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Abstract: Many coastal coal-fired power plants utilize seawater flue gas desulfurization
(SWFGD) systems, which may pose risks of heavy metal attachment on suspended sedi-
ments. Understanding variations in suspended sediment concentration (SSC) is therefore
useful for controlling marine pollution. We studied two power plants as examples of
discharging SSC using continuous measurement techniques. Monitoring sites at intake and
discharge points and the surrounding coastal areas of the power plants was conducted
across seasons. The first case study, Linkou Power Plant, is located in a high-SSC region
influenced by monsoon winds and wave activity. Results indicate that SSC levels at all the
monitoring sites are correlated with environmental factors of wind and wave conditions,
with strong positive correlations observed between the intake and discharge points. In
contrast, the Dalin Power Plant is located within an international harbor, where the SSC
levels are generally low; however, sudden increases in SSC are observed at the intake point
due to disturbances from vessel activities. These sudden increases are not evident at the
discharge point, suggesting a sink of SSC may occur within the system. These results
demonstrate that the two studied power plants have limited effects on the increase in
SSC; the SSC in the discharge point is mainly related to the SSC input at the intake point.
Effective management of SSC at the intake may help mitigate coastal pollution caused by
SSC discharge and reduce the risk of harmful substances adhering to suspended solids in
the discharging wastewater.

Keywords: seawater flue gas desulfurization; suspended sediment concentration; coastal
pollution; monitoring

1. Introduction
Coal-fired power generation remains one of the central methods of electricity produc-

tion worldwide. To reduce environmental challenges, power plants have adopted seawater
flue gas desulfurization (SWFGD) systems to achieve desulfurization in reducing SO2

emissions [1–4]. However, the SWFGD systems pose some challenges, such as the release
of mercury from coal into seawater. Consequently, research often focuses on the mercury
content in the effluent of these systems [5–7]. Mercury tends to adsorb onto suspended
sediments/solids (SSs), which can transport and spread over time [8–10]. If the SSs in
the water of the intake are reduced, it is possible to decrease the attachment of pollutants
on SSs [11]. Studies have shown that harmful heavy metals can adhere to SSs and are
discharged along with wastewater from coal-fired power plants [12]. Coal combustion in
power plants produces not only mercury but also SS, which can be found in the discharged
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wastewater [13]. Understanding variations in suspended sediment concentration (SSC)
may help mitigate coastal pollution resulting from wastewater discharged by power plants.

Quantifying SSC is crucial for environmental monitoring and management [14,15].
SSC is a measure of the sediment weight concentration in water and serves as an important
indicator for environmental regulation and sediment transport studies [16,17]. Many
guidelines were reported as part of their regulations on controlling SSC because high or
low SSC levels can harm the environment [18–20]. Consequently, standards for discharge
SSC limits vary by country: Taiwan allows up to 30 mg/L, the European Union permits
10–30 mg/L, and the United States sets a single-day maximum of 100 mg/L and a 30-day
average not exceeding 30 mg/L.

Traditionally, SSC measurement involved collecting on-site water samples and analysis
in a laboratory [15,21,22]. This method, though accurate, is not suitable for continuous and
long-term monitoring. OBSs have become prevalent for continuous SSC measurement [23].
The sensors are based on the linear relationship between near-infrared backscatter intensity
and SSC, allowing the estimation of sediment concentrations [15]. However, OBS measure-
ments can be affected by factors such as particle size and concentration; careful calibration
is needed to obtain accurate measurements of SSC [15,23].

Factors influencing SSC include anthropogenic and natural environmental causes.
Naturally, the resuspension and transport of SS are primarily driven by waves and
cur-rents [24–26]. Sediments begin to move when the bed shear stress exceeds a criti-
cal threshold, which depends on sediment settling velocity, itself influenced by particle
size [27,28]. In general, sediments move when bed shear stress exceeds the settling velocity
and settle when the settling velocity is higher than the bed shear stress [29]. However,
in coastal environments with artificial facilities, the hydrodynamic driving force and the
sediment transport process are not as simple as in a purely natural environment. The
coastal jetties, pumps, open channels, and facilities of the power plants complicate the
hydrodynamics and sediment transport process and limit the study of the impacts of the
SWFGD system.

This study examined two coal-fired power plants with SWFGD systems, using continu-
ous monitoring at intake sites, discharge, and outfall and an environmental reference point
to evaluate the influence of the entire waterflow system of the power plants on changes in
SSC. The impact of the whole waterflow system of the power plants on SSC is therefore
examined through the difference between the input (intake) and output (discharge) points.
By analyzing SSC at input and output sites, this study assesses the variation of SSC and
understands the factors influencing SSC at the monitoring sites.

2. Methods
2.1. Site Description

Two coal-fired power plants equipped with SWFGD systems were investigated to
study the impact of SWFGD systems on the variation of SSC. The Linko power plant (LPP)
and Dalin power plant (DPP) are located on the northern and southern sides of the Taiwan
Strait, respectively, as shown in Figure 1a. The study area is in the subtropical monsoon
region, influenced by the southwest monsoon in summer and the strong northeast monsoon
in winter, resulting in temporal and spatial variability in marine meteorological conditions
across the northern and southern sides of the strait [30–32]. High waves in the LPP during
winter make it difficult to deploy and maintain the instruments; therefore, this study
was conducted at the end of fall, at the onset of winter winds and waves. Field surveys
across seasons were conducted for the two power plants: one in spring (LPP: 17 March to
29 March 2021; DPP: 26 February to 8 March 2021) and another in fall (LPP: 4 November to
29 November 2021; DPP: 21 October to 26 October 2021).
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Figure 1. (a) Geological locations of the two studied power plants. Four to five monitoring sites were
set to continuously measure the SSC at sites of B1 (environmental reference), S1 (intake), S1A (intake),
S2 (discharge), and S3 (outfall), respectively, for (b) Linko power plant (LPP) and (c) Dalin power
plant (DPP).

The suspension and transport of SSC in natural environments are primarily influenced
by waves and currents [33,34]. Therefore, we collected tidal and wave data from tide
stations and wave buoys deployed by the Marine Meteorology Center of the Central
Weather Administration near each power plant. These included the Fugui Cape buoy (FC
buoy), Zhuwei tide station (ZW tide station), Xiaoliuqiu tide station (XL tide station), and
the Xiaoliuqiu buoy (XL buoy). The detailed locations of the tide stations and buoys are
shown in Figure 1a.

Based on the annual statistical report on meteorological observation data for harbors
and seas published by the Transportation Research Institute of the Ministry of Transporta-
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tion and Communications in Taiwan, the monthly average wind speed in the LPP oceanic
area ranges from 4.0 to 10.3 m/s, with average values of 5.8, 5.3, 7.0, and 10.3 m/s from
spring to winter. The significant wave height (Hs) in the LPP varies across seasons, with
average values of 0.88, 0.63, 1.19, and 1.46 m from spring to winter. In the DPP, the monthly
average wind speed ranges from 2.1 to 2.9 m/s, with average values of 2.4, 2.3, 2.4, and
2.5 m/s from spring to winter. The wind speed and Hs in the DPP show relatively little
variation across seasons, with the wave climate remaining mostly stable, except for some
extreme typhoon waves in summer. The average significant wave height is 0.58, 1.04, 0.75,
and 0.70 m from spring to winter.

In addition to the SWFGD system, other waterflow equipment includes seawater
extraction equipment, pipes, circulating water channels, and aeration tanks; the seawater
is then discharged back to the ocean through open channels. To understand the SWFGD
system’s impact on SSC, we deployed instruments at S1 (intake), S1A (in-take), S2 (dis-
charge), and S3 (outfall) points. Additionally, a survey site was established near the plant
to assess the relationship between SSC in the surrounding marine area and the power plant.
Figures 1b and 1c illustrate the structural layout and survey points of the LPP and DPP,
respectively. During the first survey at LPP, the intake point was positioned far from the
seawater pump of the SWFGD system, resulting in a low correlation between SSC mea-
surements at the intake and discharging points. Consequently, the second survey added a
survey site near the seawater pump room. We designated the survey sites at each power
plant as follows: the intake point is named S1, the discharging point is S2, the outfall point
is S3, and the reference marine point is B1. An additional intake point near the seawater
pump room was added during the second survey at LPP, as noted as S1A.

LPP is located on the northwest side of the Taiwan Strait, as shown in Figure 1.
The water intake of the LPP is situated between two barriers, and the outer and larger
breakwater for sheltering the coal unloading dock and the two jetties closer to the land is
Lin-Kou Port. The coastlines on both the northern and southern sides of the LPP are sandy
beaches. Satellite images have shown the presence of high SSC turbid plumes in the coastal
waters in surf zones. In contrast, the DPP is located on the southwest side of the Taiwan
Strait, as depicted in Figure 1. The water intake of the DPP is situated within Kaohsiung
Port, an international commercial harbor; therefore, the water near the intake is relatively
stable. Additionally, there are no significant sand sources in the waters surrounding DPP.

2.2. Suspended Sediment Concentration Measurements

The OBS instrument does not directly measure the weight of suspended particles in
the water; instead, it measures the intensity of infrared light reflected by the SS. Therefore,
careful calibration is required to accurately estimate the SSC from the OBS [15,23,35]. As
each OBS probe may respond differently to various particle sizes and concentrations,
we conducted individual calibrations for the OBS measurements at each survey point
across different seasons. We collected water samples at each OBS site for calibration in
the laboratory. The water depth of the water samples matched the vertical depth at which
the OBS was deployed. A specialized water tank was used for calibration, as reported by
Ly and Huang [15]. Linear regression relationships between the voltage readings from
the OBS and SSC were established for the estimate of SSC. Detailed calibration results are
shown in Appendix A, Table A1.

In this study, the OBSs were operated with a sampling rate of 2 Hz, recording for the
first 2 min every hour. According to the results of the vertical profiles surveys, the total
TVC and particle size distribution at both the intake and outfall were relatively uniform
throughout the water column, except for some variations at the bottom and surface layers,
as shown later. The TVC reflects a relation with SSC [36,37]. We sampled at a point 2 m
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from the surface and at another point at the mid-water depth for all surveys. The results
showed that the measured values of SSC at the surface are similar to those at the point
of mid-water depth. The mean water depths varied among the monitoring sites, and the
measured depths also varied due to the tides (Appendix A, Table A1). As a result, we
selected the data at mid-water depth as the representative. We tried to avoid biological
attachment and human damage; equipment malfunctions still occurred during the field
surveys, resulting in missing data for some monitoring sites, as shown in the discontinuity
in the time series data.

2.3. Particle Size Distribution Measurement

The sediment size not only affects the estimation of SSC using OBS but also in-
fluences the sediment pick-up and suspension conditions [23,27,36,37]. This study em-
ployed the LISST 200X, which provides in situ particle size measurements ranging from
1 to 500 µm [38]. Background calibration using pure water was performed for the LISST
before the field surveys [39]. In addition to measuring particle size distribution, the LISST
200X can also output the total volumetric concentration (TVC). Vertical profiles of par-
ticle size distributions were measured at the water intake and outfall of the two power
plants (site S1 and S3), with vertical sampling positions conducted per meter intervals.
Surveys were conducted during both the spring and fall seasons [40], and only one pro-
file of flooding and ebbing tides was performed in each season to understand the effect
from tides.

2.4. Heavy Metal Compositions of SS

We collected water samples for heavy metal composition analysis of SS at the intake
and discharge points of the LPP (12 samples in spring and 6 in fall) and the DPP (12 samples
in spring and 4 in fall). The samples were analyzed in accordance with the standard method
NIEA M301.00B, as announced by the Environmental Analysis Laboratory of the Ministry of
Environment. Water samples from the intake and discharge points were filtered using glass
fiber filters (1.0 µm, Pall Corporation, Port Washington, NY, USA), followed by microwave
digestion of the filters. The heavy metals, including arsenic, cadmium, chromium, copper,
lead, nickel, and selenium, in the SS from both the intake and discharge points were
then analyzed using inductively coupled plasma optical emission spectroscopy (ICP-OES,
PerkinElmer/Avio 220 Max, Shelton, CT, USA).

3. Results
3.1. Linko Power Plant (LPP)
3.1.1. Variation of SSC

The results from the spring survey reveal that the temporal variations of SSC differ
between locations S1 and S2 (Figure 2). This disparity is hypothesized to be related to
the measurement locations, as the shape of the harbor in this area is complex. The waves
are influenced by shielding and refraction effects, which may lead to variations in the
hydrodynamics and turbulence at different measurement points, resulting in different SSC
readings at those locations.

In addition, we found that there is no correlation in SSC measurements between sites
S2, S3, and B1. The periods of high SSC values at S3 and B1 are similar, indicating that the
SSC in the vicinity of the discharge point is more influenced by external environmental
factors, such as wind and waves. From 21 March to 25 March, when significant wave
heights exceeded 2 m, the SSC at sites S1 and B1 increased significantly, while S2, which is
sheltered by the harbor, showed no significant change in SSC.
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Figure 2. Time series of observed SSC, wind, wave, and tide conditions in spring in the case of LPP.

The spatial differences from S1 to the intake point may cause variations in SSC between
these locations. Therefore, during the fall season, we established a new monitoring site
called S1A near the seawater pump house. Figure 3 shows the temporal hourly data from
the fall season survey. The observed SSC at S1A is lower than that at S1, which confirms
that SSC variations are influenced by the spatial locations of the measurement points.
Notably, there is a strong correlation in SSC between sites S1A and S2. In contrast, the SSC
measured at site S3, located outside the discharge point, shows a higher correlation with
wave conditions. Although the survey during the fall season at site B1 lasted only about
five days, its SSC concentration and variation were significantly higher than those at other
sites surrounding the power plant.



J. Mar. Sci. Eng. 2025, 13, 563 7 of 19

J. Mar. Sci. Eng. 2025, 13, x FOR PEER REVIEW 7 of 20 
 

 

 

Figure 3. Time series of observed SSC, wind, wave, and tide conditions in fall in the case of LPP. 

3.1.2. Particle Size and TVC 

Figure 4 shows the results of the profiles of the particle size and TVC distribution at 
the LPP for two seasons. It can be observed that the median particle sizes (D50) for sites of 
S1 and S3 during both seasons show very similar distributions with water depth, and the 
data across the entire layer are relatively uniform, with no differences between spring and 
ebb tides. The D50 ranges from approximately 0 to 50 µm and from 50 to 100 µm during 
the spring and fall seasons, respectively. The average significant wave height in spring 
was 0.6 m, whereas it was 1 m in the fall season; the larger wave height leads to greater 
turbulent shear stress, resulting in larger SS particle sizes [29,37]. 
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3.1.2. Particle Size and TVC

Figure 4 shows the results of the profiles of the particle size and TVC distribution at
the LPP for two seasons. It can be observed that the median particle sizes (D50) for sites of
S1 and S3 during both seasons show very similar distributions with water depth, and the
data across the entire layer are relatively uniform, with no differences between spring and
ebb tides. The D50 ranges from approximately 0 to 50 µm and from 50 to 100 µm during
the spring and fall seasons, respectively. The average significant wave height in spring
was 0.6 m, whereas it was 1 m in the fall season; the larger wave height leads to greater
turbulent shear stress, resulting in larger SS particle sizes [29,37].
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The TVC is quite uniform for the whole water column across seasons and tidal condi-
tions at site S1, with values below 30 ppm, although the measured concentrations in the
fall season are slightly greater than those measured in spring. At site S3, during the spring
survey, the entire water column is also quite uniform, with TVC averaging below 20 ppm.

However, in the fall season survey, there is a noticeable increase in TVC, reaching up
to around 60 ppm. Furthermore, at site S3, significant differences between tidal phases are
observed in the fall season; during high tide, the upper water column exhibits higher TVC,
while the lower water column shows lower concentration, and the opposite occurs during
low tide, indicating that site S3 is influenced by the direction of the tidal currents.

3.2. Dalin Power Plant (DPP)
3.2.1. Variation of SSC

Figures 5 and 6 present the time series results of SSC conducted at DPP during the
spring and fall seasons; the observations in DPP begin two days before the end of the
spring tide. The average significant wave heights during the survey periods for spring
and fall were 0.6 m and 0.49 m, respectively. The SSC measurements from the four survey
points were all lower than those recorded at LPP, with average concentrations less than
12 mg/L. Sudden increases in SSC are observed at the intake point. However, these
increases are not evident at the discharge point. These SSC spikes, lasting only 1–2 h, with
peak values occurring simultaneously, are observed for both seasons at the intake point
(S1) and discharge point (S2). These sudden increases in SSC are attributed to disturbances
caused by vessels at the intake point. In contrast, such increases are not observed at the
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outfall point (S3), indicating that sedimentation processes (the sink of SSC) may take place
within the system.
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The trend of the time series of SSC at the nearby environmental reference site B1 was
different from those at S1 and S2, suggesting that the SSC inside surrounding coastal waters
may not be significantly affected by the discharge water from DPP. In such a location with
a distinct flow environment close to the open sea, SSC should be influenced by localized
turbulence and resuspension effects [37,40].

3.2.2. Particle Size and TVC

Figure 7 shows the profile survey results of particle size and TVC at DPP for both
seasons. At site S1, the D50 distribution trends in both spring and fall seasons vary similarly
with depth, exhibiting a uniform distribution throughout the water column. In spring, the
D50 range is approximately 0–50 µm, while in the fall season, it increases to 50–100 µm. At
site S3, larger D50 values in the upper layer of the water column were observed for both
seasons, with values ranging from approximately 275 to 350 µm. The D50 to the bottom
measured around 250 to 275 µm in spring and about 100 to 150 µm in the fall season.
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Figure 7. Vertical profiles of observed grain median size of SS (D50) and total volumetric concentration
(TVC) in two seasons for flooding and ebbing tides in the case of DPP.

At site B1 during spring high tide, the D50 distribution is uniform from the surface to
8 m below, approximately 250–275 µm. Below 8 m, the D50 decreases gradually with depth,
reaching about 175 µm at the bottom. During spring low tide, the D50 distribution remains
uniform throughout the water column, around 250 to 275 µm. In the fall season, the particle
size distribution at site S4 resembles that of S3, with a larger D50 in the surface layer, but
the distribution becomes uniform below 2 m, ranging from approximately 100 to 150 µm.

The data are evident that the particle size at S1 is significantly smaller than that at
S3. The result reflected the difference in the site location in Kaohsiung Harbor. The TVC



J. Mar. Sci. Eng. 2025, 13, 563 11 of 19

at site S1 exhibits remarkably uniform values across both seasons and tidal conditions,
consistently below 50 ppm, although there is a greater TVC near the bottom. A higher TVC
is observed in the upper layers of the water column at sites S3 and B1 (>79 mg/L), while
the TVC remains relatively uniform at approximately 50 ppm or below from 1 to 2 m below
the surface.

4. Discussion
4.1. Analysis of Heavy Metal Compositions of SSs

The results of heavy metal compositions for collected SSs in the cases of LPP and DPP
are summarized in Table 1. The data indicate that in the LPP case, higher concentrations of
heavy metals such as Cr, Cu, Ni, and Se are observed at the discharge point compared to the
intake point. In the DPP case, As and Se also show elevated concentrations at the discharge
point. In contrast, Pb and Cd exhibit slightly lower concentrations in samples from the
discharge point than in those from the intake point for the two power plants. Notably,
measurements in fall are significantly higher than those in spring. These findings align
with previous research indicating that heavy metals may adhere to SSs and be discharged
along with wastewater from coal-fired power plants [6,12,13]. However, the data for the
heavy metal analysis in the present study are relatively limited. Future studies that focus
on quantifying the potential increase in heavy metals due to adhesion between the inlet
and discharge sites are needed.

Table 1. Analyzed results of heavy metals of SSs in the cases of LPP and DPP. Increment indicates the
difference between the discharge and inlet points.

Season Site As Std Cr Std Cu Std Pb Std Cd Std Ni Std Se Std

Study area: LPP Averaged Concentration (mg/kg)

Spring
Inlet N.D. - 1.2 1.0 N.D. - N.D. - N.D. - N.D. - N.D. -

Discharge N.D. - 1.9 1.1 1.2 1.2 N.D. - N.D. - N.D. - N.D. -

Increment - - 0.7 1.2 - - - - -

Fall
Inlet 79.9 67.3 237.3 226.4 66.1 20.3 56.8 8.4 18.8 4.4 63.8 30.7 45.8 29.5

Discharge 79.2 58.0 523.4 426.7 96.5 83.5 39.6 19.1 12.6 2.4 68.6 31.5 144.5 92.5

Increment −0.7 286.1 30.4 −17.2 −6.2 4.8 98.7

Study area: DPP Averaged Concentration (mg/kg)

Spring
Inlet N.D. - 2.9 0.9 0.9 0.9 N.D. - N.D. - 1.5 3.0 N.D. -

Discharge N.D. - 3.1 2.2 0.8 0.3 N.D. - N.D. - 0.5 0.4 N.D. -
Increment - 0.2 −0.1 - - −1.0 -

Fall
Inlet 60.6 7.8 322.2 48.5 129.3 10.5 132.3 37.7 15.3 4.6 108.2 20.8 120.2 130.6

Discharge 78.3 54.8 317.7 189.6 122.7 44.7 103.3 51.5 11.1 4.3 74.9 37.7 125.1 121.7
Increment 17.7 −4.5 −6.6 −29.0 −4.2 −33.3 4.9

Elevated SSC levels can enhance the transport potential of heavy metals in aquatic
environments [13]. However, water quality guidelines in Taiwan specify separate limits
for SSC and heavy metal concentrations in seawater, without official standards for the
attachment of heavy metals to SSC. This lack of regulation complicates the determination of
harmful SSC levels in relation to metal content. Harmful levels of SSC may vary depending
on specific environmental conditions and the types of metals involved. Notably, as SSC
increases, the total mass of attached heavy metals is likely to rise. In our study, observations
from the LPP case revealed a significant increase in heavy metal levels near the discharge
point, whereas the DPP case exhibited minimal change. The differences between the two
cases highlight variations in local SSC, pollution control within the power plant, and
environmental backgrounds. The quantities of heavy metals attached to SSs detected in
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this study were minimal and significantly below the heavy metal concentrations in the
water quality guidelines in Taiwan. Certain heavy metals were even below detectable levels
(N.D.). Consequently, determining the SSC levels containing heavy metals that pose an
environmental threat remains a critical area for future research, with the aim of developing
more precise assessment criteria.

4.2. Factors Affecting the Variation of SSC

The S3 and B1 sites are similar in spring but show different patterns in fall. The reason
may be attributed to the complex interaction between local hydrodynamics (wind, waves,
current) and the harbor’s shape [41]. Wind speed is higher in fall than in spring, and
the water depth at S3 is greater than that at B1. This could lead to increased mixing and
drifting currents that transport SSs from the upstream region to the shallow site of B1 in
fall, resulting in higher SS values, as shown in Figure 3, whereas only a brief period of high
wind speed occurred between 21 March and 22 March in spring, as illustrated in Figure 2.
Figure 6 (fall) indicates a stable SSC trend at the B1 site, showing no correlation with
other stations. In contrast, Figure 5 (spring) reveals that the SSC at the B1 site resembles
the shape of that at S2. These two results in DPP are likely due to seasonal variations
in wind and wave conditions. These results from LPP and DPP demonstrate that SSC
is significantly influenced by local suspension conditions and hydrodynamic transport,
resulting in spatial variability. Because field observations are often limited in their ability to
represent comprehensive spatial differences, future studies could utilize numerical model
data to address the limitations of point measurements in field observations [25].

The concentration and particle size distribution of SSs in water are primarily influ-
enced by turbulence and the settling velocity of the sediments themselves. In flow regimes
dominated by bottom boundary layers, the profile of SSC can be explained by Rouse’s
theory [37,42,43]. However, in complex coastal environments, the movement and dynamics
of the boundary layer are affected by driving forces and interactions such as waves, mean
flows, and winds [25,44], complicating the turbulence generation. Other mechanisms (e.g.,
rainfall [45]) that affect turbulence production will consequently impact the physical prop-
erties of SSs. In coastal environments, wave-induced bed shear stress is often considered
the dominant contributor; therefore, many studies have identified wave height as the most
directly related physical parameter affecting SSC variations [15,26].

To reduce the interference of short-term fluctuations on data analysis, we averaged
the SSC data every 6 h and computed the correlation coefficients with physical parameters
of tides, waves, and wind speeds. The choice of a 6 h average is due to the dominance of
semi-diurnal tide in the study site [30,46]. Except for site B1 in DPP, which has a correlation
coefficient of −0.5, there is no significant correlation between SSC and tidal water levels
at the other monitoring sites. The correlation coefficients between tidal levels and SSC
range from −0.3 to −0.2. We found that the SSC at both power plants exhibited a higher
correlation with significant wave height, as shown in Figures 8 and 9.

The correlation coefficients of SSC with representative wave heights for the LPP for
the data combing from the two seasons for sites of S1, S1A, S3, and B1 are all above 0.5,
with S3 exhibiting a particularly high correlation coefficient of 0.86, indicating a significant
influence of waves on the SSC. In contrast, the correlation coefficient for S2 is only 0.29.
This discrepancy is possibly attributed to some data in spring, in which a notable increase
in SSC on two occasions (19 to 21 March and 24 to 26 March) occurred at site S2. However,
the wave heights during the two occasions were all below 1 m, indicating other factors
may have contributed to the rise in SSC. If we analyze the data in fall alone, the correlation
coefficient increases to 0.64. In the study, we found a notable result that the correlation
coefficient between sites S2 and S1A is 0.91, where S2 and S1A are monitoring sites within
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and outside the power plant. This indicates a strong relationship between the SSC within
and outside the power plant.
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The correlation of SSC at the four monitoring sites for the DPP with data for wind,
wave, and tide is low, with correlation coefficients ranging between −0.2 and 0.2, as shown
in Figure 9. However, sudden increases in SSC are observed at the intake point (site S1) due
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to vessel activity. When vessels approach, the SSC concentration, initially below 10 mg/L,
can suddenly rise to over 20 mg/L, indicating that vessel movement has a significant
impact on the SSC in that area. We cannot fully capture all vessel passages at site S1, but
we recorded the activity of the coal unloading ships for the power plant. We found that
when coal unloading ships arrived at the port (as indicated by the gray dashed lines in
Figures 5 and 6), there was a rapid increase (like spikes) in SSC at site S1. The corresponding
occurrence of the spikes is observed for SSC data at site S2. However, these sudden changes
in SSC were not observed in sites S3 and S4.

The median grain size of the deposited sediment near the intake of DPP is very small
(D50 = 14.8 µm), ranging in mud category. This is because the water body near the intake of
DPP is relatively stable and not significantly affected by wind and waves. The resuspension
of fine sediment could be anticipated due to the flow disturbance from the vessel activity.
In contrast, sites S3 and B1 are in open sea areas, where the flow is comparatively easily
affected by waves and currents, making the measured particle sizes (D50 = 150.3 µm) much
larger at sites S3 and B1.

4.3. Change in SSC Between the Intake and Discharge Points

The extracted seawater enters the power plant through the intake points (S1, S1A)
and then flows to the discharge point (S2) before being released into the outfall (S3). This
study aims to investigate whether the whole system within the power plant increases or
decreases SSC. We compute the differences in SSC obtained from the intake points (S1, S1A)
and the discharge point (S2). Because the OBSs have been well calibrated and the accuracy
of the OBS is less than 4%, the differences in SSC values between the inflow and outflow
should allow the elimination of possible system errors, thereby allowing us to examine the
change in SSC due to the impact of the power plant systems.

The data distribution analysis for one-to-one correlation is conducted only for the
LPP data because the SSC values in the DPP are relatively low and primarily affected by
sudden ship activities, which makes it difficult to exhibit continuous change characteristics
in the one-to-one scatter plot. The correlation coefficient of SSC at sites S1 and S1A at
the LPP is 0.62, suggesting that variations in spatial positioning can lead to differing SSC
changes [8]. Remarkedly, a significant correlation between the SSC values at S1A and
S2 is observed, with a correlation coefficient reaching 0.91, as shown in Figure 10. The
change in SSC from the discharge point (S2) to the intake point (S1A) is approximately
±10 mg/L, with an average variation of 0.03 mg/L, indicating a minor change from the
intake to the discharge point of the power plant. Furthermore, we found that when the SSC
at S1A is below 10 mg/L, the average variation is −0.9 mg/L. In contrast, when the SSC at
S1A exceeds 10 mg/L, the average variation increases to 3.9 mg/L. This result suggests
that when seawater with lower concentrations enters the SWFGD system, there is a slight
decrease in SSC. Conversely, seawater with a higher SSC entering the power plant would
result in an increase in SSC at the discharge point. We hypothesize that this may be related
to the packing material in the flue gas desulfurization tower; when the turbidity or flow
rate of the incoming water is high, solid particles on the packing material may be washed
out, leading to an increase in SSC observed in the discharge point. Further study may be
needed to study the possible variation inside the power plant. Additionally, the change in
SSC between S1A and S3 ranges from −8.3 to 104 mg/L, with the variation between S1A
and S3 being significantly greater than that between S1A and S2.
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At the DPP, the correlation coefficient of SSC between sites S1 and S2 is low (r < 0.2)
for both seasons, primarily due to generally low SSC levels, mostly under 10 mg/L. This
may be due to a similar reason as observed at the LPP; the site S1 is far from the actual
intake point (S1A) of the power plant. However, the time series data still reveal a noticeable
increase in SSC at the DPP when disturbances from vessels occur at the intake point, which
subsequently affects the SSC at the discharge point. The overall change in SSC for both
seasons is approximately ±10 mg/L, with an average variation of −1.4 mg/L. The result
indicates that the impact of the power plant on SSC increases is relatively small, which
aligns with the findings from the case of LPP.

5. Conclusions
This study uses two coal-fired power plants equipped with SWFGD systems as

case studies, employing continuous monitoring methods at sites of intake (S1, S1A),
discharge (S2), and outfall (S3) and an environmental reference point (B1) to assess the
impact of the entire waterflow system of the power plant on variations in SSC. The field
studies encompass two different seasons and two different marine areas. The marine
environments at the intake and outfall points of the two power plants differ significantly.
LPP is located near a beach and is surrounded by a breakwater, while DPP is situated
within an international commercial harbor.

Profile measurements indicated a uniform vertical distribution of grain size and
concentration on SSs. However, continuous SSC measurements reveal that SSC values
exhibit spatial and temporal variations. The results suggest that the characteristics of local
SS are influenced by changes in hydrodynamics at specific locations [25,37,40,41]. In the
case of LPP, the variations in SSC at the intake points (S1, S1A), discharge point (S3), and
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nearby environmental reference site (B1) are notably affected by wave actions. In contrast,
the SSC levels were low in coastal waters near the DPP across all monitoring sites. Sudden
increases in SSC were noticeably observed due to vessel activity at the intake (S1) and
discharge points (S2), whereas these sudden increases were not found at the outfall (S3)
and the nearby reference site (B1). This also reflects that the local SSs are subject to the local
hydrodynamics based on their spatial position.

The results showed that heavy metals may adhere to SSs and be discharged along with
wastewater from coal-fired power plants. Elevated SSC levels can enhance the transport
potential of heavy metals in aquatic environments [13]. Our results from the LPP indicate
that as SSC increases, the total mass of attached heavy metals rises; however, the increase
in heavy metals in the DPP case is not evident. This indicates that variations in local SSC,
pollution control within the power plant, environmental backgrounds, and other factors
complicate the attachment of heavy metals to SSs. Future studies to determine the SSC
levels containing heavy metals that pose an environmental threat are needed.

Apart from the high SSC events during vessel activities, SSC levels in the DPP are
generally low (mostly under 10 mg/L), making it difficult to differentiate the SSC between
the intake and discharge points. However, a decrease in SSC from the intake to the
discharge point can be observed during vessel activities. Additionally, the SSC at the
discharge point (S2) of the LPP is strongly correlated (r = 0.91) with the SSC at the intake
point. The analysis of the variations in SSC between the intake and discharge point reveals
that the changes are small, less than approximately ±10 mg/L, while environmental factors
can lead to SSC variations that are several times greater. These findings from both the power
plants suggest that the SWFGD and the whole seawater flow systems have a limited impact
on increasing SSC; the changes in discharging SSC out of the power plants are directly
related to the SSC levels in the seawater being input. This result indicates that controlling
the SSC at the intake of seawater could reduce the risk of heavy metal attachment to SSs in
the SWFGD system, thereby mitigating the spread of coastal pollution.
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Appendix A. Calibration of OBS
The OBSs used were carefully calibrated using the method reported by Ly and

Huang [15]. Linear regression relationships between the voltage readings from the OBS
and SSC were established for the estimate of SSC, as shown in Table A1.
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Table A1. The average water depth data for each site, with the calibration parameters used to linearly
convert OBS data (with units in mV) to suspended sediment concentration (SSC).

Linko Power Plant (LPP)

Season Spring Fall

Dates 2021/03/17~2021/03/29 2021/11/05~2021/11/30

Depth (m) Calibration Equations (mg/L) Depth (m) Calibration Equations (mg/L)

S1 ~8 m SSC = 0.11 mV − 2.32 ~8 m SSC = 0.14 mV − 4.29

S1A ~8 m SSC = 0.09 mV − 2.44

S2 ~16 m SSC = 0.08 mV − 1.6 ~16 m SSC = 0.12 mV − 9.79

S3 ~24 m SSC = 0.12 mV − 0.15 ~24 m SSC = 0.09 mV − 4.45

B1 ~16 m SSC = 0.17 mV − 3.31 ~16 m SSC = 0.17 mV + 0.58

Dalin Power Plant (DPP)

Season Spring Fall

Dates 2021/02/27~2021/03/07 2021/10/22~2021/10/26

Depth (m) Calibration Equations (mg/L) Depth (m) Calibration Equations (mg/L)

S1 ~12 m SSC = 0.12 mV − 0.36 ~12 m SSC = 0.11 mV − 1.30

S2 ~5 m SSC = 0.10 mV − 2.3 ~5 m SSC = 0.09 mV − 8.53

S3 ~12 m SSC = 0.07 mV − 0.81 ~12 m SSC = 0.13 mV − 3.12

B1 ~13 m SSC = 0.20 mV − 3.75 ~13 m SSC = 0.09 mV − 3.04
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