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Introduction: Power plants discharge thermal and cold effluents that

significantly alter marine environments, impacting various organisms, including

benthic communities. While thermal discharge has received considerable

research attention, the impacts of cold discharge remain underexplored. This

systematic review synthesizes existing research on the effects of power plant

discharges on marine benthic ecosystems.

Methods: A systematic literature search was conducted using Scopus, PubMed,

and Web of Science, following PRISMA guidelines, covering studies from 1974 to

2024. A total of 58 articles were included in this review. CiteSpace was used to

visualize trends, and statistical analysis was conducted to assess relationships

between environmental parameters and changes in benthic abundance.

Results: A significant negative correlation was observed between temperature

differentials, ambient temperature, and benthic abundance. Thermal discharge

generally led to reduced benthic diversity and abundance, with occasional

increases under low ambient temperatures. Cold discharge effects remain less

documented, with evidence primarily focused on phytoplankton and fish.

Additionally, dissolved oxygen, pH, and bottom sediment composition were

significantly altered by power plant discharge. Detection and mitigation measures

are crucial to managing these impacts. Mitigation measures include distributed

discharge for cold effluents, advanced heat recovery systems, and careful site

selection to minimize impacts on sensitive ecosystems. Long-term management

and adaptive strategies are essential to reduce adverse effects and maintain

ecological balance.

Discussion: Thermal discharges adversely impact marine benthic organisms by

decreasing biodiversity and changing community structure, largely due to

elevated temperatures and reduced oxygen levels. Cold discharges present
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unique challenges that require further research to fully understand their

ecological impacts. Mitigation measures, such as distributed discharge for cold

effluents and advanced heat recovery systems for thermal discharges, are

essential to minimize the environmental impact of power plant operations.
KEYWORDS

thermal emission, cold emission, ocean thermal energy conversion, benthos,
mitigation actions
GRAPHICAL ABSTRACT
Highlights
• Research on cold discharge’s impact on benthos is

notably deficient.

• Temperature difference is negatively correlated with

changes in benthic abundance.

• The discharge alters the levels of dissolved oxygen, pH, and

bottom material.

• Mitigation measures are available for both thermal and cold

emissions’ impacts.
1 Introduction

Electricity is one of the driving forces of economic development

in all nations. In 2021, the world’s total electrical energy generated

was 617791617 TJ (IEA, 2024). The world’s existing electricity

generation is mainly divided into six types of sources: fossil fuels

(57.2%), nuclear (11.7%), hydroelectricity (13.5%), wind (10.8%),

solar (3.1%), and other renewables (3.7%). The performance of

thermoelectric power generation depends heavily on cooling
02
systems, which are the most water-consuming component of the

thermoelectric power generation process (Pan et al., 2018).

In a thermal power plant system, the cooling mechanism involves

drawing water from nearby estuaries or oceans. Following heat

exchange in the condenser, this water is discharged back into the

corresponding aquatic ecosystem via an outflow channel, despite being

at a higher temperature. In the case of the Ocean Thermal Energy

Conversion (OTEC) power plant, cold water is utilized for condenser

heat exchange before being released into the aquatic ecosystem via the

discharge channel, typically at a temperature lower than that of the

surrounding environment (Masutani and Takahashi, 2001). Those

power plants required substantial water intake to facilitate the

cooling process for the condensers. According to the current

production process, directly cooled power plants are typically

situated on open coastlines or estuaries and requires 35–50 m³/s of

cooling water per 1000 MWe of power produced (Venugopalan et al.,

2011; Wither et al., 2012), and a large amount of discharge leads to

disturbances in the substrate (Deabes, 2020). The large volumes of

water used for cooling and discharged by power plants can modify the

physical and chemical properties of the surrounding environment,

including the stratification and circulation of seawater, as well as the

levels of salinity, dissolved oxygen, and pH (Muthukumar et al., 2022;

Xu et al., 2021). Additionally, chlorine is commonly employed to
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mitigate biofouling within cooling ducts (Padhi et al., 2019; Taylor,

2006). However, the impact of elevated temperatures will be

exacerbated by the concurrent discharge of biocides like chlorine

(Chavan et al., 2017; Jenner et al., 1997). Marine organisms are

highly sensitive to changes in temperature, dissolved oxygen, and

salinity gradients (Mariu et al., 2023; Gao et al., 2023), and the

thermal and cold discharge from power plants have significant

impacts on their behavior and ecology.

The discharge of thermal and cold effluents carry significant

implications for marine ecosystems, exerting considerable impacts

on the growth and reproductive patterns of numerous species

(Michie et al., 2020; Kim et al., 2017), as well as on the structure

and composition of various communities, such as phytoplankton

(Chuang et al., 2009; Kim et al., 2017), zooplankton (Jebakumar

et al., 2018), fish (Teixeira et al., 2012), and benthic organisms

(Bensoussan et al., 2010; Riera et al., 2011; Mazik et al., 2013;

Bozorgchenani et al., 2018).

Benthos plays a crucial role as both consumers and

decomposers in the food chain of aquatic ecosystems. Therefore,

the study of benthic organisms is essential for understanding the

structure and function of these ecosystems (Baldanzi et al., 2013;

Nicastro and Bishop, 2013; Lamadrid-Rose and Boehlert, 1988).

Benthic organisms inhabited the seabed or its immediate vicinity.

Benthos can be classified into three categories according to their

s ize : macrobenthos, meiobenthos, and microbenthos.

Macrobenthos are primarily composed of Cnidaria, Polychaeta,

Mollusca, Crustacea, and echinoderms, as well as other species

such as sponges, bryozoans, sipunculans, spoonworms, worms, and

benthic fishes (Li and Xu, 2021). Macrobenthos play a crucial role in

the energy and material cycling within the benthic ecosystem,

including nutrient cycling, decomposition, pollutant diffusion and

burial, and secondary productivity (Ellingsen and Gray, 2002;

Snelgrove, 1998). Meiobenthos is a diverse group of small benthic

organisms that play a critical role in the structure and function of

benthic ecosystems (Schratzberger and Ingels, 2018). They are

typically between 42 and 500 mm in size and include over 20

categories of Metazoa and Protozoa, such as Nematodes,

Cnidarians, Platyhelminthes, Nemerteans, Rotifers, Priapulids,

Annelids (primarily Polychaetes), Arthropods (including

Copepods, Halacaroids, Ostracods, etc.), and Mollusks (McIntyre,

1969; Urban-Malinga, 2014). Meiobenthos act as an intermediate

link between microbenthos and macrobenthos and play an essential

role in the marine benthic ecosystem. They are involved in nutrient

cycling, decomposition, and the diffusion and burial of pollutants

(Schratzberger and Ingels, 2018). Moreover, they have a short life

cycle, high fecundity, and are sensitive to environmental changes,

making them valuable indicators of environmental pollution (Islam

et al., 2024; Ridall and Ingels, 2021).

Various factors play pivotal roles in shaping the abundance,

diversity, distribution, and functional attributes of aquatic

organisms. These factors include but are not limited to water

temperature, salinity levels, hydrodynamic dynamics, sedimentary

processes, oxygen concentrations, sediment grain size, prevailing

currents, and the availability of nutrients (Ingels et al., 2011; Zeppilli

et al., 2013; Górska et al., 2014; Pusceddu et al., 2014). Benthos is a

highly vulnerable group when it comes to the impact of thermal
Frontiers in Marine Science 03
discharge, as their capacity to evade is limited. With many benthic

species being either sessile or sedentary, some even have remained

in the same spot throughout their entire lives (Zeppilli et al., 2015;

Schratzberger et al., 2023). For this reason, benthos is regarded as an

ideal group to monitor and determine the effects of various types of

pollutants (Warwick and Clarke, 1993). Compared with cold

discharge, research on the impact of power plants on benthic

ecosystems predominantly focuses on thermal discharge. This

phenomenon is acknowledged to pose a substantial threat to

benthic organisms, resulting in habitat degradation and

heightened mortality rates (Vaquer-Sunyer and Duarte, 2011).

This thermal discharge is observed to hinder growth and

development (Kim et al., 2017), as well as affect metabolic activity

(Kim et al., 2017). Furthermore, there is substantial empirical

evidence highlighting the detrimental effects of thermal discharge

on benthic abundance, biodiversity, and community structure

(Farshchi et al., 2020; Cai et al., 2023; West et al., 2021;

Bozorgchenani et al., 2018). Conversely, exploring cold discharge

effects on marine organisms remains relatively scant, with existing

studies predominantly focusing on phytoplankton and fish (Myers

et al., 1986; Billman et al., 2006; Golmen et al., 2005; Liu, 2018;

Giraud et al., 2019). This phenomenon underscores the insufficient

understanding of the effects of cold discharge on marine

benthic communities.

In recent years, the impact of power plant discharge on Marine

ecosystems, especially benthic organisms, has received increasing

attention. This review uses sources such as Scopus, PubMed, and

Web of Science to develop a detailed database compiling existing

literature on the effects of power plant discharge on benthic

organisms. This review seeks to 1) employ CiteSpace software to

analyze and visualize the literature, elucidating the spatial and

temporal distribution of research in this area and identifying

emerging hotspots of interest; 2) examine the effects of coastal

power plant discharge on benthos community structure, with a

particular focus on the relationship between temperature

differentials and variations in benthic abundance; 3) assess how

various environmental factors—including dissolved oxygen, pH,

and bottom material—affect benthic organisms, emphasizing the

complex interplay among these factors; 4) provide insights that can

inform the formulation of environmental policies designed to

mitigate the impacts of thermal and cold effluents on marine

biodiversity, advocating for a holistic approach to address

these challenges.
2 Data and methods

2.1 Data collection

The initial phase of this study involved the systematic identification

of relevant scholarly literature through a comprehensive review of peer-

reviewed scientific articles available on the Scopus, PubMed, and Web

of Science platforms spanning the period from 1974 to 2024 by

adopting PRISMA methodology (Moher et al., 2015). The search

fields encompassed titles, abstracts, and keywords, utilizing the

following search criteria (Guimarães et al., 2023): (“sea*” OR
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“marine” OR “shore” OR “ocean*” OR “coastal zone” OR “coastline”

OR “estuary”) AND (“thermal discharge” OR “thermal pollution” OR

“thermal stress” OR “cold discharge” OR “cold shock” OR “cooling

water” OR “warming” OR “temperature” OR “heat”) AND (“power

plant*”OR “thermal plant*”OR “power station*”OR “Ocean Thermal

Energy Conversion power station” OR “Ocean Thermal Energy

Conversion power plant”) AND (“benthos” OR “benthic*” OR

“invertebrate” OR “mussel” OR “mollusca” OR “crustacea” OR

“polychaeta” OR “community” OR “biodiversity” OR “diversity”)

NOT (“river*” OR “lake*”). Macrobenthic and microbenthic

organisms are selected as biological indicators in this study due to

their ease of observation, identification, and greater stability, which

render them suitable for assessing environmental changes (Islam et al.,

2024; Nayak et al., 2022). These organisms’ characteristics facilitate the

monitoring of ecological shifts with precision.

To evaluate the organisms impacted by thermal emissions, we

encompassed all benthic organisms exhibiting alterations in

biological and ecological indices (e.g., morphology, reproduction,

diversity). Given the scarcity of research about the effects on benthic

organisms caused by cold discharge, investigations into organisms

affected by cold emissions were expanded to include phytoplankton

and fish. Owing to the heterogeneity observed in the taxonomic

classification systems utilized across diverse scholarly articles,

ranging from species-level to genus-level classifications, the

resultant data have been systematically organized and analyzed at

the class level to facilitate coherent comparisons.

Factors documented in preliminary studies regarding the impact

of thermal and cold emissions from power plants on local biodiversity
Frontiers in Marine Science 04
were extracted and consolidated. The influencing factors of the main

study were categorized into three groups: (1) solely temperature; (2)

temperature and other factors; and (3) solely other factors, such as

salinity, nutrients, chlorine, radioactivity, and so on. The systematic

analysis was limited to effects falling within the first and second

categories, as they explicitly delineated the impact of temperature

variations on benthic organisms.

A total of 615 articles were identified, comprising 296 from the

Web of Science, 254 from Scopus, and 65 from PubMed. Following

the removal of duplicate studies, the remaining articles underwent

screening based on title and abstract. Subsequently, the content of

the articles underwent screening to exclusively include studies

focusing on the impact of water temperature on benthic

organisms. Finally, 58 articles were deemed suitable for inclusion

in the systematic review, while 9 articles were included in the

quantitative analysis (Figure 1). Readers are directed to consult the

supplementary material, “List of Articles Included in the Systematic

Review,” for specific documents referenced in this study. Forty-nine

studies were excluded from the quantitative analysis due to the

absence of data on benthic abundance or temperature.
2.2 Analysis methods

The effects offive factors on changes in benthic abundance between

influence and reference sites were assessed. Two of these factors were

intrinsic to the operation of the power plant under investigation,

namely 1) generation capacity and 2) cooling water discharge.
FIGURE 1

PRISMA flow diagram for the systematic review.
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TABLE 1 Electrical generating capacity (MWe) of the power plants studied by the articles included in the systematic review.

ID Authors Year Power plants Country Generation capacity (MWe)

1 Kolehmainen et al 1974 Costa Sur power station USA 1110

2 Burton et al 1976 Calvert Cliffs Nuclear power plant USA 1750

3 Alden Iii 1979 Floride power plant Mexico 897

4 Loi et al 1979 Calvert Cliffs Nuclear power plant USA 1750

5 Crema et al 1980 Piombino power plant Italy 320

6 Kastendiek et al 1981 San Onofre Nuclear power plant USA 450

7 Møller et al 1983 29 power plants Denmark 770-6000

8 Snoeijs 1989 Forsmark Nuclear power plant Sweden 3320

9 Bamber 1990 Angra Nuclear power plant Brazil 1884

10 Hoglund & Thomas A1992 Oskarshamn Nuclear power plant Sweden 1450

11 Ahamed et al 1992 Madras Atomic power station India 230

12 Sasikumar et al 1993 Madras Atomic power station India 230

13 Schroeter et al 1993 Onofre Nuclear power plant USA 2254

14 Suresh et al 1993 Madras Atomic power station India 230

15 Zimina et al 1994 Leningrad Nuclear power plant Russia 1850

16 Suresh et al 1996 Madras Atomic power station India 230

17 Attrill & Thomas 1996 West Thurrock power station UK 1300

18 Wong et al 1998 Nuclear power plant (1, 2) China (Taiwan) 2945

19 Lardicci et al 1999 Torre del Sale power station Italy 640

20 Masilamoni et al 2002 Madras Atomic power station India 230

21 Rajagopal et al 2003 Madras Atomic power station India 230

22 Chou et al 2004 Nuclear power plant China (Taiwan) 1960

23 Hwang et al 2004 Nuclear power plant (1, 2) China (Taiwan) 1960

24 Schiel et al 2004 Diablo Cove power plant USA 2256

25 Zvyagintsev et al 2004 Vladivostok Heat power plant Russia –

26 Steinbeck et al 2005 Diablo Cove power plant USA 2256

27 Martin & Planque 2006 Flamanville Nuclear power plant France 2660

28 Wang et al 2008 Daya Bay Nuclear power plant China 1888

29 Teixeira et al 2009 Brazilian Nuclear power plant Brazil 1900

30 Hussain et al 2010 Madras Atomic power station India 230

31 Arieli et al 2011 Hadera power plant Israel 2650

32 Murugesan et al 2011 Tuticorin Thermal power plant India 1050

33 Wang et al 2011 Daya Bay nuclear power plant China 1888

34 Falfushynska et al 2012 Khmelnytskyi nuclear power plant Ukraine, Belarus 2000

35 Simard et al 2012 Gentilly-2 nuclear power station Canada 925

36 Teixeira et al 2012 Brazilian nuclear power plant Brazil 1900

37 Mazik et al 2013 Heysham 2 nuclear power station UK 1320

38 Florin et al 2013 Forsmark nuclear power plant Sweden 3320

39 Bryan et al 2014 Bayshore power plant USA 3239

(Continued)
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Additionally, 3) the distance (0–100 m) between the discharge point

and sampling sites (the influence point), 4) ambient water temperature,

and 5) the temperature difference between the influence point and the

reference point were considered regulatory factors.

Changes in benthic abundance determined based on Equation 1:

Benthic abundance changes = (Ai − Ar)=Ar (1)

Where Ai is the abundance of benthos at the influence site, and

Ar is the abundance of benthos at the reference site.

If an impacted site was contrasted with multiple reference sites, the

average temperature was computed by aggregating data from all

reference sites. In cases where multiple study areas were delineated,

the data closest to the outfall was prioritized.When textual information

regarding temperature, standard deviation, and the sample size was

absent but figures were available, data were extracted using the

WebPlotDigitizer tool (https://automeris.io/WebPlotDigitizer/).

The temporal evolution of scientific findings regarding the impacts

of thermal and cold emissions from power stations on benthos over the

past decade was analyzed using CiteSpace. Additionally, the categories

with the highest number of publications on this topic were identified.

After compiling the data for each power plant investigated in the

preliminary study (Table 1), distribution plots were generated utilizing

R 4.3.1 software (R Core Team, 2023). All statistical analyses were

conducted in R 4.3.1 software.
Frontiers in Marine Science 06
3 Result and discussion

3.1 Temporal and spatial variations in the
influence of coastal power plant cooling
water on benthic organisms

Supplementary Figure S1 depicts the number of research

articles and reviews concerning the impacts of thermal and cold

effluents from coastal power plants on benthic biodiversity

spanning from 1974 to 2024. Notably, there was a steady increase

in the number of publications over ten years, with the most

substantial surge observed between the periods 1995–2004 and

2005–2014, rising from 10 to 15 articles (Supplementary Figure

S1). In terms of publication frequency by category, the highest

proportion of artic les was published in the category

ENVIRONMENTAL SCIENCES (26.7%), followed by the

categories MARINE & FRESHWATER BIOLOGY (16.1%) and

ECOLOGY (10.7%) (Supplementary Figure S2).

3.1.1 Spatial variation of related studies
Figure 2 demonstrated a wide geographical representation in

the study, with contributions from 22 countries and regions.

Nevertheless, research on this topic exhibits uneven distribution

worldwide. Among coastal regions, China, the USA, India, and

Russia exhibited the highest number of publications in this review,
TABLE 1 Continued

ID Authors Year Power plants Country Generation capacity (MWe)

40 Krepski et al 2014 Dolna Odra power plant Poland 1772

41 Cardoso-Mohedano et al 2015 Kuosheng nuclear power plant UK, Mexico 4131

42 Yanygina 2015 Belovo power plant Russia –

43 Dallas et al 2016 Hadera and Nachsolim power plant Israel, Germany 1888

44 Kim et al 2017 Dae-San power plant Korea, China (Taiwan) 3914

45 Bozorgchenani et al 2018 Neka power plant Iran 2214

46 Dong et al 2018 Tianwan nuclear power plant China 2120

47 Lin et al 2018 Ningde nuclear power plant China 2000

48 Deabes et al 2020 El-Burullus power plant Egypt –

49 Farshchi et al 2020 Pareh-Sar power plant Iran 648

50 Lan et al 2020 Houshi power plant China –

51 Rao et al 2021 Daya Bay nuclear power plant China 1888

52 West et al 2021 Shannonbridge power plant Ireland 264

53 Kalimuthu et al 2022 Tanjung Kidurong power plant Malaysia 515

54 Cai et al 2023 Daya Bay nuclear power plant China 1888

55 QIAO et al 2023 Wenzhou power station China 2000

56 Macias et al 2024 Kospo Namjeju power station Korea –

57 Oshimi et al 2021 OTEC power plant Japan 1

58 Giraud et al 2019 OTEC power plant France 10
These articles are identified by study identity (ID), first author, country, and year of publication.
“–” indicated that related information was not found.
frontiersin.org
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accounting for 12, 8, 8, and 3 articles, respectively. These countries

contributed approximately 52.5% of the total studies. The

underlying reason for this phenomenon could be attributed to the

dominant role of power generation in these countries on a global

scale, thereby amplifying the environmental challenges associated

with power plant emissions. According to data released by the

International Energy Agency (IEA) as of 2024, these four countries

were ranked 1, 2, 3, and 4 in terms of power generation (IEA, 2024).

Among the countries examined, the United States stood out as the

first to focus on the impact of thermal discharge from power plants

on marine benthic organisms (Kolehmainen et al., 1974; Burton

et al., 1976). In relative terms, China’s research in this field
Frontiers in Marine Science 07
commenced more than two decades later. However, it is

noteworthy that China has increasingly devoted attention to this

research direction in recent years (Cai et al., 2023; Qiao et al., 2023).

Concurrently, research in India predominantly concentrated on

assessing the effects of the Madras Atomic Power Station on marine

life, including benthic organisms (Murugesan et al., 2011).

This study identified a scarcity of research addressing the

impact of power plant discharge on marine benthic organisms

within tropical regions, with current literature primarily limited to

India (8), Brazil (3), Mexico (2), and Malaysia (1). Interestingly, all

14 articles identified within these regions exclusively examined the

effects of thermal discharge. Conversely, there were limited studies
FIGURE 2

The relative distribution and volume of studies reviewed by countries around the world.
FIGURE 3

Visualize the last ten years of keywords through a time series.
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investigating the impacts of cold discharge from power plants on

marine benthic organisms in tropical areas. Furthermore, on a

global scale, only two studies were located concerning the effects of

cold discharge from power plants on marine life, with a primary

emphasis on fish populations (Oshimi et al., 2021) and

phytoplankton dynamics (Giraud et al., 2019). This notable

absence of research on the effects of cold discharge from power

plants, particularly Ocean Thermal Energy Conversion (OTEC)

plants, underscored a significant gap in understanding the potential

ecological impacts within tropical marine ecosystems.

3.1.2 Temporal variation of relevant studies
Figure 3 presented a time series keyword map delineating the

study of power plant impacts on coastal benthic organisms

spanning the years 2014 to 2023. This visualization encompassed

197 high-frequency words interconnected by 622 lines. The density

of the network map is 0.0322, indicating that 3.22% of the potential

relationships in the network have been realized. This result

underscores the limited interaction among those keywords.

Notably, the modularity degree Q attained a value of 0.8055,

surpassing the threshold of 0.3, thereby indicating a reasonable

level of structural organization within the dataset. Furthermore, the

silhouette score, registering at 0.957, exceeded the threshold of 0.4,

thereby supporting the credibility and coherence of Figure 3.

Figure 3 highlights high-frequency keywords (frequency > 7)

over the past decade, with the size of each circle representing the co-

occurrence frequency of the corresponding keyword. Notably,

during this period, nine keywords — “assemblages”, “benthic

community”, “benthic macrofauna”, “benthic foraminifera”,

“benthic invertebrates”, “coral reefs”, “east coast”, “bay”, and

“climate change”—were observed with high frequency. These

keywords respectively highlight the most researched organism

groups, biological indices, study sites, and environmental issues

contributing to the increase in water temperatures.

The high frequency with which the term “assemblages”,

“benthic community”, and “benthic invertebrates” appeared in

the 2014 and 2015 keyword clouds indicates a substantial volume

of research focused on the impact of power plant thermal emissions

on the benthic community and assemblages of benthic invertebrates

(Bryan et al., 2014; Cardoso-Mohedano et al., 2015).

The frequent use of the term “climate change” reflects its role in

exacerbating the impact of thermal emissions from power plants on

benthic organisms. This is due to the fact that the burning of fossil

fuels in power plants is a significant contributor to climate change

(Osman et al., 2023). Furthermore, climate change has accelerated

ocean surface warming (Garcia-Soto et al., 2021; Oh et al., 2024;

Dalpadado et al., 2024), thereby intensifying the effects of thermal

emissions on benthic organisms (Farshchi et al., 2020; Wasti

et al., 2022).

Between 2022 and 2023, the most prevalent keywords are “

benthic macrofauna “ and “coral reefs”. This trend underscored the

growing importance of studying the influence exerted by coastal

power plant wastewater on the composition and dynamics of
Frontiers in Marine Science 08
macrobenthic and coral reef communities in the specified region

(West et al., 2021; Qiao et al., 2023).
3.2 Impact of water temperature changes
on benthos

The literature reviewed in this study does not indicate any

instances where thermal emissions from power plants have no

impact on benthic communities and their abundance. Specifically,

62.5% of the studies reported that thermal emissions have

detrimental effects on benthic organisms, leading to reduced

biodiversity and abundance (Arieli et al., 2011; Hussain et al.,

2010; Teixeira et al., 2009; West et al., 2021). Conversely, 25% of

the studies noted an increase in benthic abundance attributed to

thermal emissions, primarily due to low ambient temperatures

(Farshchi et al., 2020; Simard et al., 2012) or minimal

temperature differentials (Bozorgchenani et al., 2018; Bryan et al.,

2014). Additionally, 12.5% of the studies indicated that the impact

of thermal emissions on benthic organisms varied seasonally;

specifically, during winter, lower ambient temperatures resulted in

increased benthic abundance, while in other seasons, the effects

were generally negative (Titelboim et al., 2016).

3.2.1 Benthic biodiversity parameters for
population, community, and ecosystem

Of the 58 articles, 56 specifically highlighted temperature as a

crucial factor in the observed alterations of ecological indicators

among benthic organisms. These articles further conducted

qualitative investigations into these phenomena. The most cited

biodiversity parameters among those that suffered alterations were

related to changes in the structure and composition of populations,

communities, and ecosystems, namely: abundance (20.5%),

community structure (13.94%), distribution (13.12%), species

richness (9.84%), density (8.2%), and species evenness (6.56%),

which together accounted for >70% of the total parameters

affected (Figure 4).

There is clear evidence that the abundance, community structure,

and distribution of benthic organisms are influenced by thermal

discharges. A meta-analysis of 75 studies conducted by Guimarães

et al. (2023) demonstrated a significant increase in water temperature

near nuclear power plants due to thermal emissions compared to

reference areas, with a mean increase of 4.38°C (95% CI = 3.72-5.03).

This increase in temperature can harm benthic communities,

potentially leading to habitat loss, decreased biodiversity indices, or

even species extinction. These findings are consistent with those of

Farshchi et al. (2020), who studied macrobenthos near the outlet of

the Neka power plant in the southern Caspian Sea. Farshchi et al.

(2020) determined that thermal emissions from the power plant

significantly affected macroinvertebrate abundance, species richness,

species composition, and assemblage structure when comparing

impacted and control stations. Although there is limited research

on the impact of cold emissions on benthic community structure,
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studies examining seasonal variations have shown that lower ambient

temperatures can lead to significant shifts in community structure (Li

et al., 2020) and diversity (Bacouillard et al., 2020), and a marked

decrease in biomass (Ying et al., 2020).

Temperature affects not only the ecological indices of benthic

communities but also significantly influences the physiological

activities of individual organisms (Deldicq et al., 2021). Vaquer-

Sunyer and Duarte (2011) demonstrated that higher temperatures

reduce the mean survival time of marine benthic organisms by more
Frontiers in Marine Science 09
than 50% under anoxic conditions. Similarly, Kim et al. (2017)

reported that proximity to thermal wastewater outlets results in

decreased abundance and smaller sizes of Crassostrea gigas,

alongside significantly elevated levels of heat shock proteins hsp70

and hsp90 mRNA (Kim et al., 2017). Conversely, excessively low

temperatures have been shown to hinder the growth and

development of benthic invertebrates’ eggs and larvae (Zeng et al.,

2020; Everall et al., 2015), and even cause high mortality rates of

benthic invertebrates (Colella et al., 2012; Thieltges et al., 2004).
FIGURE 4

The relative citation frequency (%) of benthic biodiversity parameters affected by coastal power plant discharge is analyzed across population,
community, and ecosystem levels.
FIGURE 5

Relative frequency (%) of benthic classes impacted by temperature variations in the discharge area of power plants.
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Furthermore, the metamorphosis of marine benthos is temperature-

dependent, with colder water significantly prolonging the time to

metamorphosis (Gangur and Marshall, 2020; Gall et al., 2021).

3.2.2 Benthic assemblage structure and
species composition

The effects of elevated temperatures linked to power plant

discharge were frequently discerned through alterations in the

composition of biological communities, facilitating the assessment

and observation of ecological parameters about community

composition and structure. These parameters included abundance,

spatial distribution, dominance, density, and species richness

(Farshchi et al., 2020).

Utilizing data extracted from 56 published articles investigating

alterations in benthic organisms near power plant outfalls, it was noted

that Mollusca garnered the highest citation frequency (35.71%),

followed by Arthropoda (28.57%), and Annelida (20.24%).

Collectively, these taxa accounted for over 84.52% of the total

benthic community impacted by power plant effluents (Figure 5).

The significant alteration of benthic community structure by

power plant discharge could be attributed to the limited ability of

sessile and slow-moving benthic organisms to migrate to less stressful

environments, rendering them particularly vulnerable to acute

temperature stress (Smith et al., 2023). Elevated temperatures were

associated with mass mortality events in Gastropoda and

Foraminifera (Arieli et al., 2011; Schiel et al., 2004; Titelboim et al.,

2016). Additionally, these temperature increases could result in

reduced egg production in scallops and crabs, posing challenges to

recovering losses incurred through fishing activities (Caputi et al.,

2019). Nevertheless, thermal discharge could create a conducive

environment for thermal-tolerant species of Mytilopsis leucophaeata
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(Florin et al., 2013), Periwinkles, and Cthamalid barnacles (Suresh

et al., 1993). Conversely, lower water temperatures influence benthic

community dynamics. Heip and Craeymeersch (1995) investigated

benthic organisms in the same marine region and observed that

macrofaunal body weight, density, and diversity increased linearly as

water temperatures decreased. In contrast, the distribution patterns

and trends within the meiofauna differed significantly, which had a

notable impact on the overall structure of the benthic community.

3.2.3 Benthic abundance
Considerable evidence attests to the significant elevation of

temperature within thermal discharge zones in contrast to

reference regions (Farshchi et al., 2020; Cai et al., 2023;

Bozorgchenani et al., 2018). Guimarães et al. (2023), through a

meticulous meta-analysis, demonstrated a substantial increase of

4.38°C in water temperature adjacent to nuclear power plant outlet.

Furthermore, their findings revealed a correlation between

temperature fluctuations and the geographical latitude of power

plant installations (Guimarães et al., 2023). Nevertheless, consensus

remained elusive regarding the precise impact of variables such as

temperature differentials, ambient environmental conditions, and

the volume of power plant effluent on benthic organisms. Our

research utilized the Spearman correlation coefficient to examine

the impact of several variables, including generation capacity,

cooling water discharge, distance between discharge points and

sampling locations, ambient water temperature, and temperature

differential between influence and reference points, on variations in

benthic abundance. Findings indicated that plant age, temperature

difference (P < 0.05) and ambient temperature (P < 0.01) exhibited

statistically significant effects, displaying a negative correlation

(Figure 6). Notably, the analysis revealed no statistically
FIGURE 6

Spearman correlation coefficients (r) assessed relationships between 5 factors and benthic abundance changes. Significance levels were denoted by
asterisks (***, **, and *) for p-values < 0.001, 0.01, and 0.05, respectively.
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significant associations between changes in benthic abundance and

factors such as generation capacity, cooling water discharge, or the

distance between discharge points and sampling points.

This study revealed a direct correlation between the magnitude of

the temperature variance between the impacted and control sites and

the extent of benthic abundance decline. Indeed, as far back as 1984,

GESAMP emphasized that to uphold the ecological integrity of

marine environments, temperature differentials near power plants

should not have surpassed 7°C in subtropical waters and 5°C in

tropical waters (GESAMP, 1984). Arai et al. (2015) demonstrated that

the composition of benthic communities was substantially influenced

by temperature disparities.

Benthos had a limited tolerance for high temperatures, with a

maximum water temperature range of approximately 35-45.8°C

(Saraswat et al., 2011; Hamilton and Gosselin, 2020). Different

species had different temperature preferences and tolerances, and

changes in water temperature affected their growth, reproduction,

and survival (Jones et al., 2010; Cardoso-Mohedano et al., 2015). In

tropical regions where surface sea temperatures frequently exceed 30°

C, even a temperature increase of less than 5°C also adversely affect

certain organisms, pushing them beyond their thermal tolerance

limits (Kimmerer andWeaver, 2013; Farshchi et al., 2020). Yang et al.

(2020) investigated the effects of various environmental factors on

benthic organisms and found that temperature variation is the most

critical factor influencing changes in benthic abundance and

tolerance characteristics. Specifically, benthic abundance was lower

in summer compared to spring, when decreased temperatures led to

an increase in abundance.

From Figure 6, there is a significant negative correlation between

benthic abundance and power plant operational time (P < 0.05). This

indicates that as the operational time of the power plants increases,

benthic abundance decreases. In the initial years of operation,

thermal discharges from power plants can significantly alter the

community structure and abundance of benthic organisms;

however, these changes typically stabilize over time. The Daya Bay

Nuclear Power Station has been operational since 1994, and Wang et

al. (2008) conducted an extensive assessment of ecological indicators

in Daya Bay over a 22-year period (1982-2004). Their findings

revealed a marked decline in both the average biomass and species

richness of benthic animals near the nuclear power plant, with

biomass decreasing from 317.9 g/m² in 1991 to 45.24 g/m² in 2004,

and species richness declining from 250 species in 1991 to 177 species

in 2004. However, field investigations conducted in 2021 and 2023

indicated that thermal discharges from the power plant had minimal

impact on larger benthic organisms in the surrounding marine

environment (Rao et al., 2021; Cai et al., 2023). This phenomenon

may be attributed to the substantial influence of domestic and

industrial sewage discharge, as well as mariculture activities, on the

ecological integrity of Daya Bay, alongside the gradual stabilization of

community structure and abundance trends over time. Consequently,

no significant differences were observed in the composition and

functional diversity of the macrobenthic community between the

thermal discharge area and the control area (Rao et al., 2021).

Similarly, the Madras Atomic Power Station, which began full

operations in 1984, has been the subject of seven studies examining

the effects of thermal emissions on benthic communities from 1992 to
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TABLE 2 Continued

Ambient
temperature
(°C)

Temperature
difference
(°C)

Influence sites Reference

Increase Decrease

19.3–22.6 2.1–3.5 COD,
pH, Nitrate

Wang et al., 2008

27.5–29.1 0.5–1.3

27.0–27.8 0.2–1.2 DO, Ammonium,
Phosphate, Chl-a

14.8–18.3 2.7–4.2

15–33 1.2–5.8 pH, BOD, Total
Dissolved Soiled,
Conductivity,
Turbidity

DO Jebure and
Meshjel, 2019

17.7 6.5 Conductivity,
Phosphate,
total nitrogen

pH, DO Krepski et al., 2014

2.2–11.8 4.9–6.4 Nitrate,
Phosphate

Hillebrand et al., 2010

24–28.4 – Total Alkalinity DO, Ammonia,
pH

Sivaperumal et al., 2022

29.2–34.2 2.3–3 Salinity and DO not have too
much fluctuation

Suresh et al., 1993

28.8 –10.3 Nitrate, TCO2 pH Oshimi et al., 2021

28 -20 Heavy metals,
Nitrate, Silicic
acid,
Phosphate,
Phaeopigment

Giraud et al., 2019
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Title Country Plant
age
(year)

Generation
capacity
(MW)

Cooling
water
discharge
(m3/s)

Discharge
area (km)

Discharge
depth (m)

Daya Bay nuclear
power plant

China 15 1,968 95 1–25 < 10

Wasit
power plant

Iraq 21 – – 0.1–20 0.5

Dolna Odra
power plant

Poland 40 700 – 10 –

Forsmark nuclear
power plant

Sweden 30 – – 4 < 5

Jaitapur nuclear
power plant

India – – 20 –

Madras Atomic
power plant

India 9 500 35 0.5 2

OTEC
power plant

Japan – 1 3.6 0.2 –

OTEC
power plant

France – 10 28 0.4–0.6 45–500
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2010. Research conducted in 1992 and 1993 documented a 25%

reduction in species richness at the outlet, with significant seasonal

variations. During this period, ambient temperatures ranged from

37.0 to 37.6°C, resulting in near-total mortality of macrobenthos, with

the exceptions of periwinkles and Chthamalid barnacles (Ahamed

et al., 1992; Sasikumar et al., 1993; Suresh et al., 1993). Subsequently,

the community structure evolved steadily, leading to a focus on the

thermal tolerance and physiological characteristics of individual

species. From 1996 to 2003, studies primarily investigated the

thermal tolerance and physiological responses of copepods (Suresh

et al., 1996), bivalves (Masilamoni et al., 2002), and oysters (Rajagopal

et al., 2003) in proximity to the emission outlet. Additionally, Hussain

et al. (2010) reported that the population of Donax cuneatus was

notably rare within 100 meters of the mixing zone, while the control

group exhibited a density of 64.0 ± 3.6 to 88.3 ± 9.6 ind/m².
3.3 Effects of power plant discharge on
changes in other
environmental parameters

As depicted in Table 2, thermal emissions from power plants

generally coincided with a decline in dissolved oxygen, pH,

chlorophyll-a, and phaeopigment levels in the vicinity of the

discharge outlet, with the exception being during periods of

exceptionally low ambient water temperature. Concurrently, there

was an observable increase in conductivity, clay, and organic

content near the outfall under these circumstances. Conversely,

cold emissions from power plants exhibited an elevation in nitrate,

silicic acid, phosphate, chlorophyll-a, and phaeopigment

concentrations. Notably, fluctuations in other environmental

factors, such as salinity, are comparatively restrained.

3.3.1 Dissolved oxygen
In the realm of Ocean Thermal Energy Conversion (OTEC),

where the process involved the uptake of deep, nutrient-rich seawater,

a pertinent phenomenon emerges wherein the disparity in density

between the discharged plume and its ambient surroundings

triggered a tendency for the plume to either ascend or descend to

an equilibrium depth. This intricate interplay gave rise to an

artificially induced zone enriched with nutrients, as observed in the

study by Comfort and Vega (2011). When this plume equilibrium

occurs within the zone of light penetration, there is the potential to

stimulate phytoplankton and algal blooms (Giraud et al., 2019).

Simultaneously, the discharge of thermal effluent from power

plants introduced a marked temperature elevation in proximity to the

outfall. This not only reduces water viscosity and increases water

vapor pressure, directly influencing the dissolved oxygen-carrying

capacity of seawater, as suggested by Ali et al. (2020), but also

indirectly influenced the dissolved oxygen levels by affecting

microbial activity due to the temperature elevation. Breitburg et al.

(2018) observed that rising oceanic temperature, coupled with

heightened nutrient discharge into coastal waters, synergistically

accelerated microbial respiration-driven oxygen consumption. This

process reduced oxygen solubility in water, and prolonged the
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replenishment duration of atmospheric oxygen to the

aquatic environment.

Nevertheless, oxygen was vital for benthic organisms to conduct

metabolic processes and sustain their physiological functions.

Persistent exposure to environments with low dissolved oxygen

content posed significant constraints on the life activities and

behaviors of benthic organisms (Chan et al., 2008). Many benthic

species could not thrive in oxygen-depleted waters, and those that

managed to survive have experienced diminished growth rates,

reproductive failures, and heightened vulnerability to diseases

(Hyvärinen et al., 2022; Briggs et al., 2021). Furthermore, the

decline in species diversity resulting from diminishing oxygen

levels could have triggered cascading impacts on marine

ecosystems, leading to the loss of food sources and disruptions in

nutrient cycling (Sun et al., 2022). Singh et al. (2021) documented a

positive correlation between the diversity index of Hanzawaia

concentrica, Globocassidulina subglobosa, and Cancris sagra and

dissolved oxygen levels in aquatic environments, underscoring the

crucial role of dissolved oxygen in sustaining the survival and

diversity of benthic communities (Singh et al., 2021).

3.3.2 pH levels
According to Henry’s law, the solubility of gases in water

decreases as temperature rises, so higher temperatures reduce the

solubility of carbon dioxide. In regions with warm ambient water,

thermal discharge from power plants can increase pH levels (Jebure

and Meshjel, 2019). However, in other areas, thermal discharge may

lower seawater pH (Table 2). The impact of power plant discharges

on water bodies is influenced by both the discharge volume and the

temperature difference from ambient water. Larger discharge

volumes and higher temperature differences can significantly

elevate local water temperatures, affecting wider areas of the water

body (Raptis et al., 2016; Issakhov and Zhandaulet, 2021). In semi-

enclosed bodies, like estuaries and bays with limited water

exchange, thermal discharges can impact the entire system, as

poor circulation exacerbates temperature retention and affects

local ecosystems more extensively (Raptis et al., 2016). Similarly,

cold discharges with large volumes and high temperature

differences have greater effects, determining the extent of cooling

and the area impacted (Issakhov and Zhandaulet, 2021).

Changes in pH can alter the chemical properties of the water

and directly affect the physiology, behavior, and distribution of

marine organisms (Table 3). Kroeker et al. (2013) comprehensively

analyzed the results of 228 studies examining the biological effects

of ocean acidification. Their results suggest that acidification leads

to decreased survival, calcification, growth, reproduction and

development in a wide range of marine organisms, as well as

significant character-mediated variation between taxa and

enhanced sensitivity to early life history stages. In addition, their

results indicate that mollusks are significantly sensitive to

acidification, especially during the larval stage, and that

vulnerability to acidification increases with simultaneous exposure

of multiple organisms to elevated sea temperature.

pH levels can impact the availability of dissolved minerals and

nutrients that are essential for the growth and reproduction of benthic
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organisms. Additionally, high or low pH levels can directly affect the

acidity or alkalinity of the water, which can be harmful to benthic

organisms if it exceeds their tolerance range (Fabricius et al., 2014).

The pH tolerance range of benthic organisms has been

extensively studied, with research defining specific thresholds that

delineate conditions for optimal health and survival across various

taxa (Feugere et al., 2021; Dong et al., 2020). Benthic

macroinvertebrates, particularly sensitive to pH fluctuations,

generally experience adverse effects when pH levels fall below 5 or

exceed 9 (Yuan, 2004). The pH of a fluid is positively correlated with

the concentration of carbonate, bicarbonate, and other related salts

in the aquatic environment. Calcifying invertebrates, such as corals,

gastropods, and bivalves, rely on calcium carbonate for structural

formation. Ocean acidification, by reducing the availability of

carbonate ions necessary for calcification, weakens these

structures, often increasing mortality rates (Hoegh-Guldberg

et al., 2017; Beesley et al., 2008; Vargas et al., 2015). When the

pH value of seawater decreases below 7, it can have severe impacts

on marine organisms such as shrimp, snails, and bivalves with

calcium carbonate shells, which experience difficulties in surviving.

Additionally, if the pH value drops below 6.5, the benthic

population will degrade, and their reproductive capacity will be

significantly reduced (Busch and McElhany, 2016). Dong et al.

(2020) investigated the growth, development, and community
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structure changes of various types of foraminifera (hyaline,

porcelaneous, and agglutinated) in different pH environments.

The study revealed that the species richness and individual

growth of hyaline and porcelaneous foraminifera were positively

correlated with pH, while the agglutinated foraminifera exhibited a

negative correlation (Dong et al., 2020).

In a key experimental study, Kroeker et al. (2011) specifically

investigated pH tolerance among invertebrates, conducting a controlled

trial on Castello Aragonese d’Ischia, a small island, in May and

September. By releasing carbon dioxide at a depth of 0.5–3 meters

around the site, the researchers adjusted pH levels and assessed species

abundances near the vents, sampling over 15,000 individuals across 82

taxonomic families. This study quantified suitable pH ranges for

different invertebrate taxa, finding that a pH of 8.1 ± 0.1 was optimal

for 4% of gastropods, 22% of decapods, 10% of amphipods, 29% of

tanaids, 38% of isopods, 47% of polychaetes, and 75% of sipunculids.

For 26% of gastropods, 30% of bivalves, 39% of decapods, 7% of

amphipods, and 38% of isopods, a broader pH range of 7.8 ± 0.3 to 8.1

± 0.1 was suitable, while amphipods, 29% of tanaids, 13% of isopods,

and 7% of polychaetes tolerated a range of 6.6 ± 0.5 to 8.1 ± 0.1.

From the above, the impact of pH on the benthic community is

contingent upon several factors, including the extent of pH

fluctuations, the type of pre-existing benthic community, and the

ecological backdrop of the ecosystem.
TABLE 3 Summary of effects of acidification among key taxonomic groups.

Taxa pH
change

Experimental
period

Calcification
rate

Abundance Survival rate Reference

Benthic herbivorous grazers -1~0.2 ≤ 5 d – – -87% Busch and McElhany, 2016

Bivalves -1~0.2 7~30 d – – -77% Busch and McElhany, 2016

Shallow benthic filter feeders -1~0.2 7~30 d – – -48% Busch and McElhany, 2016

Carnivorous infauna -1~0.2 7~30 d – – -34% Busch and McElhany, 2016

Deposit feeders -1~0.2 7~30 d – – -32% Busch and McElhany, 2016

Coral -0.5 ≤10 d -39% -33% – Kroeker et al., 2010

Mollusks -0.5 ≤10 d 95% CI overlaps 0 95% CI overlaps 0 95% CI overlaps 0 Kroeker et al., 2010

Echinoderms (Juvenile) -0.5 ≤10 d 95% CI overlaps 0 -33% 95% CI overlaps 0 Kroeker et al., 2010

Crustacea (Adult) -0.5 ≤10 d 10.5% 95% CI overlaps 0 -32% Kroeker et al., 2010

Coral -0.54 53 y -14.9% – – Kang et al., 2021

Coral -0.38 2 mos -47% – -73-90% Crook et al., 2012

Lymnaea auricularia -2.0 10 w – -83.85% – Al-Yaquob, 2011

Lymnaea auricularia -1.0 10 w – -27.7% – Al-Yaquob, 2011

Lymnaea auricularia 0 10 w – 0 – Al-Yaquob, 2011

Lymnaea auricularia 1.0 10 w – +20% – Al-Yaquob, 2011

Phorcus sauciatus -0.2 – -0.4 long-term -37.63 ± 9.26% ns – Viotti et al., 2019

Phorcus sauciatus -0.54 – -1.05 long-term -39.01 ± 10.81% ns – Viotti et al., 2019

Nassarius nitidus -0.5 3 mos -47.7% – – Chatzinikolaou et al., 2017

Columbella rustica -0.5 3 mos -30% – – Chatzinikolaou et al., 2017
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3.3.3 Bottom material
The process of piping large quantities of cooling water from

power plants into the ocean contributes to the transport of coastal

sediment (Venugopalan et al., 2011; Wither et al., 2012).

Bozorgchenani et al. (2018) conducted a parallel investigation,

which revealed a prevailing dominance of clay and silt in the

sediment composition at both discharge outlets of power plants.

This observation was derived from year-round monitoring of

sediment particle sizes. In contrast, the control group exhibited a

prevailing dominance of sand. Furthermore, Bozorgchenani et al.

(2018) noted a marked elevation in the total organic matter (TOM)

content at the discharge point in comparison to the control point. In

tandem, studies have substantiated that the elevated temperatures at

the thermal discharge points played a pivotal role in fostering an

increase in organic matter content. Interestingly, in certain regions,

there was a notable increase in organic matter content during

summer compared to winter. This phenomenon is attributed to the

augmented primary production resulting from higher temperatures

(Cheng et al., 2004; Sarkar et al., 2005). The impact of power plant

discharge extended significantly to sediment composition.
3.4 Mitigation measures

To effectively address hazards to marine ecology, various

management strategies have been employed. These include

marine spatial planning (Ehler, 2008), adaptive management

(Williams, 2011), and risk retirement, which involves reducing or

eliminating potential environmental risks associated with marine

activities to safeguard marine ecosystems (Copping et al., 2020).

These strategies encompass a range of actions, including siting,

permitting, monitoring, and, when necessary, mitigating potential

risks (O’Hagan, 2020; Jansujwicz and Johnson, 2015). When

selecting mitigation measures, priority was given to the location

of outfalls and the placement of energy equipment to minimize

environmental impact while ensuring safety for shipping and
Frontiers in Marine Science 15
fishing activities. Mitigation measures aimed at preventing and

controlling the adverse effects of power plant effluent on marine

benthos are detailed in Table 4.

Cold discharge from Ocean Thermal Energy Conversion

(OTEC) systems can significantly impact the marine ecological

environment. Distributed discharge serves as an effective mitigation

strategy for managing cold discharge water. By dispersing cold,

nutrient-rich deep seawater over a broader area, this approach

minimizes localized environmental impacts, such as excessive

fertilization of surface waters, which can lead to harmful algal

blooms (Giraud et al., 2019). Research suggests that strategically

placing discharge outlets at optimal depths—generally below the

mixed layer—enhances nutrient dilution and reduces potential

ecological effects (Viviani et al., 2011; Comfort and Vega, 2011).

For example, positioning discharge outlets where light penetration

is limited, ideally at depths of 90 meters or below, can further

mitigate risks to phytoplankton communities (Jia et al., 2012).

In contrast, the discharge of high-temperature water can pose

additional risks to marine ecosystems. To mitigate these impacts,

strategies such as thermal plume modeling and controlled mixing

with ambient seawater can be employed. The discharge temperature

should be carefully monitored to ensure it remains within

acceptable limits to prevent thermal shock to marine life (Liu

et al., 2023). Additionally, using cooling towers or heat

exchangers can help reduce the temperature of the discharged

water before it enters the marine environment (Kumar and

Sharma, 2020). However, these technologies often result in

increased initial and operating costs, which should be considered

in the overall assessment of their effectiveness and feasibility

(Ayoub et al., 2018; Castro et al., 2000).

Pre-experimental assessments could be conducted on-site to

evaluate potential impacts on the marine ecological environment.

For instance, Giraud et al. (2019) investigated the potential impacts

of discharging cold, nutrient-rich deep seawater on the

phytoplankton community residing in warm, oligotrophic surface

waters. This study, conducted before the installation of the pilot
TABLE 4 List of mitigation measures to prevent hazards to marine benthos from power plant discharge.

Discharge type Recommendation Reference

Thermal discharge Improving the recovery and utilization rate of waste heat from power plants, such as advanced heat
recovery systems, heat pump technologies, and so on.

Jouhara et al., 2018

Refrain from employing power plants in regions characterized by high biodiversity or heat-
sensitive ecosystems.

Keshavmurthy et al., 2012

Establishing an adequate clearance between the pipeline and the seabed. LLC, Honolulu Seawater Air
Conditioning, 2014

Minimize the use of chlorine-containing decontamination agents. ÇETIṄ and Adem, 2022

Conducting long-term continuous detection and promptly adjusting equipment distribution to
minimize environmental impacts.

Martıńez et al., 2021

Cold discharge Utilizing chilled nutrient-rich water for aquaculture, municipal, or agricultural purposes in open-
cycle OTEC systems, guided by water quality indicators.

Pelc and Fujita, 2002

The discharge point is situated within an area characterized by the highest levels of biological
productivity, spanning approximately 90 to 200 meters below sea level.

Comfort and Vega, 2011

Avoid the use of toxic decontamination agents including chlorine. ÇETIṄ and Adem, 2022

Conducting long-term continuous detection and promptly adjusting equipment distribution to
minimize environmental impacts.

Martıńez et al., 2021
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plant, determined the optimal outlet depth to minimize adverse

effects. Cold emissions from OTEC power plants are designed to

prevent excessive fertilization of surface seawater; thus, it is crucial

that the plume settlement area is situated below the mixed layer. It is

recommended that the discharge pipe be positioned in conditions

where only 1% of light penetrates. Based on data from the ALOHA

station and model predictions, the optimal depth for the discharge

pipe is at or below 90 meters (Viviani et al., 2011). This

recommendation considers that certain phytoplankton can still

absorb nutrients from the descending plume at higher levels

within the water column. Conservative estimates for emission

depths suggest that discharges should occur at 120 meters or

below (Comfort and Vega, 2011).

Jia et al. (2012) found that cold discharge results in the

formation of a layer characterized by nearly uniform temperature,

salinity, and density at depths ranging from 150 to 200 meters. As

the plume approaches this homogeneous layer, its downward

momentum allows it to penetrate the layer and migrate into

deeper, denser regions. Additionally, tidal currents can create

short-circuiting effects on the water intake. Consequently, it is

recommended that the discharge outlet be positioned above this

uniform layer to optimize environmental outcomes (Jia et al., 2012).

Martıńez et al. (2021) underscored the importance of long-term

management and monitoring of environmental conditions,

including physicochemical parameters and marine biological

attributes, as essential complements to mitigation measures

during and post-installation of energy devices. However, it was

noted that very few project sites possess long-term datasets

persistently monitored for marine environmental conditions,

encompassing physicochemical parameters and marine biological

attributes such as abundance, distribution, and behavior across

various temporal scales (daily, seasonal, annual, or multi-annual)

and spatial scales (local, regional) (Kolar et al., 2013; Williamson

et al., 2017; O’Carroll et al., 2017). Such comprehensive data was

imperative for understanding the interactions between biotic and

abiotic components and their feedback into energy devices

(McClure et al., 2010).

Of particular concern is the absence of environmental standards

for the impact of deep-sea water discharge, emphasizing the critical

need for implementing rigorous monitoring measures for marine

biocommunities, biogeochemical parameter distribution, and water

column stratification during and after the ongoing operation of

Ocean Thermal Energy Conversion (OTEC) systems.
3.5 Framework for managing
thermal discharge

Regarding the regulatory context, it is important to highlight

that there is currently no universally established environmental

standard defining the threshold level of temperature change

resulting from Ocean Thermal Energy Conversion (OTEC) deep

seawater discharge. This gap in regulation is concerning, as the

absence of a consensus can lead to varied practices that may
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undermine marine ecosystems globally. Existing studies primarily

reference the 3°C temperature difference limit at the edge of the

initial mixing dilution zone, as recommended by the International

Finance Corporation (2007), which underscores the necessity for

careful monitoring to prevent adverse ecological impacts. However,

this recommendation may not sufficiently capture the complexities

of thermal discharges, particularly in diverse marine environments.

In addition to this, various national regulations concerning

thermal emissions from power plants typically focus on the quality

of effluents, encompassing critical parameters such as temperature,

dissolved oxygen, and pH levels. For instance, Egypt’s environmental

law stipulates that the maximum absolute water temperature due to

effluent discharge should not exceed 35°C, while also mandating that

the temperature outside the mixing zone must not exceed 5°C above

the ambient water temperature (Egypt Government, 2009). Such

regulatory measures reflect an awareness of the need to protect

marine biodiversity and ecosystem functionality.

Furthermore, the Group of Experts on the Scientific Aspects of

Marine Environmental Protection (GESAMP) has consistently

emphasized the importance of maintaining ecological integrity in

marine environments. They recommend that temperature

differentials near power plants should not exceed 7°C in

subtropical waters and 5°C in tropical waters (GESAMP, 1984).

These guidelines are critical in safeguarding sensitive marine

organisms that are particularly vulnerable to temperature

fluctuations, as extensive research has demonstrated that even

minor deviations from natural temperature ranges can lead to

significant disruptions in marine ecosystems (Jawad, 2021;

Przeslawski et al., 2008).

Moreover, the inconsistency in regulations across different

countries raises concerns regarding the potential for cumulative

impacts of thermal discharges, as emphasized by several studies

which call for a more unified approach to managing thermal

pollution (Issakhov and Zhandaulet, 2021; Baram, 1972). This lack

of harmonization not only complicates enforcement efforts but also

hampers global initiatives aimed at preserving marine biodiversity in

the face of climate change and other anthropogenic pressures.

Thus, local regulations governing the construction and operation

of marine outfalls, discharge locations, and effluent quality limitations

(including temperature and chemical substances) are essential for

managing the environmental impact of these discharges. However,

tracking the diverse environmental laws applicable to each power

plant across different countries and regions can be challenging.

Therefore, this paper focuses on analyzing changes in water and

sediment quality indicators and their effects on benthic organisms

following discharge from power plants.
4 Conclusion

In this study, a comprehensive database about the effects of

power plant discharge on benthic organisms is curated through the

screening of literature sourced from Scopus, PubMed, and the Web

of Science. CiteSpace software is employed to analyze and visualize
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the selected literature, thereby elucidating the spatial and temporal

distribution of research on this topic and identifying research

hotspots across different periods. Emerging areas of interest

encompassed issues such as the impact of coastal power plant

discharge on macrobenthos and coral community structure.

The study confirms a significant negative correlation between

the temperature differential at the influence site and the control site,

as well as ambient temperature, and variations in benthic

abundance. Furthermore, apart from temperature fluctuations,

other environmental factors, including dissolved oxygen, pH,

chlorophyll-a, phaeopigment, conductivity, clay, and organic

content exhibit varying degrees of alteration. It is noteworthy that

the interplay among these factors appears to be more influential

than the impact of any single factor alone. Changes in benthic

organisms have the potential to induce alterations in the dynamics

of coastal marine ecosystems. These findings underscore the

importance of considering relevant information in environmental

policy formulation aimed at mitigating the potential impacts of

thermal and cold effluents on marine biodiversity.
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