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The impact of thermal pollution caused by cooling water discharge of power plant on the surrounding marine ecology has been a hot issue in oceanographic research. To reveal the distribution pattern of cooling water discharge of Daya Bay Nuclear Power Plant in summer and the impact on the surrounding marine environment, this research established a high-resolution three-dimensional (3D) numerical model based on ECOMSED in the Daya Bay. The model results are consistent with the observations on the distribution of tide level and temperature. The simulated horizontal distribution of temperature rise is consistent with the distribution trend of remote sensing images. The study showed that the stratification of the Daya Bay water is stronger in summer. The cooling water mainly spreads in the surface layer, and the temperature rise in the bottom layer is not apparent. Quantitative analysis showed that around 18.8-21.6 km2 of the area has 1°C surface temperature rises. The area of temperature rises that exceeds 2 °C is between 6.2 and 8.1 km2. The area of temperature rises that exceeds 4 °C is between no more than 1.2 km2. The area with a bottom temperature rises of 1 °C does not exceed 2.2 km2, and there is no area that has a bottom temperature rise over 1 °C. The tidal dynamics process influences on the dispersion of cooling water discharge from Daya Bay Nuclear Power Plant, where the influence is more significant in the spring tide period than in the neap tide period. Our findings are consistent with previous researches.
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1  Introduction


The impact of cooling water discharge on the environment from nuclear power plants has attracted increased attention, especially after the accident at Fukushima Daiichi Nuclear Power Plant in Japan and agreement on carbon neutrality. The nuclear power plants contribute to the reduction of fossil fuel consumption, helping the earth’s atmospheric temperature to reduce somehow (Hassan et al., 2020; Mahmood et al., 2020). However, the serious concerns on long-term radioactive and environmental impact had always been a popular topic (Musyoka and Field, 2018; Wu et al., 2013; Kaviani et al., 2021). Not only the radionuclide release from cooling water could have ecological consequences, but also the heat carried (Liu et al., 2022). Daya Bay is a large semi-closed drowned valley-type bay along the coast of Guangdong Province, China, surrounded by the Dapeng Peninsula, the southern coast of Huiyang, and the Pinghai Peninsula of Huidong (Figure 1). It is located on the east side of the Pearl River Estuary, adjacent to Hong Kong in the southwest, connected to Honghai Bay in the east and the continental shelf of the South China Sea in the south, covering an area of about 600 km2. Daya Bay Nuclear Power Plant (DBNPP) is located in the west coast of Daya Bay on the north shore of Dapeng’ao with a total installed capacity of 6 million kilowatts (Figure 1). The environmental impact of the cooling water discharge from the DBNPP has received great attention from society (Wang et al., 2008; Hao et al., 2016; Ye et al., 2018). Many scholars have conducted a lot of research work on the impact of the cooling water discharge from the plant on the marine environment and marine ecosystem dynamics of Daya Bay (Yue et al., 2018; Jiang and Wang, 2020; Mao et al., 2021).





Figure 1 | 
Horizontal curvilinear orthogonal grid (curves) and bottom bathymetry (shaded) of the three-dimensional numerical model of Daya Bay. The bathymetry was interpolated from nautical charts. Red star indicates the position of the Daya Bay Nuclear Power Plant (DBNPP). Green dots demonstrate the four tidal gauge stations (i.e., Gangkou, SanmenDao, Xiachong, and Xichong). Red dot illustrates the T1 station with temperature observations conducted.






Various research methods are applied to predict the extent and impact of power plant cooling water discharge (George, 2017; Lin et al., 2021), including field observation, remote sensing observations (Lima and Wethey, 2012; Liu et al., 2020), physical models, and numerical simulations (George, 2017). With the continuous development of computer technology and numerical calculation methods, the computing speed of mathematical models is getting higher and higher, and the application of the method is more and more extensive (Lin et al., 2021).


In bays with deep water depths, the diffusion of cooling water discharge is a three-dimensional process. Baroclinic effect caused by temperature gradient has certain influence on the surrounding hydrodynamic process and cooling water diffusion. Therefore, three-dimensional baroclinic model for cooling water discharge has been gradually promoted recently.


Previous research had been conducted on the three-dimensional numerical stimulation of cooling water discharge from power plant and discussed on the diffusion and effect of warm water discharge from Daya Bay (Zhang and Zhou, 2004; Zhou, 2007; Wei et al., 2013). In these researches, the heat transfer coefficient of the sea surface was directly introduced to characterize the heat exchange process at the air-sea interface. These methods did not consider the dynamic exchange processes of latent heat flux due to evaporation, sensible heat flux due to air-sea temperature difference at the interface, and the forcing processes of solar short-wave and long-wave radiation. As a result, the cooling water discharge model might not simulate the spatial and temporal distribution of the background temperature field well, which in turn affects the simulation of the temperature rise and diffusion process of cooling water discharge. In this paper, we construct a three-dimensional (3D) baroclinic model of Daya Bay based on the ECOMSED model (Blumberg and Mellor, 1987), using real-time sea surface momentum and heat forcing to simulate the spatio-temporal distributions of hydrodynamic, thermal dynamic processes and diffusion of cooling water discharge in Daya Bay in summer.





2  Methodology




2.1  Cooling water discharge model of Daya Bay


This paper carried out three-dimensional (3D) baroclinic stimulation for Daya Bay using the ECOMSED model. The vertical turbulent mixing coefficient was calculated using the Mellor-Yamada level 2.5 turbulent closure scheme (Mellor and Yamada, 1974). The model consists of nonlinear momentum equations that consider upwelling and downwelling flows and horizontal convection of fluids due to differences in fluid density caused by temperature and salt. It simulates several state variables, including sea surface elevation, 2D and 3D flow velocity, temperature, salinity, turbulent kinetic energy, and turbulent mixing length. The model is solved by a mode splitting technique, where the horizontal movement of the fluid volume and the vertical shear flow rate are solved separately and independently. Thus, the model can take a more extensive computational time step to improve computational efficiency (Ahsan and Blumberg, 1999). This model has been widely used to study the coastal circulation dynamics, hypoxia and eutrophication processes in rivers, estuary, and continental shelf regions around the world (Hellweger et al., 2004; Hu and Li, 2009; Zhang and Li, 2010).





2.2  Model grid and bathymetry


The shoreline and topographic data required for the model was obtained from the nautical chart released by the Guangdong Provincial Maritime Bureau. Figure 1
 shows the model domain, including the whole Daya Bay and the regions within the 30-meter isobath outside the bay. It maintains a high resolution around the DBNPP and keeps the inner area of the bay away from the open boundary of the model to reduce the influence of the open boundary on the inner computational area. A curvilinear orthogonal grid is used in the horizontal (Figure 1). The number of grids in the x and y directions is 266×292, and the minimum horizontal resolution of the grid is about 75 m, while the grid resolution in the outer sea is lower (about 500 m).


The bathymetry of the Daya Bay model is interpolated from nautical charts (Figure 1). The model uses sigma coordinates in the vertical and there are 5 sigma levels in the vertical. As the bathymetry is shallow in the coastal regions of DBNPP with the maximum water depth less than 10 m. And previous model studies always used vertical levels less than 5 (Wu et al., 2007; Zhou, 2007). So, it is meaningful for our model to use 5 sigma levels in the vertical. The external mode time step of the model is taken 2 seconds, and the inner mode time step is taken 30 seconds.





2.3  Setup of the numerical model


In the model, the initial water level and horizontal flow velocity is taken as 0. Thus, the model is calculated from the stationary state. Except some small rivers, there are no big rivers with large freshwater discharged into the Daya Bay. Furthermore, the Pearl River plume with low salinity water detaches offshore with the Yuedong coastal current and has little influence on the salinity distribution in Daya Bay during summer (Gan et al., 2009). As a result, the seasonal variability of salinity in the Daya Bay is not significant. Thus, the model only calculates the convective diffusion process of temperature, salinity is kept constant during the simulation, and the effect of salinity change on the density gradient is not considered.


The time-series of tidal elevation on the lateral open boundary are calculated using eight primary harmonic constituents (M2, S2, N2, K2, K1, O1, P1, and Q1). The above harmonic constituents are interpolated from the global tidal inversion model (TPXO version 7.2) developed by Oregon State University (USA). The temperature lateral boundary condition is given by the field observed data.


The heat fluxes (solar short-wave radiation, long-wave radiation, latent heat flux, and sensible heat flux) at the air-sea interface are mainly governed by the solar altitude angle, the air temperature at 2m above the sea surface, the atmospheric pressure at the sea surface, the relative humidity at 2m above the sea surface, the cloud, and the wind speed at 10m above the sea surface. In this paper, the dynamic processes of the above meteorological parameters related to heat fluxes are considered. Sea surface momentum forcing uses summer mean wind field. The meteorological parameters are derived from the National Oceanic and Atmospheric Administration’s (NOAA) NCAR/NCEP reanalysis data, which has a temporal resolution every 6 hours.


Firstly, the model ran for 30 days forced with summer mean surface meteorological parameters and wind. After the spin-up, we carried out prognostic simulations from August 5, 2008 to September 30, 2008 forced with summer mean wind forcing and real-time surface meteorological parameters. Model simulated hourly results were used to do model verifications and thermal influence analysis.





2.4  Cooling water discharge sources


Based on the above 3D numerical model of Daya Bay, we simulated the diffusion process of the cooling water discharge from the DBNPP in summer. The source strength of the cooling water discharge is taken as 190 m3/s, and the temperature rise at the discharge point is 8°C. The model results are compared with the field observational data to verify the performance of the model. Then the model results are used to analyze the dispersion pattern of the DBNPP’s cooling water.






3  Results and discussion




3.1  Model validation


The time series of modeled tidal elevations were compared with the measured data at four stations: Gangkou, SanmenDao, Xiachong, and Xichong (with positions shown in Figure 1). The results showed that the model reasonably reproduced the trend of tidal rise and fall in Daya Bay, and the amplitude and phase of tide levels calculated by the model were generally consistent with the measured results (Figure 2). As our model did not consider M4 and M6 tide, the model could not simulate the double peak structure well during spring and neap tide which mainly attributed to the interaction of bottom topography and shallow water tidal constituents (Song et al., 2016). The model predictive capability for temperature was tested by comparing model results with the measured temperatures at the surface, middle, and bottom of the T1 station (Figure 3). The result indicated that the model could reproduced the temporal variations of temperature in different layers of the water column. Even though, there was some discrepancy between the model results and observations because of the low spatial resolution (about 2.5 degree) of the NCAR/NCEP reanalysis data used in our model.





Figure 2 | 
Comparisons of modeled hourly tidal level (red curves) with field observations (green curves) at four stations (i.e., Gangkou, SanmenDao, Xiayong, and Xichong) with the positions shown in Figure 1
.









Figure 3 | 
Comparisons of modeled temperature with field observations at stations T1: (A) Surface; (B) Middle layer; and (C) Bottom layer. The field observations conducted at September 12 and 13, 2008.







Figures 4
 and 5
 compared the temperature rise calculated by the model with the remote sensing results for the corresponding periods. Both remote sensing data and numerical model results show that the temperature rise intensity due to the cooling water discharge from the DBNPP gradually decreases from the center of the discharge point. The 4°C temperature rise area is mainly confined to the area near the outfall, and generally the simulation results are similar to the remote sensing observations.





Figure 4 | 
Distributions of temperature rise intensity of Daya Bay nuclear power cooling water discharge on September 21, 2008 (TM data) derived from satellite observations.









Figure 5 | 
Distribution of daily mean surface temperature rise on September 21, 2008 calculated by the model of Daya Bay.









3.2  Horizontal tidal currents



Figures 6
 and 7
 show the distribution of flood and ebb tidal currents calculated by the model. Constrained by the shoreline and bottom topography, the tidal flow in Daya Bay is basically reciprocal. Flooding tidal currents at Daya Bay basically flows from south to north. The direction of ebb tide is generally opposite to that of the flood tide, but its flow velocity is stronger than that of the flood tide. The island in the middle of Daya Bay roughly divides the sea into two halves, with the eastern side having a wide area and a deeper water depth, which is the main channel for tidal currents. The water bodies at the top of Daya Bay exchange with the outer sea mainly through the eastern part, while the water bodies in Yaling Bay and Dapeng’ao flow out of Daya Bay mainly through the western channel. The tidal currents distributions were consistent with the results of Wu et al. (2007) and Zhou (2007).





Figure 6 | 
Simulated surface tidal currents during flood tide period in the Daya Bay.









Figure 7 | 
Same as Figure 7
, but for the tidal currents during ebb tide period.









3.3  Sea surface temperature


Away from the open ocean, the water depth in Daya Bay is shallow (Figure 1). The spatio-temporal variations in temperature field is mainly controlled by the heat flux at the air-sea interface in addition to the influence of hydrodynamic processes in Daya Bay. In this section, we analyzed the spatial distributions of the surface and bottom temperature in summer based on the model results.


In summer, the solar radiation in Daya Bay is strong, which results to strong water column stratification. The sea surface temperature (SST) of the whole area is above 28°C. The temperature distributions in the surface and bottom layer in the mouth of the bay and the outer sea are obviously different (Figures 8
, 9). In the top of the bay and near-shore area, due to the shallow water depth, the temperature difference between the surface and bottom layers is not significant and the stratification is weak. In summer, the eastern coast of Guangdong in the northern South China Sea produces a more significant upwelling process under the influence of the southwest monsoon (Gan et al., 2009). The results also show that very strong outer seawater invasion with lower temperature occurred at the bottom in the entrance of the bay during summer, and its influence can reach to the area near Gangkou (Figure 9).





Figure 8 | 
Model simulated summer mean surface temperature distribution in the Daya Bay.









Figure 9 | 
Model simulated summer mean bottom temperature distribution in the Daya Bay.






The results also show that the temperature distribution in summer is significantly influenced by the cooling water discharge from the nuclear power plant (Figure 8). Under the influence of southwest monsoon, the cooling water discharge from nuclear power plant spreads to the northeast, which has less influence on the temperature distribution in Dapeng’ao.





3.4  Temperature rise area distribution



Figures 10
 and 11
 illustrate the model simulated surface and bottom temperature rise during spring and neap tide period, respectively. Model results show that the cooling water discharge from the DBNPP first expands in a fan shape far out to sea near the outfall, and then spreads mainly to the northeast under the influence of the southwest monsoon. In summer, the water column stratification in Daya Bay is strong, and the cooling water discharge mainly tend to diffuse in the surface layer, and the temperature rise in the bottom layer is not significant (Figures 10B, D
, 11B, D). Statistical analysis showed that the total area for summer cooling water discharge led to 1 °C surface temperature rise area near the power plant of about 18.8 to 21.6 km2. The area with temperature rises of 2 °C is between 6.2 and 8.1 km2. The area with temperature rises of 4 °C is no more than 1.2 km2. In the bottom layer, the area within 1°C temperature rise near the power plant is no more than 2.2 km2. There is no area with temperature rise above 1°C (Table 1).





Figure 10 | 
Model simulated temperature rise: (A) surface and flood tide period; (B) bottom and flood tide period; (C) surface and ebb tide period; and (D) bottom and ebb tide period, near the Daya Bay Nuclear Power Plant (DBNPP) during spring tide in summer.









Figure 11 | 
Same as Figure 11
, but during neap tide.







Table 1 | 
Statistics of model simulated surface and bottom temperature rise area (Unit: km2) during spring and neap tide periods due to the cooling water discharge from the Daya Bay Nuclear Power Plant (DBNPP) in summer.






Further comparison of the temperature rise area near the outfall of the DBNPP during spring tide and neap tide shows that the tide also has effect on the diffusion of warm discharge water, with a more significant influence during spring tide (Table 1). According to the tidal dynamics in Daya Bay calculated by the model (Figures 6
, 7), the flood tidal current in the sea near the power plant outfall basically flows in the northeast direction along the shoreline, while the direction of the ebb tidal current is opposite. Under the action of such tidal dynamics, the cooling water discharge will expand to the northeast during the flood tide period, which is basically in the same direction as the action of the monsoon, thus extending the temperature rise envelope farther to the northeast (Figure 10A). At ebb tide period, the surface warm water is influenced by the southwestward ebbing tide, and the temperature rise envelope is deflected clockwise. Under the joint influences of summer wind and ebbing tide, the cooling water spreads east-northeastward (Figure 10C). During the period of neap tide, the difference between the expansion pattern of warm water at the time of flood and neap tide is small, indicating that the diffusion of cooling water at this time is mainly controlled by the monsoon (Figure 11).


Modeled hourly time-series of surface 1°C and 4°C temperature rises area, surface tidal current speed and direction, and tidal elevation during spring and neap tide periods are shown in Figures 12
. The temperature rise area illustrates obvious flood and ebb tide variations. And the distribution pattern has significant difference during spring and neap tide periods (Figures 12A, B). It demonstrates that the flooding and ebbing tides play important roles on the offshore spreading of cooling water discharge from the DBNPP. The influence is more significant during spring tide, especially for the 4°C temperature rise area with the maximum value occurred during the end of flooding and ebbing tide. The results further support our previous findings. And our findings are consistent with the results of Jiang and Wang (2020) who also had reported the different distributions of temperature rise area during spring and neap tide periods.





Figure 12 | 
Modeled time-series of: (A) 1℃ temperature rise area; (B) 4℃ temperature rise area; (C) Surface tidal current speed; (D) Surface tidal current direction; (E) Vertical eddy viscosity coefficient and (F) Tidal elevation during spring and neap tide periods.






In order to quantitatively estimate the tidal influence on the diffusion of cooling water discharge from the DBNPP. We calculated the correlation coefficients between the surface temperature rise area with the tidal elevation and tidal current (tidal current speed and direction) shown in Table 2
. Generally, negative correlation relationships were found between the tides (i.e., tidal elevation, tidal current speed and direction and temperature rise area). And significant correlations were found between the 4°C temperature rise area and tidal elevation, tidal current speed and direction during spring tide period. Among them, the largest absolute value of correlation coefficient (with R=-0.72) was occurred between the 4°C temperature rise area and tidal elevation. The negative correlation coefficient between the 4°C temperature rise area and tidal current speed indicates that the strong tidal current induced significantly vertical mixing inhibited the horizontal diffusion of cooling water discharge to offshore (Figures 12C, E). Jiang and Wang (2020) also found that the weaker current in neap tide than in spring tide period affected the mixing of cooling water less. Besides the cooling water discharge, the spring-neap tide can also influence the nutrient supply and the primary production of the phytoplankton (Sharples, 2008).



Table 2 | 
Correlation coefficients between the temperature rise (1°C and 4°C) envelope area and tidal elevation, tidal current during spring and neap tide periods.






Our findings imply that tidal effects should not be neglected in the numerical simulation of cooling water discharge in coastal regions. Clearly understanding of the driving mechanisms of tidal influence on the cooling water discharge can improve the capability of the numerical model to precict the dispersion of cooling water discharge. It can also help us to better understand the effects of cooling water discharge on marine environment and ecosystem dynamics.






4  Conclusions


Thermal pollution caused by cooling water discharge from power plants is a severe marine ecological problem of great concern. To reveal the diffusion of cooling water discharge from Daya Bay Nuclear Power Plant (DBNPP) and its impact on the surrounding marine environment, this paper establishes a high-resolution three-dimension (3D) baroclinic model in Daya Bay. The main conclusions are:


	
(1) The model results are consistent with the observations. The simulated temperature rise distribution and the remote sensing results both show that the intensity of temperature rise gradually decreases from the center of the outfall to the outer sea. 4°C temperature rise area is mainly confined to the area near the outfall. It shows that the model can better reproduce the hydrodynamic and thermodynamic processes in Daya Bay.


	
(2) The results show that the horizontal tidal currents in Daya Bay is basically reciprocal due to the shoreline and bottom topography constraints. At flood tide, the tide in Daya Bay basically flows from south to north, from the mouth of the bay to the top of the bay, and the ebb tide is roughly opposite to the flood tide, but its strength is stronger than that of the flood tide.


	
(3) In summer, the surface and bottom temperatures in Daya Bay are high, especially at the top of the bay and near-shore waters, and the bottom water temperature at the mouth of the bay and in the outer sea is low. The warm water discharge led to 1°C surface temperature rise in the sea near the power plant envelope area of about 18.8 to 21.6 km2. The area where the rising temperature over 2 °C is between 6.2 and 8.1 km2. The area with rising temperature over 4 °C is no more than 1.2 km2. The area with 1°C temperature rise near the power plant is no more than 2.2 km2 at the bottom layer.


	
(4) The tidal process also has certain influence on the diffusion of cooling water diffusion in the DBNPP. The diffusion trend in different tidal processes will have some differences, among which the influence of the spring tide period is more significant than that of the neap tide period.
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