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Abstract

:

In recent years, the rapid development of the photovoltaic (PV) industry has resulted in a saturation of research on onshore PV power plant construction. However, current studies on the impact of marine PVs on the marine environment remain limited and scarce. In order to facilitate the implementation of carbon reduction goals and promote the sustainable development of the offshore PV industry, this study analyzes the environmental impact of PV sea-use resources based on spatial information technology in the western part of Gaotang Island. The findings show that the MIKE21FM model provides relatively accurate simulations of tidal flow and tide level in the marine PV area. Flow velocity in the marine PV area exhibits a decreasing trend, with an average decrease ranging from 0.03 to 0.07 m/s. This decrease minimally affects surrounding navigational channels and large-scale flow fields. The resulting siltation is also deemed less significant, with an annual deposition from 0.03 to 0.06 m/a. Moreover, offshore PV construction resulted in a total intertidal biological loss of 123.45 t. The suspension of sediment during cofferdam construction and removal has a potential effect on zooplankton and fishery resources. Overall, it is proposed that careful planning, prudent site selection, and the execution of countermeasures during marine PV construction will combine to minimize the impact on the marine environment.
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1. Introduction


Solar energy, as a clean and renewable power source, is one of the most ideal alternatives to traditional energy sources, such as oil, natural gas, and coal [1]. The principle of PV power generation is to convert solar radiation resources into electricity based on the “PV effect”, which is a new type of solar energy utilization [2]. Currently, the global installed capacity of PV power generation has exceeded 1000 GW, accounting for approximately 1% of the global installed capacity of power generation [3]. PV power generation is of strategic importance in accelerating the formation of a new pattern of clean electricity utilization and achieving the dual carbon goals [4]. The Chinese government always attached great importance to the development and utilization of new and renewable energy sources, actively promoting their development and improving the electricity structure [5]. The construction of offshore PV power plants is in line with the requirement of “developing clean energy and practicing a green and low-carbon strategy”, which is conducive to promoting the transformation and upgrading of the PV power generation industry, advancing “PV+” applications, and achieving win-win results in PV agriculture. With the rapid development of renewable electricity in China, including PV power generation, new energy sources are becoming the main force to optimize the energy structure and achieve the “dual carbon” goals. In recent years, many scholars have conducted research on the ecological and environmental impacts of terrestrial PVs. PV modules in PV power plants can change the proportion of diffused radiation and direct radiation, which can affect the photosynthetic rate of plants [6]. Therefore, a decrease in the photosynthetically active radiation may lead to a reduction in the photosynthetic rate of plants under PV modules [7]. Some researchers also found that terrestrial PV modules may lower soil temperature [8], increase soil moisture content [9], and induce changes in soil physical and chemical environments [10]. However, there is limited research on the impact of marine PVs on the marine environment. Due to the high population density and limited per capita land area in China, the development of land-based PV power plants is increasingly restricted [11]. Therefore, the development of offshore PVs is increasingly seen as the way forward [12,13,14,15].



According to the data from the National Energy Administration, China’s cumulative installed capacity of renewable electricity power generation has reached 1.213 billion kilowatts as of the end of 2022, which represents a 14.1% increase compared to 2021, accounting for 47.3% of the total installed capacity of electricity, with PV power generation reaching 427.3 billion kilowatts (https://finance.sina.com.cn/jjxw/2023-09-19/doc-imznfexh8870291.shtml) (accessed on 15 March 2024). The PV industry has achieved rapid development, with a growth rate higher than that of other renewable energy sources such as wind power and biomass. Since the “13th Five-Year Plan,” Zhejiang Province attached great importance to the development of renewable power and achieved significant results. The “14th Five-Year Plan for Energy Development in Zhejiang Province” (https://www.zj.gov.cn/art/2022/5/19/art_1229019365_2404305.html) (accessed on 15 March 2024) and the “14th Five-Year Plan for the Development of Renewable Energy in Zhejiang Province” (https://huanbao.bjx.com.cn/news/20210623/1159909.shtml) (accessed on 15 March 2024) proposed the implementation of the “Wind and Solar Power Doubles” project during the “14th Five-Year Plan” period, aiming to achieve an increase of over 12 million kilowatts in PV-installed capacity, with centralized PV installation exceeding 7 million kilowatts.



Due to the geographical features of the “Seven Mountains, Two Waters, and One Farmland” in Zhejiang Province, there are limited development opportunities for land-based centralized PVs. However, the province has abundant tidal flat resources in its coastal areas possessing huge potential for offshore PV development [16]. The PV industry cluster in Zhejiang Province has distinct characteristics and formed a pattern led by Jiaxing and Jinhua (Yiwu), promoting coordinated development in cities like Hangzhou, Ningbo, Huzhou, and Quzhou. In 2022, the total output value of the new energy industry in Jiaxing exceeded CNY 100 billion, with the PV industry achieving an output value of CNY 81.5 billion, a year-on-year increase of 50%, accounting for one-third of the PV industry’s output value in the province. The Yiwu PV industry achieved a scale output value of CNY 90.2 billion, accounting for over 30% of the PV industry’s output value in Zhejiang Province. As of 2022, there were 184 PV companies in Zhejiang Province, with a total output value of CNY 249.86 billion, a year-on-year increase of 64.9%. The PV module production reached 98 GW, accounting for 33.9% of the national output (https://www.163.com/dy/article/IH8BQSR205198SOQ.html) (accessed on 15 March 2024). The installed capacity of PVs in Zhejiang Province reached 25.39 GW in 2022, ranking third nationwide with a year-on-year growth of 37.84%. By the first half of 2023, the installed capacity of PVs in Zhejiang Province is expected to reach 28.56 GW (https://www.163.com/dy/article/IH6PU9F5051481OF.html) (accessed on 15 March 2024). Coastal cities in Zhejiang Province are actively planning for the development of offshore PV industries, and both the number of planned projects and the scale of construction are experiencing explosive growth [17]. However, will the construction and development of offshore PVs have an impact on the marine environment? In view of this question, this study focuses on a research area in the western part of Gaotang Island and analyzes the environmental impact of offshore PV resources using spatial information technology. The specific tasks include: (1) analyzing tidal currents and tide level changes in the offshore PV area and exploring changes in flow patterns and sedimentation in the area, and (2) evaluating the ecological and resource impact of offshore PV development. Our study contributes to understanding the impacts of offshore photovoltaic utilization on environmental resources and ecology. The novelty of this study is the verification of the environmental impact of this new offshore PV energy model. This study anticipates establishing relevant energy facilities under minimal impact conditions.




2. Overview of the Study Area


The study area is located in the southern part of Changda Wetland, where the tidal flats are, on the west side of Gaotang Island, Xiangshan County, Ningbo City, southeast of Xiayang Wetland Polder Area, Ninghai County. It is approximately 20 km away from the S19 Expressway, 38 km from Xiangshan County, and 90 km from Ningbo City. The geographical coordinates are approximately 29.13° N and 121.77° E. The PV area is located in the northern part of Changda Wetland, the tidal flat on the west side of Gaotang Island, Xiangshan County. It is bordered by the Gaotang Changda Wetland Reclamation Project to the east, Baijiao Waterway to the west, and Sanmen Waterway and Yueyingyang to the north. The total installed photovoltaic capacity in the study area is 159.06175 MWp and a land area of approximately 2458 acres. The research area has a relatively flat terrain, with elevations ranging from −1.0 m to 2.2 m (85 elevation). It is located in a subtropical monsoon climate zone with maritime characteristics, characterized by mild and humid weather and distinct seasons, with an average temperature of 17.8 °C. The average annual precipitation ranges from 1322.5 mm to 1390.6 mm, and the average relative humidity ranges from 76% to 86%, as shown in Figure 1.



In this study, the offshore PV is a mudflat power plant, close to the seashore, and in order to consider the subsequent stable operation of the power plant, a wave retaining wall of about 3 km was set up on the outside of the PV power plant. The total length of the temporary cofferdam on the outside of the PV power project in the study area is about 3 km, which is located between the wave barrier wall and the PV array area (Figure 2), and the top of the temporary cofferdam adopts a non-permeable form.




3. Data Processing and Research Methods


3.1. Marine Hydrographic Data


3.1.1. Hydrographic Observation Data


Seven hydrological and sediment stations (N01~N07), two temporary tide stations (W1~W2), which are located near the project, were selected for synchronous observations during three tidal cycles: spring tide, neap tide, and mean tide (Figure 3). The duration of continuous observation was not less than 27 h, and the observation period was January 2020. The tide level was measured using a TGR-2050 pressure-type tide gauge, and a vertical staff gauge was used for benchmark comparison. The tidal reference plane was based on the 1985 national elevation datum, and the zero elevation of the staff gauge was determined by fourth-order leveling. Fixed-point current observations were conducted using an SLC9-2 direct-reading current meter. Suspended sediment concentration was measured using a horizontal water sampler or an inverted water sampler, filtration device, and a one-thousandth electronic balance. Suspended sediment was measured using a laser particle size analyzer. Bottom sediment samples were collected using a grab sampler and a laser particle size analyzer. Basic information from the hydrological data observation stations are shown in Table 1.




3.1.2. Marine Ecological Survey Data


The water quality, sediment, ecological environment, and fishery resources survey data in this study are shown in Figure 4. The content of the survey is shown in Table 2.





3.2. Hydrodynamic Research Methods


3.2.1. Mathematical Modeling


A two-dimensional numerical model MIKE21FM [22] developed by the Danish Hydraulic Institute was used to study the hydrodynamic variations in the engineering area. The model uses an unstructured triangular mesh for the computational domain, as this can fit the land boundary well. The grid design is flexible, and the grid density can be controlled arbitrarily. The software (Version 2014) has the advantages of reliable algorithms, stable calculations, a user-friendly interface, and powerful pre- and post-processing capabilities. It has been applied to coastal engineering projects in multiple countries. MIKE21FM uses the standard finite volume method for horizontal spatial discretization and the first-order explicit Euler difference format for temporal discretization of the momentum equation and transport equation. The model control equations are as follows:



Mass conservation equations:


    ∂ ζ   ∂ t   +  ∂  ∂ x   ( h u ) +  ∂  ∂ y   ( h v ) = 0  



(1)







Momentum equation:


    ∂ u   ∂ t   + u   ∂ u   ∂ x   + v   ∂ u   ∂ y   −  ∂  ∂ x      ε x    ∂ u   ∂ x     −  ∂  ∂ y      ε x    ∂ u   ∂ y     − f v +   g u    u 2  +  v 2       C z 2  H   = − g   ∂ ζ   ∂ x   −  1   ρ 0      ∂  p a    ∂ x    



(2)






    ∂ v   ∂ t   + u   ∂ v   ∂ x   + v   ∂ v   ∂ y   −  ∂  ∂ x      ε y    ∂ v   ∂ x     −  ∂  ∂ y      ε y    ∂ v   ∂ y     + f u +   g v    u 2  +  v 2       C z 2  H   = − g   ∂ ζ   ∂ y   −  1   ρ 0      ∂  p a    ∂ y    



(3)




where ζ is the water level; h is the static water depth; H is the total water depth; H = h + ζ; u and v are the vertical mean flow velocity in the x and y directions, respectively; g is the gravitational acceleration, g = 9.81 m/s2; f is the Kurtosis force parameter (f = 2ωsinφ, φ is the geographic latitude where the calculated sea area is located); Cz is the Chezy coefficient (it is an important parameter in the MIKE21FM model to characterize the frictional resistance of the seabed, i.e., the frictional resistance of seawater flowing through the seabed),    C z  =  1 n   H   1 6     , εx and εy are the horizontal vortex viscous coefficients in the x and y directions, respectively, n is the Manning coefficient, ρ0 is the density of water, and pa is the atmospheric pressure.



The initial conditions for the solution of the equations are shown in Equation (4), and the boundary conditions are shown in Equation (5). The solid boundary takes the normal flow velocity as zero, and the dynamic boundary is used in the tidal flat area; the water boundary is controlled by the forecast tide level.


      ζ ( x , y , t )  |  t = t 0   = ζ ( x , y ,  t 0  ) = 0     u ( x , y , t )  |  t = t 0   = v ( x , y , t )  |  t = t 0   = 0      



(4)






   V →  ⋅  n →  = 0  



(5)







The flowchart of this paper is shown in Figure 5.




3.2.2. Model Setting


In the MIKE21FM model, the PV pile foundations were set in the model run as five meters of land above the 85 National Elevation and the grid was a dry grid with the same shape, size, and arrangement as the construction design.



	
Model calculation area:






The calculation area of the model should be large enough to include the sea area that can be affected by the marine PV area.



	
Calculation domain mesh segmentation:






The non-structural triangular mesh is used to dissect the computational domain, and the mesh sparsity and scale are controlled by the mesh generation module. The mesh is encrypted in the sea area near the project area, and the mesh scale is at least 5 m, which can portray the shoreline characteristics well and ensure sufficient computational accuracy. In the sea area far away from the project, the grid is relatively sparse; the grid scale is 1500~9000 m; and the smooth transition between different scale grids is realized through the settings.



	
Model shoreline and underwater topography:






The accuracy of underwater terrain data has an extremely important effect on the model calculation. The large-scale underwater topography in the computational domain is digitized from the charts of the Naval Navigation and Protection Department through GIS, and the latest CAD data of underwater topography is used in the sea area near the project. All the databases are unified to the mean sea level.



	
Boundary conditions:






The open boundary reconciliation constants are obtained from the OTIS East China Sea ocean model, and then the water level forecast is made for the open boundary according to the obtained reconciliation constants. The forecast formula is as in Equation (6):


  ζ =  A 0  +   ∑  i = 1   11     H i     F i  cos    σ i  t −   (  ν 0  + u )  i  +  g i     



(6)




where A0 is the mean sea surface; Fi and (v0 + u)i are astronomical elements;    σ i    is the angular frequency; and Hi and gi are the tuning constants; i.e., amplitude and latitude angle of a certain subtide, 11 subtides (M2, S2, N2, K2, K1, O1, P1, Q1, M4, MS4, M6) are used for the time-by-time tide prediction, and then the water level is interpolated to each open boundary point.



	
Calculation time step:






The calculation time step of the model is dynamically adjusted according to the CFL conditions to ensure the model calculation is stable, with an average time step of 0.5 s and the shortest time step of 0.01 s. The modeling time step is 0.5 s and the shortest time step of 0.01 s, respectively.



	
Bed roughness coefficient:






Based on the measured hydrological data, the model was calibrated multiple times. Then, we selected the optimal value to minimize the error; the optimal bed roughness coefficient is 0.0125.



	
Horizontal eddy viscosity coefficient:






The horizontal vortex viscosity coefficient was calculated using the Smagorinsky (1963) formula that takes into account subscale grid effects, and the expression is given in Equation (7), where cs is a constant, and l is the characteristic mixing length, which is obtained from the following calculation:    S  i j   =  1 2  (   ∂  u i    ∂  x j    +   ∂  u j    ∂  x i    )           ( i , j = 1 , 2 )  .


  A =  c s 2   l 2      2 S   i j    S  i j      



(7)








	
Koch’s force:








The Koch force varies with latitude, and the specific formula is   f = 2 ω sin ϕ  , with φ being the geographic latitude at which the sea area is calculated, and ω is the angular velocity of the Earth’s rotation and is a constant.





3.3. Assessment of Damage to Marine Living Resources


3.3.1. Assessment Methodology


This method is applicable to the occupation of fishery waters due to engineering and construction needs, so that the function of fishery waters is destroyed, or the habitat of marine living resources is lost, and the assessment of damage to various types of living resources is calculated according to Formula (8) [23]:


   W i  =  D i  ×  S i   



(8)




where Wi is the amount of damage to the biological resources of species i, in units of tails, individuals, and kg; Di is the density of the biological resources of species i in the assessment area, in units of tails/km2, tails/km3, and kg/km2; and Si is the area or volume of fishery waters occupied by the biological resources of species i, in units of km2 or km3.




3.3.2. Assessment of Damage to Marine Living Resources within the Dispersal Range of Pollutants


The construction process generates suspended matter, the spread of which can cause damage to living marine resources, categorized as one-time average damage and cumulative damage. One-time average damage: the area of incremental pollutant concentration that exists for less than 15 days (including 15 days); Cumulative damage: the area of incremental pollutant concentration that exists for more than 15 days (including 15 days).



(1) One-time average damage assessment



The damage to marine living resources caused by the incremental increase in the concentration of a pollutant exceeding the standard value of Class II in GB 11607 [24] or GB 3097 [25] (for pollutants not listed in GB 11607 or GB 3097, the labeled value is derived by analogy with the results of toxicity tests) is calculated in accordance with Formula (9) [19]:


   W i  =   ∑  j = 1  n    D  i j     ×  S j  ×  K  i j    



(9)




where Wi is the one-time average loss of biological resources of species i in tails, individuals, and kg; Dij is the density of biological resources of species i in the concentration increment area of category j of a pollutant in tails/km2, individuals/km2 and kg/km2; Si is the area of the concentration increment area of category j of a pollutant in km2; Kij is the rate of loss of biological resources of species i in the concentration increment area of category j of a pollutant in percent; and n is the total number of concentration increment subdivisions of a pollutant.



(2) Cumulative damage assessment



When an area of incremental pollutant concentration exists for more than 15 days, the cumulative damage to biological resources shall be calculated, and the calculation of the cumulative damage to biological resources in terms of years shall be calculated according to Formula (10) [23]:


   M i  =  W i  × T  



(10)




where Mi is the cumulative damage to biological resources of species i, in units of tails, individuals, and kg; Wi is the average damage to biological resources of species i at one time, in units of tails, individuals, and kg; and T is the number of cycles of incremental impacts of pollutant concentrations (the actual number of days of impacts in a year divided by 15), in units of individuals.






4. Results and Analysis


4.1. Marine Hydrographic Analysis


4.1.1. Tide Level and Current Verification


The tidal oscillation in the sea area near the study area is mainly formed by the co-oscillation caused by Pacific tides. The East China Sea progressive wave system, dominated by the M2 tide, controls the tidal motion in this area. The northwest Pacific tides enter the sea area near Sanmen Bay in Zhejiang Province from the southeast and northwest. Due to the influence of the friction between terrain and bottom, the tides are deformed. The waveforms, wave velocities, and shallow water tides change. In this study, tide level data from two tide stations (W1~W2) were used for analysis. Figure 6 shows the model setup process, and Figure 7 shows the tidal verification plot. The observed tidal levels during spring and neap tides fit well with the simulated tidal levels, with a simulation error generally within 0.4 m. The simulated tidal phases are basically consistent with the observations, with small errors. This demonstrates that the model provides accurate simulations of tidal levels; tidal elevation discrepancies are shown in Table 3.



For tidal flow verification, the flow velocity and direction data from six tidal flow stations in 2020 were used for verification, with the high tide period from 9 January 2020, 12:00 to 10 January 2020, 14:00 and the low tide period from 2 January 2020, 7:00 to 3 January 2020, 9:00. The results of each station’s flow velocity and direction are shown in Figure 8, and the specific flow velocity and direction errors are shown in Table 4. Overall, the simulation results for flow direction and velocity at each station are satisfactory, accurately reflecting the tidal flow characteristics in the PV area and meeting the requirements of the specifications. The model can be applied to various tasks such as forecasting after the construction of marine PV projects.



The impact of PV offshore facilities on the seabed topography comprises two parts: pile foundations and wave barriers. When modeling, the breakwater’s geometry is considered by modifying the closed boundary. Pile foundations are separated 5 m apart with a diameter of 600 mm. Their geometry isn’t considered into the modeling framework due to the large number and small size of pile foundations in this project.



The impact of pile foundations is generalized, and the additional resistance method is used to simulate the pile foundation effect. The specific formula is as follows [26]:


  F =  1 2   ρ w  γ  C D   A e   V 2   



(11)




where    ρ w    is the density of water,  γ  is the kinematic viscosity coefficient of water,    C D    is the drag coefficient,    A e    is the projected area of the pile perpendicular to the water flow, and  V  is the flow rate acting on the pile.



In DHI MIKE21FM, a database of pile foundation parameters has been embedded. As long as the parameters of pile foundation type, length and width scale, north angle, and elevation are input into the software (Version 2014), the software will automatically calculate the influence of the resistance of the pier.




4.1.2. Analysis of the Tidal Field in the Marine PV Area


The simulation results for flow velocity at each station are good and generally reflect the actual characteristics of the flow field in the engineering area. To further understand the overall flow field distribution near the PV area, large-scale rising and falling rapids vector plots were obtained.



The flood and ebb flow fields near Sanmen Bay area are shown in Figure 9a,b. During flood tides, the main inflow is from the southeast of the offshore area into Sanmen Bay. After entering Sanmen Bay, the flow is divided into multiple branches flowing toward the bay’s head due to the numerous channels and waterways in the bay. The ebb flow routes and directions are generally opposite to the flood flow. The water flows from the bay’s head into Sanmen Bay and then flows into the East China Sea. The flood and ebb flow fields in the PV area are shown in Figure 9c,d. During flood tides, the flow converges from the Sanmen Bay entrance with the flow between Gaotang Island and Hua’ao Island into the PV area on Gaotang Island. Due to the shallow nature of the PV area, the flow is weak. After passing through the PV area, the flow continues northward into Baijiao Waterway. During ebb tides, the ebb flow from Baijiao Waterway is divided into two branches, including one entering Shipu Waterway and the other flowing through the PV area. During ebb tides, extensive exposed areas occur in the PV area. Overall, the flood and ebb flow vectors in the PV area are generally regular, with obvious alternating flow characteristics.




4.1.3. Changes in Flow Vectors after the Completion of the PV Area


The offshore PV piles in the study area are set up as permeable structures, and do not change the overall shoreline in the study area. The study area is a shallow water area with high relief and weak tidal currents. Looking at the wide-range flow field before and after the project (Figure 10), it can be seen that there is little to no change in the direction of the ebb and flow currents in the wide-range sea area after the project, and they mainly maintain their original directions. Especially during the ebb tide, the installation of ocean PV systems has little impact on the current direction since the project area is mostly exposed. The flood tide current only undergoes slight changes in the shallow zone area, and there is no fundamental change in the wide-range flow direction.




4.1.4. Prediction of Flow Velocity Changes in PV Zones


As shown in Figure 10, due to the obstruction of the wave barrier wall, the flow velocity is reduced at high tide, with a reduction range of 0.05~0.09 m/s. The influence range mainly focuses on the marine PV area surrounded by the wave barrier wall. At low tide, the range of flow velocity changes is much smaller than that during high tide, and due to the lower tide level, the outcropping of beaches occurs. Therefore, the flow velocity change mainly focuses on the wave barrier wall, and the flow velocity reduction ranges from 0.03 to 0.05 m/s. Overall, due to the influence of the wave barrier wall and PV pile foundation, the average flow velocity is reduced by 0.03~0.07 m/s. The current velocity in the marine PV area is mainly reduced due to the influence of the wave barrier wall and PV piling, with the average current velocity reduced by 0.03~0.07 m/s (Figure 11). Overall, the change of current velocity is mainly concentrated in the area surrounded by the wave barrier wall and PV piling, with less influence on the surrounding channel and the wide range of the current field.




4.1.5. Analysis of Environmental Impacts of Silt Flushing


In this paper, the effect of construction time was not considered, and only two simulations of the study area were performed before and after construction. The first year and final flushing siltation changes after the construction of marine PV are shown in Figure 12. From the siltation change, the area under the influence of marine PV is mainly concentrated in the sea area surrounded by the wave barrier wall and PV pile foundation, which is basically consistent with the trend of the current velocity change. In the first year of marine PV construction, siltation was mainly generated around the wave barrier wall project, and the thickness of siltation was between 0.12 and 0.20 m/a. The area where the PV pile foundation is located is an open beach most of the time due to the high terrain, so the siltation caused is not significant, with the annual siltation between 0.03~0.06 m/a, comprising slight scouring in some areas. When the siltation reaches equilibrium, the tide is weak due to most of the elevation in the marine PV area being above the mean low tide level. When the tidal current is weak, the water depth has a greater influence on the siltation intensity after reaching equilibrium with the siltation in the vicinity of the wave retaining wall, the south side of the marine photovoltaic area, and other depths with tidal current conditions, such as the areas of siltation with relatively larger grain sizes, where the final siltation being 0.4–0.6 m, and in most of the shallow areas, where the siltation thickness of the smaller grain sizes is the 0.06~0.09 m. There is a slight scouring in the sea area outside the marine PV area, with a scouring amplitude of 0.04~0.05 m. Overall, the scouring and siltation caused by the marine PV construction is mainly concentrated along the southwestern project area on Gaotang Island, which has less impact on the surrounding sea area and the navigation channel.





4.2. Analysis of Ecological and Resource Impacts of Sea Use


4.2.1. Ecological Impacts during Construction and Operation Periods


The construction of marine PV projects, such as pile foundation construction and the construction and removal of cofferdams, can cause disturbance to the sediments on the seabed in the local area, resulting in resuspension of the relatively stable sediments and forming high concentration-suspended sediment plumes [15]. Furthermore, sediments on the construction piers and submerged platforms can enter the sea area with rainfall. These pollution processes can cause turbidity in the local water area, reducing the transmittance of sunlight, affecting the migration of swimming organisms in the area, and causing varying degrees of impact on zooplankton [27]. Moreover, the decreased water transparency and reduced dissolved oxygen hinder the cell division and growth of phytoplankton, reducing the quantity of phytoplankton in the unit water volume and leading to a decrease in the primary productivity in the water area [28].



In addition, the high concentrations of suspended matter can affect the respiration, feeding, digestion, and reproduction of zooplankton [29]. Under the influence of high-concentration suspended matter, the feeding efficiency of filter-feeding and omnivorous species is decreased due to the adhesion of fine particles. The filtering efficiency of certain species that feed on other zooplankton decreases due to the various adverse effects of suspended matter, potentially leading to starvation due to a shortage of food. Predatory and omnivorous species may also experience a decrease in the density of prey organisms that they can feed on, resulting in hunger caused by food shortages. The density of other zooplankton that can be preyed upon by these species may also be reduced due to the adverse effects of excessive suspended matter.




4.2.2. Analysis of Impacts on Marine Ecosystem Service Functions


The impact of offshore PV farm project construction on marine ecology and fisheries is ultimately reflected in the damage or loss of some ecosystem service functions [30]. Marine ecosystem service [31] function refers to the ecosystem and ecological processes formed and maintained by natural environmental conditions and utility for human survival. The ecosystem service function of the sea can be divided into three dominant functions including species habitat, aquaculture production, and pollution purification.



	
Species habitat:






The construction period of the PV farm project will cause some disturbance to the aquatic animals in the region in terms of habitat and foraging, mainly causing a certain degree of harm to the juveniles but avoiding injury to the adults.



	
Aquaculture production:






Marine ecosystems synthesize and produce organic matter and its products that are necessary for human survival through primary and secondary production [32,33]. Marine PV power generation projects can be carried out under the PV panels for mudflat aquaculture, which have little impact on aquaculture production.



	
Pollutant purification:






The ocean is a huge purifier, which has a certain comprehensive ability to dilute, diffuse, oxidize, reduce and degrade the pollutants entering the sea. The construction period of marine PV construction will increase the suspended sediment in the sea area and weaken photosynthesis, which will have a certain impact on the pollutant purification function, but the impact time will be short-lived. During the operation period, it is not expected to change the characteristics of the tidal field of the sea area. At the same time, it will not change the pollutant load of the sea area and will not produce suspended sediments, so it will not cause obvious changes to the pollutant purification function of the sea area.




4.2.3. Loss of Marine Life


(1) Intertidal organisms



The project uses φ300 mm PHC piles, about 100,000 piles, for PV mounts, box transformers (inverter-booster integrated machine), and cable mounts. A total of 1600 piles, 600 mm PHC piles, are used in the wave blocking facilities. The total area of sea directly occupied by the piles is 0.75 hm2, all of which are intertidal mudflats, and this part of intertidal zone will be occupied permanently. The temporary sea area for construction cofferdam is 3.8 km × 6 m = 2.28 hm2. The construction of the cofferdam is a temporary project, and all intertidal organisms in the cofferdam area will be lost during the period of use and can be gradually restored after removing the cofferdam.



Within the cofferdam area, except for the pile foundation area with a compensation of 20 years, the rest of the area also suffered a one-time disturbance of sorts and need to include 3 years for compensation calculation. The area of this part is 162.0836 − 0.75 = 161.3336 hm2.



Intertidal biological loss calculation: the project occupied sea area is located within the intertidal zone, and the piling occupied intertidal zone organisms will be likely be permanently lost but can be gradually recovered after removing the temporary cofferdam, and the disturbed area can be recovered after the end of the construction of the temporary cofferdam enclosure (Table 5). During the March 2017 survey, the biomass of the intertidal zone around the project’s T5 was 27.56 g/m2, and the biomass of the intertidal zone around the project’s T6 was 21.3 g/m2 during the September 2020 survey. The average biomass for both seasons was 24.43 g/m2.



(2) Impacts of suspended sediment dispersion on zooplankton and fishery resources



The construction of marine PV systems is expected to increase the concentration of suspended solids in local seawater, reduce light transmittance, hinder the photosynthesis of phytoplankton, reduce the quantity of phytoplankton per unit of water, ultimately leading to a decline in the primary productivity levels in nearby waters. The reduction in light transmittance may disrupt the living habits of certain zooplankton, which rely on variations in light intensity for vertical migration, or cause feeding difficulties for some organisms. Suspended solids can also stimulate marine organisms, making it challenging for them to inhabit and escape the vicinity, thus reducing the diversity and quantity of swimming animals in nearby waters [34].



Since the suspended sediment from pile foundation construction is located within the temporary cofferdam, it will not cause any change in the concentration of suspended sediment in the surrounding sea area. This study only calculates the impact of suspended sediment caused by the construction and removal of the cofferdam on the surrounding marine organisms. The ecological data are quoted as the average of the March 2017 survey data and the September 2020 survey data. Data on the loss of living marine resources and compensation due to the spreading of suspended sediments from cofferdam construction and removal are shown in Table 6 and Table 7.






5. Discussion and Outlook


5.1. Marine PV Construction Planning


The advantages of marine PV power stations lie in improving water quality [35,36], reducing water evaporation [37,38], increasing the efficiency of PV power generation systems, not subject to available terrestrial land resources, and in facilitating convenient construction and maintenance [26]. Marine PV construction falls under the category of industrial use of the sea. It should be compatible with industrial use, urban construction, and tourism and entertainment requirements, without affecting basic functions such as port shipping. Marine PV power projects falls into the category of marine new energy industry and should provide clean electricity for surrounding industries and urban construction, ensuring no new land reclamation and no pollution emissions from power generation, reducing the pressure on terrestrial thermal power generation and moderately controlling emissions from land-based pollutants to improve marine water quality.




5.2. Site Selection Rationality


Site selection for marine PV construction [39,40,41] should strive to: (1) Choose economically developed areas with high electricity demand. The construction of PV power stations should follow the principle of building projects near regions with high electricity loads, especially in the central and eastern cities, and industrial areas where industrial and commercial foundations are strong; (2) Seek favorable regional construction and operating conditions by selecting regions with convenient water transportation, well-equipped water, power, good communication facilities, while at the same time ensuring that the chosen sea area has suitable water depth and marine conditions to support the installation and operation of PV equipment. Conditions such as waves and tidal currents in the water should also be assessed; (3) Ensure high regional policy support. As marine civilization construction advances, and the development and utilization of clean electricity are advocated at the national level, regional governments should formulate corresponding policies to actively promote the green development of the marine economy; (4) Select a compatible balance between natural resources utilization and ecological environmental conservation. Choose regions with good sunlight conditions to ensure that PV cells can fully absorb solar energy. Consider the potential impact of site selection on the marine ecosystem. Ensure that measures are taken during site selection and construction to minimize negative impacts on the marine ecological environment; (5) Link coordination with surrounding marine activities. Through reasonable construction and protective measures, minimize the impact of marine PV construction on the stability of seawater.




5.3. Measures for Marine Area Use


Essentially, any development and utilization of the ocean must first seek to protect marine resources, with economic development adopting a path that strengthens environmental protection. To maintain marine health, protect the marine ecological environment, and ensure the sustainable development of marine resources and the marine economy, it is essential to strengthen comprehensive marine management. Rational development of marine resources, the construction of a well-functioning marine ecosystem, and coordination with the sustainable development of the marine economy should always be emphasized. In addition, marine units should effectively implement coordination agreements or schemes with stakeholders to ensure marine order and jointly uphold the harmonious development of the marine environment [42]. Marine functional zoning is a scientific basis for marine area management and is a crucial way to achieve the rational development and sustainable utilization of marine areas. In managing marine functional zoning, attention should be paid to the compatibility and exclusivity of functional zones, the maintenance of the natural attributes and quality of functional zones, and the connection and protection of adjacent functional zones. Construction projects should focus on the integrity of the functional zone system and the main functions of key marine areas. Zoning should comply with water quality and sediment quality standards, while protecting the industrial layout of adjacent marine areas. There should be strict adherence to marine functional zoning as the basis for marine ecological environmental protection. If other resources near the construction areas of marine PVs need to be developed and utilized, it should be based on marine functional zoning and strict ecological protection measures should be taken to prevent damage to coastal beaches, vegetation, and marine ecological environments [43].





6. Conclusions


This study aimed to investigate the marine hydrodynamics in the offshore PV area situated in the northern part of the long growth coast at the west beach of Gaotang Island, Xiangshan County, Ningbo City, Zhejiang Province. This study utilized measured marine hydrographic data in conjunction with the MIKE21FM model. The simulation results accurately reflect the tidal characteristics in the PV sea area, meeting regulatory requirements. There is a clear regularity in the overall ebb and flow of tides in the PV sea area. The construction of marine PVs has little impact on the tidal vector, with only slight changes in upwelling tidal currents in shallow areas. There is no fundamental change in the large-scale tidal vector. The variation in flow velocity in the marine PV area is mainly concentrated in the area surrounded by wave barriers and PV piles. The impact on surrounding channels and large-scale flow fields is relatively small. The erosion and sedimentation caused by marine PV projects have minimal effects on the surrounding sea areas and channels. The construction of marine PVs will have a certain degree of impact on the ecology and resources of the surrounding sea areas. It will result in losses of marine organisms. Therefore, in the planning and construction of marine PVs, it is necessary to comprehensively consider factors such as policies, economics, and the environment. These will allow for better planning and construction of marine photovoltaic projects for sustainable economic, environmental, and social development. Overall, offshore PV projects have unique technical and regulatory requirements. They effectively utilize offshore space to provide clean power resources to nearby areas.
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Figure 1. Schematic map of the study area. 
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Figure 2. PV location map ((a). Marine PV layout (Different colors represent the individual power generation units in the project); (b). Topographic map of the bathymetry of the PV area). 
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Figure 3. Distribution map of hydrological and sediment observation stations. 
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Figure 4. Map of survey stations for marine ecological survey data. 
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Figure 5. Flowchart of this study. 
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Figure 6. Model setup ((a). Schematic of the model calculation area; (b). Grid layout near the PV area; (c). Schematic of the large-scale bathymetric topography; (d). Schematic of the bathymetric topography in the PV area). 
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Figure 7. Tide level verification maps ((a). During high tide at station W1; (b). Tide level verification maps during high tide at station W2; (c). During low tide at station W1; (d). During low tide at station W2). 
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Figure 8. Flow velocity and flow direction validation ((a–f) for sites 1#~6#, high tide; (g–l) for sites 1#~6#, low tide). 
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Figure 9. Rising and falling rapids field ((a). Vector map of large-scale rising rapids in Sanmen Bay; (b). Vector map of large-scale falling rapids in Sanmen Bay; (c). Map of rising rapids field in the study area; (d). Map of falling rapids field in the study area). 
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Figure 10. Comparison of flow vectors of high tide (a) and low tide (b) before and after the project (black is before the project, red is after the project). 
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Figure 11. Distribution of flow velocity changes ((a). Post-engineering surge moments; (b). Post-engineering fall moments; (c). Post-engineering whole-tide mean flow velocity changes). 
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Figure 12. Changes in siltation ((a). Change in final siltation after the project; (b). Change in siltation in the first year after the project). 
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Table 1. Basic information from hydrological data observation stations.
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	Observation Station
	Bathymetry (m)
	Test Content





	N01
	7.2
	Fixed-point flow measurement, sand content, suspended sand, substrate quality



	N02
	7.3
	Fixed-point flow measurement, sand content, suspended sand, substrate quality



	N03
	5.8
	Fixed-point flow measurement, sand content, suspended sand, substrate quality



	N04
	14.4
	Fixed-point flow measurement, sand content, suspended sand, substrate quality



	N05
	8.5
	Fixed-point flow measurement, sand content, suspended sand, substrate quality



	N06
	12.6
	Fixed-point flow measurement, sand content, suspended sand, substrate quality



	N07
	21.5
	Fixed-point flow measurement, sand content, suspended sand, substrate quality



	W1
	
	Tide level



	W2
	
	Tide level










 





Table 2. Content of marine ecological surveys.
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	Investigative Projects
	Survey Methods





	Water samples
	Surface water samples were collected from water depths less than 10 m, while surface and bottom water samples were collected from depths greater than 10 m. Petroleum samples were collected only at the surface.



	Plankton
	Phytoplankton: Nets were used, and a shallow water type III vertical trawl net was used for shallow water areas. Zooplankton: Nets were used (shallow water type I net).



	Benthic organisms
	a. Survey method in 2017: Bottom sediment was collected using a 0.05 m2 mud bucket, with two collections made at each station, and the average value of the two collections was taken as the biomass and population density of the station. b. Survey method in 2020: A sediment sampler (0.1 m2) was used for collection, with four collections made at each station, and the average value of the four collections was taken as the biomass and population density of the station.



	Intertidal zone organisms
	a. Survey method in 2017: Sampling frames of 0.5 m × 0.5 m were used in the high, middle, and low intertidal zones. After filtration through sieves with aperture sizes of 5.0, 1.0, and 0.5 mm, the species composition, biomass, and population density were recorded. Qualitative and quantitative samples were also collected on foot and fixed with formalin for laboratory analysis and identification. b. Survey method in 2020: For each cross-section of the intertidal zone, four quantitative sampling points were set for the high, middle, and low intertidal zones, with a randomly selected sampling area of 0.0625 m2 and a depth of 30 cm. The organisms were collected through a 1 mm2 aperture sieve, and qualitative specimens were collected around each sampling point, with substrate conditions recorded.



	Biomass
	Representative local organisms were selected from the biological samples collected from the 12 large-area stations during autumn fisheries resource trawling in September 2020 for biomass analysis. The sample collection, storage, pretreatment, and analysis were conducted according to the standard methods in the “Marine Survey Specifications” (GB12763-2007) [18]. Fish and crustaceans collected during the 2018 May swimming organism survey, and shellfish collected during the intertidal zone survey were also subjected to biomass analysis.



	Fishery resources survey
	Fish eggs and larvae surveys were conducted simultaneously with the marine ecological survey, with survey stations matching those of the marine ecological survey. The methods for fish eggs and larvae surveys were carried out in accordance with the “Marine Monitoring Specifications” (GB17378.7-2007) [19]. Swimming organism fixed-point trawl surveys were conducted according to the “Marine Fishery Resources Survey Specifications” (SC/9403-2012) [20] and the “Technical Regulations for Environmental Impact Assessment of Construction Projects on Marine Biological Resources” (SC/T9110-2007) [21].










 





Table 3. Statistics on tide level errors.
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Station Number

	
Tide

	
Tide Level Errors




	
(m)

	
(%)






	
W1

	
high

	
0.12

	
2.4




	
low

	
0.16

	
5.5




	
W2

	
high

	
0.11

	
2.2




	
low

	
0.18

	
6.4











 





Table 4. Statistics on flow velocity and flow direction errors.
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Station Number

	
Average Flow Rate Error

	
Average Flow Direction Error




	
(m/s)

	
(%)

	
(°)

	
(%)






	
1

	
0.04

	
8.9

	
15

	
4.2




	
2

	
0.06

	
12.6

	
16

	
4.4




	
3

	
0.07

	
15.6

	
18

	
5.0




	
4

	
0.07

	
15.2

	
14

	
3.9




	
5

	
0.05

	
10.8

	
19

	
5.3




	
6

	
0.06

	
14.6

	
12

	
3.3











 





Table 5. Summary of biotic losses in the intertidal zone.
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Project Components

	
Occupied Intertidal Area (ha)

	
Intertidal Biomass (g/m2)

	
One-Time Loss of Biomass (t)

	
Compensation Years

	
Loss of Biomass (t)






	
Permanent sea occupation

	
0.75

	
24.43

	
0.18

	
20

	
3.6




	
Cofferdam occupied sea area

	
2.28

	
0.56

	
3

	
1.68




	
Disturbed area within the cofferdam

	
161.3336

	
39.39

	
3

	
118.17




	
Total

	

	

	
40.13

	

	
123.45











 





Table 6. List of marine living resources lost and compensated for, as a result of spreading of suspended sediments from cofferdam construction.






Table 6. List of marine living resources lost and compensated for, as a result of spreading of suspended sediments from cofferdam construction.





	
Fisheries Resources

	
Concent-Ration

	
Diffusion Area (m2)

	
Average Water Depth (m)

	
Diffusion Volume (m3)

	
Resource Density

	
Loss Rate

	
Survival Rate

	
One-time Loss Volume

	
Duration of Impact

	
Continuing Loss Volume






	
Phytoplank-ton

	
10~100 mg/L

	
1,870,000

	
1.3

	
2,431,000

	
1.7 × 105 ind/m3

	
20%

	
/

	
826.54 × 108

	
1

	
13.59 × 1010 cells




	
100~150 mg/L

	
270,000

	
1.3

	
351,000

	
30%

	
179.01 × 108




	
>150 mg/L

	
320,000

	
1.3

	
416,000

	
50%

	
353.6 × 108




	
Zooplankt-on

	
10~100 mg/L

	
1,870,000

	
1.3

	
2,431,000

	
66.9 mg/m3

	
20%

	
10% converted to lower swimming animals

	
3252.678 g

	
1

	
5.35 kg




	
100~150 mg/L

	
270,000

	
1.3

	
351,000

	
30%

	
704.457 g




	
>150 mg/L

	
320,000

	
1.3

	
416,000

	
50%

	
1391.52 g




	
Fish eggs

	
10~100 mg/L

	
1,870,000

	
1.3

	
2,431,000

	
0.16 grains/m3

	
20%

	
1%

	
777.92 grains

	
1

	
1.28 × 103 grains




	
100~150 mg/L

	
270,000

	
1.3

	
351,000

	
30%

	
168.48 grains




	
>150 mg/L

	
320,000

	
1.3

	
416,000

	
50%

	
332.8 grains




	
Juvenile fish

	
10~100 mg/L

	
1,870,000

	
1.3

	
2,431,000

	
0.248 tails/m3

	
20%

	
5%

	
6028.88 tails

	
1

	
9.91 × 103 tails




	
100~150 mg/L

	
270,000

	
1.3

	
351,000

	
30%

	
1305.72 tails




	
>150 mg/L

	
320,000

	
1.3

	
416,000

	
50%

	
2579.2 tails




	
Adult fish

	
10~100 mg/L

	
1,870,000

	
/

	
/

	
0.249 g/m2

	
10%

	
/

	
46,563 g

	
1

	
75.94 kg




	
100~150 mg/L

	
270,000

	
/

	
/

	
20%

	
13,446 g




	
>150 mg/L

	
320,000

	
/

	
/

	
20%

	
15,936 g








Note: Losses due to the spread of suspended sediment from weir construction were as follows: phytoplankton, 13.59 × 1010 cells; zooplankton density, 5.35 kg; fish eggs, 1.28 × 103; juvenile fish, 9.91 × 103; and adult fish, 75.94 kg.













 





Table 7. List of marine living resources lost, as a result of the removal of cofferdams and dispersal of suspended sediments and their compensation.






Table 7. List of marine living resources lost, as a result of the removal of cofferdams and dispersal of suspended sediments and their compensation.





	
Fisheries Resources

	
Concent-Ration

	
Diffusion Area (m2)

	
Average Water Depth (m)

	
Diffusion Volume (m3)

	
Resource Density

	
Loss Rate

	
Survival Rate

	
One-Time Loss Volume

	
Duration of Impact

	
Continuing Loss Volume






	
Phytopla-nkton

	
10~100 mg/L

	
1,150,000

	
1.3

	
1,495,000

	
1.7 × 105 ind/m3

	
20%

	
/

	
508.3 × 108

	
1

	
6.30 × 1010 cells




	
100~150 mg/L

	
50,000

	
1.3

	
65,000

	
30%

	
33.15 × 108




	
>150 mg/L

	
80,000

	
1.3

	
104,000

	
50%

	
88.4 × 108




	
Zooplank-ton

	
10~100 mg/L

	
1,150,000

	
1.3

	
1,495,000

	
66.9 mg/m3

	
20%

	
10% converted to lower swimming animals

	
2000.31 g

	
1

	
2.48 kg




	
100~150 mg/L

	
50,000

	
1.3

	
65,000

	
30%

	
130.455 g




	
>150 mg/L

	
80,000

	
1.3

	
104,000

	
50%

	
347.88 g




	
Fish eggs

	
10~100 mg/L

	
1,150,000

	
1.3

	
1,495,000

	
0.16 grains/m3

	
20%

	
1%

	
478.4 grains

	
1

	
0.59 × 103 grains




	
100~150 mg/L

	
50,000

	
1.3

	
65,000

	
30%

	
31.2 grains




	
>150 mg/L

	
80,000

	
1.3

	
104,000

	
50%

	
83.2 grains




	
Juvenile fish

	
10~100 mg/L

	
1,150,000

	
1.3

	
1,495,000

	
0.248 tails/m3

	
20%

	
5%

	
3707.6 tails

	
1

	
4.59 × 103 tails




	
100~150 mg/L

	
50,000

	
1.3

	
65,000

	
30%

	
241.8 tails




	
>150 mg/L

	
80,000

	
1.3

	
104,000

	
50%

	
644.8 tails




	
Adult fish

	
10~100 mg/L

	
1,150,000

	
/

	
/

	
0.249 g/m2

	
10%

	
/

	
28,635 g

	
1

	
35.11 kg




	
100~150 mg/L

	
50,000

	
/

	
/

	
20%

	
2490 g




	
>150 mg/L

	
80,000

	
/

	
/

	
20%

	
3984 g








Note: Losses due to diffusion of suspended sediment from cofferdam removal were as follows: phytoplankton, 6.30 × 1010 cells; zooplankton density, 2.48 kg; fish eggs, 0.59 × 103; juvenile fish, 4.59 × 103; and adult fish, 35.11 kg.
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