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Abstract: Low-impact development (LID) aims to retain stormwater at source sites rather than
achieve water drainage. The infiltration and storage of rainwater on site is the most commonly
applied LID design concept, turning impervious pavements into pervious pavements. In this study,
three field sites in Taipei city, Taiwan, were monitored. Two of the sites were located on campuses,
and one site was a roadside location. They were constructed at different times and had distinct
purposes, but the common design aspect was the infiltration function of the ground surface. We
monitored the water retention performance at the above three sites and applied a verified stormwater
management model (SWMM) to characterize the performance at these case sites. The observed
data show that if the accumulative rainfall was lower than 20 mm, the water retention rate at each
of the three case sites reached almost 50%; at 60 mm rainfall, the rate was 40%. With increased
rainfall amount, the water retention rate decreased because the storage capacity was limited. Because
water retention is typically controlled by the infiltration capacity, the rainfall intensity dominated
the performance. At the three field sites, the water retention rate was 40% on average at a rainfall
intensity below 20 mm/h. Above this rainfall intensity, the infiltration performance of the pervious
pavement decreased. The verified model was applied to assess the performance at the three sites
under the Taipei city drainage system design standard, i.e., the five-year recurrent period storm level,
at 78.8 mm/h. The results demonstrate that the water retention rates were 9.1%, 14.2%, and 61.0%
at the three sites, indicating that the pervious pavement could reduce the loading of the current
stormwater drainage system. Dispersed sites should be considered in urban stormwater management
to mitigate flooding risk in urban areas.

Keywords: pervious pavement; infiltration; low-impact development (LID), SWMM; urban stormwa-
ter management

1. Introduction

Urban stormwater management is important for citizens. An effective drainage system
facilitates the quick drainage of rainfall runoff to avoid possible flooding. However, under
high urbanization, more buildings and roads are built. The loss of the water-retaining
function of soil in urban areas changes the hydrologic cycle and increases the runoff
quantity [1]. By increasing runoff volume and flow rate, conventional concentrated and
large-scale drainage systems might be limited in their adaptability to dynamic changes in
urban surfaces and climate conditions [2,3]. Therefore, runoff retention at the source has
become a mainstream method. The application of various infiltration or storage facilities to
retain the increased runoff generated from impervious grounds could reduce the urban
flooding risk, and this idea has been widely implemented in many cities.

The modification of impervious pavement to pervious pavement is a common practice
to retain rainwater in source areas. In highly developed cities, the area of impervious pave-
ment is large. The enhancement of the infiltration capacity of the pavement facilitates the
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retention and deceleration of runoff, and the infiltrated water supplements groundwater,
which benefits the underground ecosystem. Weiss et al. [4] reviewed the use of permeable
pavement over the past two decades and emphasized that the infiltration capacity and
design and construction methods were critical to overall performance. Pervious pavement
has been recommended as a low-impact development (LID) facility. The LID method
effectively manages stormwater at the source with decentralized microscale control mea-
sures [5,6]. The LID method has been effectively applied in Taiwan, achieving an average
runoff reduction of approximately 30% [7–9]. In Taipei city, the capital city of Taiwan, the
government has aimed to establish a sponge city since 2015. A sponge city is a city that
functions like a sponge, which absorbs water and adapts to notable rainfall changes. In
the future vision of Taipei city, the sponge city policy aims to upgrade the urban water
environment, including a resilient and adaptive water environment, sustainable water use,
and public-friendly water spaces.

Many studies have proven the performance of LIDs through experimental cases,
including studies of permeable pavement [10–12], bioretentions [13], and combined LID
facilities [14,15]. Some studies used modeling tools to assess the benefits of LIDs in
managing urban stormwater, such as Ahiablame et al. [16], Lee et al. [17], Hu et al. [18], Bai
et al. [19], and Li et al. [20]. However, field monitoring data are still lacking. In particular,
it is difficult to assess LIDs at the watershed scale experimentally [21], and it is much more
difficult to monitor field sites than to monitor pilot sites, especially in cases in which the
LIDs have already been constructed and are in operation. Although there are many cases in
China, quantitative evaluations are lacking [20]. The monitoring plan is rarely considered
before construction, resulting in few field data of LIDs.

In this study, we monitored three field sites including two pervious pavements and one
rain garden to assess their practical contribution to water conservation. Water conservation
is attributed to either the infiltration or storage function of the applied facilities. It is
calculated as the difference between the runoff inflow and outflow at a given site. Other
benefits provided by LIDs, such as water quality improvement and temperature mitigation,
were not considered in this study. In addition to using onsite monitoring data, we applied
the stormwater management model (SWMM) to supplement the monitoring data. The
green approach is expected to enhance urban stormwater management, and in this study,
we assessed its performance by analyzing onsite-monitoring and simulated data.

2. Methodology
2.1. Description of the Field Sites

The 3 field sites were built at different times and locations in Taipei city, Taiwan. The
first site is the FuHsin site, which is a modified roadside location with permeable pavement
constructed in 2016. The second site is the Taipei Tech campus. The entire campus ground
surface was retrofitted with pervious pavement from 2002 to 2010. The third site is located
in the BeiTou elementary school, and the site was originally an idle corner space, which
was turned into a rain garden in 2019. The dimensions of the three sites differed, and they
were equipped with various LID facilities.

The site along FuHsin south road was settled in 2016, when the bicycle lane was
amended, and the pavement was reconstructed as pervious pavement to establish a pilot
sponge road. The construction of a sponge city is a Taipei city government policy, and the
roadside site is part of this plan to reduce the urban flooding problem. This reconstructed
site included pervious pavement, bioretention cells, and underground storage tanks. The
total area of this LID site is 1711 m2 and is separated into two subdrainage systems. The
total area of the pervious pavement is approximately 755 m2. The second site, the Taipei
Tech campus, is more complex. The school retrofitted its campus starting in 2002, and
campus transformation was gradually realized. The LID campus was constructed in several
stages until 2010. Although many LID facility types were designed across the campus, in the
majority of the area, pervious pavement was applied. The third site was newly completed in
2019 in the BeiTou elementary school. This site was sponsored by the Taiwan Environmental
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Protection Agency (EPA) as a pilot project to increase public awareness of climate change
adaptation. Through this project, teachers, students, and neighborhood communities can
better understand the climate change issue and the importance of adaptation. In contrast
to the retrofitting of the Taipei Tech campus, where LID facilities were dispersed across the
campus, the BeiTou elementary school site only covered a corner between two teaching
buildings. The total retrofitted area was smaller than 150 m2. The major LID facility at the
BeiTou site was a rain garden. In addition to the rain garden, an underground storage tank
and the pervious pavement were also included at this site. At the BeiTou site, there were
no single sensors to measure the infiltration of the pervious pavement because the area
is very small. Therefore, the infiltration performance determined in this study is that of
the rain garden. We measured the inflow and outflow of the rain garden to determine its
infiltration and storage performance. The locations of the sites are shown in Figure 1, and
Figure 2 shows the details of each site.
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Figure 2. Details of the sites. (a) FuHsin south road, (b) Taipei Tech, and (c) BeiTou elementary school.

The original soil at the three sites is sandy clay, and the infiltration rate ranges from
10−4 to 10−6 cm/sec. The FuHsin and Taipei Tech sites are located near the city center, and
the BeiTou site is located relatively northwest of the city, which is near the mountain and
receives more rain. The annual rainfall at the FuHsin and Taipei Tech sites is 2370 mm, and
that at the BeiTou site reaches 2478 mm.

2.2. Monitoring Plan
2.2.1. FuHsin Site

The monitoring period at the FuHsin site lasted from April 2018 to May 2019. An
onsite rainfall meter was set up. Four water level meters with weirs were employed to
measure the inflow and outflow in the two subdrainage areas. In this study, we determined
the performance of one subdrainage area. The placement of the monitoring sensors at the
FuHsin site is shown in Figure 3. The data from the B3 and B4 flowmeters were assigned
as inflow and outflow, respectively, of the selected subdrainage area.

The total number of monitored events was 40, and a summary is listed in Table 1. The
highest-rainfall event occurred on 8 September 2018, during which the total rainfall amount
was 152 mm and the instant maximum rainfall intensity was 94 mm/h. This intensity was
higher than the design standard of the Taipei stormwater system, 78.8 mm/h, and resulted
in temporary ponding. However, the total duration was 6 h, and the average intensity was
25.33 mm/h, less than the design value.
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2.2.2. Taipei Tech Site

The monitoring period at the Taipei Tech site lasted from May 2018 to May 2019.
Because the LID facilities were dispersedly located across the campus and the construction
times differed, we measured the final runoff output and applied a modeling tool to obtain
inflow data. Prior to the determination of the water conservation rate, the model was
calibrated and verified and then adopted to calculate the water conservation rate. Figure 4
shows the drainage system on the campus and the outflow monitoring location.
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Rainfall data were obtained on the campus, and flow data were acquired by an
onsite flowmeter. The total number of monitored rainfall events was 37. Similarly to the
monitoring data at the FuHsin site, the highest-rainfall event occurred on 8 September 2018.
However, the rainfall data were slightly different. The total rainfall was 187.4 mm, and the
instantaneous maximum rainfall intensity reached 111.8 mm/h. Table 2 summarizes the
monitored rainfall events at the Taipei Tech site.
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Table 1. Rainfall events monitored at the FuHsin site.

Date Total Rainfall (mm) Rainfall Duration
(h:min)

Average Rainfall
Intensity (mm/h)

12/4/2018 35.5 1:10 30.43
16–17/4/2018 17.8 8:40 2.05

8/5/2018 26.6 4:00 6.65
30/5/2018 18.2 00:30 36.40

10–11/7/2018 126.8 16:10 7.84
21/7/2018 26.6 7:20 3.63
24/7/2018 27.8 2:00 13.90
11/8/2018 30.2 7:50 3.86
12/8/2018 45.8 6:50 6.70
17/8/2018 31.2 1:40 18.72
20/8/2018 13 00:40 19.50
30/8/2018 54.4 9:20 5.83
1/9/2018 22.6 1:10 19.37
7/9/2018 39.6 3:50 10.33
8/9/2018 152.0 6:00 25.33
9/9/2018 18.4 17:20 1.06

15–16/9/2018 20.4 27:30 0.74
25–27/9/2018 24.2 35:00 0.69
10–11/10/2018 16.8 13:05 1.28
11–12/10/2018 25.8 17:45 1.45
16–17/10/2018 30.8 11:00 2.80

1–2/11/2018 21.8 42:10 0.52
23–24/12/2018 41.2 30:40 1.34
16–17/1/2019 21.1 25:00 0.85
23–24/2/2019 57.4 22:40 2.53
6–10/3/2019 89.4 84:20 1.06

25/3/2019 15 6:10 2.43
29–30/3/2019 24 5:20 4.50

11/4/2019 15.6 8:30 1.84
15–16/4/2019 29 24:00 1.21
20–21/4/2019 40.6 10:40 3.81

22/4/2019 23.8 5:00 4.76
1/5/2019 46.6 17:10 2.71

2–3/5/2019 14.4 20:30 0.70
6–7/5/2019 24.2 27:10 0.89

9–10/5/2019 14 8:20 1.68
17/5/2019 62.4 11:40 5.35
20/5/2019 57.8 05:20 10.84
27/5/2019 65.6 02:30 26.24
28/5/2019 34.2 06:40 5.13

2.2.3. BeiTou Site

The BeiTou site is a new pilot project, and all sensors were integrated with the Internet
of Things (IoT) system. We acquired instantaneous monitoring data on a website. The data
included the temperature, water level and flow rate. In this study, we focused on the water
conservation performance of the rain garden facility. There were four water level meters
(Figure 5). This corner site contained several inflows, which included the runoff from a
nearby basketball court and roofs of teaching buildings. The roof runoff directly flowed
into the site without monitoring. The roof runoff was determined based on the calculated
roof area and rainfall data. W1 and W2 monitored the inflow and outflow, respectively,
of the rain garden. W3 monitored the water level in the underground storage tank, and
W4 monitored the overflow of the underground tank, thus representing the outflow of the
whole site. In this study, we used the data of W1 and W2 to assess the performance of the
rain garden, regarded as a type of infiltration and storage facility.
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Table 2. Monitored rainfall events at the Taipei Tech site.

Date Total Rainfall (mm) Rainfall Duration
(h:min)

Average Rainfall
Intensity (mm/h)

8/5/2018 28.6 03:40 7.8
29/5/2018 14.2 01:50 7.75
30/5/2018 16 00:15 64
6/6/2018 13.6 01:30 9.07

10/6/2018 12.8 05:50 2.19
29/6/2018 13.2 01:15 10.56
30/6/2018 18.8 01:20 14.1

10–11/7/2018 106.2 16:45 6.34
21/7/2018 46 18:30 2.49
24/7/2018 21.6 00:50 25.92
12/8/2018 26.8 06:50 3.92
14/8/2018 13 11:10 1.16
17/8/2018 32.2 02:20 13.8
7/9/2018 60.6 04:05 14.84

8–9/9/2018 187.4 20:40 9.07
10/9/2018 16.4 09:45 1.68

25–27/9/2018 20 34:30 0.58
10–11/10/2018 20.2 25:40 0.79
11–12/10/2018 29.4 32:40 0.90
16–17/10/2018 29.6 23:50 1.24
26–28/10/2018 26.6 57:40 0.46
16–17/1/2019 18 25:15 0.71
23–24/2/2019 61 22:35 2.70
6–10/3/2019 113.8 96:15 1.18

25/3/2019 19.6 07:20 2.67
29–30/3/2019 19.2 05:00 3.84

11/4/2019 16 05:05 3.15
15–16/4/2019 29.8 24:05 1.24
20–21/4/2019 40.8 9:15 4.41

22/4/2019 14.4 4:50 2.98
01/5/2019 53.4 17:00 3.14
6–7/5/2019 20.2 24:30 0.82

9–10/5/2019 13 20:00 0.65
17/5/2019 58.4 11:00 5.31
20/5/2019 74.8 4:55 15.21
27/5/2019 57.4 1:45 32.80
28/5/2019 43.4 6:20 6.85
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Rainfall data were obtained with a rain gauge at the elementary school site. From
January to July 2020, a total of 13 rainfall events were monitored. The highest-rainfall event
occurred on 23 May during which a rainfall amount of 116.5 mm was recorded with a long
duration of 54 h. The average rainfall intensity was only 2.17 mm/h. The highest intensity
was observed on 27 March which was a short event, and the intensity reached 67.5 mm/h.
The monitored rainfall events at the BeiTou site are listed in Table 3.

Table 3. Monitored rainfall events at the BeiTou site.

Date Total Rainfall (mm) Rainfall Duration
(h:min)

Average Rainfall
Intensity (mm/h)

27/1/2020 31 20:20 1.52
16/2/2020 16.5 4:00 4.13
5/3/2020 18 10:30 1.71

10/3/2020 48.5 14:00 3.46
13/3/2020 19 10:10 1.87
27/3/2020 22.5 0:20 67.50
28/3/2020 20 6:50 2.93
23/5/2020 116.5 53:40 2.17
28/5/2020 64.5 35:20 1.83
2/6/2020 39 5:00 7.80
7/6/2020 50.5 8:10 6.18

14/6/2020 46 4:40 9.86
1/7/2020 0:30 18.5 37.00

2.3. The SWMM and the Model Validation Process

In addition to the obtained real monitoring data, we applied a model tool to assess
the performance at these sites. There were two reasons for the model tool application.
One reason was to assess the performance at the Taipei Tech site. Although we monitored
the onsite outflow, we could not acquire inflow data. Therefore, a model was needed to
simulate the runoff generated during rainfall events. The other reason was to simulate
the performance under the design storm standard of the Taipei city drainage system,
which indicates a 5-year recurrent period level of 78.8 mm/h. Once the model tool was
verified with the acquired real observation data, it served as a useful tool to assess different
scenarios.

The SWMM was developed by the USEPA and has been widely adopted. The SWMM
is capable of calculating various hydrologic processes and quantifying runoff curves from



Sustainability 2021, 13, 759 9 of 16

urban or nonurban areas under single short- or long-term precipitation events. It is a
useful tool to design drainage systems and to evaluate stormwater management prac-
tices. The model includes a LID module to assess the effectiveness of different types
of LIDs in managing runoff. Many studies have adopted the SWMM to assess LID
performance [17,19,20,22], and information on this model can be obtained from its of-
ficial website and manual [23]. In Taiwan, the SWMM has been applied in many fields,
such as urban stormwater management, flooding assessment, LID applications, watershed
management, and nonpoint source pollution determination. Therefore, this model was
chosen in this study.

Before applying a model tool, the model should be verified against onsite observations
to confirm the rationality of the model parameters. With regard to the three sites, we
used the real dimensions of each designed facility and onsite geographic data, such as soil
properties, land use, slope, and existing drainage pipes. After establishing an SWMM for
each site, the simulation results were compared to the observed data. The coefficient of
determination (R2) was adopted to determine the applicability of the simulation results. For
each site, one event was used to calibrate the model, and the calibrated model parameters
were then applied to other rainfall events to determine whether the simulations were
acceptable or not. If the R2 is larger than 0.5, and the results were regarded as acceptable. If
the verification results were not acceptable, the model parameters were adjusted. If the
results were acceptable, the model parameters were then applied to another event. We
applied the calibrated model parameters to the other events to verify their performance.
The calibration and verification process was considered accomplished when acceptable
results with calibrated model parameters for at least five events were obtained. For the
FuHsin site, we tested 13 events, and seven events were tested for the BeiTou site. The
Taipei Tech case is special. The observations at the Taipei Tech site are from after the
construction of the LIDs; therefore, we needed to simulate the runoff before the LIDs. All
events were used for model calibration and verification in Taipei Tech site.

3. Results and Discussion
3.1. Verification of the SWMM

The model calibration and verification results for the three sites are shown in Figure 6.
In this manuscript, we show the events that had the best performance. The calibration
and verification were based on the different rainfall events. For example, the rainfall
recorded on 12 August 2018, was used for calibration, and the event on 17 August 2018,
was used for verification of FuHsin site. The results for the FuHsin site are shown in
Figure 6a, and the R2 values associated with the calibration and verification were 0.94 and
0.92, respectively. Figure 6b shows the results for the Taipei Tech site, and the R2 values of
the calibration and verification were 0.93 and 0.9, respectively. The model results for the
BeiTou site are shown in Figure 6c, and the R2 values were 0.72 and 0.74 for calibration and
verification, respectively.

3.2. Observation and Simulation Results for the 3 Sites

The water conservation rate is calculated from the rainfall amount and rainfall intensity.
The water conservation rates based on the observations and verified model simulations are
shown in Figures 7–9.

At the FuHsin site, the lowest water conservation rate was 17%, which occurred under
the largest rainfall amount of 152 mm and the highest rainfall intensity of 25.2 mm/h. When
the total rainfall amount was smaller than 60 mm, the water conservation rate reached
almost 40%. The collected rainfall at this site was mostly in the range of 20 to 60 mm, and
the average water conservation rate was 40%, but the variation was high, ranging from 20%
to 90%. The rate decreased with the rainfall amount, but an obvious decreasing trend with
the rainfall intensity was not observed. A high water conservation rate occurred when the
rainfall intensity was lower than 5 mm/h, and the rate even reached up to 90%. At a rainfall
intensity between 5 and 30 mm/h, the average rate was 40%, with a variation ranging from
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20% to 60%. Because missing onsite data occurred, there were more simulation events than
observations. We found that the variability in the observations was higher than that in
the simulations, which resulted in different performance trends. Even though different
performance trends were observed between the observations and simulations, in general,
the average water conservation rate at the FuHsin site and its relationship with the rainfall
amount and intensity were consistent.
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Figure 7. Water conservation rate at the FuHsin site. (a) The conservation rate versus rainfall volume
and (b) the conservation rate versus rainfall intensity.
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Figure 8. Water conservation rate at the Taipei Tech site. (a) The conservation rate versus rainfall
volume and (b) the conservation rate versus rainfall intensity.
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Figure 9. Water conservation rate of the BeiTou site. (a) The conservation rate versus rainfall volume
and (b) the conservation rate versus rainfall intensity.

The observed range of the rainfall amount at the Taipei Tech site is wider than that at
the FuHsin site. Because of the wide range of rainfall properties, the relationship between
the water conservation rate and the rainfall amount and intensity is clear. High rainfall
amounts and intensities lead to a low water conservation performance. The lowest water
conservation rate is 12%, occurring under the largest rainfall amount of 187 mm. When
the rainfall amount is smaller than 30 mm, the water conservation rate is approximately
60%. When the rainfall amount is smaller than 60 mm, the water conservation rate reaches
approximately 40%. For most of the monitored rainfall events, the rainfall amount is
between 10 and 60 mm. In the 10–60 mm rainfall event, the simulated water conservation
rate is approximately 40%, but the observations indicate a rate higher than 60%. The
water conservation rate also decreases with the rainfall intensity. Most rainfall intensity
observations are lower than 5 mm/h, and the results reveal a high conservation rate ranging
from 40% to 90%. When the rainfall intensity increases to 20 mm/h, the conservation rate
decreases to 40%, and at a rainfall intensity of 40 mm/h, the rate decreases to 20%.

During the monitoring of the BeiTou site, the rainfall events exhibited a low intensity,
and the rainfall amounts were all smaller than 60 mm. The largest rainfall amount was
116.5 mm with a long duration, and the intensity was only 2.17 mm/h. Among the
13 rainfall events, only one event resulted in a 64% water conservation rate. The other
12 events yielded a 100% rate because no outflow was observed from the rain garden. This
might occur because of the small collection area and sufficient infiltration and storage
space. Because of the onsite limitations, we collected surface runoff data from part of the
nearby basketball court and teaching building roofs. It was impossible to collect all the
runoff from the entire surface of the basketball court and teaching building roofs because
of the orientations of their surface slopes. The small drainage area might explain why this
site attained a perfect water conservation rate of 100% in most rainfall events. According
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to the infiltration and storage capacity of the rain garden and the drainage area, this rain
garden was able to manage the runoff when the rainfall amount was smaller than 80 mm.
Figure 9 shows the results for the BeiTou site. Because of the limited rainfall events, no
relationship was determined with the rainfall amount and intensity at this site, in contrast
to the performance at the previous two sites.

In summary, the average water conservation rate at the three sites was 40% under
rainfall amounts smaller than 60 mm and intensities lower than 20 mm/h. The water
conservation rate decreased with increasing rainfall amount and intensity. Compared to
the other sites, the BeiTou site, with its relatively small drainage area, exhibited good water
conservation ability. The performance at the Taipei Tech site was better than that at the
FuHsin site. When we applied the regression equation determined from the observations
at the three sites, the water conservation rate could be compared at the same rainfall and
intensity. A summary is listed in the Table 4. The water conservation rate at the Taipei Tech
site could be 10% higher than that at the FuHsin site. For example, when the rainfall is
20 mm, the performance at the FuHsin and Taipei Tech sites is 60% and 76%, respectively.
At a rainfall intensity of 5 mm/h, the water conservation rate is 61% at the FuHsin site and
71% at the Taipei Tech site. Because there are fewer rainfall events, the performance at the
BeiTou site is almost 100%.

Table 4. Results of the water conservation rate calculated from the observation trend equations at
each field site.

Rainfall (mm) Intensity (mm/h)

Level 20 60 150 5 20 50

FuHsin 60% 53% 40% 61% 45% 25%
Taipei Tech 76% 65% 45% 71% 64% 52%

BeiTou 97% 90% 75% 96% - -

3.3. Performance Simulation with the Design Storm Standard

In addition to the performance during the monitored rainfall events, the performance
under the city drainage design standard is also simulated. Taipei city is the capital city of
Taiwan, and its stormwater drainage system follows the highest design standard, which is
a rainfall intensity of 78.8 mm/h with a 5-year return period. The above rainfall intensity
of 78.8 mm/h is regarded as the highest intensity occurring once every 5 years. During the
monitoring periods at the three sites, the average intensity did not exceed 70 mm/h. We
used a designed storm as a rainfall event to determine the performance at the studied sites.

The verified SWMM was applied to calculate the water conservation rate at each
site under the design storm, and the results are listed in Table 5. At such a high rainfall
intensity, the small-scale FuHsin site only retained 9.1% of the runoff, indicating that more
than 90% of the runoff flowed out and was not retained at this site. If there is no extra
storage space, the infiltration function cannot support a high rainfall intensity and high
runoff. Under the design storm, 14.2% of the rainfall was retained at the Taipei Tech site.
Moreover, 61.0% of the rainfall was retained at the BeiTou site because of the extra storage
space provided by the rain garden. If pervious pavement is applied to conserve water or
to reduce the flooding risk, not only the infiltration capacity but also the storage function
should be considered in facility design.

Table 5. Performance of the water conservation rate at the studied sites under the design storm
standard of the Taipei city drainage system.

Site Water Conservation Rate (%)

FuHsin 9.1
Taipei Tech 14.2

BeiTou 61.0
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3.4. Factors Affecting the Water Conservation Capability of LIDs

The three field sites achieved satisfactory water conservation rates, i.e., the reduction
of runoff, and on average, 40% of the runoff can be retained at these sites. This performance
falls within the range reported in previous LID studies. Abbott and Comino-Mateos [11]
conducted an in-situ study of a permeable pavement system in a car park and reported
that 77.5% of the runoff was retained in the system. Jia et al. [14] monitored the field
performance of an LID that received runoff from tennis courts and basketball courts in
China. They found that bioretention could reduce 47–80% of the runoff volume and grassed
swale could reduce 9–74% of the runoff. Mai et al. [15] established an LID experimental
site and reported a 43–94% volume reduction of greenbelt and a 13–74% volume reduction
of permeable pavement. Vaillancourt et al. [12] studied the performance of permeable
pavement in Canada and reported runoff reductions ranging from 26% to 98%. Brattebo
and Booth [10] tested four commercial permeable pavement systems over 6 years, and
almost no surface runoff occurred. Compared to the onsite LID performance in these
previous studies, the performance at the three sites in the present study was average.

The experimental cases consistently showed a high runoff reduction, up to 100%.
This reduction was achieved because the drainage areas are small, meaning that the LID
area is large and potentially covers the entire drainage area. Watershed-scale studies have
shown that LID practices contribute to lower water retention. For example, Ahiablame
and Shakya [24] applied the PCSWMM to an urban watershed in Illinois, USA, and found
LID practices could achieve 3–47% runoff reductions. Lee et al. [17] applied the SWMM
to analyze the impact of runoff of LID practices in a district in Korea and found that
approximately 33–37% of runoff volume can be reduced.

The rainfall volume and intensity can impact the performance of LIDs. The ratio of
LID area to drainage area also influences LID performance. A greater LID area should yield
better performance. However, this should be discussed. In this study, the best performance
of water conservation was found at the BeiTou site, followed by the Taipei Tech and FuHsin
sites. However, the ratio of LID area to drainage area is 11%, 30%, and 72% for the BeiTou,
Taipei Tech, and FuHsin sites, respectively. Although the ratio is small at the BeiTou site,
the extra storage space at this site provides a large retention capacity and results in the
best performance. The FuHsin site has large LID areas, but the rectangular shape of the
drainage area produces a short runoff route, and the runoff quickly passes by the pervious
pavement without infiltrating. Therefore, the performance at FuHsin is lower than that
at the Taipei Tech site, where the LID area is less but the runoff routes are longer. When
designing a LID site, not only the required LID area but also the runoff routes should be
considered to optimize LID performance. If the drainage area is very small and the LID
area is large, the LID will not be economically effective. In contrast, when the drainage
collection area is very large, the performance of the associated facilities is expected to
deteriorate. Therefore, when designing similar pavement systems or LID facilities, the ratio
of the LID area to the drainage collection area and the length of the runoff routes should
be considered.

Another factor influencing LID performance is the groundwater and surface water
from outside surfaces. Taipei city is located in a basin area, and the groundwater level is
high. During rainfall events, the groundwater level may increase and affect the infiltration
and storage capacity. In our cases, some monitoring data were unreliable, and the water
conservation rates were very low. Unlike the Taipei Tech and BeiTou sites, which are
located on campuses, the FuHsin site is located along a road. In some rainfall events,
some runoff from the outside surface area flows into this site, and the water budget is not
balanced. When analyzing monitoring data, onsite impact factors should be evaluated.

4. Conclusions

This study collected data at three LID sites to characterize their water conservation
performance. The performance is affected by the original design dimensions or subsequent
maintenance practices, but in this study, we focused on their final performance and the
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relationship with rainfall properties. A monitoring plan was not initially designed except
at the BeiTou site. Therefore, it was difficult to obtain complete observation data to evaluate
the performance, which is why we required a modeling tool for assessment purposes. In
this study, we integrated real observations and simulations to determine the performance
at these sites. This methodology could be applied where there are insufficient observations.

According to the performance at the three sites in Taipei city, pervious pavement
systems, including rain gardens, are helpful for urban stormwater management. When the
rainfall amount is smaller than 20 mm and the intensity is lower than 20 mm/h, at least
half of the rainfall is retained onsite and outflow does not occur. If storage space is added
below the surface, the rate can be higher; for example, the water conservation ratio at the
BeiTou site approaches 100%. In addition to the rainfall properties, the length of runoff
routes affects the water conservation performance. At a high rainfall intensity, a short
runoff route can cause quick runoff outflow, which limits infiltration or onsite retention, as
observed at the FuHsin site.
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