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To understand the current situation and development trend of energy consumption and carbon emissions in the fishery industry, a Long-Range Energy Alternatives Planning System (LEAP)-fishery model for Zhoushan City was constructed, and the trends of energy consumption and carbon emissions in the Zhoushan City fishery industry were analyzed under the business-as-usual scenario, the low-carbon scenario, and the strengthened low-carbon scenario. The results show that under the business-as-usual scenario, the future energy consumption of Zhoushan City’s fisheries in general shows an increasing trend, and the composition of energy consumption in all scenarios is primarily dominated by fossil energy, with diesel and coal predominating. In terms of the structure of end-use energy consumption, fishing vessels and aquaculture consume the most energy, with energy consumption exceeding 30% of total energy consumption in all scenarios. In terms of the emission reduction contribution rate, which the promotion of clean energy generation, the improvement of energy efficiency, and the reduction of aquaculture production play key roles in the low-carbon development of the fishery industry. From an economic perspective, carbon reduction measures such as reduction of aquaculture production and increased efficiency of energy delivery would have significant economic benefits, but these measures have limitations. Finally, suggestions are made to optimize the energy structure, improve the implementation of energy intensity and total energy control, and strengthen public awareness of energy conservation to reduce carbon emissions from the fishery industry, thus making the research in this paper relevant to real-world situations.
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1 INTRODUCTION
Climate change is a challenge facing human society today (Yang et al., 2021). Since the Industrial Revolution, the cumulative emissions of carbon dioxide (CO2) due to the massive use of fossil fuels by human beings have significantly increased the concentration of greenhouse gases (GHGs) in the atmosphere, exacerbating global climate change (Parks, 2009; Fu, 2022). Agricultural production is the second most important source of global carbon emissions (Federici et al., 2015), and fisheries, as an important component of agriculture, are highly industrialized and highly dependent on fossil fuels (Greer et al., 2019; Li et al., 2021). The carbon emissions of fisheries contribute close to one-third of the total carbon emissions from agriculture (Li et al., 2018). Therefore, realizing carbon emission reduction in fisheries is an important element in addressing climate change and low-carbon agricultural development. The Opinions on Accelerating the Green Development of Aquaculture issued by China in 2019 emphasized the need to strengthen fishery resources and environmental protection in the coming years and realize sustainable low-carbon fishery development.
At present, few studies have focused on the assessment of energy consumption and carbon emissions in Chinese fisheries. In 2007, Xu et al. measured the energy consumption of fishing vessels, aquaculture, aquatic product processing, the manufacture of fishing equipment and machinery, and aquaculture feed in China’s fishery industry. The results showed that the energy consumption of fisheries is not low, and that the level of energy consumed is 0.35 tons of standard coal/104 yuan of output value, which is 84% higher than the average energy consumption of agriculture, demonstrating that fisheries have the highest level of energy consumption in agriculture (2007). In 2009, Xu and Zhang et al. investigated and analyzed the energy consumption of China’s fishing vessels by sampling fishing vessels in eight developed provinces of China’s marine fisheries, such as Liaoning, Shandong, Jiangsu (2009). Zhang based on the data provided by the research on energy consumption and energy-saving technology of fishing vessels conducted by the Institute of Fishery Machinery and Instrumentation of the Chinese Academy of Fisheries Research from 2008 to 2009, estimated the carbon emissions of China’s fishing vessels by adopting the method of calculating CO2 emissions put forward by ORNL (Oak Ridge National Laboratory), and analyzed the main factors of the high energy consumption and pollution emissions of fishing vessels (2010). In 2011, based on field sampling research and data analysis, Xu et al. measured the annual fuel consumption of China’s marine fishing vessels and gave recommendations for research and development of energy conservation and emission reduction in China’s fisheries industry (2011). Yue and Wang et al. used stepwise regression analysis method to analyze the production status and fuel consumption of marine capture fishing vessels (2013). In 2014, Xu et al. measured the fishery energy consumption in Dongmen Island, Zhejiang Province based on field research and data analysis, and analyzed its influencing factors. The results showed that industrial structure adjustment and increased production scale were the main factors promoting the growth of total fishery energy consumption in Dongmen Island (2014). In the same year, Yue et al. synthesized the impacts of catch size, mode of operation structure, energy intensity of mode of operation and fuel emission coefficients on GHG emissions, and conducted a factor decomposition of GHG emissions based on the accounting and time series analysis of GHG emissions of marine capture fisheries in the period from 2006 to 2011 (2014). In 2015, Xu et al. studied the fishery carbon productivity along the coast of China and found that China’s fishery carbon productivity as a whole has been improving year by year, but also that there are large differences in the level of fishery carbon productivity among coastal regions (2015). In 2017, Xu et al. investigated and analyzed the energy consumption and carbon emissions of motorized fishing vessels in Hainan Province (2017). In 2021, Li et al. accounted for the carbon emissions from aquaculture and capture fisheries in the fishery industry based on an input–output model (2021). Gao et al. (2022) measured the regional differences in marine fisheries carbon emissions and emission reduction potential of coastal provinces based on the Terrell index and carbon emission reduction potential model, and predicted the carbon emission intensity of marine fisheries (2022). In the same year, Ma et al. analyzed the drivers of carbon emissions in China’s fishery economy based on the parameter-adjusted Kaya-LMDI model and the Tapio decoupling model using data from the China Fishery Statistical Yearbook from 2009 to 2020 (2022). In 2023, Di et al. calculated the carbon emissions of China’s marine fisheries based on “carbon emissions” and “carbon sinks”, and used the model to measure the carbon emission efficiency of marine fisheries from 1980 to 2019 (2023).
To summarize, the existing research can be further deepened in the following aspects. Firstly, most of the existing research take the whole country as a large-scale study, and there is a lack of research on different cities and other regions. Different provinces and different cities due to different proximity to the sea, resource conditions vary greatly. Secondly, when quantitatively investigating the effect of energy conservation and emission reduction in the fishery sector, most studies focus on the overall energy consumption and carbon emissions of the fishery industry, with little consideration given to the impact of carbon reduction measures on energy conservation and emission reduction in the fishery industry, and there is a lack of research on the analysis of the economics of various carbon reduction measures in the medium and long term. Lastly, previous related studies have analyzed carbon emissions from fishing vessels (Zhang et al., 2010), drivers of carbon emissions from fisheries (Liu et al., 2023), and factors influencing carbon emission efficiency (Chen, 2023), there is a lack of scenario simulation in the existing literature on the future development of the fishery industry under the policy change scenario.
Therefore, this study aimed to (1) research fishery emission reduction in Zhoushan City; (2) apply the emission reduction policies mentioned in the “14th Five-Year Plan” to Zhoushan City, and study the fishery emission reduction in the region; and (3) utilize the model to design scenarios according to the policies, to analyze the contribution of different carbon reduction measures to the reduction of emissions in the fisheries industry, and to analyze the economic benefits of different carbon reduction measures. By constructing an energy consumption and carbon emission measurement model, analyzing and researching the overall carbon emission situation of Zhoushan City’s fishery industry, and to make scenario predictions on the future trend of carbon emissions under various carbon-reducing measures, which is of great significance for comprehensively grasping the situation of fishery carbon emissions and promoting the low-carbon development of fisheries and agriculture.
2 MATERIALS AND METHODS
2.1 LEAP model
Currently, researchers mainly use top-down models, bottom-up models, and hybrid models combining the two approaches (Algehed et al., 2009; Yan et al., 2021). Top-down models are mainly applied for macroeconomic analysis, but they cannot provide a detailed description of technological development. The research scope using top-down models is mainly at the national and global levels (Liang et al., 2022). Bottom-up models support richer technological information, belong to the field of engineering, have a flexible structure, and can be assessed from a practical point of view (Liu and Yao, 2021). Hybrid models combine the characteristics of these two models (Jacobsen, 1998; Vieira et al., 2020), but are difficult to use due to their complex structure and the need for a large amount of data support. Therefore, the bottom-up model was selected in this study. The Long-Range Energy Alternatives Planning System (LEAP) model, developed by the Stockholm Environment Institute (SEI) in Sweden, is a typical bottom-up model and an economic–energy–environmental modeling tool based on scenario analysis (Wang et al., 2022) that has a flexible structure and is widely used in the simulation and evaluation of energy and the environment at different scales (Cai L. Y. et al., 2023; Kiani, 2017; Nieves et al., 2019; Ringkjøb et al., 2018). The LEAP model covers energy consumption activities in both the energy conversion sector and the energy end-use sector (Du et al., 2022). When studying energy consumption and climate change, the LEAP model can also be used to explore national and regional energy policy planning and to determine the possible impacts of the implementation of different policies through modeling (Huang et al., 2011; Amo-Aidoo et al., 2022). For example, Nasir et al. (2021) projected the electrical demand in Pakistan’s largest province, Punjab, from 2019 to 2050 using the LEAP system and provided recommendations for emission reductions; Hong et al. (2016) analyzed the level of contribution of the South Korean transport sector to the national GHG emission reduction target using the LEAP model; Emodi et al. (2017) used the LEAP model to explore the future energy demand, supply, and associated GHG emissions in Nigeria from 2010 to 2040; and Shahid et al. (2021) and Mirjat et al. (2018) utilized LEAP to model Pakistan’s electrical system from 2016 to 2040 (2021) and from 2015 to 2050 (2018).
According to the actual situation of the Zhoushan City fisheries, the terminal energy demand, energy conversion, and environmental impact modules were selected for the model; the operating principle is that the parameter settings drive the change in the terminal energy demand module. Then, according to the efficiency coefficients of the energy conversion module, the demand for primary energy is reduced in the process of converting it into secondary energy in order to realize the goals for energy supply and demand. The environmental impact of the fisheries sector is assessed by measuring the carbon emissions generated by energy consumption simultaneously with the projections for energy consumption.
2.1.1 Model modules
2.1.1.1 Terminal energy demand module
To construct the LEAP model, the terminal sector decomposition of the fishery should be considered first. In this study, the terminal demand sector of Zhoushan City’s fishery was divided into five parts: fishing vessels, aquaculture, aquatic product processing, fishing machine manufacturing, and feed production. The terminal energy demand module focuses on calculating the end-use energy demand, which is the amount of all types of energy used for production activities in a given period after deducting the amount of secondary energy consumed and the losses during processing and conversion (Liu, 2016). The energy demand for each end-use sector was calculated based on the activity level of each end-use sector (such as the distance traveled in the transportation sector, floor space in the building sector, and fishery production in the fishery sector) and the energy intensity corresponding to the activity level. The formula used to predict the energy demand for each end-use sector is shown in Eq. 1 (Peng et al., 2014):
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where [image: image] represents the end demand of energy type i in tonnes (standard coal); [image: image] is the level of economic activity for energy demand in sector j in 104 yuan of output value; and [image: image] denotes the energy intensity corresponding to the unit activity level in t⋅104 yuan of output value−1 (standard coal units). The energy intensity captures the efficiency of energy use and is usually expressed in terms of the total amount of energy required per unit of economic activity. The level of activity and the intensity of energy use in each end-use sector varies from scenario to scenario, and therefore the amount of energy consumed varies from scenario to scenario.
2.1.1.2 Energy conversion module
Among the energy sources used by the end-demand sector, coal, diesel fuel, and natural gas are primary energy sources that can be utilized directly, while electricity is a secondary energy source that needs to be converted. Therefore, the process of “transmission, distribution, and power generation” is set up in the energy conversion module, and efficiency coefficients are included for each of these processes to obtain the amount of standard coal lost due to conversion of the energy source. The energy loss is calculated using the following formulas.
(1) These losses refer to the amount of energy lost during the transmission and distribution of energy, as shown in Eq. 2:
[image: image]
where [image: image] denotes the amount of energy loss from source i in tonnes (in standard coal units) and [image: image] indicates the transmission efficiency of the i source of energy (percent).
(2) Losses in power generation. Electricity is a secondary energy source that requires conversion, and the energy it loses due to processing and conversion during energy conversion can be expressed as Eq. 3:
[image: image]
where [image: image] represents the total energy lost from the generation of electricity by energy source i in tonnes (in standard coal units); [image: image] denotes the conversion efficiency of the i energy source (percent).
Aggregating the energy consumption of the terminal energy demand module and the energy conversion module yields the total energy demand of the fishery, which is given by the following formula (Eq. 4):
[image: image]
where [image: image] denotes the total demand for energy of type i in tonnes (in standard coal units).
2.1.1.3 Environmental impact module
After obtaining the consumption of various energy sources in each sector of the fisheries industry through the scenario simulation of the LEAP model, the carbon emissions of the fisheries industry can be measured based on the corresponding carbon emission coefficients for various energy sources. The calculation of carbon emissions from energy consumption refers to Method 2 in the Guidelines for National Greenhouse Gas Inventories issued by the United Nations Intergovernmental Panel on Climate Change (IPCC), which accounts for carbon emissions based on the amount of fossil energy consumed and specific emission factors. For fossil fuels, the emission factor is unchanged (Duan et al., 2016), the IPCC international standard is adopted (IPCC, 2019), and the fuel conversion coefficient is adopted from China’s General Rules for Calculating Comprehensive Energy Consumption (GB/T 2589-2020) (Li et al., 2019). It can be expressed as Eq. 5:
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where CE is the CO2 emissions in tonnes (in CO2 eq.) and [image: image] is the carbon emission factor of the corresponding energy consumption.
2.1.2 Scenario setting
Scenario analysis, also known as prospective description or scripting, is intuitively qualitative and capable of quantitative prediction (Dong, 2019). To study the impacts of different energy conservation and emission reduction measures on the energy consumption and GHG emissions of the fishery industry in Zhoushan City, this study constructed a business-as-usual scenario, a low-carbon scenario, and a strengthened low-carbon scenario based on the main factors affecting GHG emissions, including the energy utilization efficiency and energy structure, and evaluated the fishery industry’s projected energy consumption and carbon emissions in Zhoushan City from 2021 to 2035. The scenario setting parameters mainly referred to the energy-related policy planning documents issued by the province in which Zhoushan City is located, such as the 14th Five-Year Plan for Energy Development in Zhejiang Province (2022), the 14th Five-Year Plan for Responding to Climate Change in Zhejiang Province (2021), the 14th Five-Year Plan for Comprehensive Work Program for Energy Conservation and Emission Reduction in Zhejiang Province (2022), and the studies of Wu et al. (2023), Yang et al. (2023), Mai (2016), and Cai L. et al. (2023). The specific settings are shown in Table 1, where the differences between the business-as-usual scenario, the low-carbon scenario, and the strengthened low-carbon scenario are mainly quantitatively differentiated by the difference in the implementation intensity of the carbon reduction measures. The business-as-usual scenario was used as a reference to verify the emission reduction effect of different carbon reduction measures.
(1) Business-as-usual scenario: the core assumption of the business-as-usual scenario is that the fishery sector in Zhoushan City will continue to conduct the current energy saving and emission reduction measures during the scenario time and that the energy intensity of each sector will decrease slightly from the level of the baseline year, while the structure of energy consumption will change relatively little.
(2) Low-carbon scenario: based on the analysis of future technological advances and enhanced energy efficiency policies, under the low-carbon scenario there is improved energy efficiency in all sectors, improved fuel economy for fishing vessels, and further optimization of the energy mixture. This scenario begins by introducing liquefied natural gas (LNG) fishing vessels. The main component of LNG is methane, the cleanest fossil energy source on earth.
(3) Strengthened low-carbon scenario: under this scenario, the corresponding policy efforts based on low-carbon scenarios will be strengthened, the potential for carbon reduction in various sectors will be further explored, the energy efficiency and fuel economy of fishing vessels will be further improved, and the proportion of clean energy used will be further expanded.
TABLE 1 | Main parameter settings for different scenarios.
[image: Table 1]The theoretical background required to construct the model has now been completed, and this study has established the Zhoushan City LEAP-Fisheries model based on the characteristics of the LEAP model and the availability of data. The model comprises three modules: the terminal energy demand module, the energy conversion module, and the environmental impact module. Taking 2020 as the base year and 2021-2035 as the projection period, scenario analysis was used to calculate the energy consumption and CO2 emissions of Zhoushan City’s fishery industry and to analyze the potential for energy conservation and emission reductions in Zhoushan City’s fishery sector in the future under different carbon reduction measures. The analysis can be used to explore low-carbon development pathways and provide policy recommendations. In this case, the projected energy demand is determined by the level of end-use activity and its energy intensity, and the projected carbon emissions are determined by the direct energy consumption of the end-use activity and the indirect energy consumption of the energy conversion sector, combined with the carbon emission factor of the corresponding energy source. The structure of the model is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Technology roadmap of the Long-Range Energy Alternatives Planning System (LEAP) model.
2.2 Economic evaluation model of carbon reduction measures
In this section we calculate the marginal cost of the various carbon reduction measures under consideration (Liu et al., 2023). Given this analysis, policymakers can prioritize various carbon reduction measures. The calculation for each carbon reduction measure is shown in Formula 6:
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where [image: image] is the unit carbon reduction cost of carbon reduction measure m, and the unit is yuan.t-1. [image: image] is the cost required to implement carbon reduction measure m in the policy scenario, including equipment investment cost and operation cost. [image: image] represents the cost of adopting a traditional technology or measure in the business-as-usual scenario; [image: image] indicates the carbon emission reduction after carbon reduction measure m is implemented.
2.3 Data sources and processing
The historical energy consumption data used in this paper were mainly derived from the Zhoushan City Statistical Yearbook, Zhejiang Province Statistical Yearbook, Zhejiang Province Energy Balance Sheet, and relevant literature and research materials. The carbon emission system boundary of the fisheries in this study mainly contains the carbon emissions from fishing vessels, aquaculture, fish processing, the manufacturing of fishing equipment, and feed production. Fishing vessels account for a high proportion of fishery energy consumption each year due to their considerable power and tonnage; the use of fishery machinery in China’s aquaculture production has become very common, with oxygenators, pumps, and other equipment accounting for 70.4% of the total aquaculture machinery (Gu et al., 2023). The use of this equipment has made aquaculture an important power-consuming industry as well as an important source of GHG emissions. Current aquaculture methods in Zhoushan City include the use of ponds, net boxes, rafts, cages, bottom-seeding, and factory farming. Because little mechanical equipment is used in raft, cage, and bottom-seeded aquaculture (Liu and Che, 2010), this study takes the energy consumption of pond, net box, and factory farming aquaculture into account for carbon emissions. In addition, electricity consumption in fish processing, fishing equipment manufacturing, and feed production indirectly generates carbon emissions and is therefore also considered in fishery carbon emissions. Table 2 lists the number, gross tonnage, and power of fishing vessels in Zhoushan City from 2011 to 2020, and the production of aquatic products is shown in Figure 2.
TABLE 2 | Zhoushan’s 2011–2020 fishing vessels.
[image: Table 2][image: Figure 2]FIGURE 2 | Zhoushan’s fish production from 2011 to 2020.
The present study used the LEAP model, Excel 2016, and Origin software for scenario analysis, data organization, and visualization, respectively. First, based on the LEAP software, we constructed an accounting model of fishery energy consumption and CO2 emissions in Zhoushan, calculated the fishery energy consumption and carbon emissions in Zhoushan in 2020, and performed a scenario analysis of the energy consumption and carbon emissions from 2021 to 2035. Excel was then used to collate the results of the model, after which the data were visualized using Origin software and a map of the results was created.
3 RESULTS
3.1 Energy consumption
Figure 3 shows the evolution results of total energy consumption under three scenarios for Zhoushan City’s fisheries from 2020 to 2035. The three scenarios show different trends in total energy consumption. Among them, under the business-as-usual scenario, from 2020 to 2035, the total amount of energy use first decreases slightly and then shows a gradual growth trend, reaching 3.21 × 106 t of standard coal in 2035, which is about 1.43 times as much as that of 2020, with an average annual growth rate of about 2.41%. Under the low-carbon scenario, thanks to the implementation of various energy-saving measures, the total energy consumption is projected to grow from 2.25 × 106 t in 2020 to 2.97 × 106 t in 2035, with an average annual growth rate of about 1.87%, which is lower than the business-as-usual scenario. Compared with the low-carbon scenario, the synergistic effect of various energy saving and emission reduction measures under the strengthened low-carbon scenario is further strengthened and upgraded. By fully tapping the energy-saving potential of all sectors of the fishery industry, energy consumption shows a trend of first decreasing and then gradually increasing, with the lowest energy consumption in 2025 at 1.97 × 106 t, and the total energy consumption in 2035 rising insignificantly from 2020 to 2.28 × 106 t, saving 28.97% or 9.3 × 105 t compared with the same year under the business-as-usual scenario.
[image: Figure 3]FIGURE 3 | Energy consumption under different scenarios Business-as-usual (BAU), low-carbon (LC), and strengthened low-carbon (SLC) scenarios.
To further investigate the characteristics of the evolution of the energy structure of Zhoushan City’s fishery industry in a certain future period, the LEAP model was used to extract the consumption of different primary energy sources. Figure 4 shows the composition of primary energy consumption in a typical year under the three scenarios. Energy consumption is dominated by fossil energy in all three scenarios, with diesel and coal always being the most dominant energy demand. In the business-as-usual scenario, the share of diesel will decrease from 50.22% to 38.94% in 2035, the share of coal will decrease slightly from 43.56% to 37.38% in 2020, and the share of clean energy will gradually increase from 5.93% to 23.64% in 2020. The low-carbon scenario sees a gradual decline in diesel consumption, with the share falling to 30.3% in 2035, and coal consumption overtaking diesel with a share of 34.01% in 2035. The share of clean energy increases compared to the business-as-usual scenario, with a share of 35.68% in 2035. Under the strengthened low-carbon scenario, the energy structure will be further optimized, diesel consumption will continue to decline, coal consumption will first decline and then enter a plateau period of slow growth, and the consumption of clean energy will continue to rise, with the proportion of clean energy reaching 47.23% of the total primary energy consumption in 2035, and the energy structure gradually tending to become cleaner and decarbonized.
[image: Figure 4]FIGURE 4 | Structure of primary energy composition under different scenarios (A) Business-as-usual (BAU), (B) low-carbon (LC), and (C) strengthened low-carbon (SLC) scenarios.
Figure 5 shows the share of energy consumption by end-use sectors in the fishery industry in a typical year under different scenarios. In the business-as-usual scenario, in 2020, fishing vessels had the largest share of energy consumption at 50.48%, followed by aquaculture at 33.76%, and fishing equipment manufacturing had the least energy consumption at 0.52%. By 2035, the structure of end-use energy consumption changes, with aquaculture accounting for the largest share of energy consumption at 48.66%, followed by fishing vessels, and the smallest share of energy consumption is still in the manufacture of fishing equipment and machinery, with a share of energy consumption of 0.37%. Under the low-carbon scenario, by 2035, the energy consumption of aquaculture will gradually grow to 47.53%, and the share of energy consumption of fishing vessels will slowly decrease, although it is still a major energy consumer, exceeding 40% and ranking second, followed by aquatic product processing at 9.18%, feed production at 2.47%, and fishing equipment manufacturing at 0.36%. Under the strengthened low-carbon scenario, the share of energy consumption in aquaculture will grow slowly to 35.99% in 2035 because of the reduction in aquaculture production, the largest share of energy (51.16%) will be consumed by fishing vessels in 2035, and the remaining three drivers of energy consumption are small, with a slight decrease in aquatic product processing to 10.61%, feed production at 1.83%, and fishing equipment manufacturing at 0.41%. In all scenarios, fishing vessels and aquaculture are the two largest energy consumers in the fishery sector, with shares ranging from 30% to 50%, and fishing equipment manufacturing representing the smallest share of energy consumption.
[image: Figure 5]FIGURE 5 | Sectoral energy consumption under different scenarios (A) Business-as-usual (BAU), (B) low-carbon (LC), and (C) strengthened low-carbon (SLC) scenarios.
3.2 Carbon emissions
As energy consumption changes, CO2 emissions in Zhoushan City’s fisheries will also change from year to year. Measuring CO2 emissions in terms of the 100-year global warming potential, Figure 6 shows the trend of carbon emissions from 2020 to 2035 under the three scenarios. Under the business-as-usual scenario, the total carbon emissions mainly show a growing trend, with carbon emissions increasing from 5.11 × 106 t (in equivalent terms) in 2020 to 5.97 × 106 t in 2035, which is about 1.17 times that of the baseline year, with an average annual growth rate of 1.05%. Under the low-carbon scenario, carbon emissions are significantly reduced compared to the business-as-usual scenario due to the optimization of the energy structure and the implementation of carbon reduction measures, with the lowest carbon emissions of 4.3 × 106 t in 2025, followed by a slow increase to 5.2 × 106 t in 2035, a decrease of 12.9% compared to the business-as-usual scenario. Under the strengthened low-carbon scenario, the emission reduction potential of various sectors is further explored, the energy structure is further optimized, and carbon emissions further decline, entering a rapid decline period from 2020 to 2025, followed by a stabilization period after 2025, and dropping to 3.84 × 106 t in 2035, which is 1.27 × 106 t less than that of the baseline year, and 35.68% less than that of the business-as-usual scenario of the same year, with a significant effect on carbon emission suppression. The effect is remarkable, and findings indicate that the implementation of carbon reduction measures will have a good effect on the suppression of carbon emissions.
[image: Figure 6]FIGURE 6 | CO2 emissions under different scenarios Business-as-usual (BAU), low-carbon (LC), and strengthened low-carbon (SLC) scenarios.
To further explore the characteristics of the evolution of the medium and long-term carbon emission structure in Zhoushan City’s fishery industry, the carbon emission data of each component in the fishery industry were extracted. Figure 7 shows the composition of carbon emissions under the three scenarios. As can be seen from the figure, despite the different trends in carbon emissions, fishing vessels and aquaculture are the main sources of fishery carbon emissions under all three scenarios, accounting for more than 30% of the total carbon emissions, with a maximum share of about 50%, and the lowest carbon emissions are from feed production and the manufacture of fishing equipment and machinery.
[image: Figure 7]FIGURE 7 | Structure of CO2 emissions under different scenarios (A) Business-as-usual (BAU), (B) low-carbon (LC), (C) strengthened low-carbon (SLC) scenarios.
3.3 Analysis of the contribution of emission reductions to carbon reduction measures
Compared with the business-as-usual scenario, the emission reduction contributions of different carbon reduction measures in Zhoushan City’s fisheries under the strengthened low-carbon scenario are shown in Figure 8. Overall, measures such as the promotion of clean energy generation, energy efficiency improvement, and the reduction of aquaculture production are of great significance to carbon reduction in Zhoushan’s fisheries. In 2025, the promotion of clean energy power generation will have the highest contribution, with carbon reduction (in terms of CO2eq) amounting to 8.57 × 105 t, which can reach 55.7% of the total emission reduction in 2025; the reduction of aquaculture production will be next in importance, realizing an emission reduction of 2.86 × 105 t, with an emission reduction contribution rate of 18.6%. The energy efficiency improvement and the promotion of cleaner fishing vessels will have carbon reduction contribution rates of 16% and 6.3%, respectively. Improvements in energy delivery efficiency and feed utilization will have relatively small emission reduction contribution rates at less than 5% each. In 2030, the carbon reduction due to the promotion of clean energy power generation will be 5.51 × 105 t, with a decrease in carbon reduction compared to 2025, and the emission reduction contribution rate will be 34%. The emission reduction contribution rates of reducing aquaculture production, improving energy efficiency, and the promotion of cleaner fishing vessels are projected to increase compared to 2025, to 34.4%, 16.8%, and 11.2%, respectively. By 2035, the emission reduction contribution rate of reducing aquaculture production will be further increased to 37.8%; although the emission reduction contribution rate of clean energy power generation promotion will decline, it still ranks second at 27.1%. The contribution rate of energy efficiency enhancement will increase to 20.8%, and that of the promotion of cleaner fishing vessels is 11%. The emission reduction contributions of improved energy delivery efficiency and feed utilization will remain insignificant, and their emission reduction contributions will be relatively small.
[image: Figure 8]FIGURE 8 | Emission reduction contribution levels of various measures under the strengthened low-carbon scenario. From inside to outside, the circles represent the years 2025, 2030, and 2035.
3.4 Energy consumption verification
In order to test the model results, the energy consumption of the Zhoushan City fishery was calculated according to the latest statistical yearbook released by Zhoushan City. According to the 2022 Statistical Yearbook, the energy consumption of fishing boats in 2021 will be 105.67 × 104 t (measured in standard coal units), while it will be 74 × 104 t for aquaculture, 30.55 × 104 t for aquatic product processing, 1.19 × 104 t for fishing machine manufacturing, and 4.17 × 104 t for feed production. In 2021, the fishery energy consumption in Zhoushan City totaled 215.58 × 104 t. Table 3 shows the comparisons of the predicted and actual values of different primary energy uses by the Zhoushan fishery under the business-as-usual scenario of 2021. As can be seen from the comparison, primary energy sources whose actual energy consumption was lower than the predicted value include diesel, wind, and solar energy. The actual energy consumption of coal and water energy was greater than the predicted energy consumption. The actual value of total fishery energy consumption in 2021 was slightly lower than the predicted value, but the difference was not very large. The actual value was 7.11 × 104 t lower than the predicted value, and the error percentage of both was 3.30%. The actual results are in good agreement with the predicted results.
TABLE 3 | Comparison of predicted and actual 2021 results.
[image: Table 3]3.5 Cost analysis of carbon reduction measures
The marginal cost of reducing CO2 emissions is an important indicator of the potential and cost of regional emission reductions, which is directly proportional to the degree of economic development. Therefore, the economy of the eastern region is more developed than those of the central and western regions with greater carbon emissions and higher costs of emission reduction (Yang et al., 2019). The marginal cost curve for emission reductions was used to evaluate the economic costs of different carbon reduction measures for the scenario of strengthened low-carbon fisheries in Zhoushan. Table 4 shows the marginal costs for different carbon reduction measures in 2035 under the strengthened low-carbon scenario. From the perspective of economic benefits, among the six carbon reduction measures analyzed, the best measure is reduction of aquaculture production, as this could save 1220.21 yuan per ton of reduced CO2 emissions. However, lower aquaculture production will also reduce the income of fishermen, and thus the potential benefits have limitations. The second measure is the increased efficiency of energy delivery that could save 84 yuan per ton of reduced CO2 emissions. The other four carbon reduction measures would incur additional emission reduction costs, and the most expensive measure would clean fishing vessel promotion, with the emission reduction cost reaching 1,855.52 yuan.t−1. This is primarily because LNG fishing vessels in China are still in the demonstration and promotion stages, as the technology is not yet mature, and thus the cost of investment is high. The emission reduction cost associated with the promotion of clean energy generation is 141.05 yuan.t−1 due to attitudes within the country and the gradual maturing of the technology. Thus, there is room for improvement in the future. The marginal costs of emission reductions from energy efficiency improvement and increased feed utilization are 59.81 yuan.t−1 and 80.11 yuan.t−1, which are medium-level values.
TABLE 4 | Marginal costs of emission reduction using different carbon reduction measures.
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4.1 Factors affecting energy consumption and carbon emissions in fisheries
Zhoushan City’s fishery energy consumption under the business-as-usual scenario shows a trend of a small decrease followed by a gradual increase; under the low-carbon scenario, energy consumption is lower than in the business-as-usual scenario, and under the strengthened low-carbon scenario, energy consumption is significantly reduced and controlled, indicating that the implementation of carbon-reducing measures inhibits energy consumption. The introduction of various carbon reduction measures after 2020 is the main reason for the decrease in energy consumption, followed by an increase in energy consumption due to rapid socioeconomic development, population growth, and the consequent increased demand for fish products (Wang et al., 2020). With an emphasis on environmental protection and low-carbon development, Zhoushan City is located in the Zhejiang Province, which has issued a series of energy-saving policies to address climate change, including the 14th Five-Year Plan and the 14th Five-Year Comprehensive Energy Conservation and Emission Reduction Program (starting and ending in 2021–2025). This policy aims to strengthen the promotion of the use of clean energy for fishing vessels and promote significant improvements in energy efficiency, the development of renewable energy, and other energy-saving measures. Thus, energy consumption by fisheries is lower when carbon reduction measures are implemented than when no carbon reduction measures are implemented. Since the 15th and 16th Five-Year Plans have not yet been issued and the specific details of the policies are difficult to speculate, the overall policy of the state on energy conservation and emission reduction remains unchanged. Thus, if the “15th Five-Year Plan” and “16th Five-Year Plan” are introduced in the future, the policies related to energy conservation and emission reduction should involve the continuation and deepening of the “14th Five-Year Plan”. In this paper, according to the projection for the “14th Five-Year Plan” for 2020–2035, the trends in energy conservation and emission reduction are in line with national policies, while these trends may be more conservative than the “15th” and “16th” plans.
In terms of composition, fishing vessels and aquaculture are the main components of fishery energy consumption and CO2 emissions. In fishery production, fishing vessel equipment mainly consumes fuel oil and is highly dependent on fossil energy, with high energy consumption and CO2 emissions. Aquaculture mainly utilizes the natural conditions of the water area or region, supplemented by aquaculture equipment, and mainly consumes electric power. Although aquaculture does not consume a large amount of energy, aquaculture emits a large amount of CO2 due to its large production scale and extensive feeding methods. Shao et al. (2015) and Li et al. (2021) conducted a relevant study on the drivers of carbon emissions from the fishery industry in China, pointing out that fishery aquaculture and fishing vessels are the main sources of fishery carbon emissions. Xu et al. (2011) and others also pointed out that aquaculture and fishing accounted for 66% and 21% of the energy consumption of the fishery industry, respectively, together constituting the main component of carbon emissions from the fishery industry. In this study, the main sources of carbon emissions were fishing vessels and aquaculture, which accounted for more than 30% of carbon emissions in different scenarios. This was consistent with the results of previous studies.
From the simulation results of the carbon reduction contributions of different carbon reduction measures under the strengthened low-carbon scenario, it can be seen that the promotion of clean energy power generation, the improvement of energy efficiency, and the reduction of aquaculture production are of great significance to the reduction of carbon emissions in the fishery industry of Zhoushan City. This is mainly due to the development of clean energy power generation in Zhoushan City. Zhoushan Island is sufficiently windy, and the development of wind power in Zhoushan Island is ranked among the top in the country (Tao et al., 2017), which improves the carbon reduction effect. In addition, the energy intensity and product output are also major factors driving the energy consumption and carbon emissions (Xu et al., 2014). Improving energy efficiency and appropriately reducing the production of aquatic products can significantly reduce the carbon emissions of the Zhoushan City fishery industry.
4.2 Recommendations for future development
From the above analysis and the predictions drawn, it can be seen that in the future, with the continuous development of China’s society and economy, if effective measures are not taken, the energy consumption and carbon emissions of the fishery industry will continue to increase. Based on the current situation of Zhoushan City’s fishery industry, combining the conclusions of the scenario analysis as well as the requirements for future low-carbon development, we offer suggestions for low-carbon development of the fishery industry. Our recommendations stem from the three aspects of the energy structure: energy intensity, energy conservation, and emission reduction publicity.
(1) Optimize the energy structure and continue to promote clean energy. The results of the scenario analysis show that the type of energy consumption in Zhoushan City’s fishery industry is relatively homogeneous, with high consumption of coal and diesel fuel, both of which are non-renewable fossil energy sources. Coal emits more CO2 than other energy sources for the same calorie amount, which is not conducive to GHG emission reduction. This shows that improving the energy-use structure and establishing a consumption structure dominated by green energy is of great significance to energy conservation and emission reduction in the fishery industry. Therefore, to reduce carbon emissions, we should accelerate the construction of a long-term energy system with clean energy as the main source. In addition, clean energy fishing vessels should be gradually introduced to replace traditional high-energy-consumption diesel vessels, forming a green and clean mode of operation. Finally, we should give full play to the advantages of seaside provinces, accelerate the construction of wind power generators, and rationally utilize renewable energy sources such as tidal and wave energy to achieve the sustainable development of the fisheries industry.
(2) Improve the implementation of energy intensity and total energy control, and promote the further improvement of energy efficiency. The results of the analysis of the contributions to emission reduction show that energy efficiency improvement has obvious potential for emission reduction, and that technological research and development efforts have been intensified to reduce the energy intensity of the terminal sector and continue to promote energy conservation and consumption reduction in the terminal sector. Efforts should be made to encourage and support fishermen to install fuel-saving equipment on fishing vessels, increase subsidies for energy-saving marine diesel engines, strengthen the promotion of clean energy applications on ships, implement a mandatory scrapping system for ships, further strengthen the control of high-emission ships, and reduce the total amount of energy.
(3) Publicize the significance of energy conservation and emission reduction in the fisheries industry and enhance fishermen’s awareness of energy conservation and low-carbon goals. Policy guidance and government support should play a guiding role in industry management, promote the improvement of the fishery energy-saving and emission reduction technology level, guide enterprises to accelerate the research, development, and production of energy-saving equipment, educate fishermen on how energy-saving equipment can improve their quality of life and protect the environment through publicity and practice, and cultivate standardized fishing operation methods and habits to increase the awareness of energy-saving and emission reduction goals.
5 CONCLUSION
By constructing the Zhoushan City LEAP-fishery model and designing a business-as-usual scenario, a low-carbon scenario, and a strengthened low-carbon scenario, this study simulated and predicted the trend of energy consumption and carbon emission of the Zhoushan City fishery industry from 2021 through 2035. The conclusions were as follows:
(1) The future energy consumption of Zhoushan City’s fisheries industry under the business-as-usual scenario shows an overall growth trend, and the composition of energy consumption in all scenarios is mainly dominated by fossil energy. Diesel and coal the most dominant forms of energy demand under all three scenarios, accounting for 38.94% and 37.38% of total energy consumption in 2035 under the business-as-usual scenario, respectively. Compared with the business-as-usual scenario, the energy-saving effect of the carbon reduction measures under the low-carbon scenario and the strengthened low-carbon scenario is enhanced, and the strengthened low-carbon scenario will save 28.97% of energy in 2035 compared with the same year in the business-as-usual scenario, which is about 9.3 × 105 t of standard coal.
(2) In terms of the structure of end-use energy consumption, fishing vessels and aquaculture consume the most energy, with their combined energy consumption exceeding 30% of the total energy consumption in all scenarios and years.
(3) With the change in energy consumption, the CO2 emissions of fisheries are also changing year by year. Taken together, carbon emissions and energy consumption show a positive correlation, and carbon reduction measures have an effect on carbon emission suppression.
(4) Among the various carbon reduction measures under the strengthened low-carbon scenario, all the carbon reduction measures considered can reduce CO2 emissions. The promotion of clean energy power generation, energy efficiency enhancement, and the reduction of aquaculture production play key roles in the low-carbon development of the fishery industry, contributing to 27.1%, 20.8%, and 37.8% of carbon emission reduction by 2035, respectively. The enhancement of energy delivery efficiency and improvement of the utilization rate of feedstuffs have relatively small emission reduction contributions, with both contributing to less than 5% of emission reduction. The economic analysis of carbon reduction measures under the strengthened low-carbon scenario shows that reduction of aquaculture production has economic benefits though carbon reduction, but there are several limitations. The second is the increased efficiency of energy delivery, but the potential for emission reductions is only average. The most expensive measure is the clean fishing vessel promotion, as LNG fishing vessels represent an emerging technology that is not yet mature, resulting in the investment cost being high. Due to the national promotion of clean energy generation and the gradual maturity of technology, the cost of emission reduction still has a large room for improvement in the future. Therefore, the proposed measures are significant for the realization of low-carbon development in the long run.
(5) Based on the results of the scenario analysis and prediction, our recommendations for the future low-carbon development of the fishery industry include optimizing the energy structure, continuously promoting energy cleanliness, improving the implementation of the control of energy intensity and the total amount of energy, and strengthening the publicity regarding energy conservation and emission reduction.
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