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Abstract: Low-impact development (LID) practices as a new approach to urban stormwater
management have demonstrated their positive effects through the reduction of surface runoff volumes
and pollutant loadings in a substantial amount of research. The effectiveness of LID practices can
be affected by various LID conditions such as type, location, and area. Cost is also an important
factor to be considered in the evaluation of LID effects. This study presented the optimal LID
conditions that can achieve targeted reduction goals with minimal cost, and analyzed the effectiveness
of LID practices under optimal LID conditions and the consequential cost on a watershed scale.
To determine cost-effective LID conditions, three types of LID practices (rain gardens, rainwater
harvesting tanks, and permeable pavements), two locations (residential and commercial areas),
and percent allocation of LID practices were considered. Manual optimization was conducted under
those LID conditions for five targeted reduction goals which were set for surface runoff and nutrient
loadings. The results provided various configurations of cost-effective conditions in treating the
targeted goals, and represented the impacts of the optimized LID conditions on the effectiveness
of LID practices and the consequential cost. The present study could ultimately assist regulators in
establishing proper watershed-scale strategies of LID conditions for effectively managing watersheds.

Keywords: low-impact development (LID) conditions; effectiveness of LID practices; manual
optimization; cost; watershed management

1. Introduction

Development increases impervious land cover [1]. Urban impervious surfaces have aggregated
stormwater problems. Specifically, surface runoff volume is significantly increased as infiltration is
hindered. This decreases groundwater recharge and accordingly reduces the amount of base flow [2].
Significant water-bound pollutants are conveyed to nearby water bodies by the increased urban runoff
flowing over the impervious surfaces [3]. It is necessary to take corrective action in response to these
stormwater problems. Installation of low-impact development (LID) practices is one method to offset
the adverse impact caused by urbanization. LID practices help to achieve both development and
environmental protection by imitating the hydrology of a pre-developed state. Research on the effects
of LID practices has been active and has comprehensively been addressed in a variety of studies.
Most studies have demonstrated the benefits of LID practices by showing an increase of recharge
rate [4] and reductions in runoff volume and pollutant loadings [5–8].

However, the degree of the effectiveness of LID practices can be affected by various factors.
Some studies, for example, have reported the different effects of LID practices on water quantity
and quality under different types of soil [9,10] and under various rainfall patterns [11–13]. A few
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studies have pointed out that different effects of LID practices could exist depending on how
urban areas are designed [9,14,15]. Seo et al. [16] also evaluated the effectiveness of LID practices
on hydrology and water quality under three land uses with different types of urban patterns
(compact high-density, conventional medium-density, and conservational medium-density) using the
Soil and Water Assessment Tool (SWAT) and presented the optimal land use.

In addition to these external conditions, the effectiveness of LID practices can also be expected to
vary as a result of various LID planning and design factors such as type, location, area, and so forth.
Gilroy and McCuen [14] simulated the spatial and quantitative effects of cisterns and bioretention areas
using a developed spatio-temporal model and provided information on the spatial arrangements and
volumes needed to achieve effective results in reduction of runoff volumes and peak discharge rates.
Endreny and Collins [17] examined groundwater recharge and mounding by adjusting the spatial
arrangements of bioretention areas as distributed, clustered, and single units using a MODFLOW
model in an urban residential area of New York, USA. They determined that groundwater mounding
was highest when bioretention areas were arrayed as single units and lowest when they were
fully distributed. Brander et al. [9] identified the impact of the number of infiltration practices by
demonstrating that runoff differences among different urban types could be overcome by implementing
a number of infiltration practices. Ahiablame et al. [18] also evaluated the effects of LID practices on
runoff and pollutant loads according to the percent implementation of rain barrel/cistern and porous
pavement. While the above studies showed that studies addressing proper distribution and placement
of LID practices are needed, none provided an approach that would optimize the area of LID needed,
as a function of location and type, to meet a target runoff and pollutant reduction rate.

The establishment of proper watershed-scale strategies for LID conditions is required to obtain
optimal results for reductions of runoff volume and nutrient loadings. Cost is an essential factor that
must be considered along with the strategies because a restricted budget is usually given for performing
the strategies [19]. Gilroy and McCuen [14], in their study, simply determined several scenarios
for placing cisterns and bioretention areas according to the places where water was intercepted,
and Chaubey et al. [20] stated that random placement was normally used. However, such methods can
make a cost-effective scenario for LID conditions (which may result in better outcomes in reduction
with minimal cost) be missed as it is among unconsidered scenarios. Liu et al. [21] indicated that they
found the best effective scenario of LID and best management practices (BMP) conditions showing the
greatest reduction in runoff and pollutant loadings among 16 scenarios, but it was not a cost-effective
scenario. Therefore, optimization would be necessary. Many researchers have performed optimization to
accomplish the best effect close to a required target reduction goal at minimum cost [19,22–26]. However,
most studies have been for optimization of agricultural best management practices (conventional
stormwater treatment systems akin to LID practices) and have drawn the optimal scenario (or the
best solution) by utilizing various optimization tools, such as the genetic algorithm (GA), through
model development. While the use of tools enables evaluation of a myriad of probable options
for various LID conditions, it makes the process complex and increases the simulation time [24].
In particular, it becomes an inefficient method when considering just a few conditions or small
watersheds. In this regard, a manual technique for optimization is required, which can simplify the
complexity and easily provide information on cost-effective LID conditions at any watershed.

The purpose of this study was to present the optimal LID conditions that can attain targeted
reduction goals with minimal cost and to evaluate the effectiveness of LID practices under the optimal
conditions and the consequential cost on a watershed scale. A manual optimization was conducted for
identifying the optimal conditions of LID practices, using a Microsoft Excel spreadsheet. Five targeted
reduction goals were determined by using the results of reduction amounts by LID practices from the
Soil and Water Assessment Tool (SWAT). Three LID conditions were taken into account in the manual
optimization process: types of LID practices (rain gardens, rainwater harvesting tanks, and permeable
pavements), locations (residential and commercial areas), and percent allocation of LID practices at each
location. The study was processed for surface runoff (SURQ), nitrate (NO3), and total phosphorus (TP).
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2. Materials and Methodology

2.1. Case Study Area

The study was carried out in a small-scale area of approximately 350 ha (3.5 km2), comprised
of some portions of League City, Webster, and Friendswood in Harris County, Texas, as a case study.
The area is nested within the Clear Creek watershed and is situated at the downstream end of
Clear Creek (close to the outlet), which is in an area under the influence of tidal currents (Figure 1).
Estuarine areas have generally had more water problems (such as flooding and accumulation of
untreated pollutants) than other regions because of their geographical characteristics such as flat
topography with low elevations and a tidal-affected location. The area has elevations of 6–8 m Above
Mean Sea Level (AMSL). While current land use is in a pre-development state consisting of hay (28.23%),
rangeland (15.35%), wetland (30.71%), and forest (25.71%), a new urban area will be developed in
this area.
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Figure 1. Study area location in the Clear Creek watershed boundary (Three round marks (green)
on the map are weather stations, and a short bar (black) is a boundary line for a tidal-affected and
non-tidal stream).

The new urban area is a conventional urban form of medium density (Figure 2). It will be
constructed with single family neighborhoods and a commercial district. It is one of the urban
strategies of League City [27]. Besides the urban areas, the remaining land use is the same as the
pre-development state. The soil of the study area is classified into four types: Addicks (61.4%),
Bernard (27.3%), Lake Charles (3.2%), and Aris (8.1%). The textures of the soils are mainly clay
and clay loam, and they all belong to hydrologic soil group (HSG) D, which has very low permeability.
Mild winters and hot summers are typical weather patterns for this region. The temperature averages
about 12 ◦C (53 ◦F) in January and about 29 ◦C (84 ◦F) in August. The average annual rainfall is
approximately 1270 mm, with an average monthly range of about 50–165 mm. Intense rainfall is typical
of this region because of its oceanic climate.
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Figure 2. New land use with the conventional urban form of medium density (blowups show residential
and commercial patterns, and the empty space is an unchanged natural state).

2.2. SWAT Model Description and Development

2.2.1. Model Description

The Soil and Water Assessment Tool (SWAT) is a model developed by the United States
Department of Agriculture-Agricultural Research Service (USDA-ARS). It has been extensively used
to deal with various water quantity and quality problems from many watersheds, and its capability
has been verified through results [28–33]. It is applicable to simulations of various sizes of watersheds
from small and medium watersheds to large watersheds [28–30]. It can also simulate long and short
terms and even sub-daily and sub-hourly time steps [31–33]. As SWAT is a distributed model, it can
discretize a watershed as subbasins and smaller hydrologic response units (HRUs), which are the
minimum-sized response units. It has essential model components such as surface runoff, infiltration,
groundwater, evapotranspiration, nutrient cycling, etc. All components are operated at an HRU level.

Surface runoff can be calculated based on a modified Natural Resources Conservation Service
(NRCS) curve number method [34] on a daily basis. Urban surface runoff is estimated respectively for
the disconnected impervious/pervious area and for the connected impervious area [35]. The amount
of infiltration depends on the amounts of precipitation and surface runoff. That is, it is estimated by
excluding surface runoff from rainfall. The infiltrated water is uniformly distributed in a soil layer
through a redistribution process. The soil water is percolated at water content above field capacity in
the soil layer, and groundwater is recharged by percolation. The amount of actual evaporation from
soil is affected by the water content of a soil layer. Sediment and nutrient processes interrelate with the
water process. A Modified Universal Soil Loss Equation (MUSLE) [36] predicts sediment yield, and it
is a function based on a runoff factor. The transportation of nitrate is influenced by surface runoff,
lateral subsurface flow, or percolation. Soil-attached nutrients such as organic and mineral phosphorus
and organic nitrogen are governed by sediment yield transported by surface runoff under a loading
function [37,38].

2.2.2. Model Development

SWAT processes can sufficiently explain hydrologic behavior of LID practices on a watershed
scale. In this study, three LID practices including permeable pavements (PPs), rain gardens (RGs),
and rainwater harvesting tanks (RWHs) were factored into an urban area. They partially store surface
runoff generated from an urban area up to their capacities and discharge water exceeding their
capacities as surface runoff. To reflect the hydrologic behavior of the LID practices, surface runoff
processes in SWAT were modified based on McCuen’s method [39]. In his method, runoff depth stored
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by infiltration practices is excluded from the runoff depth of post-development in order to calculate the
modified curve number that reflects the infiltration practices. The idea of the method was incorporated
into the surface runoff process as Equation (1):

QLIDs = Qtot − LIDval (1)

where Qtot is the surface runoff depth (mm) before the application of LID practices, QLIDs is the surface
runoff depth (mm) after LID practices are reflected, and LIDval is the storage depth (mm) of each type
of LID practice.

SWAT effectively represents hydrologic behavior by PPs and RGs under the developed equation.
As can be seen in the equation, surface runoff, excluding water stored by PPs and RGs, is computed,
and the water stored by PPs and RGs is added to the amount of infiltration. On the other hand,
RWHs are simply storage facilities that cannot directly infiltrate the stored water into soil layers, unlike
RGs and PPs. Thus, codes were additionally included so that water accrued in the rain barrels and
the accumulated water was deliberately drained to reuse them. The rain barrels were defined to be
empty after at least 7 consecutive dry days after a rainfall event. A text file that allows for entrance of
the storage depths for LID practices was included in a SWAT folder, and an algorithm that could read
the text file was coded. Nitrate and total phosphorus were runoff-borne pollutants and were treated
along with surface runoff. A detailed description of the representation of LID practices in SWAT can
be found in Seo et al. [16].

2.3. LID Conditions for Optimization

The three LID practices (PPs, RGs, and RWHs) are building-scale facilities frequently practiced
in urbanized areas which have very little space for installation. Each LID practice is site-specific.
In this study, they were assumed to address stormwater and the consequential pollutant loadings
only from each specific site: RWHs were installed below roofs and harvested runoff and pollutants
only from rooftops during rainfall, PPs were considered only in the parking lots of a commercial area
and collected runoff and pollutants generated only from parking lots, and RGs were integrated in
the backyards of each house or street system such as sidewalks at random and captured runoff and
pollutants generated from a residential area.

Each LID practice occupied different areas. In the case of RWHs, the roof area represented the area
of RWHs because RWHs deal with runoff only from roofs. The design data from League City offered
no information for roof area. Therefore, an average roof area was acquired from similar neighborhoods
with a conventional medium-density urban design through sampling in Google Earth, and total roof
area was determined by multiplying the average roof area by the number of lots presented from the
design data. The total area of RGs was estimated by multiplying a catchment area by a size factor
based on soil properties and depths of RGs [40]. The catchment area was applied for each residential
subbasin area in which the total roof area was excluded. This process was for the purpose of ruling
out runoff addressed by RWHs. The size factor 0.1 was used based on data from Bannerman and
Considine [41]. The total area of PPs was dependent on the percentage of parking lot area presented
in the commercial area of the design data. Consequently, 20% (36.37 ha) and 8% (14.55 ha) of the
residential area were considered as the areas for RWHs and RGs, respectively, and 47% (8.57 ha) of the
commercial area was taken into account as the area for PPs.

Each LID practice was designed to detain different runoff depths. The maximum storage depths
of PPs and RGs were limited to a rainfall size. They were calculated using 1.5 inches (38.1 mm)
of precipitation on each site based on the Curve Number (CN) method. An amount of 1.5 inches
of rainfall is the 85th percentile 24-h rainfall depth and it is a value referred to as water quality
protection by a stormwater management system in the North Central Texas Council of Governments
(NCTCOG) region [42] (For RWHs, 1000-gallon rain barrels were assumed to be used to treat runoff
and pollutants from roofs [43]. The volume was reversely divided by the average roof area to estimate
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maximum storage depth. As a result, PPs, RGs, and RWHs were sized to capture 32.52-mm, 19.11-mm,
and 12.94-mm runoff depths from each area, respectively. The information for the maximum areas and
storage depths of LID practices is summarized in Table 1.

Table 1. Specific information for maximum areas and storage depths of low-impact development (LID)
practices. RWHs: rainwater harvesting tanks; RGs: rain gardens; PPs: permeable pavements.

Practices
Area (ha) Storage Depth

of LID Practices
(mm)

Commercial Area
(Subbasin 2)

Residential Area
(Subbasin 3)

Residential Area
(Subbasin 4)

Total subbasin 18.22 83.28 98.55 -
RGs - 6.66 7.88 19.11

RWHs - 16.66 19.71 12.94
PPs 8.57 - - 32.52

2.4. Modeling Setup

In this study, “LID-absence” and “LID-presence” mean the post-development state without
and with LID practices, respectively. Simulations for LID-absence and LID-presence scenarios were
performed for the purpose of identifying the maximum LID benefits which would be ultimately used to
set targeted reduction goals. The targeted goals are illustrated in the “Manual Optimization” subsection.

The simulation for the LID-absence scenario was first configured by using several input data. It is
desirable to use high spatial resolution data for the simulation of a small study area for producing
accurate outputs. A ten by ten-meter digital elevation model (DEM) obtained from the USDA NRCS
Geospatial Data Gateway was used to describe topography in detail. For soils, the Soil Survey
Geographic Database (SSURGO) from the NRCS Soil Data Mart was applied. The daily rainfall and
temperature data of two stations, the National Weather Service Office and the Houston Clover Field,
were employed; these were acquired from the National Climate Data Center (NCDC). For humidity,
wind speed, and solar radiation, the data from a weather generator, which generates climatic data
using monthly mean data of many years, were used. The land use with a conventional urban form of
medium density was applied to obtain results in the post-development state. The urban area takes up
about 56% of total area and is separated as residential and commercial areas, which have 44% and 75%
impervious fractions, respectively. The remaining area (44%) remains unchanged as a pre-developed
area. The land use was represented as 5 subbasins, including 2 subbasins for the residential area and
1 subbasin for the commercial area, and 18 HRUs in total. SWAT was tested for surface runoff, nitrate,
and total phosphorus from October 2006 to December 2011. The results of the LID-absence scenario
indicated 473.32 mm for surface runoff, 591.87 kg for nitrate, and 449.55 kg for total phosphorus on
an average annual basis [16].

The simulation for the LID-presence scenario was performed under the same conditions as for
the LID-absence scenario, except for LID conditions. In order to test the LID-presence scenario, three
LID facilities were applied in SWAT: RWHs and RGs were considered in the residential area and PPs
were only considered in the commercial area. The LID practices were assumed to be fully placed and
implemented in the LID areas of Table 1, and seasonal impacts of LID practices were not reflected.
The application of LID practices was performed at an HRU level. The existing HRUs of the residential
and commercial areas were divided into separate HRUs for roofs and parking lots in order to treat
RWHs and PPs. The RGs were considered in the rest of the HRUs of the residential area. In order to
divide the HRUs, the percentages for the areas of roofs (20%) and parking lots (47%) were multiplied
by the existing HRUs. The roofs and parking lots were included as new urban types in the existing
urban data of SWAT, and each urban type was applied to the individual specific HRUs. The number
representing each LID was also applied to all HRUs that have LID practices. The LID-presence scenario
was run by using the modified SWAT, and the effects by LID practices were measured for runoff,
nitrate, and total phosphorus on a watershed scale. The LID practices mitigated the surface runoff and
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the consequential pollutants well in urban areas by showing decreased values from the LID-absence
scenario. The results of the LID-presence scenario represented 337.81 mm for surface runoff, 405.85 kg
for nitrate, and 338.86 kg for total phosphorus on an average annual basis. The detailed information
for modeling work can be found in Seo et al. [16]. The differences between the LID-absence and
LID-presence scenarios were calculated for all variables to set targeted goals [16].

2.5. Cost Estimation

Cost is an important measure for optimization. An annual total cost for each LID practice was
estimated as the sum of construction and maintenance costs, based on the following equation by
Arabi et al. [19] (Equation (2)):

Ctd =

[
C0 · (1 + s)td + C0 · rm ·

(
(1 + s)td − 1

s

)]
/td (2)

where Ctd is the annual cost per unit area during a design life ($/ft2/year), C0 is the construction cost
per unit area ($/ft2), rm is the proportion of maintenance to construction cost, s is the interest rate,
and td is the intended life of LID practices based on routine maintenance.

Data for the construction cost per unit area ($/ft2) were acquired through experiments at the Texas
A&M AgriLife Research and Extension Center in Dallas [44]. The cost of $6 per square feet was used for
RGs, $14 per square feet for PPs, and $1 per gallon for RWHs. In the case of RWHs, the cost per gallon
was converted to cost per unit area by replacing 1000-gallon rain barrel with the average roof area.
The function of LID practices decreases as time passes. Maintenance is thus continuously required to
keep the same effectiveness during the life-time of LID practices. For the computation of maintenance
costs, annually 5% was used as the proportion of maintenance of RGs to construction cost. This value
was referenced by the US Environmental Protection Agency [45]. In the case of PPs and RWHs that
have no reference data, 5%, the same as for RGs, was used for PPs because a similar maintenance cost
was incurred to maintain PPs in the experimental field of the AgriLife center [44], and a 1% ratio was
determined for RWHs due to the low maintenance requirements (cost determined based on several
systems constructed and built by Texas A&M AgriLife Extension). For all LID practices considered,
the same interest rate of 4.5% was considered and the same lifespan of 20 years was applied to the
cost calculation. As a result, the annual costs per unit area were estimated as 1.19 ($/ft2/year) for RGs,
2.79 ($/ft2/year) for PPs, and 0.04 ($/ft2/year) for RWHs.

2.6. Manual Optimization

2.6.1. Setting Targeted Goals

The United States Environmental Protection Agency (USEPA) has conducted a water quality
standards program which presents a threshold level to protect water bodies [46]. Under the policy,
states and local authorities develop region-specific criteria. However, no recommended criteria exist
for runoff or pollutant reductions in the study area and accordingly there is no given budget limitation.
Therefore, it was determined that five cases would be used as targeted goals to be controlled for
each variable. The targeted goals for each case included the following values: 25%, 35%, 45%, 55%
and 65% of the maximum reduction amounts for all variables. In the modeling work, the maximum
reduction amounts by LID practices were obtained from the difference between the LID-absence and
LID-presence scenarios and were 135.51 mm for surface runoff, 186.03 kg for nitrate, and 110.69 kg
for total phosphorus as average annual values in the watershed. For Case 1, 25% of the maximum
reduction amounts were targeted as reduction amounts to be managed: 33.88 mm for surface runoff,
46.51 kg for nitrate, and 27.67 kg for total phosphorus. Likewise, Cases 2, 3, 4 and 5 targeted 35%, 45%,
55% and 65%, respectively, of the maximum reduction amounts. The constant difference among cases
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was for facilitating evaluation of the effectiveness of LID practices from the considered LID conditions.
The targeted goals for each case are summarized in Table 2.

Table 2. Hypothetical cases for targeted goals.

Variable
Targeted Goal 1

Case 1 Case 2 Case 3 Case 4 Case 5

Surface runoff (mm) 33.88 47.43 60.98 74.53 88.08
Nitrate (kg) 46.51 65.11 83.71 102.32 120.92

Total phosphorus (kg) 27.67 38.74 49.81 60.88 71.95

Note: 1 Targeted goals for each case were 25%, 35%, 45%, 55% and 65% of the maximum reduction amounts by
LID practices.

2.6.2. Optimization Procedure

For the purpose of identifying the conditions of LID practices that achieve both a targeted goal and
minimal cost, a stepwise manual operation for optimization was attempted for all variables. The LID
conditions considered were type, location (subbasin), and percent allocation of LID area. Each type and
location of LID practices under 100% allocation were first taken into account to determine a ranking
for cost in handling unit reduction in order to ultimately minimize total cost for treating a targeted
goal. Step 1: In this study, RGs and RWHs were distributed only in the residential area, which was
composed of two subbasins (Subbasin 3 and Subbasin 4), and PPs were placed only in the commercial
area, which made up one subbasin (Subbasin 2). Each LID practice was considered in designated
subbasins, and thus five cases for the conditions were generated: RGs in Subbasin 3, RGs in Subbasin 4,
RWHs in Subbasin 3, RWHs in Subbasin 4, and PPs in Subbasin 2. The SWAT model was run for
each case. Step 2: The annual reduction amount by 100% allocation of LID practices in each case
was then investigated through the difference from the LID-absence scenario. Step 3: The annual cost
for the implementation of LID practices was estimated for every case by multiplying the annual
cost per unit area calculated under the cost equation (Equation (2)) by total LID area of each case
(given in Table 1). Step 4: The cost per unit reduction was calculated by dividing the annual cost into
the annual reduction amount for every case. Different values were obtained for every case, and they
were ranked in the order of least costly to most costly. Step 5: Optimization is then carried out based
on the type and location for the ranking of the cost per unit reduction. This was achieved as reduction
amounts, according to the percent allocation of LID practices, were accumulated up to the point that
a targeted goal was met. Step 6: The cost of each case was then estimated through the product of the
reduction amount according to the percent allocation of LID practices and the cost per unit reduction of
Step 4. The final total cost (TC) and the final cost per unit reduction (CPR) were obtained respectively
by the sum of the costs for each case and by dividing the final total cost into the targeted goal.

With regard to optimization of percent allocation, three constraint conditions were applied to
explore the behavior of the effectiveness of LID practices: (1) maximum adoption; (2) medium adoption;
and (3) minimum adoption. Maximum adoption means to allow full occupation in given LID areas
even if it is not feasible in reality. Medium adoption means to restrict the potential occupation of LID
practices to a maximum of 75% for RGs and RWHs and 50% for PPs. Thus, reduction amounts which
are not addressed by the difference in percent allocation from maximum adoption are passed on to
the next rankings. Minimum adoption is to require at least 20% occupation of LID practices but not to
exceed 75% for RGs and RWHs and 50% for PPs. In this case, after the 20% allocation is applied to all
rankings, the same process with medium adoption is conducted to address the remaining reduction
amount for meeting a targeted goal. The optimization was performed in the same way for targeted
goals of all variables under three constraint conditions. Figure 3 and Appendix A provide a stepwise
procedure and an example for surface runoff Case 5 under maximum adoption, respectively.
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3. Results

3.1. Optimized Conditions

The cost-effective conditions for controlling each targeted goal were determined through the
optimization process for all variables (Tables 3–5). A variety of configurations were drawn for each
variable. For surface runoff, the optimized conditions were ranked in the order of RWHs (4), RWHs (3),
RGs (4), RGs (3), and then PPs (2) (numbers in parentheses mean a location (subbasin) of LID practices,
and thus RWHs (4) means RWHs located at Subbasin 4). For nitrate, they were arranged in the order
of RWHs (3), RWHs (4), RGs (4), RGs (3), and then PPs (2). In the case of total phosphorus, since the
amount reduced by RWHs was tiny compared to the cost for implementation of RWHs, the type of
RGs was prioritized to the cost-effective conditions, unlike surface runoff and nitrate: RGs (3), RGs (4),
RWHs (4), RWHs (3), and then PPs (2). The type of PPs was ranked last on all occasions because of their
high cost. Under these rankings, different percentages of allocation were assigned as seen in Tables 3–5,
which met the given targeted goals under three constraint conditions. In surface runoff and nitrate,
not only 100% allocation of RWHs but also the application of RGs was required even to address the
smallest targeted goal of Case 1 under the maximum adoption. This was because the RWHs were the
most cost-effective but the amount reduced by RWHs was small as described above despite the 100%
allocation at all locations. In total phosphorus, the RGs determined as the most cost-effective condition
were only considered in dealing with the targeted goals up to Case 5 under the maximum adoption.
Less cost-effective conditions were more considered in the medium and minimum conditions than in
the maximum condition for all variables.

3.2. Analysis of LID Effects

As can be seen through the optimization results, various combinations of conditions could affect
the effectiveness of LID practices. The impact of the optimized LID conditions on the effectiveness
of LID practices was observed through the comparison among cases of targeted goals. For example,
with regard to the result of maximum adoption for surface runoff (Table 3A), the effectiveness of LID
practices in the watershed increased as much as 13.55 mm in Case 2 by considering 22.62% more RGs (4)
than in Case 1. The effect increased 100% in Case 3 by extending RG occupation by as much as 45.24%,
and increased 200% in Case 4 as 59.86% more RGs (4) and 9.99% more RGs (3) were added compared
to Case 1. An increase of 300% was also shown in Case 5 as 59.86% more RGs (4) and 38.28% more RGs
(3) were considered compared to Case 1. When nitrate was a focused variable (Table 4A), 29.17% more
adoption of RGs (4) than in Case 1 improved the effectiveness of LID practices by 18.6 kg in Case 2.
The effect rose 100% in Case 3 as 58.34% more RGs (4) were added than in Case 1. Also, increases of
200% and 300% appeared in Cases 4 and 5, respectively, by further considering 70.13% more RGs (4)
and 21.41% more RGs (3) and by expanding to 70.13% more RGs (4) and 57.30% more RGs (3) than in
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Case 1. In the case of total phosphorus, as seen in Table 5A, the effectiveness of LID practices grew by
11.07 kg in Case 2 as 27.61% more RGs (3) were factored than in Case 1, and the effect increased 100%
in Case 3 as 31.04% more RGs (3) and 20.76% more RGs (4) were adopted than in Case 1. In addition,
improvements of 200% and 300% occurred in Cases 4 and 5 by adoption of 31.04% more RGs (3) and
44.47% more RGs (4) and of 31.04% more RGs (3) and 68.18% more RGs (4) than in Case 1, respectively.

The impact of the optimized LID conditions on the effectiveness of LID practices was also
observed through the comparison among constraint conditions. The result in Case 3 for surface
runoff, for example, showed fully occupied LID practices up to Ranking 3 and 18.1% RGs (3) under the
condition of medium adoption in order to meet the same targeted goal as maximum adoption (Table 3B).
Under the condition of minimum adoption, 67.52% RGs (4) were applied to Ranking 3 and the highest
and lowest constraint values were applied to the rest of the rankings (Table 3C). The different conditions
of LID practices were applied to the medium and minimum conditions, but the result represented that
the same effect of LID practices as for the maximum adoption was achieved.

Table 3. Results of optimization for surface runoff (LID type, location, and percent allocation
were optimized under the maximum, medium, and minimum constraint conditions, respectively).
Sub stands for Subbasin.

(A) Maximum Adoption

Ranking 1 Type Location
% Allocation

Case 1 Case 2 Case 3 Case 4 Case 5
1 RWHs Sub 4 100 100 100 100 100
2 RWHs Sub 3 100 100 100 100 100
3 RGs Sub 4 40.14 62.76 85.38 100 100
4 RGs Sub 3 0 0 0 9.99 38.28
5 PPs Sub 2 0 0 0 0 0

(B) Medium Adoption

Ranking Type Location
% Allocation

Case 1 Case 2 Case 3 Case 4 Case 5
1 RWHs Sub 4 75 75 75 75 75
2 RWHs Sub 3 75 75 75 75 75
3 RGs Sub 4 44.24 66.86 75 75 75
4 RGs Sub 3 0 0 18.1 46.39 74.68
5 PPs Sub 2 0 0 0 0 0

(C) Minimum Adoption

Ranking Type Location
% Allocation

Case 1 Case 2 Case 3 Case 4 Case 5
1 RWHs Sub 4 75 75 75 75 75
2 RWHs Sub 3 75 75 75 75 75
3 RGs Sub 4 22.28 44.9 67.52 75 75
4 RGs Sub 3 20 20 20 38.93 67.21
5 PPs Sub 2 20 20 20 20 20

Note: 1 Ranking is the order of least costly to most costly in handling unit reduction, and optimization was
conducted in the order of the rankings up to the point that targeted goals were met.

Table 4. Results of optimization for nitrate (LID type, location, and percent allocation were optimized
under the maximum, medium, and minimum constraint conditions, respectively).

(A) Maximum Adoption

Ranking 1 Type Location
% Allocation

Case 1 Case 2 Case 3 Case 4 Case 5
1 RWHs Sub 3 100 100 100 100 100
2 RWHs Sub 4 100 100 100 100 100
3 RGs Sub 4 29.87 59.04 88.21 100 100
4 RGs Sub 3 0 0 0 21.41 57.3
5 PPs Sub 2 0 0 0 0 0
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Table 4. Cont.

(B) Medium Adoption

Ranking Type Location
% Allocation

Case 1 Case 2 Case 3 Case 4 Case 5
1 RWHs Sub 3 75 75 75 75 75
2 RWHs Sub 4 75 75 75 75 75
3 RGs Sub 4 40.64 69.81 75 75 75
4 RGs Sub 3 0 0 29.51 65.42 75
5 PPs Sub 2 0 0 0 0 29.06

(C) Minimum Adoption

Ranking Type Location
% Allocation

Case 1 Case 2 Case 3 Case 4 Case 5
1 RWHs Sub 3 75 75 75 75 75
2 RWHs Sub 4 28.21 75 75 75 75
3 RGs Sub 4 20 38.84 68.01 75 75
4 RGs Sub 3 20 20 20 47.31 75
5 PPs Sub 2 20 20 20 20 29.06

Note: 1 Refer to the annotation in Table 3.

Table 5. Results of optimization for total phosphorus (LID type, location, and percent allocation were
optimized under the maximum, medium, and minimum constraint conditions, respectively).

(A) Maximum Adoption

Ranking 1 Type Location
% Allocation

Case 1 Case 2 Case 3 Case 4 Case 5
1 RGs Sub 3 68.96 96.57 100 100 100
2 RGs Sub 4 0 0 20.76 44.47 68.18
3 RWHs Sub 4 0 0 0 0 0
4 RWHs Sub 3 0 0 0 0 0
5 PPs Sub 2 0 0 0 0 0

(B) Medium Adoption

Ranking Type Location
% Allocation

Case 1 Case 2 Case 3 Case 4 Case 5
1 RGs Sub 3 68.96 75 75 75 75
2 RGs Sub 4 0 18.53 42.24 65.95 75
3 RWHs Sub 4 0 0 0 0 75
4 RWHs Sub 3 0 0 0 0 75
5 PPs Sub 2 0 0 0 0 36.3

(C) Minimum Adoption

Ranking Type Location
% Allocation

Case 1 Case 2 Case 3 Case 4 Case 5
1 RGs Sub 3 38.07 65.68 75 75 75
2 RGs Sub 4 20 20 35.7 59.4 75
3 RWHs Sub 4 20 20 20 20 75
4 RWHs Sub 3 20 20 20 20 75
5 PPs Sub 2 20 20 20 20 36.3

Note: 1 Refer to the annotation in Table 3.

3.3. Analysis of Costs

Final total cost (TC) and cost per unit reduction (CPR) generated from the optimized conditions
were compared and analyzed. All results displayed were the minimal costs that treated the given
targeted goals (Table 6 and Figure 4). In the comparison among three constraint conditions (that is,
the conditions that indicated the same effectiveness of LID practices), the maximum condition showed
the lowest TC and the lowest CPR for all cases and for all variables. This was a natural result because
more adoption of cost-effective LID conditions was possible in controlling the same targeted goal under
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the maximum condition as compared to the medium and minimum conditions. The maximum and
medium conditions presented similar TC while the minimum condition indicated a large difference
from the maximum and medium conditions (Figure 4). This was because 20% of the expensive PP
was applied under the minimum adoption for all cases. In the medium adoption of nitrate and
total phosphorus, abrupt increases in Case 5 could be also explained due to the application of PPs.
Meanwhile, in the comparison among the cases of targeted goals (that is, the conditions that indicated
the variation of the effectiveness of LID practices), the lowest TC and the lowest CPR resulted in Case
1 for all variables under the maximum and medium conditions. This was due to the fact that the more
a targeted reduction amount was increased, the more the total cost and the consequential cost per unit
reduction increased. The minimum adoption showed the same trend in TC. However, it presented
the lowest CPR in Case 5 for surface runoff and in Case 4 for nitrate and total phosphorus and the
highest CPR in Case 1 for all variables (Figure 4). This was seen because unlike the maximum and
medium conditions, the cost-effective conditions were ignored in up to 20% adoption in all cases
under the minimum adoption, and relatively expensive PPs compared to the other LID practices
were compulsorily considered. With regard to nitrate and total phosphorus, the reason why Case 4
was more cost-effective than Case 5 was also attributable to a higher percent occupation of PPs in
Case 5. That is, the increase of the total cost was significant compared to the increase of the targeted
reduction amount.
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Table 6. Annual total cost and cost per unit reduction from optimized LID conditions for all targeted
goals under three constraint conditions.

Case Variable
Maximum Adoption Medium Adoption Minimum Adoption

TC 1 CPR 1 TC CPR TC CPR

5

Surface runoff

1,493,527.83 16,956.54 1,513,759.76 17,186.24 1,963,588.64 22,293.30
4 1,251,284.14 16,789.22 1,271,516.07 17,060.68 1,721,430.57 23,097.45
3 1,017,591.16 16,687.76 1,029,336.60 16,880.38 1,483,537.77 24,328.95
2 788,374.34 16,622.70 791,769.48 16,694.29 1,254,320.94 26,447.09
1 559,157.51 16,505.60 562,628.65 16,608.06 1,025,104.12 30,259.74

5

NO3

1,656,393.69 13,698.51 2,263,032.20 18,715.45 2,263,032.20 18,715.45
4 1,349,072.15 13,185.47 1,434,446.15 14,019.89 1,793,187.45 17,526.13
3 1,046,268.60 12,498.38 1,126,953.36 13,462.21 1,488,503.12 17,781.17
2 750,678.20 11,529.45 821,713.58 12,620.47 1,192,912.72 18,321.61
1 455,087.80 9785.39 526,072.52 11,311.72 963,350.07 20,714.15

5

TP

1,547,180.52 21,504.95 2,449,017.71 34,039.98 2,449,017.71 34,039.98
4 1,306,918.32 21,468.24 1,310,485.93 21,526.85 1,788,390.63 29,377.20
3 1,066,656.12 21,415.22 1,070,249.06 21,487.36 1,548,229.76 31,083.77
2 826,916.70 21,345.41 829,936.20 21,423.35 1,309,329.87 33,798.06
1 590,495.76 21,339.66 590,517.17 21,340.43 1,072,908.94 38,773.37

Note: 1 TC means total cost ($), and CPR means cost per unit reduction; the unit is $/mm for surface runoff and
$/kg for nitrate and total phosphorus (TP).

4. Impact of LID Use on Detention Requirements and Cost

Thus far, the effectiveness of LID practices and the consequential costs according to the optimized
LID conditions have been analyzed. However, the water volumes detained by LID practices under the
optimized conditions are small (Table 7) because the maximum capacities and allowable areas of LID
practices are limited. Thus, for heavy rainfall, a considerable amount of water that is not treated by
LID practices would be generated as surface runoff, directly entering channels. Such a large amount of
water that cannot be detained by LID practices needs to be taken into account by other methods for
controlling stormwater in the region. Therefore, detention ponds were incorporated in the study area
to reflect the water volume that could not be addressed by LID practices, and 100-year 24-h rainfall
(13 inches) was assumed in this region as the standard for heavy rainfall for the purpose of calculating
the volume that should be captured by detention ponds. First, the required detention volume by
urbanization was estimated by the difference between pre- and post-development states in surface
runoff. The volume that should be captured by detention ponds was then calculated by subtracting
the volume detained by LID practices from the required detention volume. The total cost of detention
ponds for addressing the calculated volume capacity was calculated using the following equation
developed by Brown and Schueler [47] (Equation (3)):

C = 24.5 × V0.705 (3)

where C is the establishment cost including construction, design, and authorization ($) and V is the
pond volume (ft3). For the calculation of annual cost, a 5% ratio for maintenance (rm) and a design
life of 20 years (td), obtained from the USEPA website, were considered and the same interest rate (s)
of 4.5% was applied. Additionally, the cost savings for the amount controlled by LID practices was
computed by the difference between the costs for the calculated detention volume and the required
detention volume. Total cost of detention ponds was greatest in Case 1 and accordingly cost savings
were the smallest in Case 1 (Figure 5). This was because the volume that should be captured by
detention ponds was increased by the smallest volume detained by LID practices in Case 1. The same
trend was indicated in all variables and all constraint conditions. Total phosphorus showed the greatest
difference in the cost of detention ponds between Case 4 and Case 5 under the medium and minimum
conditions. This was seen because the difference in the optimized LID conditions between two cases
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caused the difference in the volume detained by LID practices. The volume detained by LID practices
is affected by percent allocation and storage depth of LID practices, and thus it could vary depending
on the optimized LID conditions even with the same targeted goal. Why the costs of detention ponds
in total phosphorus were higher than those in the other variables could also be explained by the results
of the optimized LID conditions.

LID practices installed in urban areas generally are more expensive than detention ponds.
This study does not to compare LID practices to detention ponds. City authorities are being forced to
deal with stormwater generated from their regions for new urban developments. Thus, this section
presented the volumes that should be captured (that is, the volumes that exceed LID capacities)
for heavy rainfall and the consequential costs using detention ponds as a secondary stormwater
management method.

Table 7. Volume detained by detention ponds and the consequential cost and cost savings in detention
ponds for the amount controlled by LID practices for all cases of all variables under each constraint
condition. Ac-ft/ac stands for Acre-feet per acre.

Case Variable
Volume Detained
by LID Practices

(ac-ft/ac)

Volume Detained
by Detention Ponds

(ac-ft/ac)

Cost
($/Year)

Cost Savings
($/Year)

(A) Maximum Adoption

5

Surface runoff

0.0110 (7%) 1 0.1429 (93%) 243,339.92 13,050.24
4 0.0104 (7%) 0.1434 (93%) 244,048.85 12,341.31
3 0.0098 (6%) 0.1440 (94%) 244,731.94 11,658.22
2 0.0093 (6%) 0.1446 (94%) 245,401.17 10,988.99
1 0.0087 (6%) 0.1451 (94%) 246,069.64 10,320.51

5

NO3

0.0114 (7%) 0.1425 (93%) 242,862.80 13,527.36
4 0.0106 (7%) 0.1432 (93%) 243,762.77 12,627.39
3 0.0099 (6%) 0.1439 (94%) 244,648.16 11,742.00
2 0.0092 (6%) 0.1447 (94%) 245,511.16 10,879.00
1 0.0085 (6%) 0.1454 (94%) 246,372.89 10,017.26

5

TP

0.0038 (2%) 0.1501 (98%) 251,941.30 4448.86
4 0.0032 (2%) 0.1507 (98%) 252,634.31 3755.85
3 0.0026 (2%) 0.1512 (98%) 253,326.52 3063.63
2 0.0020 (1%) 0.1518 (99%) 254,016.45 2373.71
1 0.0014 (1%) 0.1524 (99%) 254,696.05 1694.11

(B) Medium Adoption

5

Surface runoff

0.0092 (6%) 0.1446 (94%) 245,482.09 10,908.07
4 0.0086 (6%) 0.1452 (94%) 246,188.43 10,201.73
3 0.0080 (5%) 0.1458 (95%) 246,893.92 9496.23
2 0.0074 (5%) 0.1464 (95%) 247,584.71 8805.45
1 0.0069 (4%) 0.1470 (96%) 248,250.71 8139.45

5

NO3

0.0105 (7%) 0.1433 (93%) 243,883.47 12,506.69
4 0.0090 (6%) 0.1448 (94%) 245,713.38 10,676.77
3 0.0083 (5%) 0.1456 (95%) 246,609.48 9780.67
2 0.0075 (5%) 0.1463 (95%) 247,497.80 8892.36
1 0.0068 (4%) 0.1470 (96%) 248,356.64 8033.52

5

TP

0.0109 (7%) 0.1430 (93%) 243,486.50 12,903.66
4 0.0032 (2%) 0.1506 (98%) 252,623.95 3766.21
3 0.0026 (2%) 0.1512 (98%) 253,316.18 3073.98
2 0.0020 (1%) 0.1518 (99%) 254,007.62 2382.54
1 0.0014 (1%) 0.1524 (99%) 254,696.05 1694.11



Water 2017, 9, 270 15 of 19

Table 7. Cont.

Case Variable
Volume Detained
by LID Practices

(ac-ft/ac)

Volume Detained
by Detention Ponds

(ac-ft/ac)

Cost
($/Year)

Cost Savings
($/Year)

(C) Minimum Adoption

5

Surface runoff

0.0100 (6%) 0.1439 (94%) 244,574.79 11,815.37
4 0.0094 (6%) 0.1445 (94%) 245,281.97 11,108.18
3 0.0088 (6%) 0.1451 (94%) 245,975.87 10,414.29
2 0.0082 (5%) 0.1456 (95%) 246,643.69 9746.47
1 0.0077 (5%) 0.1462 (95%) 247,310.75 9079.40

5

NO3

0.0105 (7%) 0.1433 (93%) 243,883.47 12,506.69
4 0.0095 (6%) 0.1443 (94%) 245,072.51 11,317.65
3 0.0088 (6%) 0.1450 (94%) 245,961.40 10,428.76
2 0.0081 (5%) 0.1458 (95%) 246,822.47 9567.68
1 0.0057 (4%) 0.1482 (96%) 249,707.61 6682.55

5

TP

0.0109 (7%) 0.1430 (93%) 243,486.50 12,903.66
4 0.0055 (4%) 0.1483 (96%) 249,904.20 6485.96
3 0.0049 (3%) 0.1489 (97%) 250,599.27 5790.89
2 0.0043 (3%) 0.1495 (97%) 251,289.89 5100.27
1 0.0037 (2%) 0.1501 (98%) 251,972.56 4417.59

Note: 1 Parentheses include percentages of the volume detained by LID practices and the volume detained by
detention ponds.
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5. Conclusions

The study has presented the cost-effective LID conditions found through optimization and has
analyzed the effectiveness of LID practices on a watershed scale and the consequential costs. To attain
the goal, five targeted goals were set and LID conditions for type, location, and percent allocation were
optimized. The optimization ultimately came up with the most cost-effective and efficient guidelines
for LID planning in the study watershed. For example, if the region is given a budget of $600,000 in
dealing with surface runoff, it could consider the LID conditions of Case 1 for both maximum and
medium conditions. Or, if the region decides to allow maximum adoption to treat the targeted goal,
Case 3, for nitrate, it could apply the LID conditions of Case 3 and need at least $1,047,000.
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In general, what could be learned through the study was that maximizing the treatment effect of
each LID practice should be a priority as cost benefits increase linearly for each unit of surface runoff
that is captured. For each LID practice that is implemented, water managers thus need to focus on
maximizing the amount of runoff captured for each plot in order to increase cost effectiveness. In
addition, the cost-effective results of this study would be generated differently by other conditions
such as different types of LID practices besides RGs, PPs and RWHs, different limitations for the
allocation of LID practices, different treatment goals, watershed characteristics, and so forth. Therefore,
adequate studies for a variety of conditions should be done in advance to achieve cost-effective results
within a given budget before the installation of LID practices. Such studies would likely suggest
planning and design of LID projects that accomplish a balance between environmental and economic
aspects on a development or watershed scale.

As accounted for in the Manual Optimization section, the optimization method employed is
very simple and practical in providing cost-effective conditions. It is likely that this method would
be applicable in many studies and would easily assist watershed managers in determining the best
solution for the establishment of LID practices for their watershed management. In addition, this
study has been based on simple calculations using the results of modeling work. If field work had
been performed, it would have been possible to validate our results. Such an additional study would
be a very meaningful work in that it could lay the groundwork for studies on other watersheds.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/4/270/s1.
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