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Abstract: The security of drinking water is a serious issue in China and worldwide. As the backup
source of drinking water for the Changde City in China, the Huangshi Reservoir suffers from the
threat of eutrophication due to the water quality of the reservoir ecosystem being affected by the
tributaries that carry Non-Point Source (NPS) pollutants. The calculation of the water environmental
capacity (WEC) can provide a scientific basis for water pollution control, which refers to the maximum
amount of pollutants that the water can accommodate. In this paper, according to the hydrological
characteristics of the river-reservoir combination system, a one-dimensional (1-D) water quality
model and the Environmental Fluid Dynamics Code (EFDC) model were chosen to calculate the
water environmental capacity of each functional zone in this basin. The quantity control of pollution
from the tributaries was conducted based on the combined results of the water environmental
capacity calculation from the EFDC model and a one-dimensional (1-D) river water quality model.
The results show that total water environmental capacity of the tributaries included a chemical
oxygen demand (COD) of 421.97 tons; ammonia nitrogen (NH;3-N) of 40.99 tons; total nitrogen
(TN) of 35.94 tons; and total phosphorus (TP) of 9.54 tons. The water environmental capacity of
the Huangshi Reservoir region accounts for more than 93% of the total capacity. The reduction
targets of the major pollutants in the Huangshi Reservoir and its four major input rivers, which are,
namely, the Bamao River, the Longtan River, the Fanjiafang River, and the Dongtan River, have been
determined to achieve the water quality objectives for the reservoir in 2020 and 2025. The results will
be helpful for the local water quality management and will provide a valuable example for other
similar water source reservoirs.

Keywords: drinking water resources; water environmental capacity (WEC); Environmental Fluid
Dynamics Code (EFDC) model; the Huangshi Reservoir

1. Introduction

In recent years, instead of flood control and irrigation, drinking water supplementation has
become the primary purpose of reservoirs in China [1]. The issue of drinking water security plays
a decisive role in the national economy and social wellbeing in China [2,3]. With the enormous
development of aquaculture, water pollution in reservoirs has become a serious problem with the
water quality of drinking water source directly influencing people’s health, which is related to the
economic development and stability of the general social situation.
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The water environmental capacity (WEC) refers to the maximum amount of pollutants that the
water can accommodate under the designed hydrological conditions and the specified environmental
objectives without destroying its own function [4,5]. Generally, the calculation of WEC can provide a
scientific basis for water pollution control as it provides a baseline for the total pollutant reduction
needed. Previous studies mainly focused on various methods of calculating WEC [6-18], including
analytical methods, dynamic mechanism model methods, and the calculation of the water environment
capacity in a specific area [11,14,16,19-23]. Most case studies mainly use a river [12,15,16,19,23], lake,
and reservoir [6,14,20,22] as objects in China, but there has been less research on the WEC of a certain
river—reservoir combination system.

In addition, there are many models and equations available to calculate the WEC of rivers, lakes,
and reservoirs. For this study;, it is important to select the proper water quality simulation model.
In calculating WEC, the use of three-dimensional modeling for simulating the water ecosystems has
been used extensively and successfully by many studies [24-26]. They can simulate and predict the
overall water quality of the water bodies for evaluating the WEC. In this sense, they are superior to the
traditional field monitoring methods, which are mainly based on the field data monitored at limited
locations [27-31].

Many studies have indicated that the inflow discharges will affect the variations of pollutants
or nutrients in reservoirs [3-5,32-34]. As the backup drinking water source reservoir for Changde
City in China, the Huangshi Reservoir, with multiple tributaries, is currently suffering from the
threat of eutrophication, with the influence of pollutants or nutrients from the tributaries of Huangshi
Reservoir having not been taken into consideration. It is necessary to calculate the WEC of the
river-reservoir combination system. The purpose of this study is to simulate the WEC and control the
amount of pollution in a drinking water reservoir with multiple tributaries using a widely used model,
the environmental fluid dynamic model (EFDC), coupled with a 1-D convection equation.

This research paper is arranged as follows: firstly, the EFDC model is applied to analyze the
changing trends of the water quality in the Huangshi Reservoir and its tributaries. Secondly, the 1-D
water quality model and the EFDC model were chosen to calculate the WEC of each functional zone
of the river-reservoir combination system. Finally, the quantity control of pollution of the multiple
tributaries is analyzed based on the combined results of the WEC calculation.

2. Study Area

2.1. Study Area

The Huangshi Reservoir is a large-scale water conservancy project, which mainly provides the
benefits of irrigation, flood control, power generation, and a habitat for fish, among others. It is located
in the Huangshi town, Hunan Province, China. The reservoir is mainly fed by the convergences of
the Bamao River, the Longtan River, the Fanjiafang River, the Liujiaxi River, and the Dongtan River.
The boundary of the reservoir and the tributaries is shown in Figure 1, with the main characteristics
of the tributaries shown in Table 1. The weather is relatively moderate with an annual average
temperature of 16.8 °C. The annual average precipitation is about 1465.2 mm, the annual mean
evaporation is about 1284.2 mm, and the relative humidity is 77%. The total storage capacity of the
reservoir is 6.02 x 10 m3, and the effective storage capacity is 3.38 x 10 m>. The watershed has a
total area of 494.34 km?, with forests being the major land use type that accounts for 85.12% of the total
basin area.
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Figure 1. The location of the Huangshi Reservoir and the sample points of water quality.

Table 1. The features of the tributaries.

Rivers Control Area Length of Water Quality Objectives (River Flow (m3/s)
(km?) Reaches (km) Water Quality Standards) *
Bamao River 102.9 10 II 1.429
Longtan River 154.4 14.2 II 1.2769
Fanjiafang River 61.2 4 II 0.6726
Dongtan River 40.3 5.8 II 0.4089

* Note: for the values of Water quality objectives, see also Table 2.

Table 2. The surface water environmental quality standard of China [35] (units: mg/L).

Indicators II III v A%

COD 15 20 30 40

NH;-N 0.5 1 1.5 2
TP 0.1 (lake and 0.2 (lake and 0.3 (lake and 0.4 (lake and
reservoir 0.025)  reservoir 0.05) reservoir 0.1) reservoir 0.2)

TN 0.5 1 1.5 2

2.2. Water Quality Assessment in the Huangshi Reservoir Basin

A total of 23 representative sampling points was set up in the Huangshi Reservoir area for the
assessment of the water quality and hydrobiology (shown in Figure 1), from which two points were

monitored in the Bamao River (HS1, HS2), two points were monitored in the Longtan River
two points were monitored in the Dongtan River (HS20, HS21), and only one point was m

(HS4, HS5),
onitored in

both the Fanjiafang River (HS13) and the Liujiaxi River (HS18). The rest of the 15 points were monitored
in the reservoir region. According to the monitored water quality data of the sampling points in the
years of 2013-2015 for the surface water environmental quality standard of China (GB3838-2002),
the water quality of the Huangshi Reservoir is in accordance with the requirements of drinking water
quality. Namely, the water quality of Huangshi Reservoir is classified as degree II and III (shown in
Table 2). However, the main water quality indexes, including the chemical oxygen demand (COD),

the ammonia nitrogen (NH3-N), the total nitrogen (TN), and the total phosphorus (TP),
environmental quality standards (shown in Tables 3 and 4), with the Longtan River exc
standards most compared to with the other four tributaries.

exceed the
eeding the
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Table 3. The water quality evaluation result of the Huangshi Reservoir.

Sections Standard Water Quality Exceed Factors and Multiples *
HS7 I I TN (0.92)
HS8 I v TN (3.96)
HS9 I v TN (1.32)
HS16 I v TN (1.18), TP (0.88)
HS17 I v TN (1.70)
HS19 I v TN (0.28), TP (2.36)
HS3 i \% TN (2.86), TP (0.04)
HS6 il v TN (0.88)
HS10 I \% TN (2.38)
HS12 I \% TN (2.06), TP (0.76)
HS14 I v TN (1.54), TP (0.48)
HS15 I \% TN (1.46), TP (4.68)
HS22 i v TN (1.42), TP (0.92)
HS23 I v TN (1.08), TP (0.08)

* Note: exceed multiples = (measured value — standard value)/standard value.

Table 4. The water quality evaluation result of the tributaries.

Tributaries Sections  Standard  Water Quality  Exceed Factors and Multiples *

B Ri HS1 \% TN (0.90)
amao Biver HS2 1\ TN (0.49)
. HS4 \% TN (0.90)

Longtan River HS5 v TN (0.88), TP (1.54)
Fanjiafang River HSI11 m M TN (0.70)

jatang HS13 \% TN (0.71), TP (0.60)
Liujiaxi River HS18 \% TN (0.86)
. HS20 \% TN (0.79)
Dongtan River HS21 v TN (0.53)

* Note: exceed multiples = (measured value — standard value)/standard value.

The monitored data of the sampling points set up in the Huangshi Reservoir (Figure 1), the water
quality based on the assessment of the hydrobiology with the species, and the quantity measures are
shown in Figure 2.

®  Heavy pollution

®  Medium pollution
Light pollution
@ Clean and zero-pollution
B Reservoir region

7 Tributaries

P o
[ watershed

A s S 4

Phytoplankton

Figure 2. The assessment results of water quality.
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The tributaries were seriously affected by agricultural non-point source (NPS) pollution and
living pollution, while the water quality in the vicinity of the reservoir was worse. The water quality
of the reservoir is increasingly worsening, with the levels of nitrogen and phosphorus nutrient salts
exceeding the standard.

3. Methods

3.1. Water Environmental Capacity of the River-Reservoir Combination System

For fulfilling the purpose of water pollutant control in a drinking water reservoir with multiple
tributaries, the paper selected 2014 as the status quo year, and 2020 and 2025 as the forecast years.

In order to simulate the WEC and control the amount of pollution of the Huangshi Reservoir with
multiple tributaries in 2020 and 2025, we developed an integrated method to evaluate the WEC of the
river-reservoir combination system, which consisted of the coupling of the 1-D model and the EFDC
model. The technical route is as follows (Figure 3).

River-reservoir Combination

System
Tributaries Huangshi
Reservoir
EFDC model
v
Input data:
Boundary conditions,
1-D model hydrologic data, [ >
parameters

Simulation and prediction in 2020
and 2025

WEC of River-reservoir
Combination System

the water quality protection >
target is degree IT

Total amount of pollutant control goal

Figure 3. The technical route.

3.2. Water Environmental Capacity Model of the Tributaries

The equation for calculating the WEC was derived based on a 1-D convection-diffusion equation,
with the adopted model expressed as follows [5]:

M = (Cs — Coexp(—kL/u))exp(kL/2u)Q;, 1)

where M is the water environmental capacity per unit time (t); Cs is the pollutant concentration of the
tail section in mg/L; Cy is the pollutant concentration of the initial section in mg/L; k is the pollutant
degradation coefficient in 1/s; and L is the length of the reach. A plurality of sewage outlets in the
reach can be generalized as a centralized outfall and the outfall was located at the middle point of the



Water 2018, 10, 483 6 of 15

reach. Therefore, it is equivalent to a concentrated point source, of which the self-purification length is
half the length of the river reach. This means that the self-purification length is /2 when the length of
the river reach is L. In addition, u is the average flow velocity under the design flow in m/s; and Q; is
the design flow.

In this paper, the climatic characteristics have been considered [36] and the degradation coefficients
of COD, NH3-N, TN, and TP are 0.5, 0.25, 0.03, and 0.011/day, respectively.

3.3. Water Environmental Capacity Model of the Huangshi Reservoir

In this study, the EFDC model developed by Hamrick [37] was applied to the Huangshi Reservoir.
This model is an integrated modeling system that has been successfully applied to many surface water
systems, including rivers, estuaries, lakes, and coastal bays [12,38-40]. The EFDC model includes
four major sub-models: (1) a hydrodynamic model; (2) a sediment transport model; (3) a toxic model;
and (4) a water quality model. This simulation is mainly based on the EFDC hydrodynamic, convective
diffusion, and first-order degradation modules of the water quality model.

The water quality module not only considers the wind direction, wind speed, and evaporation
effect on the flow field and the pollutant transport but also the influence of the distribution
characteristics of different types of aquatic plants and waves on the bottom stress. Its numerical
simulation can estimate C, N, P, and other forms of nutrients, as well as a variety of algae. It is a strong
model of water quality and movement and can accurately reflect the level of pollution in water.

In the water quality module, the governing mass-balance equation for each water quality state
variable and the temperature of the water was expressed as follows [41]:

aC  3(uC) 3(C) dwC) a [, aC\ [, aC\ [, oC

where C is the concentration of a water quality state variable or C is the temperature of the water;
u, v and w are the velocity components in the x, y, and z directions, respectively; Ky, Ky and K, are the
turbulent diffusion coefficients in the x, y, and z directions, respectively; and SC is the internal and
external sources and sinks per unit volume.

By combining the water quality simulation results simulated by the EFDC model with the
environmental target of the Huangshi Reservoir, an inverse method was selected to calculate the WEC,
which is able to deduce the concentration of pollutants corresponding to water quality targets.

3.3.1. Hydrological Parameters

The protection of the water quality of the Huangshi Reservoir is strict. The lowest water monthly
average flow rate and the lowest water level condition in 2013 and 2014 were chosen to calculate the
environmental capacity of the reservoir.

3.3.2. Boundary Conditions

Flow boundary conditions: There are six boundary conditions in the simulated water area,
which are formed by the inflow of the five rivers using the flow boundary, and the dam using the
water surface elevation.

Meteorological boundary conditions: The data were obtained from the Meteorological Data
Sharing Service Network of China, including rainfall, evaporation, solar radiation, cloud coverage,
atmospheric pressure, air temperature, air humidity, wind speed, wind direction, and so on.

Water quality boundary conditions: The concentrations of COD, NH3-N, TN, and TP in the five
main input rivers were used.
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3.3.3. Parameters of Model

Due to the lack of longtime serial hydrological data and water quality monitoring data of inflows
and outflows of the Huangshi Reservoir, the parameters of the hydrodynamic model of the Huangshi
Reservoir referenced some classical cases of the hydrodynamic model in South China. The degradation
coefficients of COD, NH3-N, TN, and TP of the Huangshi Reservoir referenced the research report of
comprehensive improvement of the water environment and ecological protection plan in the Shanxi
Reservoir area. The degradation coefficients of COD, NH3-N, TN, and TP are 0.03 /day, 0.03/day,
0.03/day, and 0.01/day, respectively. The parameters of the water quality model are shown in Table 5.

Table 5. The parameters of the water quality model.

Eddy Viscosity  Diffusion

Coefficient Coefficient coDp NH3-N TN TP

Parameters Roughness

Coefficient/Degradation

2
coefficient 0.02m 1m*/s 0.2 0.03/day  0.03/day 0.03/day  0.01/day

3.3.4. Model Verification

In this study, four main water quality variables were simulated, namely COD, NH3-N, TN, and TP.
The observed data from 2013 to 2014 were used for the verification of the water quality model.

The error statistics of the model verification are listed in Table 6. It is clear that the simulated
values agree well with the measured values, which demonstrates that the established water quality
model is able to simulate the process of water quality in the Huangshi Reservoir.

Table 6. The error statistics of the model verification (units: mg/L).

Characteristic Values COD NH;-N TN TP
Compare numbers 12 12 12 12
Average observed 7.78 0.12 1.20 0.15
Average simulated 6.92 0.10 1.15 0.10

Average Error —0.85 0.01 —-0.04  0.02
Relative Error 20.29 28.10 12.99 157.42

Absolute Error 1.68 0.02 0.14 0.03

Root Mean Square Error 2.18 0.03 0.18 0.03
Relative Root Mean Square Error 47.28 70.38 61.56 139.98
Nash-Sutcliffe coefficient —2.05 —11.89 —4.05 —50.35

4. Results

4.1. Water Quality Simulation and Prediction

The Huangshi Reservoir is the backup source of drinking water for Changde City. There are
no industrial districts in the area and water quality is affected mainly by agriculture NPS pollutants,
domestic sewage, and aquaculture pollutants.

Based on the pollutant loads discharged into the river in the status quo year of 2014 (shown
in Table 7), the increase of the population and the development of urbanization, and the scale of
eco-agriculture and the increase of aquaculture, the pollutant loads in the tributaries of the Huangshi
Reservoir in 2020 and 2025 have been estimated according to the Report of Huangshi Reservoir
protection planning from the Chinese Academy of Environmental Sciences (shown in Table 8).
The values have also been converted into concentrations of pollutants in the tributaries of the Huangshi
Reservoir, which is shown in Table 9.
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Table 7. The pollutant quantity inlets into the river in 2014 (units: tons/year).

COD NH;3-N TN TP
Area

Inflow Inflow Inflow Inflow

Bamao River 148.66 17.96 27.04 4.859

Longtan River 108.67 13.87 19.65 2.678

Fanjiafang River 116.8 14.6 21.36 3.34

Dongtan River 89.292 12.23 16.23 1.573
Reservoir region 197.64 97.54 179.03 44.375
Total amount 661.062 156.2 263.31 56.825

8 of 15

Table 8. The predicted values of the pollutant loads in the tributaries of the Huangshi Reservoir in 2020
and 2025 (units: tons/year).

Year Pollutants Bamao River = Longtan River Fanjiafang River Dongtan River
COD 764.73 482.54 428.13 239.27
2020 NH3-N 70.56 45.65 39.14 2243
TN 136.2 86.16 75.46 41.72
TP 59.98 38.576 32.24 16.446
COD 981.21 604.68 549.45 298.1
2025 NH3-N 86.48 54.60 48.21 27.08
TN 172.16 106.32 95.67 51.42
TP 7242 44.424 39.21 19.544

Table 9. The predicted values of the pollutant concentrations in the tributaries of the Huangshi
Reservoir in 2020 and 2025 (units: tons/years).

Year Pollutants Bamao River  Longtan River Fanjiafang River Dongtan River
COD 16.97 11.98 20.18 18.55
2020 NH;3-N 1.57 1.13 1.85 1.74
TN 3.02 2.14 3.56 3.24
TP 1.33 0.96 1.52 1.28
COD 21.77 15.02 25.90 23.12
025 NH3-N 1.92 1.36 2.27 2.10
TN 3.82 2.64 4.51 3.99
TP 1.61 1.10 1.85 1.52

The hydraulic conditions adopted the average level of the status year and have no prediction for
the future hydraulic conditions, that is, the hydraulic conditions almost stay constant in the model.
The annual average wind speed used in Huangshi Reservoir was 2 m/s, the dominant wind direction
was northeast, and the annual average evaporation was 1160 mm. The hydrological calculation of
WEC was based on the driest monthly flow in 2013 and 2014. The pollutant loads estimated in 2020
and 2025 are allocated on a monthly basis.

The water quality of the Huangshi Reservoir without reduction measures simulated the predicted
values of the inflow for COD, NH3-N, TN, and TP in 2020 and 2025. The results are displayed in
Figures 4 and 5, which respectively show the following;:
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() (b)

(0 (d)

Figure 4. The simulated concentration distribution of COD, NH3-N, TN, and TP in the Huangshi
Reservoir in 2020. ((a) COD, (b) NH3-N, (c¢) TN and (d) TP).

(o) (d

Figure 5. The simulated concentration distribution of COD, NH3-N, TN, and TP in Huangshi Reservoir
in 2025. ((a) COD, (b) NH3-N, (c) TN and (d) TP).

(a) In 2020, the affected areas are the incoming parts of the tributaries, based on the concentration
distribution of COD and NH;3-N. The main reservoir area is less affected. TN has a bigger area of
the effect. In addition, the influence of TP from the tributaries on the water quality of the reservoir is
confined to the inner part of the tributaries in the reservoir.

(b) In 2025, the influences of the tributaries on the water quality of the reservoir are confined to the
inner parts of the tributaries in the reservoir, but they have bigger areas of effect on the concentrations
of COD, NH3-N, TN, and TP compared to those in 2020.
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4.2. Water Environmental Capacity of the River—Reservoir Combination System

As the Huangshi Reservoir is a water source protection zone, the water quality protection target
is degree II. Assuming that the water quality degree of the initial section is degree I when the water
quality degree of the reservoir control point is degree II, the results of the WEC for the tributaries of
each section are shown in Table 10.

Table 10. The water environmental capacities of the Huangshi Reservoir and tributaries
(units: tons/year).

Water Environmental Capacity

Sections Water Quality Target

COD NH;3-N TN TP

Bamao River I 185.46 15.37 13.57 3.60
Longtan River II 131.32 13.87 12.11 3.22
Fanjiafang River II 58.56 7.33 6.38 1.69
Dongtan River II 46.63 4.42 3.88 1.03
Sum of rivers 421.97 40.99 35.94 9.54

Reservoir region (inner part) I 4850 200 160 38
Total amount 5271.97 240.99 19594 4754

The highest WEC values of the COD, NH3-N, TN, and TP were in the Bamao River, while the
lowest WEC values of the COD, NH3-N, TN, and TP were in the Dongtan River. The total WEC of the
tributaries included a COD of 421.97 tons; an NH3-N of 40.99 tons; a TN of 35.94 tons; and a TP of
9.54 tons. Thus, it is obvious that the WEC of the Huangshi Reservoir region mainly accounts for more
than 93% of the total capacity.

4.3. Total Amount of Pollutant Control Goal Based on the Water Environmental Capacity

Based on the pollutant loads discharged into the river in 2014, the utilized peculiarities of the
reservoir and tributaries, as well as the water environmental capabilities, were estimated and shown
in Table 11.

The utilization rates of COD, NH3-N, TN, and TP in most tributaries were over 100%. The highest
utilization rate of COD and TP occurred in the Fanjiafang River, exceeding 100% by 2 times and
1.98 times, respectively. The highest utilization rate of NH3-N and TN occurred in the Dongtan River,
exceeding 100% by 2.77 times and 4.18 times, respectively.

The utilization rates of COD and NH3-N in the reservoir region were 13% and 65%, respectively,
while there was still a certain WEC. However, the maximum utilization rate of TN and TP exceeded
100% by 1.34 times and 1.2 times, respectively. These were mainly caused by the fish cage culture and
the internal release of pollutants. Furthermore, this rate had a significant relationship with the high
degree of eutrophication in the reservoir region.
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Table 11. The water environmental capacity utilizations of the Huangshi Reservoir in 2014 (units: tons/year).

COD NH;3-N TN TP
Area . Utilization . Utilization . Utilization . Utilization
Inflow Capacity Ratio (%) Inflow Capacity Ratio (%) Inflow Capacity Ratio (%) Inflow Capacity Ratio (%)

Bamao River 148.66 185.46 80 17.96 15.37 117 27.04 13.57 199 4.859 3.6 135
Longtan River 108.67 131.32 83 13.87 13.87 100 19.65 12.11 162 2.678 3.22 83
Fanjiafang River 116.8 58.56 199 14.6 7.33 199 21.36 6.38 335 3.34 1.69 198
Dongtan River 89.292 46.63 191 12.23 4.42 277 16.23 3.88 418 1.573 1.03 153
Reservoir region 197.64 4850 4 97.54 200 49 179.03 160 112 44.375 38 117

Total amount 661.062 5271.97 13 156.2 240.99 65 263.31 195.94 134 56.825 47.54 120
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According to the pollutant inflows into the reservoir and the WEC results, the pollutant control
target can be determined based on the WEC. The water pollutant reductions of the Huangshi Reservoir
region as well as the Bamao River, Longtan River, Fanjiafang River, and Dongtan River—which are the
4 major tributaries into the reservoir—have been determined for 2020 and 2025 (Tables 12 and 13).

Table 12. The pollutants reduction targets of the Huangshi Reservoir in 2020 (units: tons/year).

COD NH3-N TN TP
Area
Reductions Reductions Reductions  Reductions
Bamao River 10.39 6.59 20.93 3.358
Longtan River 7.18 2.73 12.16 0.457
Fanjiafang River 92.74 9.89 20.55 3.062
Dongtan River 63.55 9.93 15.61 1.055
Reservoir region —4560.48 * —58.02 * 84.81 23.233
Total amount —4386.62 —28.88 154.06 31.165
* Note: the symbol of “—"delegates’ available capacity without reduction.

Table 13. The pollutants reduction targets of the Huangshi Reservoir in 2025 (units: tons/year).

COD NH;-N TN TP
Area
Reductions Reductions Reductions Reductions

Bamao River 86.64 13.78 33.19 6.17
Longtan River 61.22 8.19 20.68 1.898
Fanjiafang River 150.44 16.06 29.96 4.961
Dongtan River 103.48 14.23 21.89 1.827
Reservoir region —4445.73 * —2.79*% 175.45 44.122
Total amount —4043.95 49.47 281.17 58.978

* Note: the symbol of “—" delegates” available capacity without reduction.

The pollutants in the tributaries of the Huangshi Reservoir will need a large number of cuts both in
2020 and 2025, with respect to the degree Il national surface water quality standards. The largest COD
reduction will occur in the Fanjiafang River, with approximately 61.3% and 71.9% of the inflow needing
to be cut to meet the water quality objectives, respectively. Tributaries will need a total reduction of
173.8 to 401.8 tons per year, with the residual WEC for COD being approximately 4560.5 tons per year
in the reservoir region.

The largest NH3-N reduction will occur in the Dongtan River and the Fanjiafang River in 2020 and
2025. More than 69.2% of the pollutant inflow will need to be cut to meet the water quality objectives in
2020, which corresponds to an increase of 7.1% in 2025. Tributaries will need a total reduction of 29.14
and 52.2 tons per year, respectively, with the residual WEC for NH3-N needing to be approximately
4560.5 and 2.79 tons per year in the reservoir region, respectively.

The largest TN reduction will occur in the Dongtan River in 2020 as well as in the Dongtan River
and the Fanjiafang River in 2025. More than 80.1% and 74.59% of the inflow will need to be cut to meet
the water quality objectives, respectively. The TN of the entire basin will need to be cut by 44.02% and
58.9%, respectively, which corresponds to an increase of 14.88% in 2025.

The largest TP reduction will occur in the Dongtan River and the Fanjiafang River in 2020
and 2025. More than 64.4% of the inflow will need to be cut to meet the water quality objectives,
which corresponds to an increase of 10.19% in 2025. The inflow into the reservoir will be significantly
larger than the WEC of the reservoir. The TP of the reservoir area will need to be reduced by 37.9%
and 53.73%, respectively, with the entire basin needing to be cut by 39.6% and 55.37%, respectively.

Water pollution control is still an arduous task in all four tributaries and the reservoir region.
The pollutants significantly exceed the state standards for drinking water sources in China, especially
in the reservoir region, which will induce or aggravate the risk of water eutrophication.
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5. Conclusions

This study constructed an integrated method to simulate the WEC of the Huangshi river-reservoir
combination system, which coupled a 1-D convection-dispersion model with the EFDC model. It was
further applied to study the quantity control of pollution of the input rivers based on the results of the
WEC calculation and the degree II national surface water quality standards.

The highest WEC is in the Bamao River, while the lowest WEC is in the Dongtan River.
Summarizing the WEC of the tributaries, the COD is 421.97 tons, NH3-N is 40.99 tons, TN is 35.94 tons,
and TP is 9.54 tons.

The utilization rates of COD, NH3-N, TN, and TP in most of the tributaries are over 100%.
The utilization rates of COD and NH;3-N in the reservoir region are 13% and 65%, respectively,
and there is still a certain WEC. However, the loads of TN and TP exceed the maximum utilization
rates by 1.34 times and 1.2 times, respectively. This is mainly caused by the fish cage culture and the
internal release of pollutants. Furthermore, this has a significant relationship with the high degree of
eutrophication in the reservoir region.

The pollutants in the tributaries of the Huangshi Reservoir will need a large number of inflow
cuts to meet the water quality objectives in 2020 and 2025. The pollutants significantly exceed the state
standard, especially in the reservoir region. Therefore, the reduction and control of pollutants are the
main objectives.

To exploit the WEC completely, rationally, and continuously, a balance point needs to be found
between environmental concerns and the social and economic development. As the study area is the
backup source of drinking water for Changde City, the calculation of WEC can enable decision makers
to determine load reductions and allocations. Various measures of controlling the total amount of
pollutants can be applied to realize the improvement of the water quality. This perspective can be
referred as a beneficial supplement for a single study of rivers or lake.

Additionally, in calculating WEC, the uncertainty analysis should be taken into consideration.
In a practical river—reservoir combination system there are many uncertainties in terms of variable
information while calculating WEC. More variable information will result in a more flexible WEC.
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