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Abstract: The occasional rains that occur during dry seasons often stir up the bottom sediment of
reservoirs, which leads to high turbidity and electrical conductivity in raw waters received by water
utility companies. A newly developed real-time precision multi-layer sensor (RPMS) system was
used to monitor a high-speed flocculation flat-bottomed sludge blanket clarifier (HFSBC) pond in
real time to solve the water quality problems caused by drought and flood conditions. The RPMS
is capable of monitoring the thickness of a sludge blanket; if the coagulation and sedimentation
processes of the HFSBC are not working well, the sludge blanket will be thin and have a low sludge
concentration. Conversely, if the HFSBC is working properly, the sludge blanket will have a thick
and highly concentrated layer of sludge. Any heavy metals that are not removed by water treatment
processes will enter the water supply network, which will result in poor water quality for end users.
Against the backdrop of intensifying climate change, the enhancement of automated monitoring
systems and adaptation processes will be an important part of efforts to minimize and resolve acute
changes in water quality.

Keywords: sludge thickness; multilayered sensor; sludge blanket clarifier; heavy metal; electrical con-
ductivity

1. Introduction

Over the past few years, the global climate change has caused increasingly frequent
and severe acute changes in water quality. This phenomenon has been linked to rainfall-
induced perturbations in reservoirs and rivers [1,2]. Ochoa-Contreras et al. [3] also observed
that the distribution of heavy metal concentrations in sedimentary rocks can be used to
predict the heavy metals that have the greatest influence on water quality. To ascertain
whether the raw water in a reservoir is polluted by heavy metals, the Sediment Quality
Guidelines can be used to analyze sediment toxicity and pollutants in the water column [4,5].
Palma et al. [6] used land use/land cover changes to explain nutrient and organic matter
concentrations in reservoirs, thereby providing guidance for water management policies to
reduce surface water pollution. In many countries, large amounts of resources have been
dedicated to the elimination of pollution sources. However, Česonienė et al. [7] found that
the removal of pollution sources does not necessarily improve the quality of lake water
because secondary pollution caused by sludge in the water can worsen the quality.

In recent years, the use of automated water quality sensors to help water resource
managers to cope with acute water quality changes caused by climate change has become an
important area for study. Numerous studies have been performed worldwide to improve
the cost efficiency of water quality monitoring methods to provide clean and potable
drinking water in a more efficient manner. Aqueous chemical detection is most commonly
performed using fluorescence or optical techniques. For instance, Zhou et al. [8] used
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a fluorescence technique to detect dissolved organic matter in lake waters. Li et al. [9]
used fluorescence spectroscopy to establish a method for tracking changes in the chemical
composition of dissolved organic matter via fluorescence measurements, which can be used
to predict changes in water quality and improve the safety of drinking water. Beauchamp
et al. [10] used 254 nm (UV254) measurements to evaluate the optimality of alum dosage.

By combining water quality monitoring instruments with digital sampling technolo-
gies, it is possible to continuously monitor water conditions in real time. For example,
Sun et al. [11] used confocal laser scanning microscopy and image analysis to monitor the
biofouling of hollow fiber ultrafiltration membranes in the ozonation, biofiltration, and
membrane filtration processes and to quantitatively and qualitatively analyze the biofoul-
ing process. Fortunato et al. [12] used optical coherence tomography to monitor fouling
layer formation during the initial days of operation of a membrane bioreactor (MBR) and
monitored the fouling of the MBR in real time under a variety of operating conditions. Kim
et al. [13] used a silicon photomultiplier and Ce-doped GAG (Gd3Al2Ga3O12) scintillators
to develop a miniature radiation portal monitor, which was combined with an application
for PCs and mobile phones to monitor radiation in water piping. This system has good
linearity with respect to radiation intensity, good channel linearity with respect to energy,
and excellent energy resolution. Fujioka et al. [14] used a real-time bacteriological counter
to perform online bacteria counting in the influent and effluent of a full-scale sand filter.
To utilize the outstanding chemical and optical properties of carbon dots, Rao et al. [15]
developed biomass-based carbon dots to develop a smartphone-based portable detection
platform for the online analysis of Al3+ and H2O contents, which can be used to inspect tap
water and alcoholic drinks.

In 2021, Taiwan experienced a severe drought, which caused the water storage level
of the Shihmen Dam to decrease to only 205.99 m on 26 May. Because the dam is severely
silted, many end users reported water quality problems such as yellow-colored tap water as
the water level approached the bottom of the reservoir. The reason for these water quality
problems was rainfall in the water catchment area, which perturbed the bottom sediment
of the reservoir and released previously trapped heavy metals from the sediment. Conse-
quently, the raw water drawn by the water utility company had high levels of turbidity
and conductivity. Aside from the inadequacies of the treatment plant’s water clarifying
capabilities, heavy metals such as Fe, Mn, and Al that were previously precipitated in the
water supply network’s pipelines might have redissolved and flowed along the water sup-
ply network owing to the water having a low pH and low residual chlorine concentrations.
Kurajica et al. [16] studied the factors that influence As, Al, and Mn concentrations in a
drinking water supply system and found that they are affected by the pH and organic mat-
ter content. They also observed that the oxygen reduction potential has a greater impact on
Mn concentration than pH and that the addition of ClO2 at a high pH oxidizes Mn and thus
forms Mn particles, which combine with Al and Fe coagulants to form precipitates. Because
the Mn particles may settle in the water supply network, turning on a fire hydrant may
perturb the water flow and dislodge the Mn deposits, which then affect tap water quality.

It may be surmised that Taiwan will face acute water quality degradation during
periods of drought. In view of the water quality issues caused by climate change, studies
about water quality changes at different water depths in water clarifying ponds are scarce.
In 2021, the arrival of the Meiyu front at the end of May to early June ended the 2021
drought of Taiwan but also caused the first high turbidity incidents in raw water supplies.
The next high turbidity incident was caused by Typhoon In-fa, which landed on 21 July,
2021 and increased the water level in the Shihmen Dam to its maximum value.

The 2021 drought of Taiwan shed light on the difficulty of balancing water quality with
water supply continuity. Diaz-Alcaide et al. [17] stated that safe water access is a manifold
of concepts that include collection time, distance from households, and water quality,
affordability, and reliability of water sources. Therefore, putting too much focus on water
quality may reduce water output and cause water insecurity. For instance, the western
half of Taiwan (from Changhua to Taoyuan) would have faced even stricter water supply
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restrictions if water quality was prioritized over water supply. Conversely, loosening water
quality standards would have placed the safety of end-user water supplies at risk during
droughts. Therefore, a water utility company can only choose between maintaining the
supply of water with a lower water quality or cutting the water supplies. The balancing of
these options is a problem that will require careful consideration in the near future.

In this work, we investigated the coagulation performance of a high-speed flocculation
flat-bottomed sludge blanket clarifier (HFSBC). In conventional water treatment plants, the
only processes that can be used to remove heavy metals ions and suspended particles from
raw water are pH adjustment, pre-chlorination, and addition of coagulants and flocculants.
These processes cause heavy metal ions to precipitate into fine particles and then coagulate
with other suspended particles to form sludge flocs, which can be removed via settling or
filtration by a rapid filtration pond. To improve the coagulation performance of HFSBCs,
a real-time precision multi-layer sensor (RPMS) was used to monitor the operations of
an HFSBC in real time. This system is capable of monitoring the thickness of the sludge
blanket in the HFSBC; if the coagulation and flocculation processes of the HFSBC are not
functioning correctly, the sludge blanket will be thin and have a low sludge concentration.
Conversely, if the HFSBC is functioning correctly, the sludge blanket will be thick and
highly concentrated.

2. Materials and Methods
2.1. Instrument Operating Principles

The RPMS system (Figure 1), which was developed in this work, uses conductivity
meters and electrodes to measure the thickness of the sludge blanket and the electrical con-
ductivity of the water column. The main difference between an RPMS and a conventional
conductivity meter is that the latter provides well-defined measurements in absolute terms,
whereas the former can only produce relative measurements. In conventional conductivity
meters, a current is passed through a 1 cm2 cross section, and the measured conductivity is
the reciprocal of the resistance of a 1 cm column. The unit of measurement of a conventional
conductivity meter is mho/cm (mmho/cm and µmho/cm for conductivities in the range
of 10−3 and 10−6, respectively). An RPMS has an electrode spacing of 4.5 cm and works
like a filter with multiple sets of paralleled electrodes. The spacing between each set of
electrodes is 4 cm, and the relative conductivity of the solution is inferred via comparisons
with a known set of resistivity data. Unlike conventional conductivity meters, it is not yet
possible to calibrate RPMS measurements to absolute conductivity values. Therefore, their
conductivity measurements are expressed in units of R-EC (Relative Electrical conductivity).
One RPMS is composed of 3 groups of sensing units connected in series. Every group of
sensing unit has 13 pairs of electrodes. One RPMS is 156 cm long. In this study, 2 RPMS
were used in series. The sensing depth of this study was 312 cm from the bottom of the pool.

2.2. Experimental Site

Coagulant addition is a crucial part of the water treatment process because the efficacy
of this process will ultimately determine the quality of the water output from the water
treatment plant. If the coagulation process is impaired, the resulting flocs may not be heavy
enough to settle, which will prevent their removal from the water column via settling.
The experimental site of this study was an HFSBC (Figure 2) in a water treatment plant in
Taoyuan, Taiwan. The water quality of the raw waters received by this plant is strongly
correlated with the weather conditions because heavy rains will cause significant increases
in the turbidity (particle content) of the raw waters. Coagulant addition is the main method
by which these suspended particles are removed from the water.
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Figure 2. Experimental setup structure of the HFSBC.

In this experiment, the length of the RPMS was 3 m, and the depth of the HFSBC was
5 m. The pond inlet was located at the bottom of the pond, and a sludge cone was set at a
depth of 2 m to collect and discharge the sludge. Therefore, the coagulated sludge formed
a sludge blanket at depths between 2 m and 5 m, which would intercept suspended solids
(SS) in the water. The RPMS was installed at a depth of approximately 2 m from the bottom
of the HFSBC to perform long-term monitoring of the sludge blanket’s thickness and of the
changes in water quality at each depth of the pond.

2.3. Sample Acquisition

Water quality analysis was performed on water samples taken from each layer of the
pond to ascertain the primary cause of their differences in electrical conductivity. To this
end, 2000 mL water samples were taken inside the overflow channel (0 m) and at depths of
1.0–1.5 m (1.0 m), 2.0–2.5 m (2.0 m), 3.0–3.5 m (3.0 m), 4.0–4.5 m (4.0 m), and 4.5–5.0 m (4.5 m).
The samples were acquired on 4 June 2021, 10 June 2021, 20 July 2021, and 26 July 2021.

2.4. Sample Analysis

The pH, SS, total dissolved solids (TDS), dissolved heavy metal (Fe, Al, and Mn)
concentrations, and total heavy metal (Fe, Al, and Mn) concentrations of the samples
were measured. The heavy metals were measured by inductively coupled plasma–optical
emission spectrometry (ICP–OES) using an Agilent 700 series ICP–OES. The total heavy
metal concentration was measured by first heating and digesting the sample in nitric acid
and then analyzing the filtered digestion solution.

3. Results
3.1. Short-Term Monitoring

The HFSBC was monitored from 15 May 2021 to 26 July 2021. The electrical conductiv-
ities at each depth of the HFSBC during the monitoring period are shown in Figure 3.

The water conductivities at all depths gradually began to increase from 15 May
onward. The presence of a significant R-EC peak between 440 cm and 416 cm implied that
the sludge blanket was located at these depths. The highest measured conductivity during
the monitoring period occurred at 428 cm on 24 May (279 R-EC). If it is assumed that each
layer differs by a conductivity of 20 R-EC or more, the pond may be divided into three
layers. From deep to shallow, the three layers are the inflow mixing layer (468–440 cm), the
sludge layer (440–416 cm), and the clear-water layer (416–160 cm). From 15 May onward,
the sludge layer was approximately 24 cm thick; this thickness was maintained until 16 July.
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The R-EC of the sludge decreased over time, and the thickness of the sludge layer decreased
to 20 cm on 20 July. These changes were likely related to the changes in raw-water turbidity;
because the concentration of sludge in raw water depends on its turbidity, the lower the
turbidity, the lower the concentration of sludge in the sludge blanket.
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The conductivity of the clear-water layer increased from 189 R-EC on 15 May to 217 R-
EC on 2 June and then gradually decreased to 147 R-EC on 22 July. The conductivity of
this layer spiked to 165 R-EC on 23 July and 24 July before decreasing to 130 R-EC on
25 July and 26 July. As these changes coincided with rainfall events, we investigated the
relationship between rainfall and changes in electrical conductivity in greater detail.

To explain the results shown in Figure 3, the relationship between water quality and
R-EC was analyzed via water samples taken at different water depths. It was assumed
that the period from 4 June to 10 June corresponded to the transition from drought to
end of drought, whereas the period from 20 July to 26 July corresponded to the transition
from the stable pre-typhoon period to the post-typhoon period. To elucidate the cause of
the changes in electrical conductivity in the clear-water layer, we measured the SS, TDS,
dissolved heavy metal (Al, Mn, and Fe) concentrations, and total heavy metal (Al, Mn, and
Fe) concentrations of water samples taken at depths of 0.0 (inside the overflow channel),
1.0, 2.0, 3.0, 4.0, and 4.5 m during the aforementioned periods.

3.2. Water Quality Analysis
3.2.1. Sludge and TDS

Tables 1 and 2 show that the sludge concentration quickly decreased to 10 ppm at
depths shallower than 2.0 m. This occurred because the opening of the sludge cone (used
by the HFSBC to discharge sludge) was located at a depth of approximately 2.0 m. Thus, at
depths less than 2.0 m, the sludge would be discharged from the pond via the sludge cone,
which explains why the sludge concentrations decreased quickly after this point.
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Table 1. Mean turbidity (in units of NTU) averaged over different numbers of days.

Date
Days

1 2 3 4 5 6 7 8 9 10

4 June 85.0 140.5 170.7 563.0 493.2 417.5 363.0 324.8 298.2 280.3
10 June 378.0 477.5 409.0 346.3 302.6 276.8 249.4 242.8 241.4 391.3
20 July 35.0 35.0 36.3 36.8 37.2 37.7 37.9 38.6 39.2 39.8
26 July 530.0 525.5 351.4 264.5 217.8 186.9 165.2 148.9 136.7 126.8

Table 2. Variation in sludge concentration (in units of mg/L).

Date
Depth

0.0 m 1.0 m 2.0 m 3.0 m 4.0 m 4.5 m

4 June 3.0 5.9 336.5 980.0 1755.0 7120.0
10 June 3.1 11.1 143.3 852.7 1145.0 1560.0
20 July 2.3 3.0 346.0 437.0 526.5 326.0
26 July 3.6 4.8 1595.5 2180.5 1982.5 1814.5

The variations of the distribution of the sludge concentration were linked to changes
in the average raw-water turbidities. For instance, the 2.0–2.5 m difference between the
4-day average turbidities was equal to the multiplicative difference between the sludge
concentrations at the bottom of the pond (4.5 m). Therefore, it may be inferred that the
bottom sludge of the HFSBC pond was retained for an average of 4 days.

In summary, the electrical conductivity is affected by the sludge concentration and
also by the TDS. Figure 4 shows that the TDS values for each day generally varied between
0.5% and 20.0% from one depth to another, whereas the SS decreased with the depth and
could vary by 95% to 6% from one depth to another. This shows that depth-wise variations
in SS can be much larger than those in TDS.
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(a) 4.5 m and (b) 2.0 m.

On 4 June, 10 June, 10 July, and 26 July, the variations in R-EC were generally less than
7.2% at 4.5 m; however, they increased to 32.4% at 2.0 m. This shows that the water quality
at the bottom of the pond did not significantly affect conductivity. However, the water
quality at 2.0 m, which had undergone filtering by the sludge blanket and settling, did
show a significant correlation with R-EC. It is hypothesized that this correlation is caused
by dissolved heavy metals in the water; the higher the concentration of dissolved heavy
metals, the higher the conductivity. As the optimality of the coagulant dosage is one of the
most important factors for the concentration of heavy metals in the clear-water layer, it
was necessary to analyze the total heavy metal concentration and compute the difference
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between dissolved and total heavy metal concentrations to elucidate the distribution of
heavy metals in the HFSBC pond at each time point.

Because end users reported that yellow water came out of their taps and polyaluminum
chloride (PAC) was used as the coagulant in the water treatment plant, water quality
analyses were performed by measuring the Al, Mn, and Fe concentrations in the water.
Because a portion of the heavy metals would be adsorbed by flocs after coagulation, the
total and dissolved heavy metal concentrations were both analyzed to elucidate the state of
the heavy metals in the HFSBC pond.

3.2.2. Heavy Metals

Figure 5 shows that conductivity at 4.5 m was positively correlated with heavy metal
concentration. Furthermore, dissolved heavy metals appeared to have a greater influence
on conductivity than heavy metals that were adsorbed by flocs, because conductivity
increased in step with the dissolved heavy metal concentration. This result is consistent
with that shown in Figure 4.
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Figure 5. Changes in water quality at 4.5 m. (a) Changes in total heavy metal concentrations and
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Figure 6 shows that conductivity at 2.0 m was not positively correlated with heavy
metal concentration. This result is also inconsistent with that in Figure 4b, which shows
that the maximum TDS concentration occurred on 4 June. The dissolved heavy metal
concentration on 4 June was also similar to that on other days. Therefore, in addition to
dissolved heavy metals (i.e., Fe, Mn, and Al), the water on 4 June also contained other types
of conductive dissolved matter.
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As Figure 5 already proves that dissolved heavy metals have a greater influence on
conductivity than sludge-adsorbed heavy metals, the results in Figure 6 indicate that other
dissolved matter, which has an effect on conductivity, was also present in the water. We
speculate that these conductive dissolved species were ionic species that were introduced
by the addition of PAC, such as OH−, NH3-N, and SO4

2−.
According to Table 3, the dissolved Mn concentration in the outflow channel on 4 June

exceeded drinking water quality standards. In the period 4–10 June, the drought turned to
flood. Therefore, the dissolved heavy metals in water gradually decreased with time.

Table 3. Water quality of the outflow channel (in units of mg/L).

Date
Item

Dissolved Al Dissolved Mn Dissolved Fe

4 June 0.214 0.167 0.186
10 June 0.201 0.003 0.056
20 July 0.040 0 0.004
26 July 0.041 0 0.013

3.2.3. pH

According to Figure 7, the pH of the pond was less than 6.8 on all days except for
20 July. Among the three other days, only on 26 July the pH was 6.8, which indicated that
the alkalinity of the water was sufficiently high for floc formation on that day. The pH
values on 4 June and 10 June were both less than 6.7; because the concentration of dissolved
Al was also high on both of these days, it is likely that the low alkalinity of the pond greatly
increased the probability of floc rupture. To elucidate the cause of these pH changes, the
pH of the raw waters must be compared to the PAC dosage on each day.
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Figure 7. pH changes at each depth.

3.3. Raw Water Quality of the Shihmen Dam

Figure 8 shows that the water level of the Shihmen Dam was low from 15 May until the
end of May because the drought was ongoing. The drought ended at the beginning of June
when the Meiyu front brought large amounts of rainfall to Taiwan. Typhoon In-fa landed
from 22 July to 24 July, which caused intense rainfall over a very short period. Both of these
rainfall events caused the turbidity and water level of the Shihmen Dam to increase rapidly.
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Figure 8. Water storage levels of the Shihmen Dam and conductivities of the clear-water layer
in the high-speed flocculation flat-bottomed sludge blanket clarifier (HFSBC) pond (the average
conductivity at 2.0 m is assumed to correspond to the conductivity of the clear-water layer).

The PAC dosage is based on the turbidity of raw waters; however, the high-turbidity
raw waters caused by these events had different effects on the conductivity of waters
inside the HFSBC pond. Therefore, we compared the amount of PAC added by operating
personnel during each of these high-turbidity events. Figure 8 may help us to understand
how the decisions made by the operating personnel differed in each event with respect to
turbidity and PAC dosage.

4. Discussion

Based on the water storage levels, turbidities, PAC dosages, rainfall, and raw-water
pH levels shown in Figures 8 and 9, it may be surmised that the period from 15 May to
31 May was the drought period because the water storage level was only 8%. From 31 May
to 24 June, the raw-water pH decreased to below 7.50 (below 7.35 from 31 May to 7 June)
and then returned to 7.80 on 25 June after the water storage levels increased owing to
rainfall from the Meiyu front.

Water 2022, 14, x FOR PEER REVIEW 11 of 14 
 

 

4. Discussion 
Based on the water storage levels, turbidities, PAC dosages, rainfall, and raw-water 

pH levels shown in Figures 8 and 9, it may be surmised that the period from 15 May to 31 
May was the drought period because the water storage level was only 8%. From 31 May 
to 24 June, the raw-water pH decreased to below 7.50 (below 7.35 from 31 May to 7 June) 
and then returned to 7.80 on 25 June after the water storage levels increased owing to 
rainfall from the Meiyu front. 

During the transition from the dry season to the wet season, the waters in a reservoir 
are likely to undergo significant changes in pH and alkalinity. Large amounts of bottom 
sediment will also be resuspended by the change in water level, which may lead to the 
release of heavy metal ions that were previously adsorbed by the bottom sediment [18,19], 
which then enter the water treatment plant via raw water. The results shown in Figures 
4–7 are generally consistent with this behavior. 

17/5/2021  31/5/2021  14/6/2021  28/6/2021  12/7/2021  26/7/2021  

PA
C

 (m
g/

L)

0

20

40

60

80

100

Tu
rb

id
ity

 o
f R

aw
 W

at
er

0

200

400

600

800

1000

1200

1400

1600

1800

2000

PAC Dosage
Turbidity of Raw Water

 17/5/2021  31/5/2021  14/6/2021  28/6/2021  12/7/2021  26/7/2021  

D
ai

ly
 a

cc
um

ul
at

ed
 ra

in
fa

ll 
(m

m
)

0

20

40

60

80

100

120

140

160

180

200

pH

7.0

7.2

7.4

7.6

7.8

8.0

Daily accumulated rainfall
Raw water pH

 
(a) (b) 

Figure 9. (a) Changes in raw-water turbidity and polyaluminum chloride (PAC) dosage and (b) 
cumulative rainfall and raw-water pH on each day. 

Wei et al. [20] noted that the addition of PAC coagulant will consume OH− and thus 
decrease the pH. Furthermore, if the final pH after PAC addition is poorly controlled and 
the OH− concentration is not sufficiently high to allow floc settling, the pH will decrease 
as the PAC dosage increases and thus cause poor coagulation performance. 

Figure 9b shows that the raw waters of the reservoir usually had a pH of 
approximately 7.8. However, the raw-water pH decreased to 7.24 on 1 June, which 
indicated that the OH− concentration was low at this point. The corresponding PAC 
dosage was approximately 28.67–57.15 ppm. Based on the conductivity changes in the 
clear-water layer (Figure 8), the conductivity was high on this day. Thus, we speculated 
that the PAC dosage was too high because it caused the conductivity of the clear-water 
layer to reach 220 R-EC. When rainfall caused the water level in the dam to increase from 
1 June to 11 June, the raw-water pH also increased steadily during this period, which 
indicated that the OH− concentration in the raw water was increasing. This was 
accompanied by a decrease in the heavy metal content in the water. Furthermore, 
although the PAC dosage was greater than 55.19 ppm, the conductivity of the clear-water 
layer still decreased to less than 150 R-EC. 

As the water level of the dam continued to increase, the turbidity of the raw water 
also decreased. On 23 July and 24 July, the raw-water turbidity was only 3.2 NTU and 3.9 
NTU, respectively, and the raw-water pH had returned to 7.8. However, the conductivity 
of the clear-water layer was still increasing. We speculate that this occurred because no 
PAC needed to be added at this point. As the PAC dosage was maintained between 3.67 
ppm and 10.67 ppm, there was an excessive amount of residual PAC in the pond, which 

Figure 9. (a) Changes in raw-water turbidity and polyaluminum chloride (PAC) dosage and
(b) cumulative rainfall and raw-water pH on each day.



Water 2022, 14, 1170 11 of 13

During the transition from the dry season to the wet season, the waters in a reservoir
are likely to undergo significant changes in pH and alkalinity. Large amounts of bottom
sediment will also be resuspended by the change in water level, which may lead to the
release of heavy metal ions that were previously adsorbed by the bottom sediment [18,19],
which then enter the water treatment plant via raw water. The results shown in Figures 4–7
are generally consistent with this behavior.

Wei et al. [20] noted that the addition of PAC coagulant will consume OH− and thus
decrease the pH. Furthermore, if the final pH after PAC addition is poorly controlled and
the OH− concentration is not sufficiently high to allow floc settling, the pH will decrease as
the PAC dosage increases and thus cause poor coagulation performance.

Figure 9b shows that the raw waters of the reservoir usually had a pH of approximately
7.8. However, the raw-water pH decreased to 7.24 on 1 June, which indicated that the OH−

concentration was low at this point. The corresponding PAC dosage was approximately
28.67–57.15 ppm. Based on the conductivity changes in the clear-water layer (Figure 8),
the conductivity was high on this day. Thus, we speculated that the PAC dosage was too
high because it caused the conductivity of the clear-water layer to reach 220 R-EC. When
rainfall caused the water level in the dam to increase from 1 June to 11 June, the raw-water
pH also increased steadily during this period, which indicated that the OH− concentration
in the raw water was increasing. This was accompanied by a decrease in the heavy metal
content in the water. Furthermore, although the PAC dosage was greater than 55.19 ppm,
the conductivity of the clear-water layer still decreased to less than 150 R-EC.

As the water level of the dam continued to increase, the turbidity of the raw water also
decreased. On 23 July and 24 July, the raw-water turbidity was only 3.2 NTU and 3.9 NTU,
respectively, and the raw-water pH had returned to 7.8. However, the conductivity of the
clear-water layer was still increasing. We speculate that this occurred because no PAC
needed to be added at this point. As the PAC dosage was maintained between 3.67 ppm
and 10.67 ppm, there was an excessive amount of residual PAC in the pond, which led
to high conductivity in the clear-water layer. This is consistent with the clear-water layer
conductivity shown in Figure 8. When the typhoon from 25 July to 26 July brought highly
turbid raw waters, the PAC dosage reached 58.8 ppm, but the conductivity still decreased
to values between 120 R-EC and 135 R-EC. Because the conductivity did not increase, it
was implied that the high PAC dosages still led to effective floc formation.

Because the addition of PAC would consume OH− in raw water, it is possible that
the OH− concentration of the raw water was low during the drought period. Therefore,
PAC addition caused the pH of the clear-water layer to fall below 6.6 (Figure 7), which
precluded effective floc formation. This led to high conductivity and high dissolved Al
concentrations. However, after the rainfall events, the OH− concentration of the raw water
increased to a point where PAC addition only reduced the pH of the clear-water layer to
6.8. Under these circumstances, PAC addition led to effective floc formation and very low
dissolved Al concentrations in the clear-water layer. Furthermore, the conductivity of the
clear-water layer remained at approximately 120–135 R-EC.

5. Conclusions

Based on all the data collected in this study, it is clear that the quality of raw water
from the Shihmen Dam was significantly affected by drought. By analyzing the total heavy
metal concentrations at each depth of the HFSBC pond, it was found that the raw waters
contained high concentrations of heavy metals. The addition of PAC was effective in
capturing heavy metals in the water, but the SS concentration at the bottom of the pond
(4.5 m) was positively correlated with the 4-day average turbidity. We speculated that this
was caused by ineffective sludge discharge from the pond and that the sludge degraded
and broke up after 4 days in the pond, thereby causing the release of heavy metals from the
flocs. This led to a high concentration of dissolved heavy metals in the overflow channel on
4 June. However, the increase in OH− from the rain eventually increased the effectiveness of



Water 2022, 14, 1170 12 of 13

the PAC coagulant, which then caused the concentration of heavy metals in the clear-water
layer to decrease rapidly.

Therefore, the acute degradation in water quality (high heavy metal concentration)
was caused by inadequate sludge discharge, which led to the release of heavy metals
from degraded sludge. Nonetheless, the water treatment plant could cope with this
temporary water quality anomaly by using its large water output to dilute the heavy metals.
However, long-term water quality problems, such as those caused by the 2021 drought,
when aggravated by sludge discharge problems, will lead to excessive sludge retention
times. This may then lead to the release of heavy metals due to sludge degradation.

Coagulation, flocculation, and settling are the only processes that are currently avail-
able to water treatment plants for heavy metal removal. If we do not pay adequate attention
to problems related to the removal of heavy metals, then end users will suffer from water
quality problems such as yellow-colored tap water. Raw waters in Taiwan are known to
exhibit great changes in water quality. For instance, their turbidity can range from <5 NTU
during the dry season to 1740 NTU when a rainfall event occurs. When faced with such
a great change in water quality, treatment plant operators must use their experience to
judge the amount of coagulant addition because there are no monitoring devices that can
provide supporting information for these decisions. However, the RPMS system has the
potential to make water quality predictions and determine the optimality of coagulant
dosage. Unfortunately, this system has yet to achieve the level of precision needed to
determine the effects of sludge on water quality. Furthermore, it must be enhanced with
other water quality sensors to measure sludge blanket thickness and thus quantify the
concentration of SS to inform sludge discharge decisions.
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