creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

[UCI]1804: 21031-200000293448

Thesis for the Degree of Master of Engineering

Stochastic Analysis of Rainwater
Harvesting System and its Application as
(limate Change Adaptation Facility

by
Inkyeong Sim
Division of Earth Environmental System Science
(Major of Environmental Engineering)

The Graduate School

Pukyong National University

February 2020



Stochastic Analysis of Rainwater
Harvesting System and its Application as
(limate Change Adaptation Facility
(Bl=ol A2 e] FAT4 a4 =

s gL ene] B B
Advisor: Prof. Sangdan Kim

Ol
Inkyeong Sim

A thesis submitted in partial fulfillment of the requirements

for the degree of
Master of Engineering
in Division of Earth Environmental System Science
(Major of Environmental Engineering),

The Graduate School, Pukyong National University

February 2020



Stochastic Analysis of Rainwater
Harvesting System and its Application as

Climate Change Adaptation Facility

A dissertation

by
Inkyeong Sim

Approved by:

&

(Chainﬁ\) Lee, Taeyoon

—

/s //',_,./‘/'/’/'- g
/é/ 2t

(Membm'/) Noh, Youngmin

Z/cw\ ; éﬂ%’ﬁlfvv

(Member) Kim, Sangdah]

February 21, 2020



List of Contents

I.

II.

INrOAUCHION +++++--+v+eeeeessrrrrrreersessrmmrntttereeininuttteeessnneeeeeeaennns 1
1.1, Background -+ sssessssssssssssssssssssssssssssisssss s 1
1.2, ODJECLIVES +++ereresseessssessssssssssssssssssssssssssssssssis st 2
Materials and methOdS ....................................................... 6
2.1, Data - s R P triireseersrestsresrsereriiFings Mgl o3 Voo reorsecrsansnsanses 6
2.2. EPA SYWNIN -+-+o:aff-1ostoiet. Wl Togncoveeeeentigendhenst®e N reonranonsannes 7
2.3. Stochastic model for dynamic water balance in RHS -+ 8
2.4. Steady-state PDF for normalized depth of RHS :--eceoeooeeeeeees 17

2.5. Water supply reliability and stormwater interception ratio :- 20

M. RESUILS --ve-vereeeuseasborssnecsssesssssiossssansassntoneioessisnossiosssssssssassanss 22
3.1. StOChaStic mOdel Veriﬁcation ................................................... 22
3.2. Further analysis of stochastic RHS model «::ecooooeeeeeeeeeeseeeees 27

3.2.1. Sensitivity analysis by parameter - - wseessssrrssssinssciess 27
3.2.2. Sensitivity analysis by parameter combination -« 33
IV. APPHCAIONS +oeeeeeseseseensssesmnmninmniitiiitttiittit e 38

4.1. Design formula of water supply reliability and stormwater

interception mtio ....................................................................... 3 8



4.2. RHS mitigates adverse effects of climate change -+«

V . Conclusions oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

References



List of Figures

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

2.1 Schematic of inflow into and outflow from a RHS. -eeeeeeeereseeeenes 9
2.2 Probability density function of rainfall depth. «---weereeerersreeseeeeeeees 10
2.3 Probability density function of inflow. e, 14
24 LOSS function. ........................................................................................ 15
3.1 Comparisons of water supply reliability R, in 6 sites. ----ooreeeeee 23
3.2 Comparisons of stormwater interception ratio R, in 6 sites. == 24

3.3 Water supply reliability and stormwater interception ratio of RHS with
Varying StOrage Capacities. w++ - e esrssusesstusieustinstis it 25

3.4 Water supply reliability and stormwater interception ratio of RHS with
varying water demands, « - - et 26

3.5 Water supply reliability and stormwater interception ratio of RHS with

Varying rOOf ATCAS, *rtre e tr e ettt ettt ettt ettt 26
36 CDF Of s Wlth Varying Storage Capacities. ....................................... 28
37 CDF Of s Wlth Varying water demands. ........................................... 29
38 CDF Of s Wlth Varying rOOf ATEAS, rwrrererrereeroreer sttt 29
3.9 Mean of s and p, with varying storage capacities. --+----=wssoweeeeeee 31
3.10 Mean of s and p, with varying water demands. ---------weeeeeeeeseee 31
3.11 Mean of s and p, with varying roof areas. --:--:-weweereeeesreeeee 32

3.12 Water supply reliability R, varying with storage capacities and water
demands. .............................................................................................. 34

3.13 Water supply reliability R, varying with water demands and roof



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.14 Water supply reliability R, varying with roof areas and storage
Capacities. ............................................................................................. 3 5
3.15 Stormwater interception ratio R, varying with storage capacities and
water demands. .................................................................................... 3 5
3.16 Stormwater interception ratio R, varying with water demands and
roof AT, *w e e resete st et sttt 36
3.17 Stormwater interception ratio R, varying with roof areas and storage
Capacities. ............................................................................................. 36
4.1 Comparisons of water supply reliability and stormwater interception
ratio of stochastic model and the estimated formula with varying
Storage Capacities. ................................................................................. 39
4.2 Comparisons of water supply reliability and stormwater interception
ratio of stochastic model and the estimated formula with varying
water demands. ...................................................................................... 40
4.3 Comparisons of water supply reliability and stormwater interception
ratio of stochastic model and the estimated formula with varying
contributing ratios. ................................................................................ 40

4.4 Annual average precipitation of present and future climate data at 6

4.5 Annual average stormwater depth of present and future climate data at

4.6 Water supply reliability of future climate date at 6 sites. === 45

_iV_



List of Tables

Table 2.1 Information of future climate models data ««----eeereeerrrererememmn.. 7

Table 4.1 R? and RMSE between stochastic model and the estimated

formula ................................................................................................ 3 8



MEl§AMY FANH AN U TG AN LRA ] FEY B

S
PAgSm Bt ATEAAxY TR
] S N
o ok
ol

il
g

HIE o] 8 A4 (Rainwater Harvesting System, RHS)S TA] & &
A B E A a9 A dF Y 7 S oshdolth & ATtelM =
790 F54 B4 2HE @30, RHSY & ¥32 {8 Azx 9 3
A #YE AT A e A 2&S dFselr] s FEEDS A s
2 &k, Master Key Fokker—Planck W32 (Master Key
Fokker—Planck Equation, MKFPE) & A}&3}e] FA 24 Au|iE vg20o =g
TAE AL AJde] EAske =9 HlEe wWE FEELETr
(Probabilistic. Density Function, PDF)& AHWTE 3= A2 dAni
WA oz MR o]lF 3 RHSSY theFst Ass wAshy, wizjHse|

0E = ou AR AraEs AgH Ade AT 3AS Adesiv vt
Aoz Ajbd R tpeFd Vst Ayl e E o] gkl vde] & ¥

AHEG RHS7F 715050 ot ae AAAA vd F9aE5r7t ol A
AYHEAS AM AdL B9 B4 qeste] FAsAT B AT
Adh G RHSS A5%7h A4 A7 2 /998 9% 240 §8% =

T7F & e R Jlddt.

_Vi_



I . Introduction

1.1 Background

Pollutants in urban areas are largely classified into point pollution
sources and non-point pollution sources, where non-point pollution
source refers to a pollutant that is difficult to know the exact source
because it is washed and discharged from a large area, such as
rainwater. Non-point pollution sources include agricultural lands,
grazing, urban streets, forests, suburbs and so on. Pollutants near
the soil surface or surface are washed by rainwater and flow into
the water system as runoff.

Rapid industrial development and urbanization in Korea have been
taking place since the 1960s, and urbanization has been intensified,
leading to an increase in impervious area and population density. In
this way, the urbanization of the urban area has changed the water
cycle system compared to the past (Shuster et al., 2005, Kim et al.,
2012). Urbanized lands with high impermeability will have large
influx of non-point pollutants during rainfall events, affecting surface
water and groundwater (Menci6 and Mas-Pla, 2008). As a result,
flood damage is increasing, water resources are difficult to secure,
river water quality deteriorates, and groundwater depletion is
increasing (Park and Cho, 2015).

In order to solve the problems caused by the water cycle distortion



due to urbanization and to manage the water resources sustainably,
the urban water cycle management paradigm of Low Impact
Development (LID) technique is introduced in USA, Europe, Canada,
and Australia, and it is proceeding (Ahiablame et al., 2013; Zhang et
al.,, 2013; Chui et al.,, 2016; Mao et al., 2017, Eckart et al., 2018). LID
technique is a method to preserve the characteristics of the existing
area by infiltrating, filtering, and storing the rainwater to the ground
without the direct discharge of the rainwater so as to be similar to
the water cycle system in the natural state. It is an eco—friendly
rainwater management technique that can sustain natural ecosystems
and biological resources including rivers. As such, LID is currently
being applied with great interest in Korea. It is actively implemented
to urban water cycle management, non-point sources pollutant

management, and stormwater management.

1.2 Objectives

Among various LID application technologies, the Rainwater
Harvesting System (RHS) is becoming an increasingly important
alternative to water supply in water-scarce areas (Thomas, 1998;
Kahinda et al., 2007; Che-Ani et al, 2009), and in addition to the
water supply business, there i1s an advantage that it can be
effectively applied to water resources management by reducing or

reusing stormwater that flows directly into urban impervious



surfaces (Jennings et al., 2012; Keem et al., 2014). RHS should be
actively installed to preserve natural water cycle without
compromising the functionality of a city. RHS is considered to be a
sustainable and efficient means of managing urban water resources
(Butler et al.,, 2010; Choi et al., 2011; Ward et al., 2012).

Among the cases of RHS that are currently installed worldwide, in
Japan, RHS has been used to achieve effects such as flood
protection, Wwater conservation, river pollution prevention, and
construction pipe system cost reduction in addition to water supply
in the city since 1985 (Zaizen et al., 2000). In Australia, RHS has
been installed for many years in arid inland areas. Recently, due to
drought and climate change, RHS has become an important
alternative source of fresh water, and the installation of RHS is
increasing (Eroksuz and Rahman, 2010). In the United States,
attempts have been made to actively use rainwater in California for
the first time, and the use of rainwater is increasing in island areas
such as Guam (Han, 2002). Meanwhile, in Germany, a rainwater
management infrastructure has been established to prevent flooding
In cities, and a rainwater storage facility for groundwater reclamation
1s also installed and managed. Unlike other countries, most German
cities use groundwater as their source of water, making it one of the
most active countries for rainwater use (Lee, 2004).

As the interest in reuse of water is rapidly increasing, there is an
Increasing tendency to promote the reuse of water and to utilize

water resources efficiently, and therefore, many related studies have



been conducted (Palla et al., 2011, Palla et al., 2012; Campisano et
al., 2017). Ghisi (2006) assessed the actual water availability,
estimated the potential for potable water savings, and discussed
water availability indicators that demonstrate the benefits of using
rainwater. In addition, stochastic rainfall models for rainwater use
assessment in South Africa with low water access rates have been
developed (Cowden et al., 2008). Basinger et al. (2010) introduced the
Storage and Reliability Estimation Tool (SARET), which evaluates
the reliability of RHS. Guo and Guo (2018) proposed a probability
model to quantify the water supply reliability and stormwater capture
ratio of RHS, and tried to adjust the size of RHS wusing the
probability model and to evaluate its performance (Sample and Liu,
2014). The RHS is evaluated using various models, and studies such
as RHS design, capacity, installation efficiency and RHS optimal
design capacity are being actively conducted (Guo and Batez, 2007;
Su et al., 2009; Okoye et al., 2015).

In Korea, there is a statute for the installation of RHS and related
researches are being carried out. Choi et al. (2011) established
detailed procedures for the design of rainwater use facilities using
SARET to assess the reliability of RHS and to quantify the
reduction efficiency of stormwater and annual tap water use. In
addition, Keem et al. (2014) presented a method for estimating model
parameters based on the data available in Korea to increase the
domestic applicability of the reliability assessment model proposed by

Choi et al. (2011), and analyzed the annual average and seasonal



reliability of RHS. Hydrological evaluation of RHS has also been
carried out through long-term continuous runoff analysis (Yoo et al.,
2008, Kim et al., 2008). Based on the economic assessment of the
introduction of RHS, studies such as estimating the optimal design
capacity have also been conducted (Hong et al., 2005, Park et al.,
2007, Kim et al, 2014; Kang et al, 2015 Baek et al, 2018).
However, researches that analyze the behavior of RHS
probabilistically are rare, and comprehensive and systematic studies
are still insufficient compared to studies of developed countries in the
RHS field.

Therefore, this study focuses on the probabilistic characteristics of
rainfall and suggests a probability model considering the inflow and
loss of RHS. Using the derived probability model, the reliability for
water supply and the stormwater capture efficiency for water
resource management are quantified. The formula for estimating the
water supply reliability and the stormwater interception ratio with
respect to RHS parameters is also proposed. Using the proposed
model, the future water supply reliability of RHS and the capability
of stormwater capture under various climate change scenarios are
analyzed to investigate the applicability of RHS to offset the adverse

effect of climate change.



II. Materials and methods

2.1 Data

Rainfall observation data were obtained from the Korea
Meteorological Administration Automated Synoptic Observing System
(ASOS) data. The daily ASOS meteorological data are available from
KMA website (http://data.kma.go.kr). Rainfall data from six major
Korean sites (Busan, Daegu, Daejeon, Gwangju, Incheon, Seoul) were
used. The data period is 40 years from 1979 to 2018.

In this study, dynamically down-scaled present and future climate
data (KOR-11) were used with a horizontal resolution of 12.5-km in
the East Asia region including the Korean Peninsula. Future climate
change scenarios in KOR-11 were applied to Representative
Concentration Pathways (RCP) 45 and 85, and two GCMs including
MPI-ESM-LR (Max Plank Institute Earth System Model-Low
Resolution) and HadGEM2-AO (Hadly Center Global Environmental
Model version 2 coupled with the Atmosphere-Ocean) and four
RCMs (MMb5, RegCM4, RSM, WRF) were used. Therefore, a total of
16 future ensembles were used. In this study, dynamically
down-scaled present and future climate data (KOR-11) were used
with a horizontal resolution of 12.5-km in the FEast Asia region
including the Korean Peninsula. Future climate change scenarios in

KOR-11 were applied to Representative Concentration Pathways



(RCP) 45 and 85, and two GCMs including MPI-ESM-LR (Max

Plank Institute FEarth System Model-Low  Resolution) and

HadGEM2-AO (Hadly Center Global Environmental Model version 2

coupled with the Atmosphere-Ocean) and four RCMs (MMB5,

RegCM4, RSM, WRF) were used. Therefore, a total of 16 future

ensembles were used (see Table 2.1).

Table 2.1 Information of future climate models data

; Spatial Temporal | Temporal
GCMs RCMs | Scenarios - )
Resolution | Resolution Scale
MM5
MPI-ESM-LR | WRF
(ML) RegCM4 3-hour
(365-Day Present:
RSMW\ REP 45 in 1-year) | 198172010
12.5-km
MM5 RCP 85 Future:
202172050
HadGEM2-AO Ui
(H2) RegCM4 3-hour
(360-Day
RSM in 1-year)

2.2 EPA SWMM

The EPA-Storm Water Management Model (SWMM), the most

widely used in the field, is widely used for hydrological simulation.



Since more than 8 LID facilities can be simulated within the model,
it is possible to compare and analyze stormwater in the watershed
according to the characteristics of each facility. However, in order to
use SWMM, a model must be constructed by inputting parameters
of LID facilities and other parameters. This can be rather difficult
and complicated for non-experts. Recently, several researchers have
derived a probabilistic model of several LID facilities, focusing on the
stochastic  characteristics of rainfall to estimate stormwater
Interception ratio more easily even without SWMM implementation
(Guo and Baetz, 2007, Kim et al, 2012; Zhang and Guo, 2012a;
Zhang and Guo, 2012b; Guo et al, 2014, Sample and Liu, 2014,
Zhang and Guo, 2014a; Zhang and Guo, 2014b; Becciu et al., 2016;
Guo and Gao, 2016; Guo et al., 2017; Guo and Guo, 2018). Therefore,
in this study, a probabilistic model of rainwater utilization facilities
was derived and compared with SWMM simulation results, which
are most widely used for hydrological simulation, to verify the

results.

2.3 Stochastic model for dynamic water balance
in RHS

he characteristics of rainfall play an important role in RHS, and
reflecting the water remaining in the existing RHS storage and the

newly inflow water will be key to model dynamic water balance in



RHS. In this study, a stochastic model for dynamic water balance in

RHS was derived based on a simple storage equation as follows:

ds

E: U(Sat) =

1
W,

c

[I(R,S)—L(S)] ....................................................................... (1)

Where W, is the capacity of the RHS TANK storage (mm), I
(mm/day) is the amount of rainwater supplied to the RHS storage
from the rainfall R, and s is the ratio of the water remaining in the
RHS storage, that is, the normalized water depth. The loss rate L
(mm/day) is the function related to the amount of demand used for

water supply. Fig. 2.1 shows a schematic of the RHS.

ot i Inflow

e— - e Rainwater
: runoff
I

L)

=L
| |
IRR s e
| D[RR R e LOsS (Wq)

Fig. 2.1 Schematic of inflow into and outflow from a RHS.



The exponential probability density function (PDF) for daily rainfall

R (mm/day) is shown in Equation (2) and Fig. 2.2, respectively.

_ LE*R/R ................................................................................................ 2)

m

Where, )\ is the probability that rainfall will occur on a day (that is,
the probability of rainfall occurrence in a day), and the probability

that rainfall will not occur on a day (P,) is 1-A°|th In Fig. 2.2

R

m

(mm/day) means the mean value of the rainfall depth on the

rainy day, and S, is the incipient loss (Kim et al., 2011).

>

R

Fig. 2.2 Probability density function of rainfall depth.

The contribution drainage area (mainly roof) is assumed to be

_10_



impermeable, and the outflow @ (mm/day) refers to the stormwater
depth occurring in the contributing area of RHS. If the outflow Q is
smaller than the surface depression depth S, (mm/day), the outflow
does not occur, and the outflow occurs only when outflow is larger
than S,, which is expressed by Equation (3). Note that not all of the
generated @ enters RHS storage but only the amount that can be
received by the capacity of RHS enters and the remaining is

overflowed (Kim and Han, 2010).

QZO J forR< Sd ........................................................................ (3)
:¢71(R_S¢Z)a forR= S,

Where ¢ means the ratio (Ap/A4,) of the bottom area of the RHS
storage (A) to the catchment area (A4,), and the PDF of the outflow

Q can be expressed by Equation (4) through the PDF of the rainfall

In this case, when the probability that the outflow will occur on a
day is defined by )’, the probability that the outflow does not occur,
that is, the probability (1—\") that Q=0 is equal to the sum of the
probability of rainlessness and the probability that the rainfall does

not exceed the incipient loss §,, and can be expressed as follows:

_11_



PQ(O):PrOb[QZO] ................................................................. (5)
=Prob[R=0]+Prob[R< S,]
=1-\

Where the probability of outflow A\ is Ae Sl By,

If an outflow occurs, an inflow into RHS occurs, in which the
inflow is allowed only as much as the remaining space of RHS.
Therefore, it is important to consider the amount of water currently
remaining in RHS. If the free space remaining in the RHS can
accommodate @, the inflow I entering RHS will be equal to @, but
if the remaining space cannot accommodate all @, only the remaining

space 1s allowed. This can be expressed as follows:

I=0 i forR< Sd ..................................................... (6)
:¢71(R_Sd)a f0r¢_1(R_Sd)<F(8)
= F(s) ,  for¢g " '(R—S,) > F(s)

Where the remaining space of RHS is denoted by F(s) and can be

expressed as follows:

Note that the probability P[I=0] that there is no inflow to RHS on
a day, such as the probability that the outflow in Equation (5) will

not occur, is as follows:

_12_



P[IZO]:P[R:0]+P[RS Sd] ........................................................................ (8)
=1\

The probability P, that F(s) will inflow to RHS on a day, that is,

the probability of I= F(s), can be expressed as follows:

P[I: F(S)] — PF(s) ........................................................................ (9)
= P[S,+ ¢F(s) < R]
=)NG(s)

In other words, P, can simply be expressed as N G(s). Where G(s)

can be expressed as Equation (10), and G(s) is dimensionless.

The probability distribution function for the remaining inflows
(¢~ "(R—S,)) except for both extreme cases (I=0 and I= F(s)) can

be derived as follows using the same relation as f, dI=f, dR:

fI:fR(R)' W ................................................................................................

AT,
=—e
r

m

Where r, (mm/day) is introduced to simplify the equation as

m

follows:

_13_



As a result, the PDF for inflow to RHS can be presented as

shown in Fig. 2.3.

F(s)=(1—s)W, /At [)

Fig. 2.3 Probability density function of inflow.

Rainwater stored in RHS can be used for water supply, and the
amount of water used is the loss function L(s) of RHS. The loss

function L(s) is defined in two cases (see Fig. 2.4):

_Wa _ . K ettt r e e e e e e e ee e e ee e e e araan e
L(s)—s—*s—A—ts, for 0<s<s (13)
= wy , for s*<s< 1

Where w, is the predefined water supply demand (mm/day). If

_14_



enough rainwater is stored in RHS, a predefined w, is supplied, but
otherwise only the stored water is supplied. Hence, the threshold

value s* of rainwater stored in RHS can be expressed as follows:

*

S

I

Fig. 2.4 Loss function.

Based on Kavvas (2003), the governing Equation (1) of RHS can

be transformed into the Master key Fokker—-Planck equation as

follows:
) ) t )
8_?;: _g[(<77>—/000@[77t5£|tT]dT)p} ................................................. (15)

o

+ 2 [(/tcov[mmtT]dT)g—i}

_15_



where p(s,t) is the state variable of Equation (15) and is the PDF of
the normalized water depth of RHS. The Equation (15) can be fully

expressed as follows:

_%:%«Z%u@-i;;%%“f”1G)ﬂM@m - (16)
=2 E - @ e S X))
+§«%¥%m,a—%%5

Equation (16) can be more simply expressed as follows:

B O (-0 R e N A=) = FNp(s)] | e (17)
+ 9;;5’%1(: £o) - 9(;;;73”(1@)2)x%], fors < 5*
= = 2R (1 0= e X, (126 = F)pla)
’r 2 r\2 2
2 (Bma-a- 26 T g)

Where 6, is the scale of fluctuation of daily I, and 6I/8s time series,

and 6 is the scale of fluctuation of daily n, time series, respectively.

6, :2/“) P P (P (18)

0

_16_



Where p,(7) is the cross—correlation function of daily I, and al/ss
time series at lag-r, and p(r) is the auto-correlation function of
daily n, time series at lag-r, respectively.

In order to analyze numerically the stochastic model derived above,

Equation (15) and (17) can be expressed more simply as follows:

Where A(s) and D(s) are called respectively the advection and
dispersion coefficients, as the form of Equation (20) closely
resembles the advection-dispersion equation. The Equation (20) is
basically a continuity equation and the state variable of the Equation

(20) is the probability density.

2.4 Steady-state PDF for normalized depth of
RHS

According to Chang and Cooper (1970), one can finally obtain the
steady-state PDF of the normalized water depth in RHS under
stochastic rainfall forcing and RHS and catchment parameters as

follows:

_17_



Where N, can be expressed as a constant of integration or a

normalization constant as follows:

No_fop(s)ds_l ........................................................................................... (22)

Note that the steady-state PDF of the normalized water depth in
RHS is expressed as a function of rainfall characteristics such as
rainfall frequency, average rainfall in a rainy day, and scale of
fluctuation of daily rainfall time series, and RHS properties such as
storage capacity, water demand, RHS area, contributing area, and
incipient loss.

The state variable p(s,t) of Equation (20) is strictly a probability
density. However, the normalized water depth in RHS has a
probability mass at s=0 or s=1. Therefore, it is necessary to
consider the probability mass separately. Regardless of the amount of
water remaining in TANK the previous day, the probability that s
will be zero is always p,. Since the occurrence probability of the
outflow @ is X, the outflow @ occurs on average once every 1/)
—day. Assuming that the occurrence of the runoff event follows the
poisson distribution, the PDF of the time 7T (day) between runoff

events can be described as follows:

_18_



f(T):Xe*X/T .................................................................................................. (23)

If the time between runoff events is greater than 7, = W./w,, then
the amount of rainwater remaining in RHS is unconditionally zero.

Hence, the probability mass p, can be written as follows:

Similarly, regardless of the amount of water remaining in TANK
the previous day, the probability that s will always be 1 is p,. The
probability mass p, can be estimated to be the probability of rainfall
exceeding the critical rainfall depth that satisfies

W.+w,At=¢ ' (R,— S;)At. The critical rainfall depth is as follows:

After determining above all parameters, the steady-state PDF of

the normalized water depth in RHS can be obtained numerically.

_19_



2.5 Water supply reliability and stormwater
interception ratio

What we most want to know from the RHS installation is how
much water we can supply and how much stormwater can be
captured. Using the steady-state PDF of the normalized water depth
in RHS, the reliability of how much water can be supplied and how
much stormwater can be captured can be derived. The water supply

reliability R, can be expressed as follows:

Where E[D] is the total amount of water desired to be supplied from
RHS, and FE[L] is the total amount of actual water supplied from
RHS.

Meanwhile, the stormwater interception ratio R, is can be written

as follows:

1
o ElL) foL(S)p(S)ds
TEQ T Ry o
s

_20_



Where E[Q] means the amount of outflow from the contributing
area, and stormwater Interception ratio can be expressed as a
function of supply and outflow.

As a result, the water supply reliability and stormwater
Interception ratio can be estimated wusing only the rainfall
characteristic parameter and the RHS characteristic parameter using
the derived probabilistic model. Accordingly, if rainfall data by site is
inputted, the rainfall characteristic parameters are applied accordingly
to estimate water supply reliability and stormwater capture efficiency

according to various climates.

_21_



M. Results

3.1 Stochastic model verification

In this section, the results of numerical models and probability
models are compared with each other to examine the adequacy of
probability models. Water supply reliability and stormwater
Interception ratio were calculated every five years using rainfall data
(1979-2018; 40 years) from March to November (see Fig. 3.1 and
3.2). The water supply reliability shows a relatively similar result,
although the two models are not perfectly consistent with each other.
Stormwater interception ratios are in good agreement with the

results of the two models.
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When comparing the reliability wvalues of the SWMM and the
probability model, the water supply reliability did not fit perfectly,
but on average, the results were relatively similar. On the other
hand, the stormwater interception ratio was confirmed to be in good
agreement with the SWMM results.

When analyzing several sites, it was confirmed that the derived
probabilistic model appeared similar to the SWMM results. To
examine the adequacy of the probabilistic model in detail, using the
data from the Busan site to explore the agreement between the two
model results for the change in the RHS parameters . Fig. 3.3-3.5

shows the comparison of water supply reliability and stormwater
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interception ratio for various values of RHS storage capacity,
demand, and catchment area. Parameters other than the parameters
that changed for the probability model verification were fixed at the

default values.
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In Figs. 3.3-3.5, the dotted line represents the numerical model and
the solid line represents the probability model. The blue line shows
the result of water supply reliability and the black line shows the
result of stormwater interception ratio. As the capacity of storage
capacity increases, more rainfall can flow into RHS. As a result, the
reliability of the supply of demand is gradually increased. As storage
capacity Increases, stormwater interception ratios also increase with
water supply reliability because more rainwater is converted to
supply (see Fig. 3.3). Increasing water demand with fixed storage
capacity reduces water supply reliability, but improves stormwater
interception ratios due to the conversion of rainwater supply (see
Fig. 3.4). Increasing catchment area leads to an increase in RHS
inflow, which improves water supply reliability, whereas increasing
RHS inflow adversely affects stormwater interception ratios (see Fig.
3.5). The results of Figs. 3.3-3.5 show that the proposed probabilistic
model reproduces the numerical model results very well for various
situations. As a result, by simply applying the probabilistic model
proposed in this study, it is easy to estimate the RHS water supply
reliability and stormwater interception ratio without using complicated

and inconvenient SWMM.

3.2 Further analysis of stochastic RHS model

3.2.1 Sensitivity analysis by parameter
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In Section 3.1, the derived probabilistic models are compared with
the SWMM simulation results. In this section, the behavior of the
facility according to the parameters is analyzed when changing by
parameter. First, cumulative distribution function (CDF), mean and p,
of s for wvarious parameter ranges were compared and analyzed.
Figs. 3.6-3.8 compare the CDFs of s for various cases by parameter,
and Figs. 3.9-11 show the mean of s and p, in various ranges for

each parameter.
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Fig. 3.6 CDF of s with varying storage capacities.
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Figs. 3.6-3.8 show the CDFs of normalized water depth in RHS for
various parameters. As the capacity of the RHS decreases, the
rainwater in the storage depletes faster, leading to the formation of
CDFs as shown in Fig. 3.6. If the required water demand increases,
the probability of depletion of the remaining water in the RHS will
increase, resulting in CDFs shaped like Fig. 3.7. In light of the
similarity of CDF change patterns in Fig. 3.6 and 3.7, the capacity of
RHS and the demand for water from RHS have a similar effect on
the condition of normalized water depth in RHS. However, the
change in CDF shape of the normalized water depth in RHS with
respect to the change of the catchment area is different from the
two cases. It can be seen that the change of catchment area affects
the probability that the stored rainwater is sufficient more than the

probability of running out of stored rainwater (see Fig. 3.8).
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Figs. 3.9-3.11 show the average of the normalized water depth in
RHS and the probability when the normalized water depth is O over
the range of wvarious parameters. As the RHS capacity increases,
more rainwater can be stored, so the average of normalized water
depth in RHS gradually increases, whereas the probability of zeroing
normalized water depth in RHS gradually decreases (see Fig. 3.9).
As the water demand increases, the stored rainwater is depleted at a
faster rate, so the average of the normalized water depth in RHS
decreases, and the probability of normalized water depth in RHS
being zero moves in the increasing direction (see Fig. 3.10). As the
catchment area increases, the inflow of RHS increases, so the

average of normalized water depth in RHS increases gradually, and
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the probability when normalized water depth in RHS is zero
decreases (see Fig. 3.11). However, it is worth noting that the
catchment area has a relatively small effect on the behavior of
normalized water depth in RHS compared to the capacity and water
demand of RHS. Therefore, it can be seen that the normalized water
depth in RHS is mainly determined by the RHS capacity and water

demand rather than the catchment area.

3.2.2 Sensitivity analysis by parameter combination

Figs. 3.12-3.14 and 3.15-3.17 show the water supply reliability and
stormwater interception ratio for wvarious ranges of parameters

calculated using the proposed probabilistic model.

_33_



400

2000

e Q-
,‘% 350 o V4 .
o g
IS p o
£ 300 ' .
-]
3 ,o°
o 2501 .
E -
]
E Pt ol
5 2001 N
5
[y .
= 150 o 1
Q® ‘ & %
I s O'g
100
500 1000
Storage capacity [Wc, (mm)}]

Fig. 3.12 Water supply reliability R, varying with
storage capacities and water demands.

400 T T T T T 7 —
| | |I .'I |
| 0 M~ 0 w L w3y w =+
5} _r_‘i ; o g o "'g (=] g :3 |
| | | [
| | .II II|
=] | | | f f
o4 | |
E 300 | | ll ‘{ |J
—_— | { |
- | | II f ]
E | I| f I| |
| | |
250 | ' | i &
| | f | =3
E | |I | [ {
m | | |
Ha I ) ) /
o200 ©£ ™~ 45 © I 1l i? i T
x 9 g 2 5 92 o 2 c ::’
| I| II| II|
150 [ ( f | [
| | | /I
II | |I |
| | II IIlll
| | f
100 i L i i l i
100 150 200 250 300 350 400

Water demand [wd, (mm/day)]

Fig. 3.13 Water supply reliability R, varying with
water demands and roof areas.

_34_



2000 U8 T T T T T
0.8
E
E. R8s 0.75
g 1500 R
s, 0.7 0.7
&
‘o 0.65
g 0.65
g 0.6 0.6
o 1000 s
E‘ == = i{:hF—— — - — 0.55 —
5 e =
w —_— e
e A ———— g — |
A R RE S AN
500 i i i i i
100 150 200 250 300 350 400

Roof area [Ad, (m?)]

Fig. 3.14 Water supply reliability R, varying with

roof areas and storage capacities.

400

[
o
[=]
T
—
_ v ——
gv @
1t
i

o

[#5]
[=]
=
T
.-/
FARVE
i

[~}
[£.]
(=]

\ \ J z - -
i \-. a, |

\ i AN

_II B \-\_, ?'v. |
S~ 0.16
O7s
Ry T4
L - ~_ _
.% -\_\_\-\_\_\--\_‘"'\-\._\_\_\_
07

Water demand [wd, (mm/day)]
[
[=]
=

150 -
012 —
—
100 ; : —
500 1000 1500 2000

Storage capacity [Wc, (mm)}]
Fig. 3.15 Stormwater interception ratio R, varying

with storage capacities and water demands.

_35_



40“ T | T T T ]
i e e————— 008
_phe _— 008"
- - o — — 31 —
L - e i
350 i e
o T 012
— i /,./ 2
] - B
E 00 e y ° ———— 014 —
e i =
- A A -
b 0 QA — .16 —
— 250 g ’ i
o 5
o WL nAg 0.18
© P
Y 48
{).
g 2000 7 oz 4
['d w
P o 0.22
150 & 024 |
o q B
G_
&
; " 9 QT—"‘ 026
100 ! I . . )
100 150 200 250 300 350 400

Water demand [wd, (mm/day)]

Fig. 3.16 Stormwater interception ratio R, varying

with water demands and roof areas.

2000 . . — T T ,
o ® /
[~ oy - |
o - i
E | /
G 1500 - / i
3 ; /
)
= ¢ 4 7
% o /
n_ P
[v] Qr-" n"? .Q‘I
(3] (=%
] - 4
g 1000
g ~
o
] ) e
_oM® $
) N &
Q.
500 i i i i 1
100 150 200 250 300 350 400

Roof area [Ad, (m?)]

Fig. 3.17 Stormwater interception ratio R, varying

with roof areas and storage capacities.

_36_



Figs. 3.12-3.14 show the sensitivity of water supply reliability to
RHS parameters. Increasing RHS capacity, decreasing water demand,
and increasing catchment area can increase the reliability of water
supply from RHS. Figs. 3.15-3.17 show the sensitivity of stormwater
interception ratio to RHS parameters. Increasing RHS capacity,
increasing water demand and decreasing catchment area have been
shown to increase the efficiency of intercepting stormwater. As a
result, using Figs. 3.12-3.17, the two parameters of RHS can easily
be used to calculate the water supply reliability and stormwater
Interception ratio without going through the calculation process.

Also, the catchment area was found to be less sensitive to the
performance of the RHS compared to the other two parameters, and
it can be recognized that the capacity and water demand of the RHS
mainly determine the performance of the RHS. In general, when RHS
1s applied to an existing building, the catchment area is often
determined prior to the design of the RHS. Therefore, it would be
reasonable to determine the capacity and water demand of the RHS
to reflect the required water supply reliability and the required
stormwater interception ratio. Alternatively, after determining the
demand and capacity of the RHS corresponding to the required
reliability, it may be possible to evaluate the ability to capture

stormwater.
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IV. Applications

4.1 Design formula of water supply reliability and
stormwater interception ratio

In Chapter 3, the behavior of RHS according to the parameters
was analyzed and the water supply reliability and stormwater
Interception ratio were estimated and shown. In this section, using
the rainfall characteristics of the Busan site, a design formula for
water supply reliability (R,) and stormwater interception ratio (R,)
was derived using a combination of three RHS parameters (W,, w,

and ¢) as follows:
R, = 0.00027286 W, — 0.00142821, — 3.5366¢) + 06215 «+rreeresreseesssrseeessenee (29)

R, = 0.00007924 W, + 0.0002707w, + 27.177¢p — 01621 -w-+eereeseesseesseesseieeesace (30)

Table 4.1 R?> and RMSE between stochastic model and the
estimated formula

Water supply reliability Stormwater interception ratio
(R,) (R,)
R’ 0.9659 0.9104
RMSE 0.0328 0.0262
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The design formula has the form of a multiple regression model
(f(W,wy,¢) =aW,+bw,+cp+d), and the regression coefficients (a, b,
¢ and d) are estimated using the least-squares method to best
reproduce the outputs of the model proposed in this study. In order
to evaluate the proposed design formulas, the design values obtained
from the probabilistic model are compared with those of the
corresponding design formulas (see Table 1). In addition, the design
values of the probabilistic model and the design formula for the
range of various parameters are compared and shown in Figs.

41-4.3.
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Comparing R, and R, derived from the probabilistic model and the
design formula, respectively, it is confirmed that R” is more than 0.9
and RMSE is satisfactorily small. The water supply reliability and
stormwater interception ratio derived from the probabilistic model in
Figs. 4.1-4.3 are indicated by O and [, respectively, and the
corresponding values derived from the design formulas are indicated
by solid blue lines. In terms of the agreement between the
probabilistic model and the design formula for the various parameter
ranges, the reliability of the design formula seems to be sufficiently
secured. Therefore, it is expected that the proposed design formulas
can be used to estimate the reliability of water supply and rainfall

runoff in practical use, and can be fully utilized in RHS design.

4.2 RHS mitigates adverse effects of climate

change

Climate model data have serious biases from observed data, and
there are more biases in the results of rainfall simulations, especially
since the simulation reliability for extreme weather events is
relatively low (Boé et al., 2007). In order to use these data, the bias
between the observed data and the model data should be corrected.
In this study, Quantile-Mapping (QM) technique, which has been

used in many studies and can be applied relatively easily, was used.
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For more information see Kim et al. (2011), Seo et al. (2012), Sim et
al. (2014), Lee et al. (2014), Choi et al. (2016), Lee et al. (2017), Cha
et al. (2017), Lee et al. (2017), Cha et al. (2018), Kim et al. (2018),
and Sim et al. (2019).

Before analyzing changes in stormwater due to climate change,
climate model data were used to analyze how much annual
precipitation changes in the future (see Fig. 4.4). In Fig. 4.4,
'present’ is the range of ensemble of annual precipitation simulated
under present (1981-2010) climate condition, while 'RCP 4.5’ and
'RCP 85’ represent the range of ensemble of annual precipitation
simulated under future (2021-2050) climate conditions. Annual
precipitation is likely to increase at Busan, Daegu, Daejeon, and
Gwangju sites, while future annual precipitation is likely to decrease
at Incheon and Seoul sites. It is projected that future annual
precipitation under RCP 85 scenario will increase more than future
annual precipitation under RCP 4.5 scenario, however the uncertainty

in the RCP 8.5 scenario is greater than that in the RCP 4.5 scenario.
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Fig. 4.4 Annual average precipitation of present and future
climate data at 6 sites.

The parameters applied when analyzing the annual mean
stormwater change due to climate change are: W, = 1,000 mm, w, =
200 mm/day, ¢ = 0.005. The annual average stormwater depths
generated during the present and future periods without RHS and
the annual average stormwater depths generated during the future
period with RHS were estimated, respectively. These comparisons
have shown how RHS can reduce stormwater increased by climate
change (see Fig. 4.5). Looking at the Busan, Daegu, Daejeon, and
Gwangju sites where the stormwater depth is likely to increase, we

can find that the increased stormwater depth can be reduced almost
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by RHS. These results reveal that RHS can offset the adverse

effects of climate change on stormwater management in cities.
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Fig. 4.5 Annual average stormwater depth of present and
future climate data at 6 sites.

RHS has the ability to supply water stored in RHS as well as the
ability to reduce stormwater increased by climate change. Fig. 4.6
shows the future water supply reliability achieved by RHS. Although
site-specific, it can be found that the planned water supply plan
from the RHS can be satisfied with about 502 confidence. Therefore,
the introduction of RHS will provide additional benefits of securing

available water resources as well as counteracting the adverse
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effects of climate change, such as stormwater reduction.
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V. Conclusions

RHS is generally designed to collect and store rainwater falling on
catchment surfaces (eg rooftops or other impervious areas) for home
or urban multipurpose use (Choi et al., 2011). The performance of
these RHSs 1is nonlinear with various factors such as climate,
watershed characteristics, and RHS design specifications, so design
optimization is necessary to balance cost and performance. The most
commonly used indicators for RHS performance assessment are the
water supply reliability from RHS and the stormwater interception
efficiency expected from RHS (Keem et al., 2014). In this study, we
focused on the stochastic characteristics of rainfall, and presented a
probabilistic model for quantifying stormwater interception efficiency
for stormwater management and reliability for water supply.

To verify the results of the derived probabilistic model, the results
were compared with the numerical results. As a result of the
comparison, it is confirmed that the numerical results and the results
of the derived probabilistic model are in good agreement. We also
analyzed the probabilistic behavior of RHS for changes in RHS
characteristic parameters (capacity (W,), water demand (w,), and
catchment area (A4,)). In the same rainfall event, increasing RHS
capacity, decreasing water demand, and increasing catchment area
were found to increase RHS water supply reliability. In addition,

increased RHS capacity, increased water demand, and reduced
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catchment area were found to Increase stormwater interception
efficiency. In general, however, when RHS is actually applied to
existing buildings, water demand and catchment area are often
determined depending on the surrounding conditions. Therefore, the
capacity of RHS will be the most important determinant of RHS
behavior. In addition, design formulas for estimating water supply
reliability and stormwater interception efficiency for characteristic
parameters were derived so that they could be used in future RHS
planning.

In this study, using various climate model data and proposed
probability model, we investigated how much RHS can reduce future
stormwater and how much water supply reliability can be obtained
from RHS at 6 major sites in Korea. The RHS installation could
play a role in responding to the possibility of future stormwater
growth and additionally secure available water resources.

Using the probabilistic model proposed in this study, RHS water
supply reliability and stormwater interception efficiency can be easily
implemented in relatively simple computer codes. Therefore, the
results of this study are expected to be useful tools for evaluating
RHS performance, determining RHS capacity, and analyzing the role
of RHS as a means of adaptation to climate change. Overall, this
probabilistic approach has proven to be feasible and reliable in
modeling the long-term balance of RHS. The proposed solution needs
to emphasize that the daily precipitation series is valid for RHS

located in areas that can be approximated by exponential distribution.
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In addition, this study is the result of applying to the probabilistic
model using the values of general parameters, not the analysis
applied to actual buildings. For further study, it would be good to
analyze the effect of RHS in actual buildings. Through this, after the
RHS is installed in the actual building, the climate change scenario
1s applied to examine the impact on climate change of the city, and
then the water supply reliability and stormwater interception ratio
are calculated. Therefore, it would be good to analyze the available
water resources and future stormwater reduction in the entire city.
As a result, the derived model can easily estimate the water
supply reliability and stormwater interception ratio using only the
rainfall parameter and the RHS characteristic parameter, and if
rainfall data by site is inputted, the rainfall characteristic parameters
can be applied to estimate water supply reliability and stormwater
capture efficiency according to various climates. In addition, multiple
regression equations can be used to evaluate water supply reliability
and stormwater capture efficiency based on the parameters of the
RHS facility, making it easier to evaluate the performance of the
facility. Therefore, the probabilistic model is meaningful in that it
provides an easy-to—use tool for high accuracy and wider coverage
of the facility’s performance for the installation plan and design of
the LID in the context of increased interest and installation of the
LID facility. In the future, the results of this study can easily
estimate the water supply reliability and stormwater interception ratio

and can be used in the RHS installation planning. In addition, like

_48_



the probabilistic model derived in this study, the probabilistic model
can be derived for other LID facilities besides RHS.
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