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Abstract: Low Impact Development (LID) is one of the current research interests toward green
infrastructures and urban flood control that have the capability to return developed watersheds to
pre-development hydrological conditions, bringing numerous water quantity and quality benefits,
while being cheaper than their traditional counterparts. However, there is a current research gap
about LIDs within tropical regions. This study aims to evaluate the cost efficiency of LID scenarios in
varying surface areas through a cost-effectiveness (C/E) analysis and to assess flow reduction and
infiltration improvement of the cost-effective LID scenarios using US EPA Stormwater Management
Model (SWMM) in a tropical residential catchment receiving an annual rainfall of 1780.5 mm (70.1”),
under a Type 1 Philippine Climate. Results have shown that the Weibull plotting position generated
the largest rainfall amounts. A total of 2112 manually simulated LID scenarios were modeled to
obtain the cost-effective or optimal LID scenarios, where they can generate a maximum of 38.67%
flow reduction and 29.73% peak flow reduction, all observed in the multiple LID scenarios. At high
rainfall amounts, the multiple LID scenarios can also peak at a 1113% increase in total infiltration
in the given sub-catchments. Determining the target capture goal, applicable LID types, and cost
estimations from a pilot project are vital components in the future application of LIDs in these regions.

Keywords: cost-effectiveness analysis; life cycle cost; Low Impact Development; residential; rainfall
disaggregation; Stormwater Management Model

1. Introduction

The incessant global urban development is a result of the continuous technological,
economic, and social advancements of the modern world. The rising trend of urbanization
over the past few decades has been closely linked with the growing population and the
gradual shift in rural-urban migration of both developed and underdeveloped countries [1],
where most of the increase is expected in tropical and sub-tropical regions [2,3]. The
expansion of impervious surfaces from this constant development has placed the natural
ecosystem, hydrology, and resources under an extensive amount of anthropogenic pressure,
especially from stormwater-induced risks [4-6]. These stormwater risks are expected to
be more severe in tropical regions as the response of the tropical rainfall characteristics
toward the warming climate is intensified rainfall and more frequent rarer floods [7]. In
adapting to the rapidly occurring urbanization and changing climate conditions, sustainable
and climate responsive design approaches, including sustainable infrastructures, optimal
land use allocations, and decentralized water systems, have been recommended at a
neighborhood level within these urbanized regions [3].

Conventional or traditional stormwater management systems, in the form of curbs,
gutters, and other similar gray infrastructure, together with the changing climate conditions,
led to a decrease in natural infiltration, increased peak flows, intensified urban flooding,
and redistribution of the natural water balance [8]. To address the physical, environmental,
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and economic impacts of outdated stormwater control systems, the inclusion of the natural
ecosystem and common landscape planning practices has become a common trend in
several countries. This has been termed soft engineering, or sometimes called the nature-
based approach, and one of the research interests in the application of soft engineering in
stormwater infrastructure is Low Impact Development (LID). LID techniques pertain to
the small, site-scale practices that mimic the predeveloped condition of an area, thereby
restoring its natural hydrologic regime. This process further minimizes the developmental
impacts through the reduction of built impervious material and the preservation of the
natural processes [9]. Well-known examples of LID structures include pervious pavements,
rain gardens, infiltration trenches, vegetative swales, and bioretentions [4,7,8], which have
a recurring performance in improving groundwater recharge, reducing runoff pollutant
levels, addressing the effects of climate change, and alleviating flood-related issues [10].
The use of LID techniques is also presently supported due to their ease of use, efficiency,
and comparatively low cost [11]. The study by dos Santos et al. [12] has assessed a business-
as-usual (BAU), infiltration well (IW), and LID scenario using life cycle cost analysis and
hydrological modeling, where the LID scenario yielded the least costs after a performance-
based analysis was conducted. Ariaratnam [13] has also studied the cost-effectiveness of
green roofs and permeable pavements with a traditional stormwater conduit system, with
results showing that life cycle costs of the LID methods yield cost savings that can range
from 18.7% to 27.2% for a 50-year and 25-year service life, respectively. The comparison
of these LID types has also been studied by other research [14] using cost to determine
the cost-benefit of its application in various sites. While the distribution pattern of LID
controls remains one of the major considerations in planning [15], the decentralization
of these stormwater structures has been highlighted as it can reduce peak flow and peak
flow time [16,17], and runoff pollutants [18]. Moreover, the difficulty in maximizing the
use of LID practices has led to multiobjective optimization analyses through the use of
approaches such as genetic algorithms and evolutionary algorithms [19], and the Electimize
optimization algorithm [20], to name a few. Most of these LID optimization studies have
focused on the design (LID type and area) and cost optimization as well as performance
evaluation of multiple LIDs and uncertain parameters [21].

While the application of LID technology is utilized and studied in a variety of devel-
oped countries such as Japan, China, and the USA [22], expertise about LIDs in tropical
countries is not yet explored. Modeling approaches have then been adopted in many
studies for preliminary assessments and comparison with post LID applications, where the
Stormwater Management Model (SWMM) has been widely used for a variety of stormwater-
related research. Tobio, Maniquiz-Redillas, and Kim [23] used SWMM to evaluate the per-
formance of a storage-infiltration system and tree box filter, where the LID controls attained
a volume reduction ranging from 65.3-83.6%, a total suspended solid reduction ranging
from 62.8-83.5%, and heavy metal reduction ranging from 38.3-67.9%. Bae and Lee [24]
have simulated green roof and permeable pavement LID controls based on previous flood
events using an SWMM model, with the LID scenario generating reduced runoff, flood
volume, and peak flow while showing that its application can have the same effect with
enlarging the area of the receiving conduits by 11-13%. Rong et al. [25] have modeled
vegetative swales, sunken green spaces, rain barrels, and combined LID practices, where it
netted a 5 to 35% peak flow reduction and over a 70% volume reduction with increasing
return periods. The use of these modeling techniques can bridge the current research gap
of LID application in these tropical locations.

The main objective of this study was to investigate the hydrological performance and
decentralized modeling approach using the Stormwater Management Model (SWMM).
The specific objectives of this study were (1) to characterize the rainfall using different
plotting positions, (2) to evaluate the cost-efficiency of LID scenarios in varying surface
areas through a cost-effectiveness analysis, and (3) to assess flow reduction and infiltration
improvement of the cost-effective LID scenarios through simulations. The results of this
study could be useful in understanding the efficiency of LID controls in varying rainfall
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amounts, which could be beneficial in pilot studies that lack preliminary site data. Likewise,
the incorporation of cost-effectiveness analysis in LID projects could assist policymakers
and urban planners in the optimization of LID selection and sizing.

2. Materials and Methods

The methodology of the study is shown in Figure 1, where site, rainfall, and cost
data were collected to determine the scenarios for simulation and analysis. The LID and
design rainfall scenarios were used in the SWMM model to obtain the flow reduction,
whereas the cost data were used for estimating the optimistic and pessimistic life cycle
costs of the LIDs. These flow reduction and cost estimate results were then used for the
cost-effectiveness analysis, which will dictate the cost-effective or optimal LID scenarios in
the site for further assessment.

Input Output
Site Data LID Scenarios ﬁ
SWMM Model N .
Setup Flow Reduction
. . Cost- Optimal
Rainfall Data De;::%r:‘;ia:;fall 41 effectiveness > Scenario
Analysis Assessment
A
; Opfimistic and
LID Cost Data g Lufg sct:iy;ﬁigr? - » Pessimistic
Cost Estimation

Figure 1. Flowchart of the research methodology.

2.1. Study Area

A residential subdivision located in Bacoor, Cavite, Philippines was selected as the
site area for this study (14°27'6.3432”, 120°56'48.264"). Figure 2 shows the geographic
location of the study area. The province of Cavite is under a tropical monsoon climate,
which receives an annual rainfall of 1780.5 mm (70.1”) and has a temperature that ranges
from 25.6 °C to 28.9 °C (78.0 °F to 84.0 °F). The area has been undergoing huge amounts
of urbanization over the past few years, with its focus shifted to the residential sector.
Residential areas already take up more than 72.67% of the existing land in 2015 and are
proposed to expand to 77.45% by 2024, according to a local report [26].

The selected catchment in Cavite has an estimated area of 12,884 m? (1.29 hectares).
The catchment is almost fully impervious except for a small park (1151 m?) in the middle.
This was selected as the proposed LID application area. The distribution of land types in
the park area includes the parking lot (13.2%), lawn (27.0%), greeneries (8.33%), and pool
area (42.7%), with only 38.7% of its total area categorized as green space.

2.2. Design Rainfall Scenarios

Daily rainfall data from the nearest rain gauge of the study area for the years 1975
to 2019 from the Philippine Atmospheric, Geophysical, and Astronomical Services Ad-
ministration (PAGASA) were used in this study. The collected data for the years 1979,
1980, 1991, 2014, and 2015 were omitted, however, as they had missing daily data. Thus, a
40-year rainfall analysis was performed on the data of the chosen station. The 80th, 90th,
95th, and 99th rainfall percentiles were taken from this accumulated rainfall data through
the use of plotting positions, as used by another study [27], for input in the model. Five
different rainfall plotting positions, namely the California, Hazen, Weibull, Chegodayeyv,
and Blom estimation methods [28,29], were compared for assessment. Equation (1) shows
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the formula for California, Equation (2) for Hazen, Equation (3) for Weibull, Equation (4)
for Chegodayev, and Equation (5) for Blom plotting positions.

P=z (1)
P m ;\]O.S o)
P= g 3
P=Nron ©

where P is the probability of exceedance of the m!" observation, m is the rank, and N is the
number of observations.

Palawan

0 25 5km
—_— ANy Batangas

Figure 2. The geographical location of the study area in Bacoor, Cavite, Philippines.

2.3. Hydrologic Model

The US EPA SWMM is an open-source software used for modeling in this study.
SWMM is used for single-event or long-term simulations of water runoff and is widely
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used for urban and non-urban zones to conduct planning, analysis, and design related to
address stormwater runoff problems [30]. The integrated LID module in the software makes
SWMM a commonly used model of much LID-related research [31-37], and it has also been
coupled with other models such as PCSWMM [35] for additional calibration analyses.

The SWMM model of this study is composed of 6 sub-catchments, 1 conduit link,
1 junction, 1 outfall, and 1 rain gauge, as shown in Figure 3. Only one conduit was placed
in the model as it was the only proven drainage line from the site investigation. In this
assessment, it was presumed that the whole swimming area was completely impervious.
The runoff that will accumulate on the surrounding impervious areas such as the residential
roofs and roads was neglected in the model as the park area is elevated, implying that
runoff from these areas was not to be treated by the LID controls to be placed. Therefore,
the scope was limited to the park area only. The summary of the sub-catchment parameters
is summarized in Table 1. Dynamic wave routing was selected as the flow routing method
for the model because it was utilized in a previous LID study with a similar catchment land
use [38], and it was noted as the routing method that can produce the most theoretically
accurate results [30]. The Horton Infiltration Model was used as the infiltration model
utilized by the previous research [33-35,38].

=
=

27
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2
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Figure 3. Location of the greenery, parking lot, and lawn area in the study site and the decentralized
SWMM model.

Table 1. Model characteristics of the study site.

Sub-Catchment Approximate Impervious Average Slope Overland Flow
Name Area (m?) Cover (%) (%) Width (m)

S1 119.4 87 0.1 10.93

S2 220.2 76 0.1 14.84

S3 137.9 80 0.1 11.74

S4 460.2 42 0.1 21.45

S5 75.80 100 0.1 8.706

S6 76.42 100 0.1 8.742
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2.4. Low Impact Development Strategies

The selection of LID structures for this study was based on site limitations and avail-
ability in the SWMM software. The bioretention [14,31,33,39,40], infiltration trench [39],
and permeable pavement [24,32-34], as identified in other studies, were taken as the LID
controls to be used for simulation. Single LIDs and the combination scenarios of differ-
ent LIDs were selected as scenarios for this study as in other studies [14,25] to compare
the water quantity and overall effectiveness of each placement concerning its cost and
to determine the optimal combination given the assessed parameters. Table 2 shows the
summary of the scenarios used in this study. It was assessed that the implementation of
LID controls was only possible for the lawn, greenery, and parking lot areas of the study
site. The largest area was presumed to be captured by the bioretention in the lawn area and
was closely followed by the infiltration trench through the surrounding greenery spaces.
The permeable pavement, which was to be placed on the parking lot, catches the smallest
portion of the park area at 14%. The application of all three LIDs in the site would dictate
that the whole study site was treated by the LID controls.

Table 2. LID scenarios used in the study.

Scenario Code  Applied LID Control Placement on the Site Percentage of the

Park Captured (%)
BR Bioretention Lawn 43.8
IT Infiltration Trench Greeneries 422
PP Permeable Pavement Parking Lot 14.0

BR + IT Blo.reter}tlon and Lawn and Greeneries 86.0
Infiltration Trench

BR + PP Bioretention and Parking Lotand Lawn ~ 57.8
Permeable Pavement

IT + PP Infiltration Trench and Parking Lot, Greeneries, 56.0
Permeable Pavement and Lawn
Bioretention, Infiltration Lawn. Greeneries. and

BR + IT + PP Trench, and Permeable ! ! 100

Pavement Parking Lot

2.5. Cost-Effectiveness Analysis

The cost performance of a given product or service can be generally computed by
dividing the cost over its effectiveness, or inversely, effectiveness over its cost [25]. This
study adopts the equation used in the study of Yang et al. [14], which divides this present
value cost (PVC) over its present value benefit (PVB). The cost-effectiveness (C/E) ratio
is shown in Equation (6). The inverse of this equation has been used in other LID-related
studies such as those performed by previous studies [33]. The PVC selected for this study
is the life cycle cost, while the PVB was based on the flow reductions for each scenario and
rainfall percentile specified in the preceding sections.

PVC

C/E=35vE

(6)
where C/E is the cost-effectiveness, PV C is the present value cost, and PV B is the present
value benefit.

The capital costs, maintenance costs, and LID lifespan data estimated from previous
studies in other countries [14,31,33,39,41] were used in this study as there are currently no
available costing data for LIDs in the Philippines. The estimation of the optimistic and
pessimistic cost estimates, as also performed by another study [12], were used in this assess-
ment to determine the potential price ranges and the difference in sizing in the LID selection
based on the lowest and highest taken costs. The bioretentions generally had the highest
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construction (64.52-158.9 USD/m?) and maintenance costs (3.55-7.19 USD/m?), followed
by the infiltration trenches whose cost was middling in both the capital (65-123.6 USD/m?)
and maintenance costs (1.86-6.18 USD/m?). The permeable pavements, which were the
least costly control in terms of maintenance (0.28-1.57 USD/m?), had the largest capital cost
range (28-150 USD/ m?) as observed from different studies. These collected values were
used as the basis for the maximum potential costs of the selected LIDs in the Philippines.
Lower LID construction and maintenance costs are expected in the country due to its low
gross domestic product (GDP) compared with the countries where data came from [42].

The life cycle cost (LCC) was then computed using these data to obtain the PVC values
for each varying size. The LCC is an index that incorporates all costs throughout the lifetime
of a material or service, including the capital, operation, maintenance, replacement, and
salvage value cost. Equation (7) shows the computation of a product’s life cycle [43] and
Equation (8) shows the computation for the real discount rate [44]. The nominal interest
rate and inflation rate were based on historical data in the country since 2016, while the
pessimistic LCC estimates of the selected LID controls were roughly 100-400% larger than
the optimistic LCC estimates.

LCC:C+A%

d(1+4)" @)
_i=f
1+ f ®

where LCC represents the life cycle cost or present worth value, C for the initial construction
cost ($), A for the annual maintenance cost ($), 4 for the real discount rate, # for the design
life in years, f is the inflation rate, and i is the nominal interest rate.

3. Results and Discussion
3.1. Runoff Reduction with Respect to Design Rainfall

The design rainfall was identified by ranking the daily rainfall amount for each year
through a plot, where the probability percentages were based on the selected plotting
positions specified in Equations (1)—(5). The average of each year was then interpolated
for each percentile to obtain the estimated rainfall amounts, as shown in Table 3. The
Weibull distribution generated the largest amounts from the assessment, and this was
closely followed by the Chegodayev, Blom, Hazen, and lastly, by the California plotting
positions in all rainfall percentiles. These values were 0.65% to 3% larger than the other
methods for the 80th percentile and around 5.22% to 15.44% larger in the 99th percentile,
indicating that the difference was much more significant in higher rainfall percentiles.

Table 3. Corresponding rainfall amount for each plotting position.

. . 80th Percentile 90th Percentile  95th Percentile = 99th Percentile
Plotting Position

(mm) (mm) (mm) (mm)
California 4.386 16.08 33.93 86.14
Hazen 4.473 16.41 34.73 91.90
Weibull 4.517 16.64 35.44 99.44
Chegodayev 4.488 16.49 35.01 94.51
Blom 4.474 16.42 34.81 92.66

Figure 4 shows the distribution of the 40-year rainfall data using the Weibull distri-
bution method, where most observed events had a value of less than 50 mm accumulated
within the 80% to 90% probability. The total rainfall amount calculated by the distribu-
tion method and used in the simulation are as follows: 4.517 mm for the 80th percentile,
16.64 mm for the 90th percentile, 35.44 mm for the 95th percentile, and 99.44 mm for the
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99th percentile. Since it produced the highest values in the assessment, the Weibull values
were selected over other methods to prevent the underestimation of input rainfall in the
model. Murugappan, Sivaprakasam, and Mohan [28] have also stated that the Weibull
plotting position is the best distribution type in the frequency analysis of hydrologic data.
Furthermore, this plotting position was used by another study in their rainfall analysis
before LID modeling [27]. As this was still the daily amount, rainfall disaggregation using
the Triangle method was performed on the 40-year rainfall data, where it was further
distributed over a 24 h period as used by Frias and Maniquiz-Redillas [27].

Chart Area

50 100 150 200 250 300 350

Precipitation (mm)
Figure 4. Weibull plotting position of all collected daily rainfall data for the years 1975 to 2019.

The computed rainfall values were placed in the model and then simulated to obtain
the flow reductions for each scenario. Arbitrary LID surface areas in the form of surface
area/catchment area (SA/CA) ratios were initially set in the model based on the limit on the
available area to understand the flow reduction trend of increasing ratios, as used in similar
studies [45,46]. Figure 5 presents a regression analysis of the flow reduction comparison of
all LID controls used in the study with respect to SA/CA ratio for the corresponding 90th,
95th, and 99th rainfall percentiles. Results have indicated that increasing flow reduction
could be achieved with increasing SA/CA ratios for each LID scenario. Higher flow
reduction (more than 70%) was generally observed in lower rainfall percentiles (90th) for
SA /CA ratio of at least 1.6.

The current available surface areas on the sites have SA /CA ratios of 0.652, 0.209, and
1 for the BR, IT, and PP, respectively, and were enough to reach the maximum reduction ca-
pability in the site area, although it was generally not obtained in higher rainfall percentiles.
The small size requirements to attain the maximum reduction capability were likely due to
the small areas of the respective sub-catchments. Barring the limitations of capturing the
99th percentile, which did not attain this maximum reduction capability in any scenario,
this showed that there was sulfficient space to maximize the effectivity of the LID in the site
area without completely occupying the available space.

The IT practices generated the largest flow reductions among all three single LID
scenarios, reaching a 47.2% reduction in the 80th percentile, 31.2% reduction in the 90th
percentile, 21.4% reduction in the 95th percentile, and 17.6% reduction in the 99th per-
centile in their maximum SA/CA ratios. These high percentages in comparison with other
practices in this study were attributed to its large capture area from the delineation and
impervious-heavy sub-catchments that it treats. This was followed by the BR practices,
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whose reductions can range from 26 to 45%, given that it has a larger green space available
for construction. The PP practices tended to yield the least amount of flow reduction in the
site even in higher SA /CA ratios, peaking only at around 15-18% in all four percentiles,
due to its comparatively small space. In addition to these simulations, combination LID
scenarios were also modeled in SWMM for comparison with the single LID scenarios.

eeeeeee BR-95 ’,"‘
e e e 00 eBR-99 Lse”

— [T-95 DAL IRt

o |T-90 L1y -

= = = = PP-95
e e PP-99

IT-90 -

—
—
—

.womm’oooooooooooooooooo
eoeocoeo000 oS

0.2 04 0.6 0.8 1 1.2 14 1.6 1.8
Surface Area to Catchment Area Ratio (SA/CA)

Figure 5. Regression analysis of the flow reduction of the bioretention (BR), infiltration trench (IT),
and permeable pavement (PP) LID practices in the site area with respect to SA/CA ratio for the
corresponding 90th, 95th, and 99th rainfall percentiles.

3.2. Sizing Selection Based on Cost-Effectiveness Analysis

The cost-effectiveness assessment (C/E) of LID controls has been performed in other
studies to assess their effectiveness in terms of water quality reduction [15,38] or water
quantity improvement [12,13] with regard to the cost in the selection of optimal LID controls
in their respective area. In this study, the C/E assessment was performed on all varying
rainfall percentiles, LID scenarios, surface areas, and life cycle cost estimate to determine
the most cost-effective sizes and combination of LID controls suited to the site area. This
totaled to around 2112 manually simulated LID scenarios for assessment, with 4 additional
baseline or no LID scenarios of each selected rainfall percentile for flow comparison. The
normalized cost-effectiveness analysis results were presented in a box plot, as shown in
Figure 6a,b for the optimistic and pessimistic estimate box plots, respectively.

The assessment of the obtained values can be separated from the differences in the
cost estimates, rainfall percentiles, and LID scenarios. Comparing the two cost estimates, it
was observed that the C/E ratios doubled from the optimistic to the pessimistic estimate.
The optimistic estimate peaked at around 0.40 while the pessimistic estimate peaked at
the largest normalized C/E ratio. The largest change was observed in the PP scenario,
where it peaked at 0.10 in the optimistic estimate but reached a value of 0.60 in the pes-
simistic estimate, reflecting its huge price range from previous studies. The wide difference
between the optimistic and pessimistic C/E ratios is an indication that there is a large
range of variations for that specific structure. The permeable pavement structures, which
attained this largest difference in this study, have many different variations in the form of
concrete pavers, porous asphalt, and pervious concrete to name a few [4]. LID controls
with large differences offer a distinct advantage as planners have multiple options for
selection in application, although decision-making can become difficult if there are too
many alternatives to choose from. In the comparison of the rainfall percentiles, it was
revealed that the 80th, 90th, and 95th percentiles have average cost-effectiveness ratios near
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each other in all scenarios, with the 99th percentile being the outlier in the data group. This
implied that capturing a rainfall percentile near this amount may not be sustainable and
the optimal capture range would be between these three percentiles. Slightly larger costs
and lesser reductions, however, were expected as the percentiles increased. The selection
of the best rainfall percentile for capture would still be dependent on the location due
to diverse rainfall amounts in the Philippines. In comparing the LID scenarios, it was
observed that scenarios with multiple LID controls (BR + IT, BR + PP, IT + PP, and BR + IT
+ PP scenarios) generally have a smaller ‘box” as opposed to single LID scenarios (BR, IT,
and PP scenarios), indicating that the payoff for these scenarios is typically better despite
the higher initial costs. The average cost-effectiveness ratio was also observed to be lower
than in single LID scenarios, which makes the multiple LID scenarios a more efficient
choice. The lowest ratios, however, were still observed within the single LID practices. The
averages and minimum values of the IT + PP scenarios were also observed as the lowest in
most scenarios presented, indicating that it is the most cost-efficient scenario regardless
of size. The same scenario had the lowest medians as well in some percentiles, alongside
the single LID IT and PP scenarios. The scenarios with the BR, including the BR, BR + PP,
and BR + IT scenarios, tended to have the highest C/E ratios in all parameters and rainfall
percentiles, indicating that it is the least cost-friendly scenario. The BR + IT + PP scenario,
despite having the highest reductions among all seven, did not attain a high C/E value.
This result where all LID scenarios did not attain the highest C/E ratios were also observed
in another study [14].

[ 80th [ 90th [ 95th [7]99th

IITm ]

A A )

IT PP BR+IT BR+PP IT+PP BR+IT+PP
(a)
[ L {
i . ‘
| = : 1 :
o
. ﬂ
IT PP BR+IT BR+PP IT+PP BR+IT+PP
(b)

Figure 6. Box plot of the cost-effectiveness of the (a) optimistic estimate and (b) pessimistic estimate
optimal scenarios.
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The selection of the cost-effective scenarios, denoted as the optimal scenarios for
assessment in this study, were based on the lowest ratios for each scenario in each percentile,
as these were deemed as the most cost-effective scenarios. One sizing value was taken from
each percentile, LID scenario, and optimistic and pessimistic estimate. The sizes of the
optimal scenarios are presented in Table 4 for the optimistic and pessimistic cost estimates.
The low SA/CA results were due to the sub-catchment area, whose value might change
if this was applied in a larger site or catchment. Different LID sizes were noted for the
combination LIDs between the two cost estimates, while the same sizes were considered
for the single LID scenarios. In both estimates, it was observed that the BR was kept at
the minimum simulation size (0.011) in all scenarios likely because of its high construction
and maintenance cost. Varying permeable pavement sizes were observed in the optimistic
estimate and varying infiltration trench sizes were seen in the pessimistic estimate, which
further emphasizes the low LCCs of the two LIDs as opposed to the other structures in
their respective cost valuations.

Table 4. Sizing of the optimal scenarios using optimistic and pessimistic cost estimates.

Optimistic Cost Estimate Pessimistic Cost Estimate
Scenario  Rainfall BR IT PP BR IT PP
P til
ercentile AP}JrOX. Approx. AP}JrOX. Approx. Approx.  Approx. Approx.  Approx. Approx.  Approx. Approx.  Approx.
SA/CA  Size (m?) SAICA  Size (m?) SAICA  Size (m?) SAICA  Size (m?) SAICA  Size (m?) SAICA  Size (m?)
80% 0.011 5 - - - - 0.011 5 - - - -
90% 0.011 5 - - - - 0.011 5 - - - -
BR
95% 0.011 5 - - - - 0.011 5 - - - -
99% 0.011 5 - - - - 0.011 5 - - - -
80% - - 0.010 5 - - - - 0.010 5 - -
- 90% - - 0.010 5 - - - - 0.010 5 - -
95% - - 0.010 5 - - - - 0.010 5 - -
99% - - 0.010 5 - - - - 0.010 5 - -
80% - - - - 0.033 5 - - - - 0.033 5
op 90% - - - - 0.066 10 - - - - 0.066 10
95% - - - - 0.033 5 - - - - 0.033 5
99% - - - - 0.066 10 - - - - 0.066 10
80% 0.011 5 0.010 5 - - 0.011 5 0.010 5 - -
90% 0.011 5 0.021 10 - - 0.011 5 0.021 10 - -
BR +IT
95% 0.011 5 0.031 15 - - 0.011 5 0.031 15 - -
99% 0.011 5 0.084 40 - - 0.011 5 0.084 40 - -
80% 0.011 5 - - 0.066 10 0.011 5 - - 0.066 10
90% 0.011 5 - - 0.131 20 0.011 5 - - 0.131 20
BR + PP
95% 0.011 5 - - 0.263 40 0.011 5 - - 0.263 40
99% 0.011 5 - - 0.657 100 0.011 5 - - 0.657 100
80% - - 0.010 5 0.033 5 - - 0.010 5 0.033 5
90% - - 0.010 5 0.131 20 - - 0.010 5 0.131 20
PP +IT
95% - - 0.010 5 0.131 20 - - 0.010 5 0.131 20
99% - - 0.010 5 0.263 40 - - 0.010 5 0.263 40
80% 0.011 5 0.010 5 0.033 5 0.011 5 0.010 5 0.033 5
BR +IT 90% 0.011 5 0.010 5 0.131 20 0.011 5 0.010 5 0.131 20
+PP 95% 0.011 5 0.010 5 0.328 50 0.011 5 0.010 5 0.328 50
99% 0.011 5 0.010 5 0.328 50 0.011 5 0.010 5 0.328 50

3.3. Rainfall-Runoff Characteristics of Each LID Scenario

The comparison of the scenarios to the no LID scenario for the 80th, 90th, 95th, and 99th
percentile can be seen in Figure 7a-h for the optimistic optimal scenarios and pessimistic
optimal scenarios, respectively. The application of the optimal LID practices has shown a
decrease in the flows and peaks. Due to the small sizes and SA /CA ratios of the optimal
scenarios, low reductions were observed in high rainfall percentiles. The largest peak
flow reductions were seen in the 80th percentile, where it can reach a 29.73% reduction,
and it progressively becomes lower as the target goal or rainfall percentile becomes larger,
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attaining only a 13.81% reduction at the BR + IT + PP scenario. Despite the similar results
of the 80th percentile, peak flow reductions in the pessimistic estimate were 3% and 11%
better than the optimistic estimates in the 90th and 99th percentiles, while 2% worse in the
95th percentiles. The time lag of the peak flow compared to the no LID scenario was also
observed in some cases, where the BR + IT + PP and PP + IT scenarios have delayed the
peak by 1 h in the 80th percentile in both cost estimates, demonstrating the LID scenarios’
capability in delaying the pipe’s maximum capacity in storm events [32]. This delay of peak
flow, however, was not as apparent as the hydrographs in other studies [24,31] because this
study used low SA /CA ratios for the optimal LID assessment.
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Figure 7. Hydrographs of the optimal scenarios in the (a) 80th, (b) 90th, (c) 95th, and (d) 99th
percentiles for the optimistic estimate and (e) 80th, (f) 90th, (g) 95th, and (h) 99th percentiles for the
pessimistic estimate.

3.4. Hydrologic and Hydraulic Performance of the Optimal Scenarios
3.4.1. Flow Reduction

The radar chart comparing the inflow, outflow, and peak flow comparisons is shown
in Figure 8a—h. The rainfall amount was a determining factor in the overall flow reductions,
given that higher reductions were observed in the 80th percentile (30-55%) than in the
99th percentile (2-20%) between the two cost estimates. The combination LID scenarios,
particularly the BR + IT + PP scenario, appeared to have the best reductions for each
parameter and percentile in both cost estimates due to its large theoretical capture area.
Conversely, due to the small capture areas of the single LID scenarios, they were regarded
as less effective in terms of flow reduction. Values obtained for the BR were the lowest in
all given scenarios, with reductions ranging only from 1-10%, as its optimal SA /CA ratio
was only at 0.011. This trend, where the multiple LID scenarios yielded better reductions
as opposed to the single LID scenarios, was also seen in other studies, where the multiple
LID scenarios yielded the best runoff [17], peak flow, and volume reductions [14]. In the
comparison of the two cost estimates, better flow results were observed in most cases for the
optimistic cost estimate (2-39%) than the pessimistic cost estimate (10-28%) across the 90th
to 99th rainfall percentiles. Studies have also assessed the flow reduction of LID scenarios
in larger predominantly impervious catchments, where it can reach a flow reduction of 21
to 50% [47,48], although larger LID sizes may be required to treat a higher influx of runoff.
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Figure 8. Reduction efficiencies of the optimal scenarios in the (a) 80th, (b), 90th, (c) 95th, and (d) 99th
percentiles for the optimistic estimate and (e) 80th, (f) 90th, (g) 95th, and (h) 99th percentiles for the
pessimistic estimate.
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3.4.2. Infiltration Improvement

The improvement of the infiltration of the optimal scenarios from the no LID sce-
nario was also explored, given its capability to further increase infiltration rates [48,49].
Figure 9a,b shows the results of infiltration for all scenarios for the optimistic and pes-
simistic cost estimates, respectively. The best infiltration simulations came from the BR +
IT + PP scenario, with some of them generating an increase of more than 1000% despite
the low SA/CA ratios. These results demonstrate that LID practices have a huge effect
on total infiltration and groundwater recharge even with small LID surface areas. The
other combination scenarios followed the BR + IT + PP scenario, and the scenarios that
had the least infiltration were the single LID scenarios. The BR scenario had the worst
infiltration improvements, all results of which yielded only about 2-3%, likely due to the
existing pervious space of its catchment area which already percolates incoming stormwa-
ter. Higher infiltration rates were observed in higher rainfall percentiles in this assessment,
which is the opposite from another study [50] whose infiltration gradually dropped as
the rainfall intensity increased. This was due to the rainfall rate being higher than the
maximum infiltration rate of the soil on that site, signifying that soil has a heavy influence
on the overall infiltration. Infiltration results may also change if this was applied in a larger
catchment, although the imperviousness of the catchment becomes a larger factor as higher
infiltration rates are expected in urbanized catchments or more impervious regions [51].
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Figure 9. Cont.



Hydrology 2022, 9, 62

16 of 19

Infiltration Improvement (%)

1200%

1000%

800%

600%

400%

200%

0%

80th 90th 95th 9Sth

Rainfall Percentile
(b)

Figure 9. The improvement of infiltration using optimal scenarios under the (a) optimistic and
(b) pessimistic cost estimate.

4. Conclusions

The selection for an optimal arrangement of LID requires many goals and aspects to
consider prior to implementation due to the distinction of rainfall, imperviousness, land
use, and availability of placement to name a few. This study assessed the application of LID
technology within a tropical residential park area using varying rainfall percentiles, LID
controls, surface areas, and cost estimates through a cost-effectiveness analysis and SWMM
modeling. The IT + PP scenario was deemed the optimal scenario for the site area regardless
of size due to their low average C/E ratios from the cost-effectiveness assessment. The use
of optimistic cost estimates has shown that the permeable pavements were cost-effective,
while the pessimistic cost estimates have shown that it was the infiltration trench instead.
Despite the low SA/CA ratios obtained from the C/E assessment, the LID scenarios
generated flow reductions to the receiving pipe, which is more evident in lower rainfall
percentiles than in higher rainfall percentiles. The best flow reductions and infiltration
capabilities were attributed to the BR + IT + PP scenario in both cost estimates. However, the
PP and IT remained the least expensive options in terms of capital costs for the optimistic
and pessimistic scenarios, respectively. Setting the capture goal to around the 90th and 95th
percentile also appears to be the ideal choice in the site to maximize the capabilities of the
LID in terms of water quantity reduction because the low rainfall of the 80th percentile
allows it to be captured easily and the 99th rainfall is generally unsustainable in the long run.
The cost-effectiveness results could be useful in identifying the viable LID combinations to
be placed on a site given varying initial budgets and site limitations. These results, however,
can still be expanded further in future studies as it is limited by the small catchment area for
modeling and analysis, and calibration and validation are still lacking from the assessment.
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