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Highlights (for review)
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Highlights

¢ Hydrological responses investigated under climate scenarios

¢ Cost-effectiveness of PP and BC analyzed based on LCC and hydrological indices
¢ PPs and BCs could be more effective in response to small storms

¢ Optimizing PP and BC proposed for adapting potential climate change
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Title: Assessing performance of porous pavements and bioretention cells for

stormwater management in response to probable climatic changes

ABSTRACT

Investigation—oftThe effectiveness of porous pavements (PPs) and bio-retention cells
(BCs) under the influence of potential climate changes was eendueted-investigated based on
representative concentration pathways (RCPs). A case study based-enof a test catchment in
Guangzhou illustrated changes of peak runoff under various climate scenarios. There were
distinct increases in runoff volume and peak discharge in response to RCP8.5 but only
marginal increases in response to RCP2.6 (compared with that-underthe-present conditions).
The performances of PPs and BCs-expressed in terms of percentage reduction of runoff

volume and peak discharge wwere-was examined for 1-, 10-, and 100-year return period and

1- and 6-hour-duration storms under various climate scenarios—using—Storm—Water

ManagementMedel. The effectiveness of PPs and BCs was-feund-te-varyvaried non-linearly

with the extent of PP and BCs adopted. In general, the fluctuation of hydrological

performance of PP is greater than that of BCs in RCP2.6 and RCP8.5 (e.g., peak flow

reductions range from —60% to 69% and from —22% to 9%. for 5% area of PP and BCs,

respectively). And PP is more cost-effective for frequent storms using life cycle costing

analysis. Based-eonthefindings—ofthestady—it-was—econeladedWe find that PPs and BCs

could previde—significantly #mpaet-reduce en—the—runoff volume and peak discharge in

response to rainfall events with tesw—short return period, but failed—+te—de—senot for heavy

storms with largerlonger return period.H—was—furtherconeclided-that-use-of PPs—and BCs

1
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Keywords: Porous pavement; bioretention; stormwater; climate change; representative

concentration pathways; low-impact developmentlew-impaet-development

1. Introduction

Global warming due to increasing atmospheric concentrations of greenhouse gasses has

already caused significant changes in the frequency and patterns of storms (Shaw et al., 2016;

Wiel et al., 2017). More frequent storms may have severe consequences, especially in

high-density urban areas (Ma et al., 2018; Wang et al., 2018a). Consequently, projections of

climate change are relevant toplay—arelevantrole—in risk assessment ef-in urban stormwater

management. A number of studies based on climate-change scenario modeling have been

earried-outto-investigated the impacts on rainfall patterns (Ault et al., 2014; Jhong and Tung,

2018; Prudhomme et al., 2014). Bacmeister et al. (2018) conjectured that extreme storms will

become more common under future global warming scenarios. In climate scenario modeling,

representative concentration pathways (RCPs), which reflect different possible future

scenarios based on radiative forcing levels, are-efferingoffer an important basis for climatic

change projection (Rogelj et al., 2012). Fix et al. (2018) projected that precipitation extremes

will increase over the contiguous United States between 2005 and 2080 under RCP4.5 and

RCP8.5. Lee et al.; (2014) projected that the frequency and variability of extreme storms will

increase by 24.0% and 31.5%, respectively, in East Asia under RCP8.5. Zeu-and-Zhou(2043)
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period—ef2045+t0—2040—Schewe et al. (2014) reported that climate change would likely

exacerbate regional and global water scarcity considerably according to selected RCPs. At

present. a laree number of adaptation and/or mitigation approaches, such as low-impact

development (LID) (Palla and Gnecco, 2015) and water-sensitive urban design (Lu et al.,

2019), as well as some novel mitigation approaches for reducing CO, emissions, such as

membrane bioreactors (Sepehri et al., 2018). have emerged to address the challenges of

climate change. Such climate scenario projections could provide valuable inputs to better

understand the—adaptation—and/or—mitigationcffective measures #—to response to the

uncertainty arisingpetential-uneertainty-arisen from climate change.

Low—impaet—development-(HD)LID practices, including porous pavement (PP) and

bioretention cells (BCs), are decentralized drainage designs to control storm runoff, and have

become increasingly attractive solutions to restore predevelopment hydrological processes by

promoting infiltration, retention, and adsorption (Huang et al., 2018). PPs with pervious

materials and BCs with shallow depressions have been implemented to combat runoff from

small catchments for multiple hydro-environmental benefits, such as reducing outflow

volume, peak flow, and pollutant loads (Liu et al., 2015; Mei et al., 2018). A growing number

of studies have evaluated the hydrological performance of PPs and BCs based on the-findings

of-field and laboratory experiments (Zhang et al., 2018; Turco et al., 2017; Glaister et al.,

2017; Wang et al., 2018b) and hydrological models, such as the Storm Water Management

Model (SWMM) and SUSTAIN (Huang et al., 2018; Lee et al., 2012). Wu et al. (2018)

assessed the effectiveness of PPs for urban waterlogging mitigation under different

rainfall-runoff scenarios. Winston et al. (2016) showed that runoff from regular rainfall may

3
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be controlled, and the initial part of surface runoff from storms can be adequately retained

through storage volumes of BCs. Zahmatkesh et al. (2015) evaluated the impacts of PP and

BCs on urban storm runoff under different precipitation scenarios in New York. Also, many

studies have reported that BEs—-andPPsPP and BCs can effectively mitigate peak runoff #

from various rainfall events (Garcia-Cuerva et al., 2018; Chui et al., 2016). Some other

studies have examined both the hydrological effects and the cost-effectiveness of PP and BCs

(Liu et al., 2016). For example, Liao et al. (2014) analyzed the hydrological effects and also

life cycle costs (LCC) of PPs and BCs under different design storms in Shanghai.

Climate change is a dynamic process which makes longer—term design and planning of

stormwater management difficult. However, there is some information on the hydrological

cost-effectiveness of LID practices in response to uncertainties arisea-arising from climate

change. Liu and Chui (2017) simulated the hydrological performances of PPs under two

long-term climate scenarios. Hathaway et al. (2014) found that BCs could be incorporated to

adapt to the uncertainty based on climate scenarios in North Carolina, USA. Some researchers

have investigated runoff water quality and quantity with control of BCs in urban catchments

based on future scenario modeling (Borris et al. 2016; Wang et al., 2017, 2018c¢). The studies

illustrated the potential for PPs and BCs to be used as resilient landscaping features to

mitigate some of the adverse influeneces—cffects of climate change on urban hydrological

processes. There are still opportunities for further advancement es-in the application of PPs

and BCs under climate change, in terms of reduction of runoff volume and peak flow,

hydro-environmental performance and cost-effectiveness.

The objectives of this study are: (1) to analyze the potential influenees-cffects of climate

4
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change on storm runoff in urban catchments; (2) to examine the hydrological benefits of PPs
and BCs under climate change; and (3) to investigate the cost-effectiveness of PPs and BCs to
meet different hydro-interests based on climate scenarios. The methodology developed here
could be applied to develop options for LID as the relevant and appropriate

adaptation/mitigation measures for climate change under local conditions.

2. Methodology

Climate scenarios were simulated to examine their impacts on surface runoff in an urban
catchment in response to various changes in probable storm characteristics and distributions.
Then, hydro-modeling simulation was used to assess the hydro-environmental benefits of PPs
and BCs under the corresponding different climate scenarios. Then LCC were calculated, and
the cost-effectiveness of PPs and BCs for different scenarios was examined. Finally, the
suitable sizes of PPs and BCs to meet different performance interests (in response to the

uncertainty of future changes) were derived (Fig. 1).

2.1 Conceptual study site

The hypothetical catchment was located in Guangzhou, China (22°95' N; 113°35"E), a
high-density, subtropical city with around 1,600 mm of annual precipitation and 77% annual
mean relative humidity. The urban areas in Guangzhou are threatened by waterlogging due to
the uneven spatio-temporal distribution of rainfall events (Wu et al., 2014). Zhang et al.

(2017), used-using selected climate models and emissions scenarios, projected an increase in

extreme storms in Guangzhou everthe-periodin 2020-50, as compared to-the-period
5
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1970-2000.

Due to their flexibility of size, PPs and BCs’ positive life-cycle benefits can be readily
and effectively integrated into dense urban areas—readily (Xie et al., 2017; Li et al., 2017; Liu
et al., 2018; Wang et al., 2018d). PPs and BCs have been widely applied in urban areas
through strong support from local governments, such as in the Sponge City program (Liu,
2016). It is critical to develop a comprehensive design and planning approach to support
effective PP and BC adoption in Guangzhou in response to climate change.

The hypothetical catchment was based on a typical low-lying area i in
Guangzhou, and is assumed to be rather flat (average slope 1%), small in size (5,000 m?), and
50% impervious (paved and clayey silty top soil layer)-aeeerding—te, per previous studies
(Chui et al., 2016; Wang et al., 2016). Climate scenarios were established using the current
climate conditions as the baseline response. Depending on the management targets, various
design storms (various intensities and durations) need to be simulated. The design storms

were clustered into six groups based on representative reetrrenee-intervalsreturn period (P—1

v, 10 v, and 100 y)YRBH-—x+0-y-and+00-y) and durations of storms (1 h and 6 h). The local

storm intensity distribution for Guangzhou is-as-shewainEg—(H-

= 4 _ ACQ+clog®)yirelogR) _ 14.52 (1 + 0.533 x 1gR4(P))/
T (t+b)r 167+ (t+b)1 - (t + 11)0-668

0]
where { is the storm intensity (mm/min), RfP is the return period (year), and t is rainfall
duration (heur), as—weH—asand a, b, and ¢ are the parameters in—for Guangzhou—: a

=14.52 (1 + 0.533 X IgR¥(P)), A=2424.17, b= 11, ¢ = 0.533, and n = 0.668.
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Hyetographs of the different design return periods were determined according to a

rainfall pattern closest to the actual observed condition using the formulae for synthetic

Chicago storms (Keifer and Chu, 1957).

The formulae for Chicago storms synthetic rainfall patterns are

(1—n)*tb

, af +b]
(tp) =——F== 2
(o)
and
(1-n)xtq
a[=2a  p)
i(ta) = —T=m
a0 (%+b)1+n
3)
Where _i(t,) and i(t,)—Ht)—and—i{ty) are the storm intensity (mm/min) after and before the

peak—time—point, respectively, and the parameter r refers—tois the time-to-peak factor.

According to previous studies (Jia et al., 2014; Mei et al., 2018), this value ranges from 0— to

1 of the storm duration, and a reasonable range for r is 0.3—0.5. Shert-efLacking any other

information-avatlable, a value of 0.5 was chosen in this study. Here a, b, and n are parameters

from Eq. (1).

The calculated synthetic hyetographs for the baseline condition in Guangzhou are shown

in Fig. 2.

2.2 Climate scenarios

Climate change scenarios referte-aare descriptions of potential developments of

anthropogenic climate change at a-eertaindesignated times in the future (O’-Neill et al., 2014).

The scenarios eeutd-can be used to test and identify the effectiveness of various adaptation

7
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and/or mitigation strategies (Leng et al., 2016; Andersson-Skold et al., 2015). An.

eEquidistance quantile-matching (EQM) method, which integrated-integrates spatial and

temporal downscaling, was used to quantify the variations in rainfall intensity and update

intensity-dBuration-fErequency (IDF) curves in climate scenarios (Li et al., 2010; Srivastav

et al., 2014). The Gumbel distribution is widely used as the standard distribution for rainfall

frequency analyses and was selected for the EQM method in this study (Langousis et al.,

2009). The IDF_CC tool, developed by Simonovic et al.; (2016), allows users to generate IDF

curves based on historical data and projected data using GCMs and RCPs simulating various

climate scenarios that affect local storm patterns. H-Eleven GCMs (BCC-CSM1-1-M,

CCSM4, CESM1-CAMS, CSIRO-MK3-6-0, FIO-ESM, GFDL-CM3, GISS-E2-H,

IPSL-CM5A-MR, MIROC-ESM-CHEM, MRI-CGCM3, and NORESM1-M) and 4 RCPs

(2.6,4.5, 6.0, and 8.5) (Yuet al., 2018; Liu et al., 2018) were assessed at the chosen location

(22°95' N; 113°35" E), and the results were used as projected climate change. A scenario

period from 2040 to 2059 was adopted in view of the life cycle of PPs and BCs, which have

useful service life of 30 years (Vineyard et al., 2015). Table 1 gives a summary of the

variations in rainfall intensity in these climate scenarios.

2.3 Hydrological model

The Storm Water Management Model (SWMM) has been widely used for analysis,

planning, and design of various LID practices, including PPs and BCs in small urban

catchments (Rossman and Huber, 2016; Hamel et al., 2013). SWMM ¢version 5.1} was used

to assess the hydro-performance of LID practices in this study. In SWMM, PP isPPs—n

8
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SWMM-are represented as structures including (from top to bottom)-irelading pavement layer,

filter fabric, storage, and drainage layer; BCs are represented as structures including a surface

layer, soil layer, geotextile, storage, and drainage layer, as well as outflow structures (Fig. 1).

The detailed LID parameters of PP and BCs are shown in Table 2. Total impervious areas are

directly connected with EBslow-impact designs, and all surface runoff from the test

catchment are-is treated by PPs or BCs. In SWMM, infiltration estimation is established using

the Horton model; percolation is modeled using Darcy’s law; and dynamic wave routing is

used to solve the one-dimensional Sairt—Saint-Venant flow equations for flow routing

(Rossman, 2010). The hypothetical catchment was established to simply emulate

representative characteristics of a dense urban surface in Guangzhou. Nevertheless, the

authors attempt to demonstrate the validity of the current approach of SWMM and climate

change scenario modelling by making reference to a reperted-study by Zhu et al. (2016), as

the approach and methodology used for the hydrological modelling were identical. Zhu et al.

(2016) carried out the study of calibration and verification for SWMM in an urban catchment

in Guangzhou. They used rainfall-runoff events during 2013 and 2014 to calibrate the

parameters and applied ten other events to validate the model satisfactorily.

Nash-SutcliffeNash—Suteliffe efficiency (NSE) and Kling-Gupta efficiency (KGE), used as

the goodness-of-fit measurements between the observed and simulated events (Pushpalatha et

al., 2012; Gupta et al., 2009) were up to 0.7 in different rainfall events, and the relative peak

errors were less than 10% in parameter calibration. In the model validation analysis, the NSE

and KGE of rainfall events were above 0.6, and the relative peak errors were less than 10%

stmitarhy. Thus, the calibrated parameters with highgood-fit features were selected for the test

9
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catchment in this study (Table 3). After completion of simulation, SWMM exports the

summary statistics and time series into a report file (.rpt) and output files (.txt or .dat).

2.4 Performance metrics
2.4.1 Hydrological performance calculation

The effectiveness of PPs and BCs can be evaluated in terms of hydrological performance
indices. Beth—indices—inehadingpereentages—Percentages reductions of outflow volume and
peak flow; were selected for this study in accordance with other studies (Palla and Gnecco,
2015). Here, outflow volume refers to the total amount of discharge at the outlet, and peak
flow refers to the highest flow rate from the test catchment.

The reduction of outflow volume based on event i_~Rgyey)-is defined as the difference
in outflow volume between event i and that for the baseline scenario (without LID), and-
expressed as a percentage:

Rov() = o= Vo) y, X 100 ()
where V}, is the total outflow of rainfall event in the baseline scenario ( without any LID
measures)-implemented, and V; is the surface outflow of event i.

The reduction of peak flow (Rpggy)-was calculated in a similar way-as—+fotew:

Rpp) = (P = Pl')/Pb x 100 (5)
where P, and P; are the peak runoff based-enin the baseline scenario-witheut-any1D-

measurestmplemented and based-en-event i, respectively.

2.4.2 Life cycle costs calculation

10
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Inthisstudy—an-assessment-of [his study also assessed the capital costs; and operation

and maintenance (O&M) costs for PPs and BCs using life cycle costs-=€&) analysis over an

assumed design service life of 30 years (Vineyard et al., 2015; Xu et al., 2019), based on the

model framework (see-Fig. 1)—was—earried—out. The constructions of PPs and BCs are-is

assumed to take place at year 0, while O&M are incurred from year 1 to year 30. A present

value (PV) exercise was performed by compiling all LCC. The LCC of PPs and BCs were

calculated as-fellows:

LCC = Ccapital + Z?:lPVO&M (6)
FV,

PVogm = O&M/(l +i)n (7)

where Ceapitar 18 the capital cost of LID, PVigu, is the present value of O&M costs, FVpgum

is the future value of O&M, i is the discount rate, and n is the years of service.

2.4.3 Cost-effectiveness analysis
In this study, the present value of benefit (PVB) and the present value of LCC were
applied to analyze PP and BC cost-effectiveness, represented here by the Benefitbenefit/Ceost
cost (B/E&)-value based on quantized values-ealeulated-usineEq—(8):
B/C =PVB/ ¢ ®)
‘ where PVB is an index that reflects the combined hydrological performance of PPs er-and
BCs, which can be calculated as:

PVB = (Rov() + Rer@y ) /2 ©)

‘ wwhere-itlt is assumed that both indices are equally important in the evaluation of storm runoff

11
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management, so PVB (unit: %) inthisstady-was easted-astaken to be the arithmetic mean of

both-indiensndeptedanthiindethe tvo.

3. Results and discussions

3.1 Impacts on storm runoff caused by climate change

Climate change is intensifying the global hydrological cycle, notably making the peak

flow increasingly stronger in urban catchments, with increased frequency and severity of

waterlogging, especially in dense urban areas with high imperviousness of surface (Hu et al.,

2017). Average changes of peak runoff for the test catchment in response to climate change

scenarios compared to the baseline scenario are summarized in Fig. 3. The simulation showed

similar trends across different climate scenarios. In almost all scenarios modeled, the events

which showed dramatic variations corresponded to those with higher peak flows.

Peak flows become significantly larger in respense—te—the—climate change scenarios.

Especially in RCP8.5, the average peak runoff increases by 34-6832% for 1 y R¥-storms with

1 h duration (dramatic challenges to adaptation and mitigation of climate change by-from high

emissions). The variations of peak flow in RCP2.6 were clearly smaller due to the relatively

slight variations in climate (RCP2.6 is a relatively low-emissions scenario). The average peak

flow increased by 3-37% for 100_-y-R} storm events, with 6 h duration. As may be expected,

RCP4.5 and RCP6.0-seenarios showed increases-which-tie—intermediate between RCP2.6 and

RCP8.5, since rainfall intensity increased moderately in these scenarios. Other works

focusing on projection of climate reports similar findings based on RCP scenarios modeling

(Riahi et al., 2017; O’Neill et al., 2016).
12
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For storms with different Rlreturn period, the changes (absolute value) of peak flow

were higher for the 10 y and 100 y REstorms than that-for 1 y REstorms. This is supperted-by

and-consistent with other studies which found that climatic change may lead to more serious

impacts particularly for storms with longer Risreturn periods, at least in the mid-latitudes

(Kim and Choi, 2011). However, comparing the ratios of changes, the variation of peak flow

for longer return periods is smaller than for shorter return periodsRds. For example, in RCP8.5

with 6 h events, the average increase in peak flow (48-0618%) for the 1 y returnperiedstorms

is larger than for 10 y (434313%) and 100 y (48-3810%) events. Thus, uncertain future

changes will lead to larger adverse influenees—effects on the quantity of runoff during

relatively low-frequency rainfall events. The findings of this study are supported by similar

findings—reperted—based—on—future—secenarto—modeling by others based on future scenario

modeling (Wang et al., 2016; Borris et al., 2016). Wang et al. (2016) illustrated that the risk of

adverse effects of climate change for 2 vy storms is worse than for 10 y storms in Singapore

since the uncertainty in rainfall intensity for shorter-return-period storms is obviously greater

than for longer-return-period storms in GCMs. Comparing the 1 h and 6 h storms, the

variations in peak flow in sherter—durationbricfer storms are larger than these—withJtenger

durationsin longer ones, whether in absolute value or as a ratio—eempared to the baseline

scenario. This finding is supported by Noor et al. (2018) and Uraba et al. (2019), who found

that more drastic intensification is expected in rainfall intensity for shorter duration, because

shorter duration rainfall tends to be associated with bursts and is highly non-uniform both in

space and time. Whereas longer duration rainfall tends to be associated with wider spatial

coverage and more voluminous rain clouds, and hence are more uniform in both space and

13
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time. Consequently there would be higher variation in 1 h rainfall compared to 6 h storm. For

example, in RCP8.5 with 10 y Rl-events, the average increase in peak flow for 1 h storms

(26-6420%) is larger than #—for 6 h storms (+34313%). And; the variation in 1 h storms is

H-8+12-% more than that in 6 h storms. Some other studies have found that the biggest

increases are more likely in these-eorrespondingto-brief rainfall events, which implies higher

frequency and greater intensity of flash floods (Westra et al., 2015). Dense urban catchments

with a high percentage of impervious surfaces would be seriously challenged by such events;

the drainage systems in high-density urban catchments will be put under higher stress due to

the much larger scale of increase caused by more frequent heavy storms (Wang et al., 2018a).

3.2 Performance of PPs and BCs in climate scenarios

3.2.1 Outflow volume reductions

The outflow volume reductions (Rqy) #-from PPs and BCs with-of various sizes were

calculated using Eq. (4), and the required sizes of PPs and BCs to meet specific levels of Ry

were then estimated. Generally, the size-area of PPs and BCs should be increased as better

performance weuld-beis needed (Qin et al., 2013). The authors selected RCP2.6 and RCPS.5

as representative scenarios in the comparative analysis because they correspondasRER2.6-

and-REPYS-corresponded to the minimum and maximum variations caused by climate

change (Srivastav et al., 2014).

Fhe-authorsfound-that-Rgy displays similar trends across various scenarios in the test

catchment. Rgy increases with the size of PPs and BCs, and the performances on Rgy of PP

is clearly better than that of BCs (Fig. 4). This finding-is consistent with the findings of Mei et

14
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al.; (2018). The effectiveness of PPs and BCs in reducing outflow volume shows only minor

changes across scenarios for a1 y Rlstorms. With 5% area of PPs, and in response to a 1 y—1

h storm.+yHssterm for example, the simulated outflow volumes reduction was 92-8892%,

8F9088%, and #6-++77% for the baseline scenario, RCP2.6, and RCPS.5, respectively.

Meanwhile, for the same 1_y-1_h storm and with 5% BC area, the simulated reduced-eutflow-

volume-werercduction was much smaller, at 572357%, 56-6251% and 49-3349% for the

baseline scenario, RCP2.6, and RCP8.5, respectively. However, there was an obvious

decrease in the effectiveness of adopting BE-and-PPPP and BCs in response to

longer-return-periodlengerreturnperiod (e.g., 100 y—1 h storm+80-ytHastersr) events. This is

because retention volumes are depleted during extreme storms (Yang and Chui, 2018a;

Guibaz and Kazezylimaz-Alhan, 2016). For instance, the reduction achieved with 5% area of

PPs was 56-8+57% in the case of baseline storm, and the corresponding value were only

8739% and 6:937%, respectively, under RCP2.6 and RCPS.5, with 100_y-1_h storm events.

Meanwhile, the reduction vatues—werewas 27-24%, +5-516%. and +4-6315% in the case of

baseline storm, RCP2.6, and RCPS.5, respectively, for the same area of BCs. These

lowerY%smaller reductions in volume outflow emphasize the storage capacity of PP and BCs

in handling larger volumes of flow within the same period of time.

It was also noted that the incremental runoff volume reduction decreases with increasing

areal coverage of BCs (Eckart et al., 2018). Referring to Fig. 4, one eettd-can see the distinct

non-linear rate of decrease in reduction percentage with inerease-increasing percentage of PP

and BCs (see the interface between the blue and orange-yellow shaded area). This trend

clearly indicates that there is diminishing benefit and increasing cost with more adaptation

15
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measures, and more so with BCs than PP.

Roy 1s 46:4940% and 35-8736% respectively, with 20% PP and BC coverage in

RCP8.5 for a 100 y—6 h1065—6k storm (see-Fig. 4-(-00v6hREPESY). In contrast, there is

complete control with 7% e£PP and 12% e+BC coverage in the baseline for a 1y—1 ht+th

event (see-Fig. 4-(by1h:Baseline}). The difference may be due to the limited capacity of PPs

and BCs to cope with large storms (Ahiablame et al., 2012). In addition, the performances of

PPs and BCs are-is slightly better with sherter-duration-ef-briefer storms than those with-of

longer duration. These results suggest that PPs and BCs may not be able to fully retain runoff

volume, especially during larger storms, in climate change scenarios.

3.2.2 Peak flow reductions

Several studies had-have reported that the performance of PPs and BCs ferin reducing

peak runoff to mitigate the—flood risks could vary distinethy—strongly with—different storm

intenstties-intensity (Baek et al., 2017; Yang and Chui, 2018b). Peak runoff reductions (Rpf)

provided by various extents of PPs and BCs corresponding to different scenarios and design

storms were calculated using Eq. (3). Surface runoff from the test catchment were—was

apportioned and stored in PPs-and BCs, thus-reducing the-peak runoff. However, retention

volumes within PPs and BCs may be depleted rapidly during heavy storms; after that there

could be but very slight reduction in rate of flow of the surface runoff (Chui et al., 2016).

Therefore, depending on the time when the storage capacity of the PP and BCs is depleted,

the temporal and spatial distribution of the hydrograph, and hence the time to peak and peak

flow rate, could be affectedmedified-aceordingly (Yang and Chui, 2018a).

16
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The performance of PPs and BCs for reduction of peak runoff is shown in Fig. 5. Three

climate scenarios ineluding-were considered: baseline-seenarie, RCP2.6, and RCP8.5-were-

considered. If relatively frequent storms with short duration, such as +=th1 y—1 h rainfall are

of interest, one would need-te-utilize 8% areal coverage with PP or 14 % areal coverage with

BCs to achieve better than 80% reduction in peak runoff for the baseline, RCP2.6, and RCP

8.5 scenarios. The reason is that continuous infiltration Himited-thelimits peak flow due to the

high permeability of PPs. This finding is consistent with previous studies en-the-comparison-

efcomparing the hydrological performances-between of PP and BCs-(Chui-et-al52646). Chui

et al. (2016) found that the performance of peak flow reduction of PP is better than BCs by

comparing the optimal areas of two LID practices implemented for 2 y and 50 y storms in

Hong Kong and Seattle, because of the high permeability of surface and storage layer,

allowing continuous infiltration during the rainfall events. One can also deduce from Fig. 5

that peak flow rate reduction is achieved only witheffeetively-enbyforif larger areal coverage

of PPs and BCs-areused. Furthermore, if not designed appropriately, PP and BC can increase

peak runoff instead, as indicated by the negative reduction rates in Fig. 5.Fig-5-alse-indicates-

these-shown-with-negative—reductionrateinFig-5-All in all, one may safely conclude that

PP and BCs may not be a cost-effective LID solution for peak discharge reduction for

low-frequency, long-duration storms.lewfrequeneyandlongdurationstorm—One-ecanalse-

dedueefromFig-—5-that LID measures based on PP and BCs are probably more effective in-

the-ease-of-for more frequent and sherter-durationbriefer rainfall, and less effective-they-are-

very-muechineffeetive for less frequent, heavier and longer-duration stormslenger-duration

17
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storm (Pyke et al., 2011). One may conclude that LID based on PP and BCs alone is not

recommended. PP and BCs should atbest-be an integrated part of a bigger LID scheme.

3.3 Cost-effectiveness analysis

The LCCs of PP and BCs were calculated using the method described in Section 2.4.2.

Land costs were not considerediis—worth-netingthatthe land-costs-of PPsand BCswerenot

constdered-inCC-—ealenlation (Chui et al., 2016). The construction costs of PPs and BCs in
Guangzhou are shown in Table 4. Itemized construction costs are estimated for each LID
practice for each scenario based on the-material quantity, and it is assumed that all costs are
linearly related to the quantity. In Guangzhou, the annualized O&M costs are expressed as a
percentage of the capital costs—, 4% for PP and 8% for BCs (Houle et al., 2013). To calculate
the construction and O&M costs for B&and-PP_and BCs, the original unit construction and
O&M costs were converted to bench mark on 2017 US BPeHardollar using consumer price
index (CPI) and inflation rates for Guangzhou data according to the Guangzhou Investigation
Team of the National Bureau of Statistics of China (-http://gjdc.gz.gd.gov.cn). The unit LCCs
of PP and BCs were set as $37-36-37.30/m” and $167.68/-m?, respectively (Table 4).

Fig. 6 presents the B/C values of PPs and BCs under various scenarios. The B/C value
decreases with increasing climate change and the RE-return period of storms. In the budget of
LCCs from $10,000 to $35,000, the B/C values of PP are obviously better than those for BCs
for most climate scenarios, except for RCP2.6 and RCP8.5 with the design storm of 100y RI.
In frequently occurring storms, the differenee—in-the-B/C values of PP is-are quite elose-to-ene

anothersimilar for the various scenarios considered. However, for the-extreme storms, the B/C

18
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values of PP are significantly reduced.

Fig. 7 gives aA set of look-up curves for selecting rational sizes (e.g. 3%, 5%, and 7%)

of PPs and BCs to provide B/C values of Ry, Rpr, and PVB among various climate

scenarios under the six design storm events-are-presented—nKig—7. For PP (Fig. 7a), the B/C

values decreases in the-fellewingthis order: Baseline-baseline (1_h) > Baseline-baseline (6_h) >

RCP2.6 (1_h) > RCP2.6 (6_h) > RCP8.5 (1_h) > RCP8.5 (6_h), and #-they decreases with

inereastngrain-stormlonger return period and duration of storms. For BCs (Fig. 7b), the B/C

values in baseline (1_h) are the highest; but —eempared—Hewever—the B/C values of other

scenarios are elose-to-each-othersimilar. Fradditions+tThe B/C values of Ry in 3% efLID

implementation appeared to be the best; but—Hewewver; the values of Rpp/LCC is

inconclusive. With respect to PVB/LCC, the range of values is widest for 3% LIDs, and

narrowest for 7% LIDsmest-velatidefor3%of HiDs,—while-the-volatilityis-the lowestfor 7%

of EBs. For the various climate scenarios, the greater the proportion of LID applications, the

more stable the performance is, and-is-especially se-for PP.

PPs and BCs have potential for usethe—petentialto—be—incorporated as part—ef—LID

elements in an urban catchment. Before developing a master plan for LIDs to manage runoff,

it is important to design for different hydro-interests, to consider the uncertainty of climate

change and to maximize the hydro-environmental benefits based on limited resources and

costs. Based on the findings of this study, a set of multi-look-up curves for sizing the-PP and

BCs in a LID development could be developed by integrating the various

single-objectivesingle—ebjeetive look-up curves (e.g. Rpy, Rpr, or PVB versus t6-LCC or

sites of LIDs) for the-Eq. (4) te-through Eq. (9).
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As-Because LIDs could provide sufficient effects in response to frequent rainfall events

as—aforementioned—deliberation, frequently occurring storms (1 _y—1 htyth design storms)

could be selected as the input and storm runoff (peak and volume) as the management

objectives. A work example to analyze the performances of PPs and BCs in various climate

scenarios based on single- and multi-objectivesingle-and-multi-objeetives runoff management

is shown in Fig. 8. For the budget of $20,000 for LID implemented over a service life of 30

years, the Ry, Rpp, and PVB are almost 100% in all scenarios for PPs, while the

performances of BCs are-is not satisfactory (see-Fig. 8a). In addition, to ensure at least 80%

of the Ryy, Rpp, and PVB in all climate scenarios, more than 7.5%—ef PPs should be

provided, whie-and there must be at least 13.8% e£BCs in the development (see-Fig. 8b). 1a

addittonttis-werth-netingAlso, the B/C values of LIDs are not absolute. r-erderteTo apply

a more comprehensive indicator to represent the benefit, both R,y; and Rpp— were selected,

and they were set-given equal weight in this study. The weightage-weighting may be selected

differently in other applications, since the opinions of various stakeholders should be

considered for a more practical weight-aleeationweighting of the-indices for performance

evaluation based on the specific circumstances.

4. Conclusions

Climate scenarios and the subseguent—resulting storm runoff were simulated and

investigated to assess the performance of PPs and BCs in a high-density urban catchment.

Storms with short return period and short duration are found to have more significant impacts

than ether—less frequent and longer-—duration storms. The influence is more extreme in
20
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RCP8.5, while it is relatively mild in RCP2.6.

oOptimum extent (areal

coverage) of PPs and BCs in an LID scheme can be determined based on a single

objectivesingle-objeetive (i.e., outflow volume and—or peak flow reduction) and—or

multiple-objectives_(i.e., a combination of the single objectives) for —runoff management G-e

acombination-of the-single-objeetivesifunetions-and in response to various petential-amounts

of climate changes using climate scenarios and appropriate hydrological modeling tools. Fhe

This case study of Guangzhou shows that PPs and BCs are relatively effective at managing

the volume of runoff and peak flow. BCs are more effective in controlling peak runoff during

small and brief stormsh-was—sonoted-that-thecapaety- ot BCsincontrollne peakranottis

moere-effeetive—insmall-and shert-duration—sterm. The performance of PPs for less frequent,

longer-duration stormsfer—tess—frequent—and—large—storm—duration—tess—frequent is less

satisfactory.

5. Recommendation

Despite the uncertainty in climate change scenarios and modeling, studies such as this

are necessary to understand the resilience of practices to adapt to probable future changes. In

future studies, predictions of future climate changes and their effects should be refined through

advanced modeling techniques such as scenario modeling, integrated big data technology, and

machine learning algorithms.
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