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Potential risk from and
prevention of phytoplankton
outbreaks in blocking the
cooling water system in a
nuclear power plant on the
Southeast China coast

Yu Wang1†, Xiaoyin Chen1†, Yingyue Lin2, Shuyi Zhang1,
Lin Chang1, Xiaoming Tang1, Peng Xiang1* and Heshan Lin1*

1Third Institute of Oceanography, Ministry of Natural Resources, Xiamen, China, 2Fujian Fuqing
Nuclear Power Company Limited, Fuqing, China
The invasion or aggregation of marine biota in coastal waters has become a

common problem, threatening the safety of cooling water systems in the context

of environmental and climate changes. However, studies on issues of coastal

nuclear power plants from the view ofmarine ecology havemostly focused on the

thermal effluent, entrainment effect on organisms, residual chlorine, radioactivity,

etc. There is a lack of information on the safety of cooling water systems in nuclear

power plants blocked by marine biota. Based on field and historical datasets, this

study screened phytoplankton species that may potentially block the cooling

water system of the Fuqing nuclear power plant on the Southeast China coast,

identified the phytoplankton risk and a risk calendar, and established a catalog of

risk phytoplankton species for the cooling water system. The screening criteria

were simultaneously required as follows: (1) particle size of cells or group >2000

mm; (2) phytoplankton bloom or aggregation events occurred in surrounding

areas; (3) and species abundancemaintained at >0.5×105 cells/L in the surrounding

area. Nine high-risk species were screened out that can easily form colonies,

clusters, and groups, including Thalassiosira diporocyclus, Thalassiosira subtilis,

Noctiluca scintillans, Phaeocystis globosa, Pseudo-nitzschia pungens, Pseudo-

nitzschia delicatissima, Skeletonema costatum, Skeletonema dohrnii, Paralia

sulcata. Due to small cells or the formation of short chains, some dominant

phytoplankton species, even thosewith advantages in abundance and occurrence,

had difficulty threatening the reliability of cooling water systems in nuclear power

plants. The outbreak of different phytoplankton species varied daily, and the risk of

blockage was highest from April to July. The biological characteristics, ecological

mechanisms underlying outbreaks of high-risk phytoplankton species are

reviewed and discussed, suggesting a high degree of temporal and spatial

variability of blockage risk. Finally, main prevention and control measures used
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against high-risk phytoplankton species are provided to imply new ideas and

methods for nuclear power plants. These strategies have very important practical

and scientific significance.
KEYWORDS

phytoplankton outbreak, cooling water system, blockage risk, nuclear power plants,
ecological mechanism, preventive measures
Highlights
1. Nuclear power plants face a high risk of blockage by

marine biota outbreaks in cooling water systems.

2. Blockages risk from phytoplankton was concentrated

from April to July.

3. Nine high-risk species of phytoplankton that can easily

form colonies, clusters, and groups were screened out.

4. The biological characteristics, ecological mechanisms

underlying outbreaks of high-risk phytoplankton

species suggested a huge temporal and spatial

variability of blockage.

5. Main prevention and control measures used against

high-risk phytoplankton species are provided.
1 Introduction

With the depletion of traditional power sources, such as coal

and oil, nuclear energy has been developed and utilized by more

countries as a clean and efficient alternative (Dagnall, 2005; Yang

et al., 2020). Nuclear power plants are mainly located on the

coast, and water supply systems using seawater as the final

cooling water source are widely used. The main cooling water

system, also known as the circulating water system, is the cold

end system for operating the power plant (Dagnall, 2005; Liu,

2019). The operational state of the cooling water system directly

affects the safety of the power plant (Alsaffar and Zheng, 1999;

Ruan, 2015).

The reliability of the cooling water system in nuclear power

plants is crucial for their safe operation. The intrusion or

aggregation of marine biota into cooling water systems seriously

threatens nuclear safety in the context of environmental and

climate changes (Alsaffar and Zheng, 1999; ERPI, 2015; Fu

et al., 2020). The increasing amount of waste, marine biota,

sediment, sea ice, etc. can block cooling water systems (Chen,

2009; Ruan, 2015; Arefiev et al., 2015; Yan and Lu, 2016). If a large

number of blockages are pumped into the system, clogging the

water intake components, it will seriously threaten the normal
02
operation and cause huge hidden dangers to the safe operation of

nuclear power plants (Mark, 2012; Kumar et al., 2017; Fu et al.,

2020). The World Association of Nuclear Operators (WANO)

announced that 38% of the 60 blocking events from 2008 to 2015

were caused by marine biota; 38% were sand, silt, and debris; and

24% were other sources (sediment, plastic). Among the blockage

events caused by marine biota since 1980, jellyfish account for

59%, phytoplankton for 11%, fish and shrimp for 10%, and

microalgae and aquatic plants for 7% (ERPI, 2015; Han et al.,

2018). Therefore, the aggregation and outbreak of marine biota is

an important threat to cooling water systems of coastal nuclear

power plants (Table 1). Table 1 indicates the most common issue

occurs when jellyfish block the water intake filter screen and even

cause the reactor to shut down (Matsumura et al., 2005; Mark,

2012; Florin et al., 2013). In addition to jellyfish, other marine

biota have caused blockages, such as that caused by an outbreak of

pelagic tunicates (Salpa fusiformis) and Euphausiids (Chae et al.,

2008). In recent years, coastal nuclear power plants in China have

also experienced incidents that threaten their cooling water

systems, due to outbreaks of marine biota (Table 1). In July

2014, the water intake of the Hongyanhe nuclear power plant in

northern China was blocked by A. aurita, resulting in a 10 day

shutdown (Zhang et al., 2019). From December 2014 to February

2015, a bloom of Phaeocystis globosa erupted in the area of the

Fangchenggang nuclear power plant, blocking some filtration

equipment to varying degrees (He et al., 2019b; Kang et al.,

2020). In January 2015, Acetes chinensis, Acetes erythraeus, and

Acetes japonicus tripped the single circulating pump in Daya Bay

nuclear power plant (Meng et al., 2018). In August 2015, the

blocking of the Ningde nuclear power plant in Fujian by benthos,

sea cucumbers Acaudina molpadioidea, was related to typhoons

(Chen, 2018; Tang, 2018). Therefore, it can be seen that for

phytoplankton or algae species, the blockage risk is relatively low,

with relatively short time during blockage.

The monitoring and prevention of organisms that typically

block coastal nuclear power plants aims to provide an analysis of

contributing factors and prevention methods for outbreaks or

aggregations (Chae et al., 2008; Moreau et al., 2013; Florin et al.,

2013; Arefiev et al., 2015; Fu et al., 2020). The ecological mechanisms

of outbreaks of some marine biota in areas near nuclear power

plants have been preliminarily analyzed. Chae et al. (2008) found
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that the warm surface current that occasionally extends to the

nearshore area, makes Salpa fusiformis enter the cooling waters of

Uljin nuclear power plant in South Korea. Prakash et al. (2012) used

hydrological and seaweed migration models and found that the

Salem power plant was invaded by seaweed from the intertidal

swamp 3 miles away. Florin et al. (2013) traced the mussels,Mytilus

edulis, that first appeared around the Bothnian Sea nuclear power

plant in Sweden. Chen (2018) speculated that the block of the

Ningde nuclear power plant may have been caused by the

combinded effect of ocean currents caused by typhoons, the

disturbance of the bottom habitat, and the self reproduction and

growth of A. molpadioidea. Consequently, the biggest threat to the

cooling water system of nuclear power plants is the uncertainty of

outbreaks of marine biota in the context of environmental and

climate changes (Deretz, 2007; King et al., 2010; Prakash et al., 2012;

Kumar et al., 2017; Fu et al., 2020). In general, these outbreaks have

no obvious signs or specific times, which causes problems for

studying bio-blocking in cooling water systems. Changes in the

marine environment and climate, the impact of thermal effluent,

and species distribution are all potential factors for the aggregation

or outbreak of marine biota (Kumar et al., 2017; Wu et al., 2017;

Chen, 2018; Tang, 2018; Fu et al., 2020; Yu et al., 2021).

Harmful algae blooms (HABs), mainly composed of

phytoplankton, are an ecological anomaly caused by the

proliferation of tiny unicellular organisms under specific

environmental conditions (Berdalet et al., 2017). Fujian in

Southeast China has a long coastline with numerous bays. As
Frontiers in Marine Science 03
a result of global change and human activities, marine

environment pollution is increasing in this area, making

Fujian prone to HABs, with the occurrence of toxic HABs

increasing rapidly (Li, 2012). Specifically, in 2012, a toxic

Karenia mikimotoi bloom in Fujian resulted in the death of

numerous more than 70% of cultured abalones and a direct

economic loss of 2.1 billion yuan, which had a serious impact on

fishery production, coastal tourism, and human health. This was

the most serious economic loss caused by HABs reported in

China (Lin et al., 2016). Once a large number of HABs

organisms gather, the rotating filter screen (usually 3 or

5 mm) of the circulating water filtration system can be

blocked, tripping the seawater circulating pump of nuclear

power plants (Deretz, 2007; Mark, 2012; Fu et al., 2019; He

et al., 2019b; Zhang et al., 2019; Kang et al., 2020). Therefore, as a

potential risk organism, phytoplankton may accumulate, with a

high number of cells that then deposit on the filter screen

surface. Based on field monitoring data of phytoplankton in

the 15 km around Fuqing nuclear power plant, combined with

historical HABs datasets from the Marine Environmental

Quality Bulletin in Fujian that covered 16 years from 2006 to

2021, phytoplankton species were screened and evaluated that

may potentially block the cooling water system, a three principle

of screening risk phytoplankton specie was established, a catalog

of risk phytoplankton species and monthly risk calendar were

determined. Finally, the ecological mechanisms of high-risk

phytoplankton outbreak were reviewed and discussed, and an
TABLE 1 List of shutdown cases or threats to nuclear power plants caused by substances and invasion or aggregation of marine biota.

Year Nuclear power plant Country Caused blockage Operations

Jan. 1997 FitzPatrick USA Sticklebacks reactor emergency shutdown

Jun. 2003 Uljin Korea Euphausia pacifica and Salpa fusiformis reactor emergency shutdown

Aug. 2005 Stockholm’s Oskarshamn Sweden Aurelia aurita reactor emergency shutdown

Aug. 2005 Oyster Creek USA Sea weeds reactor emergency shutdown

Sep. 2007 FitzPatrick USA Cladophora multiple shutdown

Oct. 2008 Diablo in California USA Jellyfish canyon 2 reactor shutdown

Dec. 2009 Cruas France Sea weeds power reduction of 20%

2011 Shimane prefecture Japan Jellyfish outlet generation reduced by 6%

Jun. 2011 Torness nuclear power station UK Jellyfish reactor emergency shutdown

Jul. 2011 Hadera Israel Jellyfish facing the risk of shutdown

Aug. 2011 St. Lucie Nuclear Plant in Florida USA Aurelia aurita reactor emergency shutdown

Jul. 2012 San Luis Obispo in California USA Salpa fusiformis reactor emergency shutdown

Sep. 2013 Stockholm’s Oskarshamn Sweden Aurelia aurita reactor emergency shutdown

Jul. 2007 Tianwan in Guangdong China Wheat straw power reduction

2009 Dayawan in Guangdong China Mussels power reduction

Jun. 2011 Qinshan in Zhejiang China Flotsam and jetsam power reduction

Jul. 2014 Honhyanhe in Niaoning China Jellyfish reactor automatic shutdown

Dec. 2014 Fangchenggang in Guangxi China Phaeocystis globosa power reduction

Jan. 2015 Linao in Guangodng China Acetes spp. power reduction

Jul. 2015 Honhyanhe in Niaoning China Aurelia aurita power reduction

Aug. 2015 Ningde in Fujian China Acaudina molpadioidea reactor emergency shutdown

Jan. 2016 Linao in Guangodng China Acetes spp. reactor emergency shutdown
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effective solution for prevention was provided. These strategies

have very important practical and scientific significance.

2 Material and methods

2.1 Data recourse

Field monitoring data of phytoplankton species were

obtained by water sampling quantitative method that followed

the UNESCOManuals and Guides (Karlson et al., 2010). Twelve

stations (Figure 1) were set within 15 km around Fuqing nuclear

power plant area according to technical guidelines for sea area

utilization demonstration in China (General Administration of

Quality Supervision, Inspection and Quarantine of the People's

Republic of China 2010). Water samples (500 mL) from the

surface (0.5 m) and bottom (0.5 m above the seabed) were taken

in December 2020, February 2021, April 2021, May 2021, June

2021, August 2021, and November 2021. The samples were fixed

with 1% neutral formalin and brought back to the laboratory for

analysis. Data on phytoplankton species included species

composition, abundance, and dominant species. Dominant

species were defined as the dominance ≥0.02 (Xu, 2006).

HABs organisms and outbreak events were screened out from

historical datasets of the Marine Environmental Quality Bulletin

in Fujian on Southeast China coast between 2006 and 2021.

Based on the field monitoring and historical datasets, the

potential phytoplankton species of risk in the target area were

screened, and the risk of blockage was assessed.
2.2 Analytical method

The treatment and analysis of phytoplankton species of risk

were carried out in accordance with the relevant provisions of the

Survey of Marine Biology (General Administration of Quality

Supervision, Inspection and Quarantine of the People's Republic
Frontiers in Marine Science 04
of China, 2008), Technical Guidelines for Treatment with Red Tide

Disaster (General Administration of Quality Supervision,

Inspection and Quarantine of the People's Republic of China,

2014). Phytoplankton species were identified and counted at 200×

to 400× magnification under an inverted optical microscope (Zeiss

Z1, Germany). Phytoplankton cell or group or chain length was

measured using AxioVision Rel. 4.8 lnk software connected with

microscopy. Phytoplankton abundance was calculated as cells/L.

HABs events in Fujian coastal waters over 16 years, including

phytoplankton causing species, occurrence, and duration days, were

classified. According to the ecological status of phytoplankton

around Fuqing nuclear power plant and the HABs events

previously recorded, combined with the quantitative assignment

risk level assessment method suggested by Tang (2018); Zhang et al.

(2019) and Yu et al. (2021), the screening criteria for blockage

organisms, catalog of potential phytoplankton species of risk, and

the monthly risk calendar were obtained. Furthermore, ecological

mechanisms of high-risk species outbreaks and preventivemeasures

are discussed in the context of a comprehensive literature review.

This study provides a scientific basis to carry out purposeful

monitoring to control marine biota of risk for cooling water

system, and also provides a reference for further research.
3 Results

3.1 Ecological status of phytoplankton
based on field monitoring around Fuqing
nuclear power plant in Southeast China

A total of 147 phytoplankton species were recorded in the

waters 15 km around Fuqing nuclear power plant, including 117

species of diatoms that dominated the community, 25 species of

dinoflagellates, two species of Cyanobacteria, and two species of

Chrysophyta (Figure 2A). In terms of monthly variation, the

maximum species richness was 74 in June 2021, which was the
BA

FIGURE 1

(A) Field monitoring stations within 15 km around Fuqing nuclear power plant area on southesast China coast. (B) Distribution map of nuclear
power plants in China mainland cited from China Nuclear Energy Association (http://www.china-nea.cn/).
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B

C

A

FIGURE 2

Monthly variation of phytoplankton composition (A), species richness (B) and abundance (C) around Fuqing nuclear power plant on southeast
China coast.
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same as in October 2021. The minimum species richness was 43

in February 2021. The monthly variation of diatom species

richness was basically the same as that of the total

phytoplankton. However, dinoflagellates had the maximum

species richness in May 2021 (Figure 2B). The abundance of

phytoplankton was the highest in June 2021, followed by May

2021, and the lowest in October 2021 (Figure 2C).

The monthly variation of dominant species was evident

(Table 2). The dominant species taking a greater advantage in

months were chain-forming, mainly including Paralia sulcata,

Skeletonema costatum, Skeletonema dohrnii, Pseudo-nitzschia

pungens, Pseudo-nitzschia delicatissima, Eucampia zodiacus,

Chaetoceros curvisetus, Leptocylindrus danicus, and Lauderia

annulata. The major dominant species were diatoms. From

December 2020 to April 2021, the major dominant species

remained as chain-forming P. sulcata and S. costatum. From

May 2021 to July 2021, chain-forming diatoms maintained

high abundance and occurrence in the surrounding waters.

These species are an important component of potential

blocking organisms.
Frontiers in Marine Science 06
The spatial distribution of major dominant species varied

significantly (Figure 3). The most highly abundant species found

in waters close to the nuclear power plant were S. dohrnii in

December, L. annulata, E. zodiacus, C. curvisetus in June, and P.

delicatissima and Bacillaria paradoxa in July. While the most

highly abundant species found offshore from the nuclear power

plant was Thalassiosira diporocyclus in May, P. pungens in June,

P. sulcata, and S. costatum in February (Figure 3). Specifically,

the maximum abundance of S. dohrnii in December was

1.10×105 cells/L with an average of 0.57×104 cells/L; the

maximum abundance of L. annulata, E. zodiacus, C. curvisetus

in June were 0.54×105 cells/L, 0.90×105 cells/L, 1.10×105 cells/L,

respectively; and P. delicatissima and B. paradoxa in July had the

maximum abundance of 1.07×105 cells/L and 0.97×105 cells/L,

respectively. Subsequently, T. diporocyclus in May had the

maximum abundance of 1.13×105 cells/L with an average of

3.01×104 cells/L, while P. pungens in June had 1.11×105 cells/L in

maximum. The maximum abundance of P. sulcata, and S.

costatum in February were 1.03×105 cells/L and 1.11×105 cells/

L, respectively.
TABLE 2 Monthly variation of phytoplankton dominant species and its dominance around Fuqing nuclear power plant on southesast China coast.

Dominant speciesand dominance Time

Dec. 2020 Feb.2021 Apr. 2021 May 2021 Jun. 2021 Jul. 2021 Oct. 2021

Paralia sulcata 0.21 0.39 0.20 ND < 0.02 0.13 0.25

Skeletonema costatum < 0.01 0.37 0.17 ND < 0.02 < 0.01 0.20

Skeletonema dohrnii 0.31 < 0.01 ND ND ND ND ND

Coscinodiscus bipartitus 0.06 0.04 0.05 ND < 0.01 < 0.01 < 0.01

Coscinodiscus jonesianus ND ND 0.02 ND < 0.01 < 0.01 ND

Nitzschia longissima v. reversa < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.02 0.04

Nitzschia closterium < 0.01 0.04 0.07 < 0.01 < 0.01 < 0.01 0.02

Nitzschia sigma 0.04 < 0.01 < 0.01 0.04 < 0.01 0.03 < 0.01

Pleurosigma affine 0.02 0.02 < 0.01 ND < 0.01 < 0.01 < 0.01

Pleurosigma elongatum 0.04 < 0.01 < 0.01 ND < 0.01 < 0.01 < 0.01

Ditylum brightwellii 0.02 ND ND ND ND 0.06 < 0.01

Cyclotella caspia < 0.01 0.02 ND ND < 0.01 ND ND

Leptocylindrus danicus ND < 0.01 0.13 ND 0.11 < 0.01 < 0.01

Leptocylindrus minus ND ND ND ND < 0.02 0.13 < 0.01

Pseudo-nitzschia delicatissima < 0.01 < 0.01 0.02 < 0.01 0.02 0.06 < 0.02

Pseudo-nitzschia pungens < 0.01 < 0.01 0.02 0.02 0.07 0.02 < 0.02

Chaetoceros curvisetus ND < 0.01 < 0.01 ND 0.14 < 0.01 < 0.01

Eucampia zodiacus ND < 0.01 < 0.01 ND 0.18 < 0.01 < 0.01

Eucampia cornuta ND ND ND ND 0.05 < 0.01 ND

Guinardia striata ND ND ND ND 0.02 < 0.01 < 0.01

Lauderia annulata ND ND ND ND 0.21 < 0.01 < 0.01

Bacillaria paradoxa ND ND ND ND ND 0.13 < 0.01

Asterionella japonica ND ND ND ND ND 0.06 < 0.01

Thalassionema nitzschioides < 0.01 < 0.01 < 0.01 ND < 0.01 < 0.01 0.02

Thalassionema nitzschioides v. parva ND < 0.01 < 0.01 ND < 0.01 < 0.01 0.02

Thalassiosira diporocyclus ND ND ND 0.68 ND ND ND
fro
ND indicates non-detected.
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FIGURE 3

Horizontal distribution of 10 major phytoplankton dominant species around Fuqing nuclear power plant on southesast China coast.
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3.2 Phytoplankton bloom events and
annual changes based on historical
datasets in the Fujian coast,
Southeast China

Over 16 years, HABs outbreaks along the coast of Fujian in

Southeast China were seasonal (Figure 4B), with 90.5%

occurring from April to July. The highest incidence period of

HABs was in May and June, with dinoflagellates as the majority

of HABs causing species. The occurrence of HABs in May and

June accounted for 60.0% of the total number, while the duration

days accounted for 46.4% during the whole year. HABs showed a

downward trend from 2014 to 2021, and there was a small

increase by 2021 (Figure 4A). There were 13 HABs causing

species from 2006 to 2021 in common, including S. costatum,

Chaetoceros sp., Thalassiosira sp., E. zodiacus, P. pungens,

Prorocentrum micans, Karenia mikimotoi, Scrippsiella

trochoidea, Noctiluca scintillans, Gymnodinium catenatum,

Chattonella marina, Akashiwo sanguine, and Phaeocystis

globosa. The phytoplankton species that repeatedly cause

HABs were P. micans, S. costatum, Thalassiosira sp., N.
Frontiers in Marine Science 08
scintillans, and A. sanguine. Specifically, P. micans caused

outbreaks from April to July each year along the coast of

Fujian in Southeast China (Figure 4B).
3.3 Blockages caused by phytoplankton
species: Screening criteria, catalog,
and monthly calendar of
potential risk species

According to the HABs events previously recorded within 16

years along the coast of Fujian, 87 phytoplankton species

belonging to 39 genera of four phyla were selected as HABs

organisms around Fuqing nuclear power plant (Figure 5A). Of

these, 68 species of 27 genera belonging to diatoms accounted for

78% of the total species; 15 species of 10 genera from

dinoflagellate accounted for 17%; two species of two genera

from Chrysophyta accounted for 2%; and two species of one

genus from cyanobacteria accounted for 3% (Figure 5A).

Based on the diameter of the drum net of the circulating

water system (usually 3 or 5 mm) in nuclear power plants,
B

A

FIGURE 4

(A) Yearly variation and (B) monthly variation of HABs numbers and the duration days causing by major phytoplankton species in Fujian coastal
waters during the last 16 years.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1034876
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2022.1034876
combined with blockage events in cooling water system

documented by marine biota, the screening criteria for

potential risk phytoplankton species were as follows: (1)

particle size of cells or groups >2000 mm; (2) phytoplankton

bloom or aggregation events recorded in surrounding areas; and

(3) high species abundance of >0.5×105 cells/L in the

surrounding sea area. Notably, the entire three principles

should be simultaneously required instead of optional

selection. Consequently, 38 potential risk species among the

above 87 HABs organisms and a monthly risk calendar were

established for Fuqing nuclear power plant (Table 3). This

includes species with high dominance over multiple months,

such as S. costaum, S. dohrnii, P. sulcata, P. pungens, and L.
Frontiers in Marine Science 09
danicus, as well as other non-dominant species with high

abundance in the adjacent waters close to the nuclear power

plant. Based on field monitoring and historical datasets, the

phytoplankton of risk in the sea area around Fuqing nuclear

power plant could be roughly determined (Table 3).

Furthermore, the HABs events recorded in the adjacent waters

or offshore from the nuclear power plant were referred to

(Figure 5B). The potential risk from phytoplankton species

may exist in a certain area in real time. Blockages in cooling

water systems may occur when phytoplankton species

abundance reaches a high level. Phytoplankton species that

can easily form colonies, clusters, filaments, and groups were

selected as high-risk organisms (Table 3).
B

A

FIGURE 5

Monthly variation of HABs composition (A) and causing species richness (B) around Fuqing nuclear power plant on southeast China coast.
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TABLE 3 Totally 38 phytoplankton species as potential risk species and a monthly risk calendar for Fuqing nuclear power plant based on
screening criteria.

Species Dec.
2020

Feb.
2021

Apr.
2021

May
2021

Jun.
2021

Jul.
2021

Oct.
2021

Morphology Particle
size (cm)

Abundance
(105 cells/L)

Comprehensive
risk level

Asterionella
japonica

catenoid colony < 0.03 0.03–0.77 ★

Bacillaria
paradoxa

catenoid colony 0.01–0.03 0.03–0.97 ★

Chaetoceros affinis long chains 0.01–0.03 0.01–1.10 ★

Chaetoceros
curvisetus

long chains > 0.1 0.03–1.10 ★★

Chaetoceros
tortissimus

long chains 0.01–0.03 0.01–1.00 ★

Chaetoceros
densus

long chains > 0.1 0.01–1.00 ★★

Eucampia
zodiacus

catenoid colony 0.01–0.03 0.07–0.90 ★

Guinardia striata catenoid colony > 0.5 0.02–0.90 ★★

Guinardia
delicatula

catenoid colony 0.01–0.03 0.02–0.91 ★

Lauderia annulata long chains 0.01–0.03 0.02–0.66 ★

Leptocylindrus
danicus

long chains > 0.1 0.02–0.93 ★★

Leptocylindrus
minus

long chains > 0.1 0.02–0.55 ★★

Odontella
mobiliensis

large cell 0.0–0.03 0.01–0.65 ★

Odontella regia large cell > 0.1 0.02–0.55 ★

Odontella sinensis large cell > 0.1 0.2–0.75 ★

Paralia sulcata long chains > 0.1 0.7–1.03 ★★★

Pseudo-nitzschia
pungens

long chains > 0.1 0.04–1.11 ★★★

Pseudo-nitzschia
delicatissima

long chains > 0.1 0.04–1.07 ★★★

Rhizosolenia
setigera

long cell > 0.5 0.02–0.61 ★

Rhizosolenia alata long cell > 0.5 0.02–0.61 ★

Skeletonema
costatum

long chains > 0.1 0.7–1.11 ★★★

Skeletonema
dohrnii

long chains > 0.1 0.2–1.10 ★★★

Stephanopyxis
palmeriana

long chains 0.01-0.03 0.02–1.03 ★

Thalassiosira
diporocyclus

colony 1–2 0.01–1.13 ★★★

Thalassiosira
rotula

long chains > 0.1 0.02–0.83 ★★

Thalassiosira
subtilis

colony 1–2 0.02–0.71 ★★★

Thalassiothrix
frauenfeldii

catenoid colony 0.01–0.03 0.02–0.72 ★

Thalassionema
nitzschioides

catenoid colony 0.01–0.03 0.07–0.62 ★★

Akashiwo
sanguinea

large cell < 0.003 0.03–0.62 ★

Ceratium furca large cell 0.01–0.03 0.03–0.62 ★

(Continued)
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4 Discussion

4.1 Assessment on potential blocking
risk from phytoplankton species for a
nuclear power plant on the
Southeast China coast

In terms of the relationship between nuclear power plants

and the marine environment, the impact of thermal effluent on

marine biology is the most well studied (Kaplan et al., 2016;

Dvorniko et al., 2017; Wei et al., 2018). However, with changes

in the marine environment and climate, the safety of cooling

water systems has become a new research area. The safe

operation of cooling water systems requires establishing a

catalog of risk organisms in the surrounding area, and

developing monitoring systems, early warning technologies,

and preventive countermeasures (Moreau et al., 2013; Tang

et al., 2017; Zhang et al., 2018; Kirsti et al., 2018; Lu et al.,

2018; Yu et al., 2021). It is a complex problem, and factors such

as population composition, distribution, abundance of marine

biota, trends and intensity into water intake components are

important issues for evaluating the threat or risk. Tang (2018)

used the Analytic Hierarchy Process, which initially proposed

the principle of Ningde nuclear blockage causing organisms

screening and determined the possibility blockage in accordance

with the criteria: 0.000 to 0.249 for low risk, 0.250 to 0.499 for

medium risk, 0.500 to 0.749 for high risk, 0.750 to 1.000 for very

high risk. Some studies have established a catalog of risk

organisms and a biological screening index system for jellyfish.
Frontiers in Marine Science 11
For example, Zhang et al. (2019) according to relative biomass,

i.e. the number of jellyfish caught per net per hour, suggested the

risk level was “High” when relative density of jellyfish was ≥ 500

ind./(net.h), called the red level; level “Medium” was when the

relative density was > 300 but < 500 ind./(net.h), called the

yellow level; level “Low” was > 100 and < 300 ind./(net.h), called

the blue level. Subsenquently, over the past 5 years, several

monitoring plans, early warning technologies, and decision

support systems have been developed for marine biota that

block cooling water systems (Tang et al., 2017; Zhang et al.,

2018; Kirsti et al., 2018; Lu et al., 2018; Meng et al., 2018).

In present study, utilizing the quantitative risk level

evaluation method suggested by Tang (2018); Zhang et al.

(2019) and Yu et al. (2021), the risk level of 38 potential risk

phytoplankton species preliminarily screened were assigned to

quantitative values of 1, 2, 3, and 4, with corresponding levels of

low, medium, high, and extremely high. Consequently, a

comprehensive quantitative analysis showed that the

organisms of potential risk to Fuqing nuclear power plant

mainly appeared between April and July, with occasional high

abundance aggregation events occurring in May (Figure 6). At

the species level, there were nine major high-risk species,

including T. diporocyclus, T. subtilis, N. scintillans, Phaeocystis

globosa, P. pungens, P. delicatissima, S. costatum, S. dohrnii, and

P. sulcata (Figure 6A). There were seven species of medium risk,

22 species of low risk, and no species of extremely high risk.

Temporally, the high-risk species were most abundant in June

and July, and the risk of blockage was highest. In the other

months, there was a low to medium risk of blockage (Figure 6B).
TABLE 3 Continued

Species Dec.
2020

Feb.
2021

Apr.
2021

May
2021

Jun.
2021

Jul.
2021

Oct.
2021

Morphology Particle
size (cm)

Abundance
(105 cells/L)

Comprehensive
risk level

Ceratium fusus large cell 0.01–0.03 0.03–0.61 ★

Noctiluca
scintillans

large cell 1–2 0.02–0.68 ★★★

Gymnodinium
catenatum

long chains < 0.4 0.03–0.66 ★

Karenia
mikimotoi

large cell < 0.003 0.03–0.66 ★

Prorocentrum
donghaiense

large cell < 0.03 0.03–0.63 ★

Scrippsiella
trochoidea

large cell < 0.003 0.03–0.62 ★

Trichodesmium
erythaeum

long cell < 0.4 0.03–0.63 ★

Phaeocystis
globosa

granular colony < 3 0.01–0.38 ★★★

low medium high extreme high
The symbol ★ suggests the risk level of blockage from marine phytoplankton species, the more number of ★ showing, the high the blockage risk being.
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Notably, the nine high-risk species in this study were only

treated as a risk for the cooling water systems in nuclear

power plants. For the entire ecosystem, these species had

corresponding niches, and there was no distinction between

mentions of high, medium, and low risk. The investigation and

evaluation of marine biota should be guided by the data

requirements of the calendar of marine organism outbreak risk

(Mark, 2012; Florin et al., 2013; Tang, 2018; Zhang et al., 2019;

He et al., 2019b; Yu et al., 2021).
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4.2 Characteristics and ecological
mechanism of outbreaks or aggregations
of potential risk phytoplankton species
for a nuclear power plant on the
Southeast China coast

The increasing severity of HABs in the coastal waters of China

has a close relationship with the intensified eutrophication,

especially in the estuaries and bays (GEOHAB, 2010; Yu and
B

A

FIGURE 6

(A) The quantitative risk evaluation of 38 potential risk phytoplankton species and (B) monthly quantitative risk variation of 21 top potential risk
phytoplankton species for Fuqing nuclear power plant.
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Chen, 2019). Besides, the alteration of natural habitat by mariculture

industry and other anthropogenic activities also contributes to the

occurrence of HABs events (Figure 7), such as the green tides in the

southern Yellow Sea. Other factors like climate change also influence

the distribution, dynamics, and impacts of HABs in the coastal

waters of China directly or indirectly, through the effects on water

temperature, stratification, and currents (Figure 7) (Anderson et al.,

2012; Glibert et al., 2018; Yu and Chen, 2019).

The presence of phytoplankton species was the main cause

of HABs. Appropriate external conditions, including physical,

chemical, biological, hydrological, meteorological, and other

factors were the environmental cause of HABs. The formation

of HABs requires certain species and specific environmental

factors (Figure 7). However, predicting and understanding the

ecological mechanism of HABs formations remains difficult

because it has a high degree of temporal and spatial variability

(GEOHAB, 2010; Anderson et al., 2012; Glibert et al., 2018; Yu

and Chen, 2019). In this study, the biological characteristics and

ecological mechanism of outbreaks for major high-risk

phytoplankton species are discussed below.

4.2.1 Biological properties and mechanisms
underlying outbreak of Phaeocystis globosa

Phaeocystis globosa belongs to the genus Phaeocystis of

Haptophyta. It is a major causative agent of HABs in oceans
Frontiers in Marine Science 13
globally, featuring a complex polymorphic life cycle, alternating

between free-living solitary cells (3–8 mm) and colonial cells

(maximum 3 cm) (Shen and Qi, 2021). A colony is the dominant

morphotype during P. globosa blooms (Figures 8A-C). The

sticky and elastic carbohydrate skins of colonies can block the

cooling water system of nuclear power plants (He et al., 2019b;

Wang et al., 2021). Colony skin reportedly blocked the entrance

of the cooling water filtration system of the Fangchenggang

Nuclear Power Plant in China (Kang et al., 2020). According to

the historical datasets and field investigation of this study,

Phaeocystis blooms were not found in Fuqing nuclear power

plant but were detected in July and October in lower abundance

(0.07×105 cells/L, 0.11×105 cells/L), so may become a germplasm

source of Phaeocystis blooms (Table 3, Figure 6). In general, P.

globosa is prone to bloom in coastal waters with abundant or

eutrophic nutrients. The restriction of nitrogen and phosphate

will inhibit the growth and life cycle transformation of P.

globosa. P. globosa colonies are more susceptible to phosphate

restriction than free single cells, so colonies cannot form at low

phosphate concentrations (Wang, 2006). When nitrate is the

nitrogen source, colonies can easily develop, while other forms of

nitrogen lead to the dissipation of colonies (Tungaraza et al.,

2003). The colonies can be formed in a wide range of salinities,

but temperature plays a key role in the colony size (He et al.,

2019a). Higher external temperatures will accelerate colony
FIGURE 7

Ecological mechanism for HABs formation modified from GEOHAB (2010) suggests main environmental conditions and anthropogenic activities
in coastal areas.
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rupture, and make single cells rapidly form large colonies.

Specifically, Wang and Tang (2010) found that the maximum

size of the colonies can be obtained at a salinity of 28 and a

temperature of 25°C or at a salinity of 25 and temperature of 20°

C. In addition, the formation of P. globosa colonies also requires

light intensity of more than 40 mmol/(m2s) (Deng, 2013). Water

disturbance can promote the proliferation of P. globosa cells and

prolong the growth time (Li et al., 2010; Cai et al., 2011).

Therefore, water disturbance caused by monsoons may be one

of the main factors of P. globosa blooms (Hai et al., 2010).

Diatoms are often associated with the occurrence and

dissipation of P. globosa blooms, especially chain diatoms,

including Chaetoceros sp., Skeletonema costatum, and Pseudo-

nitzschia sp. (Peperzak et al., 1998; Hamm and Rousseau, 2003).

The formation and increase of P. globosa colonies causes a
Frontiers in Marine Science 14
discrepancy in particle size between the food and the feeders,

inhibits the feeding efficiency, and protects the colonies

(Nejstgaard et al., 2007; Wang et al., 2011). Moreover, P.

globosa can improve the inner space of colony formation when

facing the feeding of mesozooplankton. In summary, the

frequent occurrence of P. globosa blooms may be attributed to

the competitive advantage of its life cycle transformation and

colony formation.

4.2.2 Biological properties and mechanisms
underlying outbreak of Noctiluca scintillans

N. scintillans, belonging to the genus Noctiluca of Pyrrophyta,

is a unicellular species with a nearly spherical body and a cell

diameter of 150–2000 mm, visible to the naked eye, especially

giving off blue light at night (Figures 8D-F). It has both plant
FIGURE 8

Morphological observation and mensuration of four high-risk phytoplankton species for Fuqing nuclear power plant. P. globosa: (A–C), N.
scintillans: (D–F), T. diporocyclus: (G–I), P. pungens: (J, K).
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attributes and some animal functions; therefore, its floristic

classification includes red heterotrophic species and green

amphotropic species (Mikaelyan et al., 2014; Song et al., 2016).

N. scintillans blooms frequently occur on the China coast, and its

occurrence can reach about 50% of the total HABs (Tang et al.,

2006). During the blooms, N. scintillans are concentrated on the

surface or near the surface (Turkoglu, 2013), distributed in strips

or blocks of dark pink and orange, with bloom abundance of >104

cells/L (Qian et al., 1994). The N. scintillans cell is large and has

colloidal substances on its surface and so it may block the cooling

water system and cause potential safety hazards during outbreaks.

This species has frequently caused HABs in Fujian since 2007, and

near the Yangtze River Estuary in 2021, which can easily block

Fuqing nuclear power plant on Southeast China coast

(Table 3, Figure 6).

The population dynamics of N. scintillans are affected by

many factors, such as the environment, biological characteristics,

and population structure. Water temperature is the main factor

affecting the seasonal variation of N. scintillans (Harrison et al.,

2011). A study in Jangmok Bay, South Korea, showed that N.

scintillans abundance decreased sharply when the water

temperature was >28°C (Jang et al., 2010). Le Fèvre and Grall

(1970) reported that, as N. scintillans is a cold-water species, high

temperatures would inhibit population growth (e.g. Huang et al.,

1997; Tada et al., 2004). N. scintillans is a heterotrophic

dinoflagellate, and its population dynamics will also be affected

by food availability. Harrison et al. (2011) reported that the

abundance of zooplankton also controlled N. scintillans

abundance due to competition. Miyaguchi et al. (2006) found

that the large number of sexual-multiplication cells is one of the

necessary conditions forN. scintillans blooms. Excessive nutrients

or eutrophication are important prerequisites and foundations for

N. scintillans outbreaks (Turkoglu, 2013; Baliarsingh et al., 2016).

Eutrophication provides a rich nutritional basis for the

phytoplankton, which is beneficial for the proliferation of N.

scintillans (Xu, 2009). Furthermore, Miyaguchi et al. (2006)

documented that wind speed and precipitation can significantly

affect the abundance of N. scintillans. Several recent studies have

demonstrated the potential of satellite remote sensing in assessing

N. scintillans blooms (Van Mol et al., 2007; Qi et al., 2019). N.

scintillans cells have strong absorption in the blue–green

wavelengths and strong scattering in all wavelengths (Astoreca

et al., 2005), leading to distinguishable spectral reflectance shapes,

for example, a sharp reflectance increases from 520 to 600 nm

(Van Mol et al., 2007), where the enhanced reflectance continues

to near-infrared wavelengths.

4.2.3 Biological properties and
mechanisms underlying outbreak
of Thalassiosira diporocyclus

Thalassiosira diporocyclus is a diatom with a rounding, convex,

or flat, rarely concave, cell shell, and a circle of small or long thorns

arranged radially around the shell surface (Hasle and Vertsen,
Frontiers in Marine Science 15
1997). In the center of the shell surface, there is a hole for secreting

colloid, from which thick or thin colloidal filaments are generated,

connecting the cells into a straight or slightly curved chain group

(Figures 8G-I).ManyT. diporocyclus cells live together in a colloidal

colony (1–2 cm), while few single cells live. The colloidal colony of

T. diporocyclus is solid spherical or ellipsoidal in shape and tawnyor

milky white. The tawny group is a normal healthy colony, while the

milky white group is a colony in decline. Each colloidal colony is

generally composed of T. diporocyclus cells distributed in the outer

layer and pennatae diatoms embedded in the colloid (Figure 8G).

This species must be identified by electron microscope, so previous

historical datasets are often missed or misjudged. In this study, T.

diporocycluswas listed as a high-risk species for blockages (Table 3,

Figure 6). T. diporocyclus often developed into HABs along the

coast of Fujian in recent years (Figure 3). Therefore, it was classified

as a high-risk organism for Fuqing nuclear power plant on

Southeast China coast.

In January 2002, a T. diporocyclus bloom occurred in the

waters around Nanao Island on the southeast coast of China,

which was the first record in China of an outbreak of T.

diporocyclus (Chen et al., 2004). T. diporocyclus has a low

bloom occurrence, originating from the open sea. The

ecological mechanism of T. diporocyclus outbreaks may be

related to the abnormal increase of water temperature caused by

El Niño (Nagai et al., 1995; Miyahara et al., 1996; Chen et al.,

2004). In normal years, the wind in autumn and winter seasons

along the coast of China is generally northwesterly, forcing strong

coastal currents from north to south. If the weather is abnormal

and the northwest wind weakens while the southeast wind

prevails, the southward coastal current may lessen accordingly,

providing an opportunity for T. diporocyclus from the open sea to

invade the coast of China (Yin et al., 1999). The occurrence of T.

diporocyclus blooms is closely related to low salinity (23–28).

Consequently, the sudden decrease in salinity during El Niñomay

also be one of the factors in the T. diporocyclus outbreak (Nagai

et al., 1995; Miyahara et al., 1996; Chen et al., 2004).

4.2.4 Biological properties and
mechanisms underlying outbreak of
Pseudo-nitzschia pungens

Pseudo-nitzschia pungens is a typical species of the genus

Pseudonitzschia, a chain-forming cosmopolitan marine pennate

diatom (Casteleyn et al., 2008; Kimon et al., 2012). Cells of P.

pungens are 74–142 mm long and 2.9–4.5 mm wide, with 9–15

striae in 10 mm and 9–15 fibulae in 10 mm, mainly lanceolate in

both valve and girdle views, forming a long stepped colony (Hasle

and Vertsen, 1997; Li, 2005) (Figures 8J, K). Blooms have been

reported in Dalian, Qingdao, the Yangtze River estuary, Xiamen

Port, and many harbors in the northern South China Sea (Lu and

Qi, 1992; Zou et al., 1993; Qi et al., 1994; Yang and Hodgkiss,

2002). In addition, P. pungens is also one of the important

toxigenic species, and reports from New Zealand (Rhodes et al.,

1996), Washington (Trainer et al., 1998), Montreal Bay, and
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California (Bates et al., 1998) found that it produces toxicants and

is poisonous to aquatic organisms and humans. Chinese scholars

have also tested the toxins of P. pungens in the East China Sea, but

no domoic acid has been detected (Li, 2005).

Bates et al. (1998) identified that P. pungens blooms usually

occur in summer, in the form of a chain-like multicellular

population, while Dortch et al. (1997) reported that P. pungens

is euryhaline, with a tolerance range of 0–36, which confers an

advantage in salinities of 15–20. P. pungens has a strong ability to

absorb inorganic nitrogen, which may make it competitive over

other species for nitrogen to form blooms. However, its ability to

absorb phosphate was weak, which may be a factor limiting its

proliferation in the natural environment (Zhang and Zou, 1997).

Experiments suggested that the nitrogen and phosphate demand

for P. pungens growth did not show a proportional increase, but a

certain range was required, with a relatively rapid growth in the

range of 10–32 for c(N)/c(P). When c(N)/c(P) =5 or c(N)/c(P)

=100, P. pungens growth was significantly inhibited (Lu et al.,

2006). A long-term field observation on the south China coast

showed that P. pungens blooms were positively correlated with

nitrite and total nitrogen (Chen et al., 2002). Overall in this study,

P. pungens was a high-risk, potential blocking organism in the sea

area around the Fuqing nuclear power plant on Southeast China

coast (Table 3, Figure 6).
4.3 Preventive measures against
high-risk phytoplankton species for
a nuclear power plant on the
Southeast China coast

According to the Important Operation Event Report of

WANO and relevant datasets, nuclear power plants usually

adopt the “prevention first and control combined” method for

blockages of marine biota in the cooling water system (Zhan and

Zhao, 2005; ERPI, 2015; Tang et al., 2017; He et al., 2019b). The

specific methods are mainly divided into physical, biological,

and chemical prevention, according to the relevant mechanism

(Mark, 2012; Wu et al., 2017; Tang, 2018; Fu et al., 2020; Yu

et al., 2021). In view of the characteristics of phytoplankton

outbreaks, in terms of early warning technology, focus should be

on investigating phytoplankton distribution and dynamic

monitoring, long-term water temperature monitoring in the

thermal effluent mixed area, and satellite remote sensing

monitoring (Kaplan et al., 2016; Dvorniko et al., 2017; Tang

et al., 2017; Wei et al., 2018; Lu et al., 2018; Yu et al., 2021).

In terms of algae disinfection and sterilization, measures and

methods withmature technology application, reasonable economic

cost control, and low damage to biological resources and the

marine environment are preferred (Cao et al., 2017; Yu et al.,

2017; He et al., 2019b; Kang et al., 2020). Specifically, the modified

clay method is a HABs emergency treatment technology that can

be applied on a large scale in the field (GEOHAB, 2010; Yu et al.,
Frontiers in Marine Science 16
2017; Getchis and Shumway, 2017). There have been many

successful applications of modified clay, such as for the

treatment of P. globosa in Fangchenggang nuclear power plant,

in which it has been very effective in removing microalgae cells,

with a removal rate of >90%. P. globosa sank into the seabed with

the modified clay, where it decomposed and was inactivated (Yu

et al., 2017; Cao et al., 2017). Based on the results of long-term

dynamic monitoring and analyses of historical datasets, modified

clay removal research should be carried out in the laboratory for

potential phytoplankton outbreaks, and the modified clay formula

and sterilization strategy should be optimized to provide technical

support for the safety of cooling water systems in nuclear power

plants (He et al., 2019b; Kang et al., 2020).

Chemical reagents are also a commonmethod for algae bloom

sterilization. These reagents include thiazolidinedione derivative

TD49, suitable for semi enclosed bays, which has the highest

inhibition rate of HABs at 2.0 mM (Baek et al., 2014);

Sophorolipid, which significantly inhibits the activity and

growth of algal cells between 20 and 5 mg/L, with no recurrence

at higher concentrations (Lee et al., 2008); Hydrogen peroxide

(Burson et al., 2014); Chitosan (Divakaran and Pillai, 2002), and

NaOCl (Jeong et al., 2008). However, attention should be paid to

the toxic effects of these chemical reagents on another marine

biota (Cao et al., 2017; Yu et al., 2017).
5 Conclusions

A number of marine biota cause outbreaks, blocking cooling

water systems, leading to the shutdown of nuclear power plants,

while the invasion of marine biota seriously affects their safe

operation. Based on the field monitoring data of phytoplankton

in the sea area within 15 km of the Fuqing nuclear power plant,

in combination with HABs datasets in Fujian on Southeast

China coast from 2006 to 2021, this study determined the risk

from phytoplankton species that may potentially block the

cooling water system. Three principles of screening blocking

organisms were determined, and a catalog of risk organisms and

a monthly risk calendar were established. Nine high-risk species

of phytoplankton that can easily form colonies, clusters, and

groups in case of outbreaks were screened out in this study. The

outbreak of various phytoplankton species varied between days,

and the risk of blockages from phytoplankton was concentrated

from April to July. In addition, a preliminary discussion on the

biological characteristics and ecological mechanism of four high-

risk species is given, including Phaeocystis globosa, Noctiluca

scintillans, Thalassiosira diporocyclus, and Pseudo-nitzschia

pungens, suggesting that the ecological mechanism of HABs

had a high degree of temporal and spatial variability. As for

preventive measures against high-risk phytoplankton species,

the modified clay method was an effective technology, while use

of chemical reagents should be aware of their toxic effects on

marine biota. The results of this study show that nuclear power
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plants face a high risk of blockage by marine biota in cooling

water systems. It is recommended that the administration of

nuclear power plants establish a regular monitoring mechanism

for cooling water intake safety.
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