system boundary was finally determined, and its internal influencing factors are shown in Table 1.


Table 1 | Determination of system boundaries.






3.3 Basic hypotheses

The STI of the MBI has the characteristics of long-term and continuity. In order to highlight the research objects and modeling purposes, the basic hypotheses made in this paper are as follows:

	H1: The STI of the MBI is a continuous and gradual process.

	H2: The influence of force majeure factors such as natural disasters and war is not considered in the operation of the system.






3.4 Causal loop diagram establishment and causality analysis

The STI of the MBI is the result of the mutual influence and interaction of various factors in multiple paths. On the basis of analyzing the causal feedback relationships among various factors within the system, factors including gross domestic product (GDP) were added to maintain the integrity and rationality of the system. The causal loop diagram of the system dynamics of STI of the MBI was constructed as shown in Figure 2.




Figure 2 | Causal loop diagram of the STI system of the MBI. GDP, gross domestic product.



There were many causal relationship loops in the causal loop diagram shown in Figure 2, and eight typical loops were selected for analysis here.

Among them, the following four loops were selected based on the administrative driving force of the government in the STI of the MBI in the innovation environment subsystem.

Loop 1: Fiscal expenditure → Government research funding input → Enterprise R&D funding input → Number of enterprise patent applications → Number of patent applications of the MBI → Sales revenue of new products → Enterprise main business revenue → Enterprise profit → Enterprise tax → Total tax revenue → Fiscal revenue → Fiscal expenditure.

Loop 2: Fiscal expenditure → Government research funding input → R&D funding input of universities and marine scientific research institutions → Number of patent applications of universities and marine scientific research institutions → Number of patent applications of the MBI → Sales revenue of new products → Enterprise main business revenue → Enterprise profit → Enterprise tax → Total Tax revenue → Fiscal revenue → Fiscal Expenditure.

Loop 3: Policy factor → Intellectual property protection intensity → Number of enterprise patent applications → Number of patent applications of the MBI → Sales revenue of new products → Added value of the MBI → GDP → Economic development → Policy factor.

Loop 4: Policy factor → Intellectual property protection intensity → Number of patent applications of universities and marine scientific research institutions → Number of patent applications of the MBI → Sales revenue of new products → Added value of the MBI → GDP → Economic development → Policy factor.

The four loops above are all positive feedback loops. Loop 1 and Loop 2 show that the government can provide financial support to relevant enterprises, universities, and marine scientific research institutions with a supply-driven innovation policy, which can stimulate the innovation vitality of each subject while reducing the risk of STI. Loop 3 and Loop 4 show that the government can improve the intellectual property protection intensity in society and standardize the market, in order to provide a good innovation environment based on the environment-impacting innovation policy. In this way, the government can improve innovation capability by improving relevant laws and regulations.

Then, the following four loops were selected based on the direct driving role of various innovation subjects in the innovation input subsystem.

Loop 5: Enterprise R&D funding input → Number of enterprise patent applications → Number of patent applications of the MBI → Sales revenue of new products → Enterprise main business revenue → Enterprise R&D funding input.

Loop 6: R&D funding input of universities and marine scientific research institutions → Number of patent applications of universities and marine scientific research institutions → Number of patent applications of the MBI → Sales revenue of new products → Enterprise main business revenue → Enterprise profits → Enterprise tax → Total tax revenue → Fiscal revenue → Fiscal expenditure → Government research funding input → R&D funding input of universities and marine scientific research institutions.

Loop 7: Enterprise R&D personnel input → Number of enterprise patent applications → Number of patent applications of the MBI → Sales revenue of new products → Enterprise main business revenue → Enterprise profit → Enterprise tax → Total tax revenue → Fiscal revenue → Fiscal expenditure → Government education funding input → Number of graduates of marine majors in universities → Higher education level → Marine scientific research personnel → Enterprise R&D personnel input.

Loop 8: R&D personnel input of universities and marine scientific research institutions → Number of patent applications of universities and marine scientific research institutions → Number of patent applications of the MBI → Sales revenue of new products → Enterprise main business revenue → Enterprise profits → Enterprise tax → Total tax revenue → Fiscal revenue → Fiscal expenditure → Government research funding input → Number of graduates of marine majors in universities → Higher education level → Marine scientific research personnel → R&D personnel input of universities and marine scientific research institutions.

Loop 5-8 above are also positive feedback loops. Loop 5 and Loop 6 show that in the innovation input subsystem, the enhancement in the innovation funds of each innovation subject will increase the number of patent applications, which leads to the growth of the enterprise’s main business revenue accordingly as well as better returns of government’s innovation input. This will in return encourage enterprises and the government to increase input in innovation, forming a virtuous circle. Loops 7 and 8 show that increasing the input of innovation personnel in the MBI can provide more talent support for its innovation, forming the more powerful direct driving force of industrial innovation. The improvement of the innovation level will promote the development of the industry and lead to a growth in fiscal revenue. In return, the government will increase expenditures on financial education to train more high-quality talents in related fields, bringing stronger talent utility and finally improving innovation capability.




3.5 Establishment of the stock flow diagram and main equations



3.5.1 Establishment of stock flow diagram

The STI system dynamics flow diagram of the MBI was drawn by simplifying and supplying Figure 2 on the basis of the quantifiability of indicators and the availability of data. Then, according to the nature of the variables in the system, they were divided into state variables, rate variables, auxiliary variables, and constants, and finally got the system dynamics flow diagram of the STI activities of the MBI as shown in Figure 3, which provided the basis for the following simulation.




Figure 3 | The STI system dynamics flow diagram of the MBI.






3.5.2 Variable description and function relationship

This paper took the STI level of the MBI as the main research object. Based on consistency and availability of variables, the starting time of the model was determined as 2010 and the ending time was 2019, which made the study period of 10 years in the model where DT=1 year. The data mainly came from the China Statistical Yearbook, the China Marine Economic Statistical Yearbook, and the China Statistical Yearbook on High Technology Industry and related statistical bulletins. For the missing data, the interpolation method was used to complete the data. The patent data of the MBI in the model was sourced from the China Patent Database (CNPAT). The retrieval keywords, including professional terms such as Cytarabine, Vidarabine, and Poly Saccharide Sulfate, were selected on the basis of literature (Jiao, 2006) and the definition of marine drugs. The retrieved patent data was preprocessed to improve data reliability. Part of the data statistically counted and processed came from investigations, expert consultations, and questionnaire surveys. First-hand information and data were obtained by visiting and consulting typical MBI enterprises, universities, and research institutes in 11 coastal provinces and cities of China, as well as relevant government departments such as the National Marine Data and Information Service and the Ministry of Natural Resources. Then, adopting Eviews7.0 and SPSS25.0 software, the functional relationship between the variables of the system flow diagram was obtained with linear regression, curve fitting, table functions, and other methods. Referring to the research method of Gai et al. (2022), the marine environmental regulation intensity was calculated with “completed investment in the treatment of industrial pollution*gross ocean product/gross domestic product”. Referring to the existing literature, the intellectual property protection intensity was expressed as the product of law enforcement intensity and legislative intensity (Xu and Shan, 2008). The legislative intensity was indicated with the Ginarte-Park index, and the law enforcement intensity was comprehensively measured with the five indicators of judicial protection level, administrative protection level, economic development level, social public awareness, and international supervision. Referring to the research method of Zhang and Gu (2018), technology loans from financial institutions were represented by medium and long-term loan balances of financial institutions. The main variable types and functions of the system model constructed in this paper are shown in Table 2.


Table 2 | Main variable types and functions.








4 Simulation and analysis



4.1 Model test



4.1.1 Structural test and dimensional consistency test

Before the dynamics model of the STI system of the MBI is run, it is necessary to conduct a model structure test whether the settings of various factors are reasonable and logical in the model. In this paper, the model was tested with the Check Model function in Vensim PLE, and the result was displayed as “Model is ok”, indicating that the model passed the structural test.

Next, the model was tested for dimensional consistency. Among the variables included in the system dynamics model in this paper, the units of the factors involving capital were all in RMB hundred million, and they were all deflated with 2010 as the base year to eliminate the impact of inflation; the units of the factors involving personnel were all per person; the units of factors related to patents were pieces.




4.1.2 Fitting degree test

In order to determine whether the model can better reflect the STI of the MBI, it is necessary to test the fitting degree of the model with the fitting degree calculation Equation 1. The closer the degree of fit R2 is to 1, the better the model fit and the higher the reliability of the obtained results.

 

In Equation 1,   is the actual value,   is the simulated value,   is the average value, and n is the number of simulated years.

The fitting degree test was conducted on four factors selected from three subsystem above, respectively, including the number of patent applications of the MBI, the added value of the MBI, the R&D funding input of universities and marine research institutes, and the government education funding input. The actual values and simulated values of each variable are shown in Figure 4. From Figure 4, it could be seen that the simulated value of the four variables had a relatively similar change trend with the actual value. After calculation, the fitting degree of the number of patent applications, the added value of the MBI, the R&D funding input of universities and marine research institutes, and the government education funding input were 0.88, 0.89, 0.96, and 0.94, respectively, which indicated that the fitting degrees were significant, and the model passed the fitting test.




Figure 4 | Comparison results between actual and simulated values of main indicators. (A) The number of patent applications of the MBI. (B) The added value of the MBI. (C) The R&D personnel input in universities and marine research institutions. (D) The government education funding input.







4.2 Simulation results and analysis

The research goal of this paper was to analyze the dynamic mechanism of STI in China’s MBI and to clarify the logical starting point of it, from which to draw the policy suggestions for improving the innovation level of the MBI. So, the corresponding simulation results were generated by way of adjusting the input quantities of different factors in the model with Vensim PLE software. According to the results, a comparative analysis was conducted on the impact of the innovation environment (government support, intellectual property protection intensity, and marine environment regulation intensity) and innovation input (innovation funding and innovation personnel) on the STI of the MBI. The simulation and analysis were conducted as follows.



4.2.1 The impact of changes in government support

This paper selected two indicators of government research funding input and government education funding input to represent the strength of government support. On the original basis of input, the two factors were increased by 5%, 10%, 15%, and 20% respectively, in Tables 3, 4. The simulation results are shown in Figures 5, 6.


Table 3 | Regulation factor scheme of government research funding input.




Table 4 | Regulation factor scheme of government education funding input.






Figure 5 | The impact of government research funding input on the STI level of the MBI. (A) Changes in the number of patent applications of the MBI. (B) Changes in the added value of the MBI.






Figure 6 | The impact of government education funding input on the STI level of the MBI. (A) Changes in the number of patent applications of the MBI. (B) Changes in the added value of the MBI.



Government support has a significant positive impact on the improvement of the STI of the MBI, mainly reflected in the following two aspects:

	(1) The government research funding input can significantly improve the level of STI in the MBI. It could be seen from Figure 5 that the increase in government research funding input led to a significant increase in the number of patent applications of the MBI and could also promote the increase in the added value of the MBI. As time went by, the degree of coincidence of the curves gradually decreased, indicating that the level of the STI in the MBI was more sensitive to the changes in the government research funding input. With the promulgation of policy documents such as the “Decision of the State Council on Accelerating the Cultivation and Development of Strategic Emerging Industries” and the “12th Five-Year Plan” and “13th Five-Year Plan” for the development of strategic emerging industries, the government adjusted the structure of fiscal expenditures, gradually increasing the scale of government research funds in the field of STI in the MBI. Fiscal scientific research expenditure is one of the direct sources of scientific research funds for enterprises, universities, and research institutes. It can also stimulate innovation subjects and provide a strong backing for STI while reducing innovation risks.

	(2) The increase in government education funding input can promote the improvement of the innovation level of the MBI, and this promotion effect is strengthened over time. According to the results shown in Figure 6, the number of patent applications and added value of the MBI increased with the increase in government education funding input before 2014, but the range of change was small, and the five curves almost overlapped. This showed that as time goes by, the cumulative effect of government education funding input has gradually increased on talent training. The increase in government education funding input can cultivate more high-quality talents in related majors and provide talent support for STI though it has a long time-lag effect. As an emerging interdisciplinary discipline, the MBI requires professionals with multi-field expertise and strong innovation and creativity capabilities. Therefore, the cultivation of its professionals requires a long period of time, and it takes some time for the utility of scientific and technological talents to play out.






4.2.2 The impact of changes in the intellectual property protection intensity

The intellectual property protection intensity was increased by 5%, 10%, 15%, and 20% in the model, respectively, in Table 5. Then the simulation results obtained are shown in Figure 7.


Table 5 | Regulation factor scheme of the intellectual property protection intensity.






Figure 7 | The impact of the intellectual property protection intensity on the STI level of the MBI. (A) Changes in the number of patent applications of the MBI. (B) Changes in the added value of the MBI.



The improvement of the intellectual property protection intensity has played a significant positive role in promoting the level of STI in the MBI. Figure 7 reported that the intellectual property protection intensity had a significant role in promoting the level of STI in the MBI, and with the improvement of the intellectual property protection intensity, the impact on the level of STI showed an increasing trend. In addition, it could be seen from Figure 7 that there was almost no overlap between the curves, and the number of patent applications and industrial added value were relatively sensitive to changes in the intellectual property protection intensity. Since 2011, the national and local governments have issued many plans for the marine economy, and the formulation has also been highly valued in the intellectual property rights policies. The improvement of the intellectual property protection intensity has laid a solid foundation for the development of STI in the MBI. The MBI is a knowledge-intensive industry, and its industrial development and innovation level are closely related to intellectual property rights. The improvement of intellectual property protection can not only reduce the R&D risk of each subject through privatization of innovation achievements but also improve the competitive advantage of innovative products, and create a relatively fair market competition environment, which promotes technology transactions so as to realize the industrialization of knowledge achievements.




4.2.3 The impact of changes in the marine environmental regulation intensity

To explore the impact of changes in the intensity of marine environmental regulations, four simulation schemes were set up, as shown in Table 6.


Table 6 | Regulation factor scheme of the marine environmental regulation intensity.



The improvement of the marine environmental regulation intensity slightly promoted the increase in the level of innovation in the MBI. As shown in Figure 8, as the marine environmental regulation intensity changed proportionally, the number of patent applications and added value of the MBI showed an increasing trend, but the range of change was quite small. The curve coincidence was in a high degree, which indicated a quite low sensitivity of STI to the changes in the marine environmental regulation intensity. From the perspective of time series, the five curves almost overlapped before 2013, and fluctuated after 2013, indicating that the marine environmental regulation intensity had no obvious impact on the level of STI in the short term. Over time, the promoting effect of the marine environmental regulation intensity became increasingly significant in the improvement of innovation level. In the short term, the implementation of environmental regulatory policies can lead to an increase in enterprise environmental costs, which is a “cost effect”. For the implementation of environmental regulation by the government, enterprises should improve technology to reduce pollution emissions to a level that meets environmental standards. However, in this process, enterprises may encounter some resistance in improving production processes, introducing new equipment, and personnel training, which leads to increased costs. Therefore, due to the environmental costs and the obstruction of technological innovation links, environmental regulation has little effect on promoting STI in the initial stage of the implementation of environmental regulation policies. Over time, environmental regulation policies can prompt enterprises to carry out STI, thereby compensating for their investment in environmental protection and innovation, that is, there is an innovation compensation effect (Porter and Linde, 1995). The increase in costs brought about by environmental regulation will force the marine industry to improve its STI capabilities and reduce industrial production costs through STI to compensate for the cost increase caused by the increase in the marine environmental regulation intensity. On the whole, marine environmental regulation has little impact on the STI level of the MBI. The reason may be that the time is still short, and the incentive effect of marine environmental regulation has not yet fully emerged on industrial STI.




Figure 8 | The impact of the marine environmental regulation intensity on the STI level of the MBI. (A) Changes in the number of patent applications of the MBI. (B) Changes in the added value of the MBI.






4.2.4 The impact of changes in innovation funding input

The innovation funds invested by different subjects have different impacts on the level of STI at different scales and times. Innovation funds flowing more to subjects with strong innovation capabilities is conducive to improving the utilization efficiency of innovation resources. To further explore the impact of changes in innovation funding input, different simulation schemes were designed from two aspects: the change in the number of innovation funding input by each entity and the innovation funds allocation on the basis of unchanged total innovation funding input.

(1) Analysis of the impact of the change in the number of innovation funding input. In order to comparatively analyze the impact of changes in the innovation funding input of enterprises and universities, the following four schemes were designed, as shown in Table 7. Then the simulation results are shown in Figure 9.


Table 7 | Regulation factor scheme of the innovation funding input.






Figure 9 | The impact of different innovation funding input on the STI level of the MBI. (A) Changes in the number of patent applications of the MBI. (B) Changes in the added value of the MBI.



According to Figure 9, the increase in innovation funding input led to increases in both the number of patent applications and the added value of the MBI. Among them, the change in R&D funding input of universities and marine scientific research institutions did not cause a large fluctuation in patent applications and industrial added value, while the change in enterprise R&D funding input caused a large fluctuation in both. So, it can be concluded that, compared with universities and marine scientific research institutions, the STI of the MBI is more sensitive to changes in enterprise R&D funding input.

(2) Analysis of the impact of innovation funds allocation. On the basis of keeping the total amount of innovation funds constant, four schemes were set for the proportion of funds input of different innovation subjects as shown in Table 8. The simulation results are shown in Figure 10.


Table 8 | Regulation factor scheme of the innovation funds allocation.






Figure 10 | The impact of the allocation of innovation funds on the STI level of the MBI. (A) Changes in the number of patent applications of the MBI. (B) Changes in the added value of the MBI.



It could be seen from Figure 10 that under the condition of “increasing the enterprise R&D funding input by 10%, decreasing the R&D funding input of universities and marine scientific research institutions by 10%”, the number of patent applications and industrial added value of the MBI had the largest growth rate. On the contrary, under the condition of “decreasing the enterprise R&D funding input by 10%, increasing the R&D funding input of universities and marine scientific research institutions by 10%”, the number of patent applications and industrial added value in the MBI dropped the most. This indicates that the more innovation funds flow to enterprises, the more significant the promotion effect on the improvement of the STI level of the MBI is under the condition that the total amount of innovation funds is unchanged.

(3) Comprehensive analysis of the impact of changes in innovation funding input. Combining the two experimental results above, it could be seen that the positive promotion effect of each subject’s innovation funding input became more and more significant in the improvement of  STI level with time, which was an indispensable key factor for STI. However, compared with universities and marine scientific research institutions, the increase in enterprise innovation funding input had a better performance in improving the level of the STI in the MBI. Enterprise innovation funds mainly come from the enterprise, and the enterprise itself is not only the decision maker of innovation funds but also the decision maker of funds use. There are few decision-making links, so the effectiveness of innovation funding input is not easy to be delayed in time. However, the innovation funds of universities and marine scientific research institutions mainly come from financial expenditures, and the application process is complicated and the cycle is long, so the effect of innovation funding input is prone to the “time lag” phenomenon.




4.2.5 The impact of changes in innovation personnel input

In order to explore the impact of changes in innovation personnel input, different simulation schemes were designed from two aspects: the change in the number of innovation personnel input by each entity and the innovation personnel allocation on the basis of unchanged total innovation personnel input.

(1) Analysis of the impact of the change in the number of innovation personnel input. The R&D personnel input of enterprises and the R&D personnel input of universities and marine scientific research institutions were increased by 5% and 10% respectively, in Table 9, then the simulation results are shown in Figure 11.


Table 9 | Regulation factor scheme of the innovation personnel input.






Figure 11 | The impact of the different innovation personnel input on the STI level of the MBI. (A) Changes in the number of patent applications of the MBI. (B) Changes in the added value of the MBI.



Figure 11 reported that only a small increase was caused in the level of  STI in the MBI by increasing the innovation personnel input in universities and marine scientific research institutions. On the contrary, increasing the enterprise’s innovation personnel input led to a great increase in the number of patent applications and added value of the MBI. So, it can be concluded that, compared with universities and marine scientific research institutions, increasing enterprise talent had a more significant role in promoting the STI level of the MBI.

(2) Analysis of the impact of innovation personnel allocation. Four simulation schemes were designed as shown in Table 10 to explore the impact of the allocation of innovators among different innovation subjects on the STI of the MBI under the condition of keeping the total amount of innovators constant. The simulation results are shown in Figure 12.


Table 10 | Regulation factor scheme of the innovation personnel allocation.






Figure 12 | The impact of the allocation of innovation personnel on the STI level of the MBI. (A) Changes in the number of patent applications of the MBI. (B) Changes in the added value of the MBI.



It could be seen that under the condition of “increasing the enterprise R&D personnel input by 10% and decreasing the R&D personnel input of universities and marine scientific research institutions by 10%”, the number of patent applications and added value of the MBI increased the most; whereas in the case of “decreasing the enterprise R&D personnel input by 10% and increasing the R&D personnel input of universities and marine scientific research institutions by 10%”, the number of patent applications and added value of the MBI dropped the most. It can be seen that under the condition that the total amount of R&D personnel input remains unchanged, the more R&D personnel input flow to enterprises, the more significant the promotion effect on the improvement of the STI level of the MBI is.

(3) Comprehensive analysis of the impact of changes in innovation personnel input. Based on the two results above, it could be seen that increasing the innovation personnel input had a significant positive effect on the improvement of the level of STI in the MBI. This indicated that scientific research talents are the core resource of STI and the key force for improving the level of industrial technological innovation. The STI of the MBI was more sensitive to the changes in the enterprise innovation personnel input, so the increasing enterprise innovation personnel input could lead to faster innovation levels improvement. In addition, more innovators flow to universities and scientific research institutions, which may lead to a decrease in the number of patent applications, indicating that the existing talent evaluation system and scientific research management system fail to fully stimulate the innovation enthusiasm of innovators in universities and scientific research institutions, resulting in the waste of innovation personnel resources.




4.2.6 Comparison of the effects of various factors and analysis of multiple factors synergistic effect

After clarifying the impact of different input levels of various factors on STI in the MBI, this paper further explored the differences in the intensity of the effects among different factors. In addition, this paper also explored the impact of the synergistic effect of multiple factors on STI in the MBI by simultaneously increasing the input levels of all the factors, because it is often not only a single factor that changes in reality. Therefore, this paper designed simulation schemes 1-8, which aimed to explore the effect differences among these factors by increasing each factor by 10% while keeping other factors constant, respectively. Additionally, scheme 9 was designed to explore the synergistic effect of multiple factors by increasing all the factors by 5%. The specific simulation designs are shown in Table 11, and the simulation results are presented in Figure 13.


Table 11 | Regulation scheme of various factors changes.






Figure 13 | The impact of various factor input changes and multi-factors’ synergistic on the STI level of the MBI. (A) Changes in the number of patent applications of the MBI. (B) Changes in the added value of the MBI.



From Figure 13, it could be seen that, compared with the initial state, the STI level of the MBI had been improved to varying degrees after the implementation of the nine simulation schemes, with the greatest increase in the synergistic effect of multiple factors. To further explore the effect differences among the factors, this paper calculated the average annual growth rate of innovation output factors with the simulation model data. The results showed that the average annual growth rates of patent applications of the MBI under the influence of schemes 1-9 were 7.3%, 4.37%, 25.97%, 1.87%, 7.20%, 3.78%, 6.76%, 2.82%, and 35.3% respectively. The ranking of the average annual growth rates in terms of their impact was as follows: Scheme 9 > Scheme 3 > Scheme 1 > Scheme 5 > Scheme 7 > Scheme 2 > Scheme 6 > Scheme 8 > Scheme 4. The average annual growth rates of industrial added value were 1.83%, 0.32%, 7.13%, 0.4%, 1.49%, 1.03%, 1.4%, 1.07%, and 8% respectively. The ranking of the average annual growth rates in terms of their impact was as follows: Scheme 9 > Scheme 3 > Scheme 1 > Scheme 5 > Scheme 7 > Scheme 8 > Scheme 6 > Scheme 4 > Scheme 2.

According to the results above, there were significant differences in the level of contribution of various factors to STI in the MBI, and the synergistic promoting effect of multiple factors was stronger than all the individual factors. In the innovation environment subsystem, the promotion effect of intellectual property protection intensity was strongest, followed by government research funding input. However the overall promotion effect of government education funding input and marine environmental regulation intensity was at a relatively low level. In the innovation input subsystem, the contribution of enterprise R&D funding and personnel input was always higher than that of universities and marine research institutes. This result explains the limitations of the individual factor from another perspective. Therefore, the ranking in schemes 1-8 confirms the previous analysis results. Scheme 9, which represents the synergistic effect of multiple factors, had the strongest promotion effect on the STI of the MBI both in terms of innovation output and economic output. The synergistic effect of multiple factors can not merely increase the number of input factors, but enhance the cooperation and complementarity among subsystems and accelerate the transformation of innovation resources at the same time(Liu et al., 2023). Therefore, the improvement of STI in the MBI relies not only on the number of input factors but also on the synergistic effect of multiple factors.






5 Conclusions and policy suggestions



5.1 Conclusion

On the basis of analyzing the structure of the STI system of the MBI, this paper built a dynamic model and explored the dynamic mechanism of STI in China’s MBI by designing different simulation schemes. The study conclusions are as follows:

(1) In the innovation environment subsystem, government support (government research funding input and government education funding input), intellectual property protection, and marine environmental regulation are all important promoting forces to improve the STI level of the MBI. The innovation level of the MBI is significantly more sensitive to the changes in the intellectual property protection intensity and government research funding input, and the two have a strong significant role in improving the STI level of the MBI. Although the promotion effect of government education funding input on the level of STI has a lag, it has a cumulative and long-term effect with a significant strengthening trend over time. The marine environmental regulation intensity has a relatively small and gentle promotion effect on the MBI.

(2) In the innovation input subsystem, the two factors of innovation funding input and the innovation personnel input are the key driving factors in the STI system because they have a direct driving effect on the improvement of the innovation level of the MBI. The STI level of the MBI is highly sensitive to the changes in the enterprise innovation funding input and innovation personnel input, indicating that enterprises are at the core of STI in the MBI while as innovation subjects universities and marine research institutes have not yet played sufficient innovative support roles.

(3) The innovation factors have different degrees of influence on STI of the MBI. Compared with individual input factors, the synergistic effect of multiple factors has the most significant promoting effect on STI in the MBI.

(4) A comprehensive comparative analysis of the above simulation scheme results shows that the changes in various innovation factors lead to greater changes in the number of patent applications of the MBI, while the changes in the added value of the industry are much smaller than the changes in the number of patent applications. This indicates that the conversion rate of scientific research achievements in China’s MBI is quite low, and the link between drug R&D and production & sales is not connected well. Therefore, it is difficult for existing research achievements to be well transformed into medical products and, consequently, difficult to obtain higher innovative economic benefits.




5.2 Policy suggestions

Based on the analysis results above, this paper puts forward the following countermeasures and suggestions in order to provide a theoretical basis and practical reference for improving the STI level in China’s MBI.

	(1) Expanding the scale of financial input in scientific research and education to strengthen government support. On the one hand, the government’s scientific research funding should be inclined to the research and development of the MBI to a certain degree, while improving the efficiency of the use of financial science and technology funds. It is possible to provide financial support for the development of STI through the establishment of special R&D funds for the MBI and at the same time issue special policy plans for the MBI to achieve the close integration of macro-strategy and the links of STI. On the other hand, continue to increase financial education support to ensure the scale and quality of higher education for the purpose of cultivating more high-quality talents and directly promoting the output of innovative achievements in universities and marine scientific research institutions.

	(2) Improving the intellectual property protection policy of the MBI to increase the intellectual property protection intensity. Firstly, the patent examination system can be improved so as to improve the conversion rate of patents. It can be achieved by shortening the time from patent application to authorization as well as focusing on the practicability of patents of the examination standard. Secondly, it is necessary to establish a comprehensive evaluation mechanism of intellectual property rights to promote the transformation and application of application-oriented scientific and technological achievements. Universities and scientific research institutions should pay attention to the combination of application-oriented patent achievements and industries, and enterprises should highlight to the contribution of patent achievements to their operating income. Thirdly, improve the incentive system for patent inventors. Innovation enthusiasm could be well stimulated by issuing rewards and technology shares to inventors. At the same time, the interests of patent inventors could be well protected by increasing penalties for infringement of intellectual property rights to safeguard the property system.

	(3) Increasing the marine environmental regulation intensity to give full play to the promoting function of environmental regulation in the innovation of the MBI. In terms of environmental regulation, the government should improve environmental regulation policies timely by adjusting marine environmental regulation standards so as to moderately increase the environmental management costs of relevant enterprises. In this way, the enthusiasm of enterprises for the STI can be stimulated on the basis of safeguarding the enterprise’s production. At the same time, in order to prevent the “one size fits all” situation of environmental protection, it is necessary to comprehensively use different environmental regulation measures as well as implement differentiated incentive and punishment measures according to the specific situation.

	(4) Rationally allocating innovation resources to improve utilization efficiency. Different innovation resource input structures have different effects on the level of STI in the MBI. On the one hand, guide innovation funds and talents to flow more to enterprises. A good innovation investment environment could be created for enterprises through tax incentives and other measures. The talent incentive mechanism could be improved by appropriately increasing the salary subsidy of scientific research personnel. On the other hand, a joint platform of industry, university, and research should be well constructed to improve the transparency of information among innovation subjects so as to realize the efficient flow of innovation resources and improve utilization efficiency. Thus, enhance the synergy of industry-university-research innovation to promote the conversion rate of scientific research results, and then better play the driving role of scientific and technological innovation.



In summary, the dynamic mechanism of STI of the MBI is explored from a dynamic perspective by constructing a dynamic model according to relevant theoretical foundations. And then the corresponding countermeasures and policy suggestions are proposed based on the simulated research conclusions. With the further development of statistical work and the continuous progress of statistical tools, a more comprehensive system dynamics model can be constructed, providing more insights and suggestions for the sustainable development of the marine economy. It is hoped that this study could contribute to achieving the United Nations Sustainable Development Goals so as to promote the sustainable development of the marine economy of countries around the world.
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