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Rainfall-Storage-Utilization-Discharge model for ﬂood
mitigation and water conservation
Duc Canh Nguyen and Mooyoung Han

ABSTRACT
Climate change and the increase of impermeable surfaces due to urbanization have led to an
increase in the frequency of ﬂooding events. The occurrence of water shortage problems is
attributed to an increased population and water pollution. Traditional methods of draining rainwater
from rooftops, based on the Rainfall-Discharge (R-D) model, are challenged. By storing some of the
rainfall that falls on building rooftops, ﬂooding of nearby sewer systems can be mitigated, and the
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reduction of peak runoff can then calculated using the Rainfall-Storage-Discharge (R-S-D) model.
By utilizing stored rainfall in or near a building, ﬂooding can be further mitigated while conserving
water, and the reduction of peak runoff and the amount of used rainwater can also be calculated
using the Rainfall-Storage-Utilization-Discharge (R-S-U-D) model. The R-S-U-D model uses site-speciﬁc
rainfall characteristics; thus, we take Seoul, Korea as a study case. The reduced peak ﬂow and
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increased design return period for a combination of tank volume and utilization rate can be
calculated and presented by a curve, which can be used in the design and operation of sewer
systems. Results from the R-S-U-D model can help in designing methods to reduce the ﬂooding risk in
existing sewer systems without increasing their capacity, thus reducing expenses. Water
conservation is an additional beneﬁt.
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ﬂooding, water conservation

INTRODUCTION
Flood events are becoming increasingly frequent due to cli-

been popular in industrial and urbanized areas over the last

mate change and urbanization, which results in an increase

100 years, its drawbacks include high-cost maintenance, uncer-

of impermeable surface area. The number of affected people

tainty of rainfall, and a lack of sustainability. This system

and the ﬁnancial, economic, and insurance-related damages

focuses only on the prevention of ﬂooding and is designed to

due to ﬂooding have also increased. In 2010 alone, approxi-

drain rainwater as fast as possible (R-D model); while water

mately 178 million people were affected and the total losses

conservation by collecting rainwater is never considered

due to ﬂooding were reported to be over $40 billion ( Jha

(Appendix 1, available with the online version of this paper).

et al. ). Moreover, rapid population growth and water

Recently, the micro-scale rainwater management (RWM)

quality degradation necessitate greater attention being

approach using rainwater storage tanks (Appendix 2, available

given to water conservation.

with the online version of this paper) has gained interest as a

The conventional centralized end-of-pipe system is a

potential complement or replacement to the conventional

regional runoff control system that manages downstream

sewer system. It has the potential to address problems faced

ﬂows in drainage pipe networks using large channelization

by the existing conventional sewer system (Han et al. ).

and underground detention basins. While this system has

Micro-scale RWM is regarded as a type of source control, as
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it collects rainwater close to its source. The need for microscale RWM systems to mitigate various problems such as
urban ﬂooding and water shortage has become more urgent
in recent times (Kim & Han ; Han et al. , ; Kim
et al. ). On a micro-scale, if an RWM system is installed
in a building, the system would connect to the urban sewer
system and the water supply system of the building. Kim &
Han () proposed and developed the Rainfall-StorageDischarge (R-S-D) process in order to estimate the control
effect of a rainwater retention tank. The results showed that
an R-S-D system can control runoff from building rooftops
and effectively mitigate urban ﬂooding.
Besides the ﬂood alleviation function, micro-scale RWM
also helps conserve water. Due to its small scale, rainwater is
safely collected from building rooftops and stored. Rainwater
is of good enough quality to be utilized for tasks such as toilet
ﬂushing, gardening, cleaning, and emergencies (Fewkes ;
Mwenge Kahinda et al. ; Song et al. ; UNEP ;
Tabatabaee & Han ; Julius et al. ; Nguyen et al. ;
Nguyen & Han ; Kim et al. ). Rooftop harvested rainwater is a good drinking water source that requires little to no
treatment for emergencies or normal daily use in both developing and developed countries (Coombes et al. ; Amin &
Han ; Lee et al. ). Timely utilization of rainwater

Figure 1

|

Rainfall-Storage-Utilization-Discharge (R-S-U-D) system.

The R-S-U-D model is a new numerical model, used for
the analysis and design of RWM systems for ﬂood control
considering the simultaneous storage and utilization of the
rainwater. Because the rainfall characteristics are site
speciﬁc, the rainfall data should be tailored to suit each
area. In this paper, Seoul, Korea, is taken as a study area,
and the data were obtained from the Korean Meteorological
Administration (KMA).

stored in tanks can also serve to reduce peak runoff ﬂows.
The objectives of this study were to propose a RainfallStorage-Utilization-Discharge (R-S-U-D) model that con-

METHODOLOGY OF R-S-U-D MODEL DEVELOPMENT

sidered rainwater as a water resource, and to develop a
method for designing tank capacity and utilization to con-

Design of rainfall distribution and runoff analysis

trol runoff from building rooftops for both ﬂood mitigation
and water conservation.

Hydraulic structures using conventional hydrology were
developed for a large area (>10 ha), and were designed to
be used with stochastic rainfall characteristics, as rainfall

DESIGN OF R-S-U-D SYSTEM

distributions are not generally uniform over a huge spatial
area. Spatial distribution reduction factors are generally

Figure 1 shows a schematic of an R-S-U-D system for a building.

taken into consideration during the construction of a hyeto-

It consists of a rooftop, downpipe, storage tank, water supply,

graph. However, in the case of the micro-scale RWM

and the overﬂow is connected to a nearby sewer system. The

system, which has a rather small area (0.01–1 ha), the rain-

R-S-U-D system controls the storage, utilization, and discharge

fall distribution is uniform over the catchment area,

of rainwater into the receiving water bodies. The volume of

making the need for spatial distribution reduction factors

rainwater discharged to the sewer system can be controlled

unnecessary in the development of the rainfall hyetograph.

by the amount of water in the rainwater tank, which is then

In this study, rainfall hyetographs were constructed following

contribute to both ﬂood mitigation and water conservation.

comprehensive and suited to Seoul’s meteorological
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(Figure 3) as shown below:

structing rainfall hyetographs for rainwater retention
facilities (Kim et al. ), this study draws the hyetographs

Vt ¼ Vt1 þ Qin,t Δt  Qout,t Δt  Qsup ,t Δt

(2)

on the 2nd-quartile, with a 10% probability rainfall cumulative curve. This pattern and probability were proposed as a

where Vt is the cumulative water stored in the tank (m3) at

reasonable rainfall analysis method for designing rainwater

time t. Vt1 is the cumulative water stored in the tank (m3)

retention facilities for Seoul (Nguyen ). The hyetographs

at time t  1. Δt is the time increment (h). In determining

were constructed from data with return periods of 2, 5, 10,

retention volumes, small time increments are more useful

30, 50, and 100 years. Figure 2 shows the design rainfall

than large time increments to avoid underestimation of

curve hyetographs for different durations of a 100-year fre-

the cumulative rainfall depth from hyetographs with the

quency rainfall event for Seoul city area.

latter. In this study, a time increment of 5 min, which is

A building rooftop is an artiﬁcial, impervious surface

generally the smallest value, was used. Qin,t is the inﬂow

designed to drain water rapidly without any detention effect,

rate into the rainwater tank (m3/h) at time t and is the

meaning that the runoff ﬂow is the same as the rainfall

same as the runoff ﬂow rate from the roof, as in Equation

volume. Some loss of stored water could occur due to faulty

(1). Qsup,t is the water supply rate to the building from the

pipe connections and valves. An experimental formula for

rainwater tank (m3/h) at time t. Qout,t is the overﬂow rate

micro-scale cumulative runoff analysis on a ﬂat building roof

from the tank to urban storm drainage (m3/h) at time t.

(2,000 m2) for on-site RWM was expressed with a runoff coefﬁ-

Qsup,t and Qout,t can be mathematically described as

cient of 0.90–0.95 by Kim et al. () (Equation (1)).

follows:

Qt ¼ It × A × C × 0:001

(1)

If Vt  0, Qsup ,t ¼ 0,

(3)

where Qt is the runoff from a catchment area (m3/h) at time t.

if Vt > 0, the water supply is limited by the cumulative

A is the catchment area (m2). C is the runoff coefﬁcient. It is the

water stored and inﬂow quantity in the tank.

rainfall intensity (mm/h) at time t.

Utilization control tank capacity design

Vt1 þ Qin,t Δt < QUtilization Δt ! Qsup ,t Δt ¼ Vt1 þ Qin,t Δt

(4)

Vt1 þ Qin,t Δt  QUtilization Δt ! Qsup ,t ¼ QUtilization

(5)

If Vt  V, Qout,t ¼ 0

(6)

To simulate water ﬂow in a rainwater tank system, the water
balance is analyzed with respect to the system conditions

Figure 2

|

Design rainfall hyetographs for variation durations of a 100-y frequency for
Seoul City.
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Structure and water ﬂow of a rainwater tank.
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RESULTS AND DISCUSSION
(7)

where V is the capacity of the rainwater tank (m3). QUtilization

R-S-D system
Duration determination

is the utilization rate (m3/h). This study calculates data with
utilization rates of 5, 10, 15, and 20 L/min. The outﬂow from

Application of the most conventional method of duration

the RWM system under various factors is calculated by

determination requires that the duration of the design rain-

simulations using an algorithm based on the above

fall event be equal to the time of concentration in the

equations (which are shown in Figure 4).

basin. The time of concentration, Tc, is the time taken for

Figure 4

|

Flow chart used to determine outﬂow from R-S-U-D system. T is the simulation period.
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the surface water runoff to reach the design point from the

in the R-S-D model, where the tank volume is 11 m3/

furthest point of the catchment. It is assumed that with a

100 m2, the peak is reduced to 11 m3/h.

uniform intensity storm, the entire catchment fully contrib-

Similarly, the peak runoff curves for the different rainfall

utes to the maximum discharge at the design point for any

events of 2, 5, 10, 30, 50 and 100-year return periods

given probability of occurrence. However, this deﬁnition

were determined using the R-S-D model and are shown in

ignores the relative runoff-producing capabilities of pervious

Figure 5(b). It shows that when the design rainfall period

and impervious surfaces, and possible variations in rainfall

is longer, the peak ﬂow increases; and when the tank

intensity. In fact, micro-scale RWM systems have small

volume increases, the peak ﬂow reduces. For example, the

catchment areas of building rooftops, usually about 0.01–

peak ﬂow for a 100-year design without a tank is 26 m3/h

1 ha in area. The time required for rainwater to travel

(Point A in Figure 5(b)). However, when the tank size is

from the roof to the rainwater tank inlet is assumed to be

11 m3/100 m2 (Point B), the peak ﬂow for the same 100-

negligible. According to Kim & Han (), the actual

year design period reduces to 11 m3/h (Point C), which is

time measured is usually around 5–10 minutes. However,

equivalent to the peak ﬂow at rainfall with a 2-year return

5–10 minutes cannot be used to reasonably estimate the

period (Point D). Kim & Han () and Kim et al. ()

inﬂow conditions for rainwater systems (Kim et al. ). It

have reported similar results.

is a good practice to select several rainfall durations and

The result shows that by installing rainwater tanks, the

compute the runoff for each, as it is not possible to deter-

nearby sewer system can mitigate ﬂooding risks without

mine in advance whether the design of a hydraulic

increasing the capacity of the existing sewer system, thus

structure will be more sensitive to peak runoff rates or to

saving time and reducing costs.

runoff volumes. Therefore, this study takes into account all
types of rainfall events with the 24-h system operation

R-S-U-D system

time for designing the micro-scale RWM system.
If the stored water is emptied by utilizing the stored rainRainwater tank volume versus peak discharge for various
rainfall return periods

water for domestic non-drinking or drinking purposes,
the runoff can be reduced, thus mitigating ﬂooding. To
understand the effect of utilization rate in an R-S-U-D

In order to study the effect of the rainwater tank volume of an

system on peak outﬂow reduction, peak outﬂow rates

R-S-D system on peak ﬂow reduction, peak ﬂow rates were

were calculated by the R-S-U-D model using various utiliz-

calculated by the R-S-D model using various tank volumes

ation rates and tank volumes, under different design

3

(0–20 m ) and rainfall duration times (30–1,440 min) under

rainfall periods as input, as shown in Figure 6. Figure 6(a)

different design rainfall periods as input, as shown in Figure 5.

shows tank capacity vs. peak outﬂow curves under different

The case study of a 100 m2 catchment area with a runoff coef-

utilization rates for a 100-year design period in Seoul.

ﬁcient of 0.9 was applied throughout the study. Figure 5(a)

0–20 L/min (equal to 0–28.8 m3/day) of water consumption

shows how peak ﬂow rates are reduced by increasing the

is a reasonable range for multistorey buildings. The line for

tank volume (m3/100 m2 roof catchment area) for the

No Utilization stands for the R-S-D model. With a higher

design of a 100-year return period in Seoul for different rain-

tank capacity or a higher utilization rate, discharge ﬂow is

fall duration times. Dotted lines connect the peak runoff

reduced. The solid black line represents the peak runoff

values, following tank volume variation to the corresponding

ﬂow for the 2-year design rainfall. The minimum tank

rainfall duration times. Each line follows the standardized

capacity without utilization to control a 100-year peak

rainfall for a duration of time. The thick curve represents

ﬂow for 2 years is 11 m3/100 m2. The tank capacity can be

the designed peak runoff, which shows the maximum

reduced to 10 and 9 m3/100 m2 with utilization rates of

runoff ﬂow for the design inﬂow curves of all duration

10 and 20 L/min, respectively. Utilization rates as low as

times less than 24 h for a 100-year return period. When the

5 L/min have almost no effect on high rainfall events of a

tank volume is 0 m3 (R-D model), the peak is 26 m3/h, but

100-year frequency.
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Tank volume vs. peak runoff curves for (a) 100-year frequency; and (b) various design periods in Seoul.

Figure 6(b) and 6(c) show practical case studies for

control heavy rainfalls of various design periods being safe

50-year and 30-year return period design rainfalls. For the

under different utilization rates were summarized from the

50-year return period rainfall, the minimum tank volume

above results as shown in Figure 7. Figure 7 shows a Tank

to control peak ﬂows into 2-year return periods is 10 m3/

volume-Utilization rate-Design period (TUD) curve which

2

100 m , when no utilization is considered (R-S-D model).

presents how tank volume and utilization rates can reduce

The tank volume can be reduced to 9 and 8 m3/100 m2

the peak ﬂow so that the sewer system can be safe even

with utilization rates of 10 and 20 L/min, respectively

for longer design periods, without increasing the capacity

(R-S-U-D model). For the 30-year return period, the tank

of the sewer system. For example, for a sewer system

3

2

capacity can be reduced from 9 and 7 m /100 m with util-

designed for a 2-year return period rainfall, a rainwater

ization rates of 10 and 20 L/min, respectively.

tank with 9 m3/100 m2 (point A) is installed, and the

For more simple and practical design of an RWM

sewer system can be safe even at the stronger rainfall of a

system, the necessary tank volumes that are required to

30-year return period with an R-S-D model (point B). If
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Seoul rainfall conditions under different utilization rates.
With a tank size of 5 m3, the annual water saving of an
R-S-U-D system is 116.7 m3 and 118.5 m3 (83% and 86%
rainwater utilization ratio) with a utilization rate of 10 and
20 L/min, respectively. The more the rainwater conserved,
the more the tap water saved. In areas where freshwater
resources are limited and sometimes seriously under
threat, water conservation from widespread R-S-U-D systems are signiﬁcant.

Figure 7

|

Tank volume and utilization rate to match peak runoff ﬂow for different rainfall
periods with a 2-year rainfall event (Tank volume-Utilization rate-Design period
(TUD) curve).

the stored rainwater is designed to be utilized at rates of 10 and
20 L/min, the sewer system can become safe even with a
higher return rainfall of 50-year and 100-year periods
(point C and point D), respectively.
Both Tank volume-Utilization rate-Peak outﬂow (TUP)
and TUD curves can be easily developed for any city using
the local rainfall data, and can be used to design and operate
sewer systems for ﬂood mitigation plans and strategies by
city planners, designers, and even politicians.
Water conservation effect
R-S-U-D systems not only mitigate ﬂooding, but also conserve water. Stored rainwater in the tank can be conserved
and supplied to meet the building water demand. Figure 8
shows the annual water savings that were calculated by
the daily water balance simulation (Mun & Han ) for

CONCLUSION
Traditional methods of draining rainwater from rooftops,
based on the R-D (Rainfall-Discharge) model, are challenged. Storing some of the rainfall that falls on building
rooftops can mitigate ﬂooding of nearby sewer systems.
The stored water can later be used in or near the building,
thus conserving water.
An R-S-D (Rainfall-Storage-Discharge) model that can
predict the reduction of peak runoff by installing rainwater
tank for ﬂooding mitigation was developed. Furthermore,
the R-S-U-D (Rainfall-Storage-Utilization-Discharge) model,
which includes rainwater utilization, can be used for both
ﬂood mitigation and water conservation.
From the R-S-D model, a tank volume-peak ﬂow (TP)
curve is developed for a site-speciﬁc rainfall characteristic,
which can be used to determine the required tank volume
to reduce the peak ﬂow down to a certain design period
rainfall. Existing sewer systems can be made safe under heavier rainfall by installing rainwater tanks without increasing
the existing sewer capacity.
From the R-S-U-D model, TUP curves and TUD curves
are developed to determine the peak ﬂow reduction when
utilization is included. These curves will be used in the
design and operation of rainwater systems in areas of limited
sewer capacity or for climate change adaptation. Additionally, total annual water conservation in R-S-U-D systems
can be calculated as a supplement of existing water supply
systems.
The R-S-U-D model can be used to increase the resilience of existing sewer systems against urbanization and
climate change, resulting in a solution for Sustainable Devel-

Figure 8

|

Annual water saving in R-S-U-D system, case study of Seoul.
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