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Abstract: When implementing nonpoint source pollution control plans, the size or number of required
controlling facilities is a very practical issue. However, quantifying nonpoint source pollution is
difficult because it is generated by variable and random rainfall events. This study develops a two-
stage optimization process to demonstrate the determination of the optimal bioretention cell size for
tea farm pollution control. The optimization process was based on a verified watershed-scale model
and a verified site-scale model. The verified watershed model was used to obtain total phosphorous
(TP) reduction loads. Once the goal of watershed management was decided, the reduction loads
were then allocated and the unit reduction loads were determined. Using the unit reduction loads,
the verified tea farm model was used to assess the optimal bioretention cell size for tea farms. A
case study using the Jinggualiao stream in the Feitsui Reservoir watershed, Taipei, Taiwan was
presented. The results showed that the unit tea farm TP reduction loads were 270 g/ha-year and
326 g/ha-year to reach two water quality goals, and a total of 350 m2 and 600 m2 of bioretention cells
were needed, respectively. A 1 to 1000 ratio of the standard bioretention cell area to the tea farm area
is recommended as a general control rule.

Keywords: water quality; nonpoint pollution control; optimization; Storm Water Management Model
(SWMM); bioretention cell; tea farms

1. Introduction

Water quality protection is always an important issue, and its implementation relies
on comprehensive watershed management work. However, directly connecting watershed
management control measures and their contributions to water quality improvement
is a challenge, especially control measures on nonpoint source pollution [1–4]. Unlike
continuous emissions from point sources, the impact from nonpoint source pollution
is highly variable and randomly occurs in wet weather [5,6]. Therefore, the control of
nonpoint source pollution is usually difficult, and any associated assessment contains
high uncertainty [7–9]. This will impede the control of nonpoint source pollution and
subsequently weaken the implementation of watershed management policy.

Many studies have proven that structural Best Management Practices (BMPs), such as
constructed wetlands [10–12], bioretention systems [13–15], grass belts and swales [16] are
effective. These structural BMPs are successful in removing different pollutants from surface
runoff; however, how these BMPs contribute to the water quality in receiving waterbodies
remains to be demonstrated. The connection between dispersed BMP measures and the
resulting water quality is needed. Lintern et al. (2020) indicated that water quality did not
substantially improve after massive BMP efforts, possibly because of the lack of information
from field monitoring [17]. The core mission of water quality protection should start with
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the carry capacity of a receiving waterbody as the foundation of watershed management.
The carry capacity of the environment refers to the natural ability to self-purify pollution
without damaging its natural function. Some studies have used watershed model tools to
link the relationship between pollution sources, including point and nonpoint sources in
watersheds, and water quality [18–21]. The Total Maximum Daily Loads (TMDL) policy in
the U.S. is also based on the carry capacity of a receiving waterbody and allocates the loads
to different pollution sources [22]. While the carry capacity is determined as a top-down
policy, another gap is found in the design of onsite control facilities. Without a quantitative
goal for each site, building effective onsite BMPs is difficult.

Thus, the question is, how can a watershed-scale goal be implemented into a site-scale
design? This is a very practical question. When a structural BMP aims to reduce nonpoint
source pollution, the level of treatment required to match the watershed management goal
must be decided. This is referred to as the optimal design for BMPs in this study. The
optimal design is based on the requirement of the watershed, not the site itself. Therefore,
a top-down linkage is important, and all of the control measures are designed according
to the water quality goal. A process for determining an optimal onsite BMP facility is
demonstrated in this study. Data from the watershed, receiving waterbody and pollution
sources as well as policy-making considerations are logically integrated in this process.
The process demonstrated in this study can be applied to different water quality goals,
pollution sources or control measures.

The Jinggualiao stream is one of the inflow streams of the Feitsui Reservoir, Taipei,
Taiwan, and it was used as a case study. The reservoir is the main water supply for Taipei
and New Taipei city. To maintain the water quality of the reservoir, the inflow stream quality
was considered. To avoid possible eutrophication and algae blooming, the excess nutrients
in these inflow streams need to be controlled. In this reservoir watershed, nonpoint source
pollution dominates the water quality because the point sources are mostly collected and
treated in domestic sewage treatment plants. According to previous investigations, tea
farms are regarded as the main nonpoint source pollution generators, and phosphorous (P)
is the target pollutant [23,24]. The government implemented a distributed policy rather
than a concentrated treatment policy to control nonpoint source pollution and built small-
scale onsite treatment facilities at each tea farm. Bioretention cells were chosen within this
watershed as onsite treatment BMPs. While the target pollutant (TP), pollution sources
(tea farms) and control measures (bioretention cells) were already determined by the
government, the number of required bioretention cells and a suitable cell size for each tea
farm are not known. To solve these problems, a process was established and applied to this
watershed and a tea farm case study to obtain valuable quantitative information.

Concerning the following sections: The case study and modeling tools used in this
study are addressed in the Materials and Methods section. The key optimization process
to determine the optimal size of the bioretention cell is also explained in this section. The
Results and Discussion section first demonstrates the results of the modeling tools and
their calibration and verification. After verifying the models, the results of the developed
optimization process applied to the case study are addressed step by step. An overall
discussion about the effectiveness of bioretention cells on water quality improvement is
also included. Finally, the important remarks and findings are concluded in the last section.

2. Materials and Methods
2.1. Case Study

The Jinggualiao stream in the Feitsui Reservoir (24.909097, 121.579736) was taken as a
case study to present the idea of this study. Most domestic sewage within the watershed is
well collected and treated. Therefore, nonpoint source pollution, especially tea farms, has
become the largest potential pollution source of the reservoir. The total area of the reservoir
watershed is 303 km2. The land use in the watershed is 96.6% forestland, 3% agricultural
land, 1.2% artificial land, 4.1% water area and 1.1% other types. No industrial land uses,
large commercial buildings or mining areas occur within the watershed. Three major inflow
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streams flow to the Feitsui Reservoir, and Jinggualiao stream is the target stream because of
its relatively low water quality. The total area of the Jinggualiao watershed is 2350.96 ha, of
which 93.9% is forest, 3.4% is agricultural land (mostly tea farms) and approximately 1% is
for residential use. The land use of the Feitsui Reservoir and its inflow streams are shown
in Figure 1. The average annual rainfall is 3500 mm, and the rainfall is concentrated from
May to October, and affected by the early summer rainy and typhoon seasons.
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Figure 1. The land use and main streams of the Feitsui Reservoir watershed. Figure 1. The land use and main streams of the Feitsui Reservoir watershed.

The Feitsui Reservoir has very good water quality and from 1987 to 2018, the reservoir
reached a eutrophic state only 3% of the time according to official data [25]. In recent
years, the trophic level has been mesotrophic to oligotrophic. However, the detailed inflow
streams sometimes exceed the required water quality standard in terms of total phospho-
rous (TP), especially the Jinggualiao stream. The TP concentration in the Jinggualiao stream
from 2015 to 2018 is shown in Figure 2. The TP water quality standard is 20 µg/L for
this reservoir and its streams. While the average TP concentration from 2015 to 2018 was
19.69 µg/L, which was less than the standard concentration, some of the observations did
not meet the requirement.
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2.2. Modeling Tool

The Storm Water Management Model (SWMM) model was used as a tool to evaluate
the optimal size of bioretention cells for the watershed and tea farms. The SWMM includes
a low impact development (LID) module and is capable of simulating the performance of
different types of LID units. The SWMM can assess rainfall runoff for a watershed and
help with drainage system design in urban and rural areas [26–28]. In addition, it can also
simulate water quality from nonpoint source pollution. Therefore, it was used as a modeling
tool to demonstrate the effectiveness of bioretention cells in reducing tea farm nonpoint
source pollution. The details of SWMM and its mechanisms can be found on its open
website (https://www.epa.gov/water-research/storm-water-management-model-swmm,
accessed on 25 February 2022) and in its manual [29].

When applying the SWMM model, basic geographic data are needed, such as the
digital elevation model (DEM), watershed boundary, stream distribution and land use. To
transform the geographic data to SWMM inputs, the Better Assessment Science Integrating
Point and Nonpoint Sources (BASINS) platform is helpful. BASINS is an integrated plat-
form established by the USEPA to analyze required data as model inputs, and supports
several water quality models, including SWMM. Therefore, BASINS was used to delineate
subwatersheds, and the required geographic data were obtained for these subwatersheds.
The details of model establishment are presented in the case study.

2.3. Optimization Process

The optimization process comprises two stages. The first stage is for the watershed
scale. During this stage, the management goal is established and the carry capacity is
determined; the management goal is also regarded as the required reduction load. The
second stage is for the site scale. During this stage, the optimal LID facility size for each tea
farm site is determined based on the unit reduction loads obtained from the first step. In the
two-stage process, a total of seven steps are included. Steps 1 to 5 are for Stage 1 and Steps 6
to 7 are for Stage 2. In the two stages, two verified modeling tools are needed to provide
quantitative data. The flow chart is shown in Figure 3. This flow is a universal process, and
the modeling tools, the SWMM model and its LID module, are not limited to the use of this
study. The core concept of the process is the connection between watershed-scale goals and
site-scale design, and the idea of optimization is to accomplish the goal. The components
of the process are explained below.

https://www.epa.gov/water-research/storm-water-management-model-swmm
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Step 1: Set the management goal

For any policy making, the first step is to decide the management goal. All subsequent
policy design falls under this goal. In this step, as much background data as possible are
needed to understand the state of the water, especially the water quality trend. Consid-
ering the current water quality, future changes in the environment and discussions with
stakeholders, the management goal can be formed. A commonly used management goal
for water quality is the legislated water quality standard, which is usually based on a
concentration. A water quality concentration standard or the percentage of time that the
water quality meets the standard (or achievement rate) can be used as the management
goal. In addition, pollution loads, such as the Total Maximum Daily Loads (TMDL) policy
in the U.S., are also good indicators. The choice of indicators can be determined by data
sufficiency. If the number of observed water quality is few, the average concentration can
be used. If long-term observed water quality data are available, then the achievement rate
can be the indicator. If not only water quality but also water flow data are available, then
the total reduction loads based on natural carry capacity would be a management goal.

Step 2: Apply the verified watershed model

A verified tool for demonstrating the complete water quality and discharge of a
watershed is very important. Monitoring data are usually limited to specific locations and
times. A modeling tool used after the verification process can serve as a useful tool to show
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more complete data about the water state. A quantitative tool to link the pollution sources,
including the point and nonpoint sources, and the resulting water quality data are also
necessary. Many watershed models are available to choose from, and a recommended rule
for choosing a suitable one is that the model has been applied successfully and verified
in similar regions and that the required data and model parameters are available for the
specific case.

Step 3: Find the required reduction loads

This step uses the verified watershed model to calculate the required reduction loads
under the management goal. With the verified modeling tool, it can simulate the water
quality and discharge, and the total pollution loads can be obtained. Therefore, the total
required pollutant loads under either the water quality standard concentration or the carry
capacity can be calculated. The reduction loads required to match the management goal
are then determined.

Step 4: Allocate loads

The required reduction loads of the watershed is then allocated to all pollution sources
as their quantitative goal for control measures. Pollution sources include point sources and
nonpoint sources. Load allocation should consider economic effectiveness such that point
pollution sources are usually controlled before nonpoint sources. In this study, point sources
had already been collected and treated by wastewater treatment plants; therefore, the study
focused on nonpoint source pollution from tea farms. Tea farms are the obvious and major
nonpoint source in the case study, and other pollution sources were not considered in
this study.

Step 5: Determine the unit reduction loads for tea farms

This is the final output in the first stage. In the first stage, the unit reduction loads for
tea farms (in this study, tea farms were the target pollution sources) is the total reduction
in pollution loads divided by the total tea farm area, and the unit reduction load per tea
farm area can be obtained and can serve as the target goal for the management of each tea
farm. If more than one pollution source exists, the pollution load allocation needs more
discussion, such as on effectiveness and equality.

Step 6: Apply the verified tea farm model

In this step, a verified tea farm model should be prepared. This model aims to be
applied to site-scale tea farms, and the watershed-scale model in the first stage is not
feasible. The site characteristics can be adjusted in the site-scale model. Because the site-
scale model is different from the above watershed-scale model, the site-scale model needs
to be tested through calibration and verification processes. When such a site-scale model is
constructed, the unit reduction loads obtained in Step 5 can be used as the target loads for
a tea farm.

Step 7: Determine the optimal size of a controlling facility

With the target allowable loads for a tea farm and the verified model, the next step
is to find the optimal size of a controlling facility, I such as bioretention cells or another
LID facility from the SWMM LID modules, required to match the target load in the tea
farm case. This is an iterative process. An initial facility size is first input into the model
and the loading difference before and after this facility design is checked. If the reduction
load does not match the requirement, the size is adjusted until the required reduction
load is achieved. The optimal size is based on the target load in this study and does not
consider other factors, such as land space, cost and benefit or farmers’ will. The optimal size
obtained from the procedure can serve as a specific and quantitative guide to know how
many controlling facilities are needed. If space or budget is insufficient, the realistic size
might be less than the optimal suggestion, and nonstructural Best Management Practices
(BMPs) can be introduced to compensate for the required reduction loads. Nonstructural
BMPs, such as increasing the frequency of cleaning or reducing the amount of fertilizers,
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are considered source management for reducing the pollution accumulations on the land
surface. Nonstructural BMPs are not discussed in this study, but many official manuals,
such as [30], are available.

The procedure demonstrates the optimal LID size for site-scale tea farms, and the
optimal size is based on the required reduction loads allocated to tea farms. This is similar
to the concept of the TMDL policy in the U.S. This procedure can be regarded as a universal
procedure for linking the pollution sources within a watershed and the water quality in a
receiving waterbody, and it can be used for different pollutants, sources or BMPs. In the
procedure, a final step is the subsequent monitoring and feedback. Onsite monitoring data
are crucial, and the data provide evidence for evaluating the performance of the policy. The
observation data are very good feedback for rechecking the management goal or updating
the simulation of the modeling tools.

3. Results and Discussion
3.1. Preparation of the Verified Model, Model Calibration and Verification

The SWMM model was applied to perform watershed-scale and site-scale modeling.
The SWMM includes an LID module, which is very useful for assessing LID performance.
In the two-stage optimization process, the watershed-scale model finds the total reduction
loads and the site-scale model finds the optimal LID size required for each tea farm.

1. Watershed-scale model

The Jinggualiao stream is one of the streams into the Feitsui Reservoir, and its high TP
concentration is of concern. The Jinggualiao watershed is divided into 7 subwatersheds
according to their topography. The land use and DEM of the Jinggualiao watershed are
shown in Figure 4. The rainfall data from the nearest official weather station were used as
model inputs. Water discharge and water quality stations were used for observation data
to verify the model simulations. The rainfall and flow discharge data were in the form of
daily data, and the water quality data were in the form of monthly data.
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The data from 2015 to 2016 were used for model calibration, and the data from 2017
were used for model verification. The model calibration and verification results are attached
as supplemental files. Figure S1 shows the results of the flow simulations, and Figure S2
shows the results of the TP simulations, which are the target pollutants in this study. R2

and the mean absolute percentage error (MAPE) were used as the indicators to define the
acceptable model results. When R2 is greater than 0.5 and the MAPE is less than 50%, the
simulations are acceptable [31]. The verification results are summarized in Table S1.

2. Site-scale model

The SWMM was verified for the Jinggualiao watershed in the first stage. In this stage,
its feasibility for site-scale performance and its LID function must be tested. A 0.78 ha tea
farm (24.918023, 121.681830) located within the Jinggualiao watershed was used to verify
the site-scale simulations of the SWMM. On this tea farm, a bioretention cell with a 3.7 m2

area was built to treat runoff from the farm. Figure 5 shows a photograph of the site and its
bioretention cell. The simulation results are shown in the supplemental files; please see
Figure S3 and Table S3.
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Figure 5. The tea farm site and its bioretention cell used for verification of the site-scale SWMM
LID module. (a) The boundary of the studied tea farm, (b) the location of bioretention cell in the
downstream of the tea farm, (c) the dimension of the bioretenrion cell and (d) the profile section of
the bioretention cell.

3.2. Optimization Results for the Jinggualiao Watershed (Step by Step)

The determination process and the verified models were applied to the Jinggualiao
watershed and the case tea farm to demonstrate its application and results. The bioretention
cell was used as the control facility in this study, but other control measures or combinations
of several LID facilities can also be suggested in different cases.
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Step 1: Set the management goal

The water quality standard for the Jinggualiao stream is classified as in Taiwan as
Class A, which is used for public drinking water and requires the highest water quality.
The TP concentration standard was equal to or less than 20 µg/L. For reservoirs in Tai-
wan, phosphorous, rather than nitrogen, is the pollutant of concern [23,24]. As one of the
upstream areas of the Feitsui Reservoir, the average TP concentration of the Jinggualiao
was approximately 18.44 µg/L, which was higher than that of other streams. However,
the average TP concentration of the Jinggualiao watershed was less than the TP standard
requirement, 20 µg/L. Not all data were less than the standard value. Using the achieve-
ment rate to indicate water quality, the average achievement rate was only 58.3% (Table 1).
Therefore, the achievement rate is a better indicator than the average TP concentration to
set as the management goal for this case study.

Table 1. The average TP concentration and the achievement rate of the Jinggualiao stream from 2015
to 2017.

Year TP Concentration (µg/L)
(n = 12 per Year)

Achievement Rate
(The Percentage of Data Less than 20 µg/L)

2015 17.92 75.0%
2016 21.08 25.0%
2017 16.33 75.0%

Average 18.44 58.3%

Step 2: Apply the verified watershed model

The verified watershed model aims to link pollution exposure from the watershed
and the resulting water quality. From Step 1, the current water quality status was available,
and the achievement rate was selected as the management goal indicator. However, the
observed data were collected once a month, and an annual trend was hardly seen. When
the results from the verified model were used, the daily water quality could be used to
supplement the management goal data. The comparison of observations and simulations of
water quality are summarized in Table 2. The achievement rates were quite different, 58.3%
from the observations and 79.93% from the simulations. This is because one was based on
monthly data while the other used daily data. Because most water quality parameters were
below the standard, the percentage that achieves the requirement would increase. In the
following steps, the modeling tools use this information; therefore, the management goals
were set to 85% and 90% of the TP concentration achievement rate based on the simulation
results. These goals were then regarded as the short-term and long-term management goals
for the Jinggualiao stream.

Table 2. Comparison of the observed and simulated average TP concentrations and the achievement
rate from 2015 to 2017.

Year
TP Concentration (µg/L) Achievement Rate

(The Percentage of Data Less than 20 µg/L)

Observations
(n = 12 per Year)

Simulations
(n = 365 per Year)

Observations
(n = 12 per Year)

Simulations
(n = 365 per Year)

2015 17.92 15.25 75.0% 82.14%
2016 21.08 12.05 25.0% 79.23%
2017 16.33 13.09 75.0% 78.43%

Average 18.44 13.46 58.3% 79.93%

Step 3: Find the required reduction loads

After setting the TP achievement rate to 85% and 90%, the next step was to find the
required reduction loads. In this step, a trial process is needed. In the SWMM model, users
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can set a unit of a bioretention cell and denote how many of these facilities are placed
within the watershed. The model will generate runoff discharge and water quality after
LID placement. Therefore, an initial area of bioretention could be set, and a trial process
could be used to determine the number of facilities needed to reach the management goal.

Figure 6 shows the trial process, in which the TP concentration was simulated under
different areas of bioretention cells denoted along the Jinggualiao stream. With every
test, the achievement rate was calculated. According to the figure, the peak concentration
was obviously reduced with increasing bioretention cell area, implying the effectiveness
of this control facility on nonpoint source pollution. For example, in Table 3, 300 m2 of
bioretention cells increases the achievement rate from 79.93% (current) to 83.95%, and
350 m2 and 600 m2 will reach the goals of 85% and 90%, respectively. The simulated water
flow and water quality can be used to calculate the loads. The current average TP load per
year is 534.74 kg. The reduction load needed is 16.52 kg/year to match the 85% goal, and
26.38 kg/year to match the 90% goal. In this step, the reduction loads and the required area
of the bioretention cells to reduce the loads were obtained.
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Table 3. The achievement rate of TP under different areas of bioretention cells placed within
the watershed.

Year
Bioretention Cell Area (m2)

50 100 200 300 350 375 400 450 600

2015 83.2% 84.1% 84.6% 85.44% 85.2% 86.81% 87.09% 87.64% 90.4%
2016 79.8% 80.3% 82.2% 84.70% 87.4% 87.98% 88.25% 89.62% 91.3%
2017 78.4% 79.1% 80.4% 81.70% 83.0% 82.68% 83.66% 84.97% 88.2%

Average 80.5% 81.2% 82.4% 83.95% 85.2% 85.82% 86.33% 87.41% 90.0%

Step 4: Allocate loads

The reduction loads should be allocated to all pollution sources, and they should be
allocated to point sources prior to nonpoint sources due to the cost issue. However, in this
case, the point sources had already been well controlled. As a result, the required reduction
loads were allotted to nonpoint sources. In the Jinggualiao watershed, tea farms are the
dominant nonpoint sources of pollution, and the required reduction loads were allocated
to these tea farms.

Step 5: Determine the unit reduction loads for tea farms

The tea farms are mostly located downstream in the Jinggualiao watershed, where the
total area of the tea farms is 61.18 ha. If the total reduction loads of TP are allocated to these
tea farms, the unit reduction load is 270 g/ha-year for the 85% goal and 326 g/ha-year for
the 90% goal. These unit reduction loads do not consider the specific properties of each tea
farm and regard their impact on stream water quality as equal. This value is critical and
serves as the management goal of the tea farms for the subsequent control measure design.
The unit TP reduction load for the tea farms are summarized in Table 4.

Table 4. The unit TP reduction loads of tea farms required to match the target goal: 85% and 90%
water quality achievement rates.

Achievement Rate Average TP Loads
(kg/Year)

Required Reduction
Load (kg/Year)

Unit Reduction Load
for Tea Farms (g/ha)

79.93% (current) 534.74 - -
85% 518.22 16.52 270
90% 508.36 26.38 326

Step 6: Apply the verified tea farm model

When the unit TP reduction loads were obtained, the control measures for each tea
farm were designed based on this requirement. In this study, bioretention cells were
selected as the control measure, and other BMPs were not considered. A verified site-scale
model tool, the SWMM model with the LID module, was used. Here, one tea farm was
presented to show its application.

The demonstrated tea farm, which has three drainage systems and three outflows, is
shown in Figure 7. The area of this tea farm is 1.987 ha, and the slope ranges from 6 to 10%.
According to the unit reduction loads, this tea farm must reduce 534 g of TP per year to
reach the 85% goal and reduce 648 g of TP per year to achieve the 90% goal.

Step 7: Determine the optimal size of a controlling facility

This example tea farm has three subwatersheds; thus, the runoff from the three
subwatersheds should be calculated separately. This step requires time to determine the
number of bioretention cells needed to match the required TP loads. In the model, the
size of the bioretention unit is set, including its vertical properties, and the process is
iterative. Taking one of the subwatersheds as an example, the area of the S1 subwatershed
is 0.890 ha, and the required TP reduction loads are 240 and 290 g/y for the 85% and 90%
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goals, respectively. Table 5 shows the simulation results. When the bioretention cell area
was set to 3 m2, the reduction load was 62 g/y, less than the required loads of 240 g/y and
290 g/y. After applying the process and interpolation, areas of 11.8 and 14.3 m2 were found
to achieve the required loads for the S1 subwatershed. Following this process, the optimal
area of the bioretention cells for the other two subwatershedswere were obtained (Table 6).
The final optimal LID size for this tea farm is 26 m2 to achieve the 85% goal and 32 m2 to
achieve the 90% goal. This is very useful information for control policy design, and the
required TP reduction and suggested LID size were determined.
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Table 5. Determination process for the S1 subwatershed in the case tea farm.

Bioretention Cell Area (m2) TP Loads with Bioretention Cells (g/y) Reduction Loads (g/y) Reduction Rate (%)

3 2055 62 2.9%
6 1992 126 5.9%
9 1931 186 8.8%
12 1871 247 11.6%
18 1756 362 17.1%

Table 6. The optimal LID size suggested for the tea farm case study.

Tea Farm Case Study Unit S1 S2 S3 Total

Area ha 0.890 0.580 0.517 1.987

Original TP export g/y 2118 1381 1242 4741

Required TP reduction loads for 85% goal g 240 157 140 537
Required TP reduction loads for 90% goal 290 189 169 648

The optimal LID size for 85% goal
m2 11.8 7.7 6.7 26.2

The optimal LID size for 90% goal 14.3 9.4 8.2 31.8

In addition to this tea farm case study, the optimization process was applied to 30 other
tea farms in this watershed. Reduction goals and individual models were established for
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each tea farm. Due to the different sizes and geographical characteristics, the optimal sizes
of bioretention cells were different. The average area of the bioretention cells was 13 m2 for
each hectare of tea farm.

3.3. Expected Water Quality Improvement Using Bioretention Cells

Following the optimization process, 350 m2 and 600 m2 of bioretention cells are
needed to reach the goals of 85% and 90% of the water quality achievement rate in the
Jinggualiao stream. The relationship between the area of bioretention cells and the water
achievement rate is shown in Figure 8. Notably, the slopes before and after 250 m2 were
different. After 250 m2, the effectiveness of the bioretention cell was better than that at less
than 250 m2, which means that every 1 m2 of bioretention cell resulted in a better water
quality achievement rate. This is because the achievement rate is accounted for by a TP
concentration of less than 20 µg/L. When bioretention cells or other onsite runoff treatment
facilities are built, the water quality is expected to improve in wet weather. The improved
water quality concentration might not be as low as the required standard equally. When the
bioretention cell area is sufficient, the quantity of improved water quality that is lower than
the standard will increase nonlinearly. This implies that small control facilities might not
perform as expected, but the gradual accumulation of work on runoff control is worthwhile
and will have satisfactory results.
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A 1 m2 bioretention cell can reduce TP loads by 55 g/year according to the results
of the watershed-scale model; however, this value is not recommended for use at each
tea farm site. In the Jinggualiao watershed, the conditions of tea farms are quite different.
Tea farms are located on either flat land or sloping fields. The slope and water routes
are very different on different tea farms; therefore, the effectiveness of bioretention cells
is not equal at each site. For this reason, a site-scale model is required to determine the
optimal control size for the tea farms. For example, the results of the tea farm case study
(Table 6) show that a 1 m2 bioretention cell reduces TP loads by approximately 20.5 g/year,
which is much less than the average value resulting from the whole watershed. To provide
detailed information for each tea farm, the site-scale model is helpful for assessing the
water collection route, the location of the control facility, and the optimal size for reaching
the management goal.

4. Conclusions

In this study, a process was established to link a watershed management goal and
a site-scale control policy. Nonpoint source pollution relies on onsite control methods,
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either structural or nonstructural measures. However, what level of control measures is
needed for site-scale management or what size of structural measures should be designed
is difficult to determine. From the process presented in this study, the optimal size of
bioretention cells for a tea farm can be determined, and the optimal size is based on the
watershed management goal. In addition to the team farm presented, the process was
applied to more than 30 tea farms in this watershed. A 1 m2 bioretention cell could reduce
TP loads by 55 g/year, and an average of 13 m2 bioretention cells were suggested for 1 ha
tea farm to match the 85% goal. When considering the loss from delivery, which means
that pollutants exported from tea farms will not all reach waterbodies, a LID area smaller
than 13 m2/ha might be used. At least 10 m2 of bioretention cells for each 1 ha tea farm is
suggested. Therefore, a ratio of 1 to 1000 for the area of bioretention cells to the area of a
tea farm is recommended as a control rule. Considering the onsite properties of tea farms,
the optimal size might be different. The SWMM model with the LID module is a useful
tool. Before application to different cases, model calibration and verification are necessary.
Once the model is verified, the determination process can be used for different cases and
different LID facilities.

This process was applied to the Jinggualiao watershed for three years, and a total
of 89 m2 of bioretention cells distributed in 49 tea farms were built. While applying this
process to real cases, realistic problems occurred: The land area might not be sufficient, or
the landowners might not be able to provide the area for building control facilities. In these
cases, nonstructural measures such as reducing fertilizer application are needed. The unit
reduction loads were determined for tea farms, and they were 270 g/ha-year for the 85%
goal and 326 g/ha-year for the 90% goal. If structural facilities are insufficient, a level of
nonstructural measures can also be designed based on unit reduction loads. Therefore, with
a quantitative determination process, policy measures can be better assessed and designed.
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//www.mdpi.com/article/10.3390/app12052661/s1, Figure S1: Flow simulation results. The upper
part shows flow calibration using data from 2015 to 2016, and the bottom part shows flow verification
using data from 2017. Figure S2: TP simulation results. The upper part shows TP calibration
using data from 2015 to 2016, and the bottom part shows TP verification using data from 2017.
Figure S3: The simulation results at the site-scale, including runoff discharge, TP concentration
and TP concentration in the LID outflow. Table S1: The results of SWMM model calibration and
verification for the Jinggualiao stream watershed. Table S2: The calibrated model parameters for the
watershed-scale SWMM model. Table S3: The calibrated model parameters and dimensions of the
bioretention cell used in the model.
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Acronyms

BASINS Better Assessment Science Integrating Point and Nonpoint Sources platform
BMPs Best Management Practices
DEM Digital elevation model
LID Low impact development
MAPE Mean absolute percentage error
SWMM Storm Water Management Model
TMDL Total Maximum Daily Loads
TP Total phosphorous
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