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Abstract 

Micro-scale Hydrology Model for 

Multipurpose Rainwater Management 

 

Nguyen Duc Canh 

Dept. of Civil and Environmental Engineering 

College of Engineering 

Seoul National University 

 

 Most of the world hydrological problems such as flooding, drought, 

water shortage, water pollution and groundwater depletion are all related to 

rainwater. By proper rainwater management (RWM), we can resolve the 

hydrological problems and enhance the resilience. This dissertation is to 

develop micro-scale hydrology modelling for multipurpose rainwater 

management.      

 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 reduction of peak runoff can then calculated using the 

Rainfall-Storage-Discharge (R-S-D) model. The dissertation proposes and 

develops numerical modellings for innovative RWM systems with 
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controlled measures as a resilient and sustainable flood mitigation approach. 

Conventional rainfall-runoff analysis was found to be unreasonable for 

micro-scale of building rooftops. In the Seoul area, 10% probability in the 

second quartile was set as the time distribution appropriate for determining 

the tank retention volume. By utilizing stored rainfall in or near a building, 

flooding can be further mitigated while conserving water, and the reduction 

of peak runoff and amount of used rainwater can also be calculated using 

the Rainfall-Storage-Utilization-Discharge (R-S-U-D) model. By controlled 

pumping, which is developed by the R-S-P-D (Rainfall-Storage-Pump-

Discharge) model, runoff flows can be neutralized and thus mitigate 

flooding in case of heavier rainfall. Further, The R-S-I-D (Rainfall-Storage-

Infiltration-Discharge) model, which incorporates with infiltration can be 

used for multipurpose, working towards not only further flood mitigation 

but also water conservation and groundwater enrichment. The reduced peak 

flow and increased design return period for a combination of tank volume 

and utilization, pumping or infiltration rates can be calculated and presented 

by TP, TUP, TUD, TPP, TPD, TIP, and THP curves, which can be used in the 

design and operation of sewer systems. Results from these models can help 

in designing methods to reduce the flooding risk in existing sewer systems 

without increasing their capacity, thus reducing expenses. Additionally, total 

annual water conservation and groundwater recharge in R-S-U-D and R-S-I-

D systems can be calculated as a supplement of existing water supply 

systems. 
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The dissertation also develops novel modellings for RWM system 

to resolve the world water shortages. Getting a detailed and suitable rainfall 

data to have a good design of RWH system is a challenge in developing 

countries. In RWH system performance predictions, direct use of monthly 

rainfall data may lead to considerable error instead of using daily rainfall 

data. This dissertation proposes a simple and reasonable design method of 

RWH systems from available limited data. The proposed model that 

employs the designed rainfall which generate daily rainfall for each month 

with distribution of uniformly number of wet days in the last days of month 

as its input gives performance predictions quite similar to that of using 

actual daily rainfall. Further, the seasonal variatiion of rainfall was found to 

be other hydrological problem in RWM which caused droughts in dry 

sreason, and thus prohobits the use of RWM. This dissertation develops the 

novel variable demand model taking rainfall variance into determination of 

daily demand which can result an optimal performance of RWH system and 

ensure water saving in even dry seasons. From the model, the TRRC curves 

and water supply chart are developed. These curves can be used to suggest 

an optimal design and operation of RWM system.   

The developed modellings in the dissertation can be used to resolve 

the current world water shortage problem and the mitigation of urban 

flooding, which are working towards increasing the resilience of existing 

systems against urbanization and climate change, and thus resulting in a 

solution for Sustainable Development Goals (SDGs 6 and 11). 
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CHAPTER I. INTRODUCTION 

 

1.1.  Background 

 Water is essential for human life but it has quantitative limitations 

of extreme events of water such as floods and droughts. In some areas water 

is too little and not where it is wanted and in other areas, there is too much 

water in the wrong place at the wrong time. Most of the annual water flow 

may come as floods following heavy rains, and unless stored by reservoirs, 

sometimes causing seasonal flooding. Such areas may suffer droughts later 

in the year. The world is already facing hydrological problems including 

both flooding and water shortages.  

 Urban flooding is becoming an increasingly important issue, which 

has caused devastation and economic losses. The 21st century has already 

seen many large-scale food-related disasters in Hanoi, Ho Chi Minh city, 

Vietnam (2008); Seoul, Korea (2011); Guangdong, Beijing, China (2007); 

Bangkok, Thailand (2011); Taipei, Taiwan (2001); and New Orleans, USA 

(2005). Disaster statistics appear to indicate that flood events are becoming 

increasingly frequent. Figure 1 illustrates this trend. The numbers of people 

and financial, economic and insured damages affected by floods have also 

increased. 178 million people and total losses of exceeded $40 billion were 
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reported to be affected by floods in 2010 alone (Jha et al., 2011). 

 

 

Figure 1: Number of reported global flood events. Source based on EM-

DAT/CRED (Jha et al 2011). 

  

 Rapid population growth often leads to poorly planned cities, 

making the urban residents increasingly vulnerable to flood. With the 

increase of impermeable layers in urban areas, with reduced percolation 

capacity for water, urban streams tend to rise more rapidly during storms 

and have higher peak discharge rates. In addition, climate change is causing 

the weather to be less predictable, the rains to be more uncertain, and heavy 

storm to be more likely, which indirectly aggravates urban flooding. This 

has led to the anticipation of a much higher risk of flooding in the future 

(Jha et al., 2011). 
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Along with flood problem, urban cities are facing also water shortages. 

Rapid urbanization and population growth has led to large volumes of water 

being extracted from limited existing sources. Groundwater depletion due to 

its over-exploitation for urban need or due to reduced infiltration caused by 

urbanization, resulting in land subsidence in many cities. Moreover, the 

increasing of human waste also lead to pollution of natural water resources. 

In many cities, the management of urban water systems is fragmented and 

inefficient, as a result of poor urban water governance and weak institutional, 

financial and human capacities. This causes urban water shortages are 

becoming increasingly severe and complex. Water shortages are happening 

not only in urban areas but also in rural areas. Specially, in the developing 

countries in Africa and Asia, freshwater resources are already facing serious 

threats, with the situation expected to worsen in the future (UNEP 2008, 

ADB 2011). The governments cannot afford the time and money to 

establish centralized water supplies. The World Health Organization has 

reported that 783 million people lack enough water to simply meet their 

basic needs (WHO/UNICEF, 2010). Therefore, it is not surprising that in 

2015, UN suggested Sustainable Development Goals (SDGs), which is a set 

of development goals until 2030, and emphasized general accessibility to 

water on sixth goal. Figure 2 shows the distribution of unserved population 

in water supply.  
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Figure 2: Distribution of unserveed populations in water supply (UNESCO 

2003) 

 

Efforts to prevent flooding have been made using several 

approaches. In the past, cities typically focused on extensive flood-control 

infrastructure, such as channelization, pump station, dams, levees, or large-

scale retention systems. However, flood-control infrastructure can resist 

floods only up to a certain magnitude. Moreover, they are not a reliable 

mitigation approach, given the uncertainties due to climate change and 

urbanization (Zevenbergen and Gersonius 2007). Therefore, these cities are 

ill-equipped for floods that exceed the capacity of the current extensive 

flood-control infrastructures (Alley et al. 2007). Expanding the drainage 

systems or building large-scale dams is difficult in the present situation 
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because of controversies owing to the dissent of residents in the submerged 

districts, high cost of land acquisition, reduction in dam construction areas, 

and the destruction of the environment (Kim et al 2014). The design concept 

of the conventional hydrology system is to drain rainwater as fast as 

possible, which focuses on the prevention of flooding only, water 

conservation by collecting rainwater is never considered; moreover, 

hydrological issues have still persisted such as local flooding or additional 

flooding at downstream areas. 

 Recently, the micro-scale RWM approach using rainwater storage 

tank is gaining much interest in order to complement or replace the 

conventional sewer system. It has the potential to solve the problems related 

to the existing conventional sewer system (Han et al., 2009). The need for 

micro-scale RWM systems to mitigate various problems such as urban 

flooding and water shortage has become more obvious in recent times (Han 

et al., 2009, Kim et al., 2006, Kim et al., 2014). At a micro-scale, if a RWM 

system is installed on building, the system would connect to the urban sewer 

system and the water supply system of the building. Micro-scale RWM 

system can reduce flood damage by retaining rainwater and infiltration 

facilities are also sometimes installed as a part of a rainwater management 

system for enhancing flood-control effectiveness and for groundwater 

enrichment (Han et al. 2004, Kim and Han 2008). A number of studies 

conclude that numerous small tanks can reduce urban flooding and reduce 

inundation of the inner city (Mun et al., 2005). Given the unpredictability 
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due to climate change, designed rainwater systems are not always reliable 

for controlling floods. However, due to its small scale, the system can 

manage the volume of stored water in the tanks, as well as the discharge rate, 

with simple controlled hydraulic measures such as utilization, pumping and 

infiltration, without resorting to the expensive option of increasing the 

capacity of the existing system. 

 Besides the flood alleviation function, micro-scale RWM also 

serves the function of water conservation. Due to its small scale, rainwater is 

safely collected from building rooftops and stored rainwater has potential of 

good enough quality to be utilized for tasks such as toilet flushing, 

gardening, cleaning, emergency (Fewkes et al., 1999, Julius et al., 2013, 

Mwenge Kahinda et al., 2007, UNEP, 2009, Nguyen et al., 2013, Nguyen et 

al., 2014, Kim et al., 2016, Song et al., 2009, Tabatabaee et al., 2010). 

Rooftop harvested rainwater is a good drinking water source with small or 

no treatment during emergency or normal daily life in both developing and 

developed countries (Amin & Han., 2009; Coombes et al., 2006; Lee et al., 

2012). Keeping in mind the technical and financial limitations of the poor 

who live in rural or semi-urban areas, rainwater can be an alternative source 

of safe drinking water especially in developing countries (Kim et al 2016, 

Mwamilla et al., 2015; Temesgen et al., 2015; Nguyen et al., 2013). Timely 

utilization of rainwater stored in tanks can also serve to reduce peak runoff 

flows and thus, mitigate flooding. 

 Although micro-scale RWM is gaining interest as a resilient and 
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sustainable water management approach in many parts of developing and 

developed countries. The lack of scientific and engineering knowledge such 

as hydrology modelling for micro-scale, unavailability of proper 

meteorological data, seasonal variation, the lack of manual for design, 

operation and related cost…often prohibited the practice and promotion of 

rainwater.  
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1.2. The objectives of this dissertation 

The main objective of this dissertation is to develop micro-scale 

hydrology modellings for multipurpose rainwater management in which: 

(1) Develop models for rainwater management for flood mitigation 

a1. Analysis of rainfall-runoff for micro-scale RWM to control 

flooding.  

a2. Develop models for micro-scale RWM with control 

hydraulic measures: Rainfall-Storage-Utilization-Discharge 

(R-S-U-D) model that considers the utilization of rainwater; 

Rainfall-Storage-Pump-Discharge (R-S-P-D) model that 

considers the operation of controlled drain pump in rainwater 

tanks; and Rainfall-Storage-Infiltration-Discharge (R-S-I-D) 

model that considers the combination of infiltration in 

mitigating flooding.  

a3. Suggest design guideline for flood mitigation 

(2) Develop models for rainwater management for water conservation 

b1. Propose and develop model for design of rainwater 

harvesting system from limited rainfall data  

b2. Develop variable demand model for design and operation 

of rainwater harvesting system considering rainfall variance.  

b3. Suggest design guideline for water conservation 
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1.3. Dissertation Structure 

This dissertation is composed of 6 chapters. 

Chapter 1 contains the introduction, objectives and dissertation structure. 

Chapter 2 cover basic principles of the conventional hydrology and situation 

of micro-scale RWM. Chapter 3 contains on insights and detailed the 

development of hydrology models for RWM systems to control flood. 

Which deal with the select design storm for design of micro-scale RWM 

system. Innovative RWM systems with controlled hydraulics (i.e. utilization, 

pump, infiltration) are described; and series of numerical hydrology 

modellings for the analysis and design of these systems are developed. 

Chapter 4 provides approaches and methodologies for design RWM system 

to conserve water not only in urban areas but also in remote areas where 

proper meteorological data is not available. An innovative model is 

developed for solving the seasonal variation problem which causing drought 

in dry season. An optimization of RWM system are provided base on its 

performance and related cost. Chapter 5 contains a conclusion of this study 

and recommendations. The structure of this study is shown in Figure 3. 
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Figure 3. Structure of this dissertation 
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Chap. 3. Rainwater Management 
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Chap. 5. Conclusions and 
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for Water Conservation  
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CHAPTER II. REVIEW ON 

CONVENTIONAL AND MICRO-SCALE 

HYDROLOGY MODELLING 

 

2.1. What is hydrology? 

From the beginning of mankind, water has been a necessary source 

for humans. And we were always worried about where is the water coming 

from and where is it going? How much and how is the quality of water? 

What should we do to control when we have too much or too little of water? 

As a requirement, the term hydrology has been treated as an important 

subject for humans and their environment. Hydrology is the scientific study 

of the movement, distribution, and quality of water on the Earth. It 

encompasses both the hydrologic cycle and water resources. Since time 

immemorial, man has changed their environment, and therefore the land 

phase of the hydrological, for their own purposes.  

 

2.1.1. Conventional Hydrology and Micro-scale Hydrology 

Due to rapid urbanization including deforestation, land cover 

change, irrigation…the concept and characteristics in hydrologic system 

have been varied as the development. The natural drainage systems are both 
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altered and supplemented by sewerage. Water suppliers are also altered 

from local water resources at minimum cost as initially by further supplies 

of centralized systems as the demand for water rises and pollution of water 

resources.  

In this text, the term “conventional hydrology” is to refer the 

hydrology in the conventional centralized sewer system. Discharge of 

rainwater was the main philosophy of the conventional hydrology which 

focus flood control only. The conventional sewer system is a regional runoff 

control system that manages downstream flows in drainage pipe networks 

using large channelization and underground detention basins. While this 

system has been much more popular in industrial and urbanized areas during 

the last 100 years, its weak points are revealed as high maintenance cost, 

uncertainty of rainfall, and the lack of sustainability. As the urban area 

grows, under the combined impacts of urbanization and climate change, the 

conventional sewer system is challenged in the 21st century. Its limitations 

was described in Section 1.3. 
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Figure 4. Conventional sever system and micro-scale RWM system 

 

The micro-scale hydrology of multipurpose RWM approach has the 

potential to resolve the conventional hydrology as a sustainable and resilient 

hydrology concept. Micro-scale RWM system is regarded as a type of 

source control as it collects rainwater at a place close to where it falls. 

Figure 4 shows the conventional sewer system and micro-scale RWM 

system. Conventional hydrology systems are constructed and designed for 

areas of larger scale (10-100 ha) have runoff paths with long duration (few 

hours). Meanwhile, micro-scale RWM systems have small catchment areas 

of building rooftops usually about 0.01-1 ha. The time required for 

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

negligible. According to Kim et al (2009), the actual time measured is 

usually around 5 to 10 minutes. The ideal of “micro-scale” are in which the 

CCoonnvveennttiioonnaall  sseewweerr  ssyysstteemm MMiiccrroo--ssccaallee  RRWWMM  ssyysstteemm   
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rainwater can be safely collected and utilized onsite for multipurpose as a 

good water quality with minimum treatment, energy and maintenance cost; 

and also the system can be controlled easily by simple measures (i.e. 

utilization, pump, infiltration), and thus increase the resilience. The most 

significant points of difference between conventional hydrology and micro-

scale hydrology are shown in Table 1.  

 

Table 1. Conventional hydrology and Micro-scale hydrology 

Factor Conventional sewer 

system 

Micro-scale RWM 

system 

Runoff area 10-100 ha < 1 ha 

Time of concentration 30 min- hours ~ 0 (5-10min) 

Position End-of-pipe On-site 

Objective Flood mitigation Multipurpose 

Operating factor No control Controllable 

 

2.2. Hydrology modelling 

Hydrologic models are simplified, conceptual representations of a 

part of the hydrologic cycle. The best model is the one which give results 

close to reality with the use of most simplicity. In scientific hydrology, 

hydrology modelling are helpful tools for understanding and predicting 

hydrologic processes. However, the use and application of commonly 

applied models are limited by the fundamentals underpinning the model 
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concepts. Therefore, selection and application of proper models is a function 

of problem objectives, data availabilities, and spatial and temporal scales of 

application. In this text the hydrology models for the conventional sewer 

and micro-scale systems are reviewed.  

 

2.3. Review of conventional hydrology modelling 

The conventional sewer systems are designed for the objective of 

flood control only with the concept of draining rainwater. Therefore, most 

of conventional hydrology modelling aimed to estimate runoff as a function 

of various inputs. The important inputs required for all models are rainfall 

data, catchment area, and catchment characteristics (soil properties, 

vegetation cover, topography, soil moisture content…).  

Various runoff analyses and models have been developed over the 

last 100 years, after the French engineer Mulvaney proposed that the volume 

of runoff could be calculated by the product of the intensity × runoff area 

(Huggins et al., 1982). The most popular theory is the rational method 

which was developed by Lloyd and Davies using a runoff coefficient (Lloyd 

et al., 1906). The concept is attractive and easy to understand. If rainfall 

occurs over a basin at a constant intensity for a period of time that is 

sufficient to produce steady state runoff at the outlet or design point, then 

the peak outflow rate will be proportional to the product of rainfall intensity 

and basin area: 

Q= CiA       (1) 
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where  

Q: peak runoff rate  

  C: dimensionless runoff coefficient used to adjust for abstractions 

from rainfall  

i: rainfall intensity for a duration that equals time of concentration 

of the basin  

A: basin area  

In practice, the rational method is mostly used in small urban areas 

for design storm sewer system. Linsley et al., (1982) and Ponce (1989) have 

reviewed and recommended the reliable area for application of the rational 

method is 40-500 ha. There are a number of practical limitations to the 

application of the rational method. The assumption of the duration of 

rainfall is equal the time of concentration limits its application for micro-

scale hydrology which has no time of concentration. An underestimation of 

micro-scale hydrology using the rational method is described in Section 3.3. 

For areas where rainfall and runoff data are not available, unit 

hydrograph can be developed based on physical basin characteristics. The 

unit hydrograph introduced by Sherman (1932a) was defined as the 

discharge produced by a unit volume of effective rainfall of a given duration. 

Clark (1945) and Snyder (1983) have recommended a reliable large scale of 

areas ranging from 400-500,000 ha for application of the unit hydrograph. 

The basic hypothesis of this approach is that the basin responds linearly to 

effective rainfall. Linearity implies that if  
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i = a i1 + b i2,     (2) 

then  

Q = aQ1 + bQ2     (3) 

Where ii and Qi are corresponding inputs and outputs.  

Flood hydrograph can be calculated with the help of very short 

record of data. And the unit hydrograph procedure can be computerized 

easily to facilitate calculations. However, the principle of linearity is not 

completely valid for micro-scale RWM system. In rainwater storage tank 

system, inflow is maintained until tank capacity is reached, at which point 

inflow is discharged by free flow. Given a large enough capacity, the tank 

can store additional water peak flow as peak outflow rate can be controlled 

by the storage tank. In other words, if the peak flow produced by a storm of 

a certain intensity is known, the peak corresponding to another storm (of the 

same duration) with twice the intensity is not equal to twice the original 

peak in rainwater storage tank. 

Time-Area methods developed to address non-uniform rainfall in 

larger areas. One of the most common time-area techniques is that derived 

by Clark (1945). The method is based on the concept that translation of flow 

through the watershed can be described by runoff isochrones and the 

corresponding histogram of contributing area versus time. Isochrones are 

lines of equal travel time and describe the fraction of watershed area 

contributing runoff to the watershed outlet as a function of travel time 

(Figure 5). In other words, the larger area is divided into smaller areas 
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which are have same time of concentration of uniform rainfall. Similar to 

the rational method this assumption is not reasonable for micro-scale 

hydrology. 

 

 

Figure 5. Time-area isochrones and histogram for Clark’s method 

 

Figure 6 summaries applicable scale for conventional hydrology 

modellings. Furthermore, up until now, a number of other models have been 

developed and modified for runoff estimation. Computer software models 

relevant for urban storm water, such as ILLUDAS, HEC-HMS, and EPA-

SWMM depend upon various theories, such as the unit hydrograph, time–

area method, or hydraulic routing method (ASCE, 1992; Akan, 2003). 

These models are limited to apply for specific design of RWM system at 

small scale.  
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Figure 6. Applicable scale for conventional hydrology modelling. 

 

2.4. Situation of micro-scale rainwater management 

Rainwater harvesting has been used for ages and examples can be 

found in all the great civilizations throughout history. Around the third 

century BC, the farming communities in Balochistan (now located in 

Pakistan, Afghanistan and Iran), and Kutch, India, used rainwater harvesting 

for agriculture and many uses also (Tamilnadu State Government, 2012) In 

ancient Tamil Nadu , rainwater harvesting was done by Chola kings (The 

Hindu 2010). The concept of RWH was found 6,000 years ago in China. In 

1441 AD during the Chosun dynasty, the world’s first rainwater gauge, 

named “Chuk-ugi”, was invented by King Sejong the Great (Han and Park 

2009).  

Recently, due to pollution of both groundwater and surface waters, 

and the overall increased demand for water resources due to population 

https://en.wikipedia.org/wiki/Balochistan
https://en.wikipedia.org/wiki/Kutch
https://en.wikipedia.org/wiki/Tamil_Nadu
https://en.wikipedia.org/wiki/Chola_dynasty
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growth, many communities all over the world are approaching the limits of 

their traditional centralized water suppliers. Rainwater harvesting has 

regained importance as a valuable alternative or supplementary water 

resource. RWH has proven to be of great value for both developing and 

developed countries, in both urban and remote areas. The low-quality 

domestic use of rainwater includes but not limited to toilet flushing, laundry, 

car washing, and irrigation, whereas the high-quality domestic use of 

harvested rainwater includes potable uses after some treatment. The good 

quality of rainwater have been reported in many research (Nguyen et al 

2013, 2015; Amin et al., 2009, 2011). Table 2 shows collected rainwater 

quality in Cukhe village, Hanoi, Vietnam (Nguyen et al., 2013). All the 

chemical substances tested satisfy the WHO water quality standards. Only 

biological substances exceeds water quality standards. However it is 

required minimum treatment.  

 

Table 2. Collected Rainwater quality in Cukhe village, Hanoi, Vietnam 
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Rainwater tanks is also gaining interest as a method to mitigate 

environmental impacts of urbanization on storm water drainage systems and 

receiving water bodies (Burns et al 2014; Campisano and Modica 2014). 

Specifically, RWH operates as a storage based source control solution: 

during rain events, a portion of the rainfall is captured and stored into the 

tank with a reduction of the surface runoff component. 

 

2.5. Review on micro-scale rainwater management hydrology 

modelling 

The objective of RWM system in general is multipurpose. However 

most of the current models for RWM system are dealing with a single 

purpose separately.   

 

2.5.1. Rainwater management for flood mitigation 

Most of studies have developed modelling for RWM system on the 

effect of water conservation. However, only few studies have focused on 

rainwater tank design with aim to mitigate flooding. 

Hermann and Schmida (2000) simulated the number of overflow 

runoff events and its quantity as rainwater tank volume with real rainfall 

condition from 1981 to 1990 in Germany. Overflow breaking and its total 

volume are estimated to decrease with the increase of tank volume and 

rainwater consumption. As their result, 20 m3 tank of 100m2 catchment area 

to supply rainwater of 240 L/day of 100 m2 catchment area could control 
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rainfall from the year of 1981 to 1990 in Germany without overflow runoff 

for the building.  

One study on a rainwater harvesting system that showed a rainfall–

runoff reduction response using the designed storm approach was based on 

triangular distribution (Vaes and Berlamont, 2001). The study output shows 

that rainwater tank retention and usage facilities upstream can have a 

significantly reduce the peak flow in sewer systems, if they are installed on 

a sufficiently large scale. Figure 7 is an example for a design rainfall of 5 

years return period. This shows that the peak of the composite storm for 5 

years can be reduced to the value of the composite storm for 1 year. 

  

 

Figure 7. the effect of rainwater tank on the design storm of 5 years 

 

These studies show that urban storm runoff can be controlled by 

rainwater tanks but fails to give a reasonable design rainfall analysis to 

control runoff for micro-scale RWM system.  

   Futher, Mun et al. (2005) used Storm Water Management Model 
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SWMM modelling analysis to show that relatively small and decentralized 

rainwater tanks could be more effective in flood control than one large tank. 

EPA SWMM (Metcalf and Eddy, 1971) was developed by the EPA 

to analyze storm water quantity problems associated with runoff from urban 

areas. EPA SWMM has become the model of choice for simulation of minor 

drainage systems primarily composed of closed conduits. The Transport 

Block in SWMM can be used to approximate detention storage in the sewer 

system.  

  

Figure 8. Detention facility as defined in EPA SWMM.  

 

However, the model is complicated and imposes many requirements 

on the user and it is not able to verify when applying for specific 

investigation of what detention requirements may be needed at a single site. 

Even though the model provides the choices such as bottom orifice outlet, 
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constant rate pump and a spillway as in Figure 8. In practice, RWM systems 

may requires specific design with controlled hydraulic measures (i.e. 

utilization, pump, infiltration) which will be described in Chapter 3 to use 

rainwater for multipurpose and enhance the resilient of the system.  

 

2.5.2. Rainwater management for water conservation 

Many researchers have attempted to promote significant potable 

water savings with the use of rainwater (Handia et al. 2003; Ghisi et al. 

2007; Muthukumaran et al. 2011. Campisano and Modica (2012) mentioned 

that the feasibility of RWH systems depends entirely on the characteristic of 

the rainwater storage tank, water demand pattern of households, rooftop 

effective area of the building, and rainfall profile of the site.  

There are numerous methods already developed for predicting the 

performance and tank sizing of RWH systems. Fewkes (1999) conducted 

studies producing a series of dimensionless design curves which allows 

estimation of the rainwater tank size required to obtain a desired 

performance measure given the roof area and water demand patterns. A 

computer model has been developed by Jenkins (2007) for formulating 

continuous simulations of the amount of rainwater stored in a tank, amount 

of rainwater used, amount overflowed, and the number of mains topped up 

for household rainwater tanks. For the performance analysis and design of 

rainwater tanks, a simple spreadsheet based daily water balance model was 

http://www.sciencedirect.com/science/article/pii/S0921344915300756#bib0040
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developed using daily rainfall data, contributing roof area, rainfall loss 

factor, available storage volume, tank overflow and rainwater demand 

(Khastagir & Jayasuriya 2010). Imteaz et al. (2011) presented a daily water 

balance model for domestic rainwater usage so as to provide decision 

support for the performance analysis of rainwater tanks in commercial 

buildings with large roof area. The authors claimed that optimal tank size 

was obtained by studying the effect of varying parameters of tank size and 

roof areas on cumulative overflow loss and cumulative water saved. Further, 

Mun & Han (2012) developed a design and evaluation method for a RWH 

system to improve its operational efficiency based on sensitivity analysis. 

Most of the analyses were performed using daily water balance model 

considers various factors such as tank size, daily rainfall quantities, losses, 

daily water demand, and overflow. At each time-step, the run-off belonging 

to that step is added to the volume in the tank and the user’s draw-off is 

subtracted. The time step maybe 1 day or 1 month. The desirability of using 

daily data in RWH modelling has been noted (Heggen, 1993; Thomas, 

2002). Imteaz et al. (2012) assessed the rainwater harvesting potential for 

southwest Nigeria using a daily water balance model. They also found that 

the analysis using monthly rainfall data tends to overestimate the required 

rainwater tank size and recommended the use of daily data. However 

meteorological data is actually, at least in developing countries, rarely 

detailed, reliable and affordable in the right form and for the exact location 

of interest. In many developing countries a few years daily rainfall record 

http://www.sciencedirect.com/science/article/pii/S0921344915300756#bib0085
http://www.sciencedirect.com/science/article/pii/S0921344915300756#bib0080
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costs more than a small RWH system to buy. Meanwhile, monthly data is 

too coarse and time-averaged, but it is of some use and quite widely 

available (Pearce E & Smith C G, 1998). The limited of rainfall is one of the 

hydrological problem which prohibited the application of micro-scale RWM 

models. 

The other hydrological problem in micro-scale RWM is the seasonal 

variatiion of rainfall. Most RWH storage tanks have problems related to 

water quantity. The variable nature of rainfall during the year has led to its 

categorization as an unreliable source, most specidically due to rainfall 

shortages during the dry season. Semra et al., (2011) reported that both 

statistics and focus group interviews suggest that storage capacity is the 

major limitation in rainwater harvesting and about one-third of the sampled 

households reported running out of rainwater during the six-month dry 

season in Vietnam.  

 

2.6. Summary 

Table 3 summaries and compares the review on studies of hydrology 

modelling for conventional and micro-scale RWM systems.
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Table 3. Review on the studies of hydrology modelling 

 Flood mitigation Water conservation 

Design 

storm 

Operation 

(Controlled measures) 

Runoff 

mitigation 

Micro

-scale 

Rainfall data Operation 

(Demand) 

Output 

Usage Pump Infill. Unlimited Limited Steady Variable Optimal 

design 

Rational method x x x x √ x x x x x x 

Unit hydrograph x x x x √ x x x x x x 

Time-area  x x x x √ x x x x x x 

SWMM x x √ x √ √ x x x x x 

Hermamn (2000) x x x x √ √ x x x x x 

Vaes (2001) x x x √ √ √ x x x x x 

Fewkes (1999) x x x x x √ √ x √ x x 

Jenkins (2007) x x x x x √ √ x √ x x 

Imteaz (2011) x x x x x √ √ x √ x √ 

Mun (2012)  x x x x x √ √ x √ x x 

http://www.sciencedirect.com/science/article/pii/S0921344915300756#bib0085
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Table 4 summaries the hydrological problems for micro-scale RWM. 

Conventional hydrology theories for runoff estimation are limited in larger 

area over 40 ha. The assumptions are not reasonable for micro-scale RWM 

hydrology. Moreover, a reasonable design rainfall for runoff control does 

not exist for micro-scale RWM system. Hydrology modelling for micro-

scale RWM with controlled hydraulic measures (utilization, pump, 

infiltration) are needed for multipurpose and better performance. In order to 

promote RWM in global, the desired model should be able to apply for not 

only urban areas but also in remote areas where proper meteorological data 

is not available which current models are limited. Further, rainfall seasonal 

variation should be taken into account for suggest an optimal design and 

operation of RWM system.   
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Table 4. Hydrological problems for micro-scale RWM. 
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CHAPTER III. 

 RAINWATER MANAGEMENT FOR 

FLOOD MITIGATION 
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3.1. Introduction 

The traditional philosophy of stormwater drainage in towns and cities has 

been the rapid and efficient elimination of standing water as quickly as 

possible from the built-up area (R-D model); while water conservation by 

collecting rainwater is never considered (Fig. 9). The drain water philosophy 

was considered to save the built-up area itself but not for other external 

downstream areas. The accumulation of that philosophy has been increased 

by both the development of such sewer system and the design methods 

themselves. However, due to the rapid urbanization and climate change, 

multi-hydrological problems happens in the 21st century as mentioned in the 

Chapter 1 had led the conventional server system facing challenges. Due to 

urbanization, the increase runoff volume caused by the increase in 

impervious area and the construction of sewer systems, all serve to create 

downstream flooding problems; and also the increase in frequency of 

occurrence of the peak discharge of a given magnitude that excess the 

capacity of the sewer systems causes local flooding in the built-up area itself.  
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Figure 9. Rainfall-Discharge (R-D) system 

 

Decentralized and micro-scale RWM has potential to solve the 

hydrological problems for the conventional sewer system. By storing some 

of the rainfall that falls on building rooftops, flooding of nearby sewer 

systems can be mitigated. Kim et al. (2006) proposed and developed the 

Rainfall-Storage-Drain (RSD) (Fig. 10) process in order to estimate the 

control effect of a rainwater retention tank. The results showed that a RSD 

system can control runoff from building rooftops and effectively mitigate 

urban flooding.  
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Figure 10. Rainfall Storage Discharge (R-S-D) system. 

 

 RWM system also serve as water resources for building demand. 

Timely utilization of rainwater stored in tanks can also serve to reduce peak 

runoff flows. A Rainfall-Storage-Utilization-Discharge (R-S-U-D) model is 

proposed and developed considering utilization process into peak runoff 

reduction determination of RWM system. Given the unpredictability due to 

urbanization and climate change, designed rainwater systems are not always 

reliable for controlling floods. However, due to its small scale, runoff flows 

can be neutralized by a simple controlled pumping. A Rainfall-Storage-

Pump-Discharge (R-S-P-D) model is proposed and developed considering 

controlled pumping method to obtain further mitigate flooding. Further, a 

Rainfall-Storage-Infiltration-Discharge (R-S-I-D) model is developed 

considering combination of RWM and infiltration systems for further flood 
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mitigation and groundwater enrichment. An analysis of Rainfall-Runoff also 

are developed for micro-scale of RWM system to apply these models.  

   

3.2. Design rainfall analysis for flood mitigation 

The selected design storm for hydrologic modeling has a significant 

impact on the computed results. A design storm is a way of representing 

storm rainfall with respect to depth, duration, temporal distribution, 

frequency and spatial distribution.  

 

3.2.1. Design Storm frequency.  

The first step of which is to select a design frequency. Not all storms 

events can be calculated to determine the worst peak flow rate. The 

selection of a design storm rainfall frequency should be made after 

economic analyses of costs and benefits are performed. However, these 

analyses are expensive and not undertaking. In an event-based design using 

methods of synthetic hydrology, the frequency of the storm event is 

assumed to equal the frequency of the resulting computed peak flow rate on 

the hydrograph. This is probably not true for individual events, but it is 

hoped that it approaches reality over the long term. Often, the local 

approving authority will specify the level of design to be used for any 

particular type of structure. The Table 5 shows common design frequencies 

for hydraulic structures in the practice.  
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Table 5.   Common Design Frequencies for Hydraulic Structures  

Type of structure Return period (years) 

Highway culverts: 5–10 

   Low traffic 5–10 

   Intermediate traffic 10–25 

   High traffic 50–100 

Highway bridges:  

   Secondary system 10-50 

   Primary system 50-100 

Urban drainage:  

   Storm sewers in small cities 2-25 

   Storm sewers in large cities 25-50 

Airfields:  

   Low traffic 5-10 

   Intermediate traffic 10-25 

   High traffic 50-100 

 

3.2.2. Duration of rainfall.  

Next, duration of the storm event should be selected. Design storm 

duration is an important parameter that defines the rainfall depth or intensity 

for a given frequency, and therefore affects the resulting runoff peak. In 

published rainfall atlases, depth of rain is directly proportional to duration 

while average intensity is inversely proportional to duration. Short duration, 
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high intensity, smaller coverage area, typically associated with 

thunderstorms. Longer duration, lower intensity, greater depths, larger 

coverage area, typically associated with frontal storms.  

Application of the most conventional method of duration 

determination requires that the duration of the design rainfall event be equal 

to the time of concentration in the basin. The time of concentration, Tc, is 

the time taken for the surface water runoff to reach the design point from the 

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

storm, the entire catchment is fully contributing to the maximum discharge 

at the design point for any given probability of occurrence. However, this 

definition ignores the relative runoff-producing capabilities of pervious and 

impervious surfaces, and possible variations in rainfall intensity. In fact, 

micro-scale RWM systems have small catchment areas of building rooftops 

usually about 0.01-1 ha. The time required for rainwater to travel from the 

roof to the rainwater tank inlet is assumed negligible. According to Kim et 

al., (2006), the actual time measured is usually around 5 to 10 minutes. 

However, the time of 5-10 minutes cannot reasonably estimate the inflow 

conditions for rainwater system (Kim et al., 2009). It is a good practice to 

select several rainfall durations and compute the runoff for each, as it is not 

possible to determine in advance whether the design of a hydraulic structure 

will be more sensitive to peak runoff rates or to runoff volumes. Therefore, 

all types of rainfall events with the 24-hour system operation time should be 
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taken into account for designing the micro-scale RWM system.  

 

3.2.3. Design Rainfall distribution.  

After the design rainfall depth has been selected from the intensity-

duration-frequency (IDF) curves for a specific duration time and frequency 

at a given location, there is the need to time-distribute it following a pattern 

that is reasonably representative of the location. How the rainfall volume is 

distributed over time influences hydrograph shape and the runoff peak rate, 

and thus is necessary to decide retention volume. Figure 11 shows a case of 

rainfall distribution influences. Although the two rainfall events have the 

same peak runoff value (Qp) and total rainfall depth (Qtotal), the retention 

volume (V) is required to control the same peak flow (Qc) can be different 

as the time distributions. 

 

Figure 11. Effect of rainfall distribution on retention volume. (V1 ≠ V2)   

 

In the design of hydraulic structures using conventional hydrology 
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which was developed for a quite large area (>10 ha), stochastic rainfall 

characteristics should be used, because rainfall distributions are not 

generally uniform over a spatial huge area. A spatial distribution reduction 

factors are generally taken into consideration on the construction of 

hyetograph. However, in the design of micro-scale RWM system which has 

a quite a small area (0.01-1 ha), the rainfall distribution is uniform over 

catchment area, and thus the design rainfall hyetograph does not require 

spatial distribution reduction factors.  

 

3.2.3.1. Review on design rainfall temporal distribution methods 

The importance of a logical procedure for temporal distribution of 

the design rainfall depth is reflected in the multiplicity of documented 

approaches proposed by many research scientists from different parts of the 

world. In some of the earlier studies rainfall depth was temporally 

distributed using arbitrary patterns. In others the distribution was based on 

runoff design considerations. 

 Uniform distribution is the simplest method that assumes rainfall is 

constant over the duration of the storm event as shown in Fig. 12. This 

method generally used with the rational method. However, most of 

researchers indicated that this assumption is unsuitable for use in 

hydrograph modeling. I t is important to note that this method assumes 

the storm duration should be the time of concentration. 
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                       Figure 12. Uniform distribution  

  

Alternating block method (Figure 13) is one simple method for 

developing a design storm from IDF curves. Specifies the precipitation 

depth occurring in n successive time intervals of duration Δt over a total 

duration Td. The intensity equation is derive as  

  
  fT

c
i

e

d 
       (4) 

where i = rainfall intensity, mm / hr for all given storm duration of 

an IDF curve 

Td  = total duration of rainfall, hr 

C,e,f = coefficient 

The method is proposed for use in most cases where storm duration 

time is less than 24 hours. However, naturally occurring storms do not occur 

in this manner and computed results has relative high peak discharges. 

(Joseph P. Wilson, 1992). 
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Figure 13. Alternating block method 

                  

Developed back in 1957, Kiefer and Chu’s procedure (1957) is 

generally known as the Chicago method (Figure 14). The method has been 

extensively applied in the hydrology literature. However, the method was 

only investigated with storm durations of up to 3 hrs. The method provides 

equations for calculating peak intensity, and then redistributes the rainfall 

before and after the peak with appropriate equations. It presupposes an IDF 

relation of the form: 

 cT

a
i

d
b 

       (5) 

where i = rainfall intensity, mm / hr for all given storm duration of 

an IDF curve 

Td = total duration of rainfall, hr 

a,b,c = shape and location parameters, dimensionless obtained by 

fitting an IDF curve for a given frequency; 

Rainfall 

intensity 

Time 
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Figure 14. Chicago method 

 

Pilgrim and Cordery (1975) take a quasi-probabilistic approach that 

tends to preserve the position in time of the periods of highest intensity. 

Their procedure usually results in a multimodal distribution, whereas the 

other methods derived from analysis of naturally occurring rainfall result in 

unimodal distributions. It has been adopted as a standard method of 

hydrologic design in Australia (The Institution of Engineers Australia, 

1987) and has been recommended by Greene County, Missouri (Green 

County Storm-Water Design Standards, 1999). Application of the Pilgrim 

and Cordery method (1975) requires analysis of local or regional rainfall. 

Because this is a time consuming process, and because applicable rainfall 

data are not always present, this method has not been widely applied. 

Method of Yen and Chow (1980) originally developed for use in 

design of small drainage structures, the method because of its simplicity, has 
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seen use in other applications as well. Statistical analysis based on method 

of moments, results in a triangular hyetograph. Figure 15 shows a sample 

hyetograph that illustrates this method. The basic parameters needed for its 

use are: 

d

p
T

P
i

2
        (6) 

where ip = peak intensity, mm/hr 

P = total depth of rainfall, mm 

Td = total duration of rainfall, hr 

It is important to note that there is no restrictions on the storm 

duration should be. However, the method was only investigated with 

storm durations of up to 6 hrs. 

 

 
Figure 15. Yen and Chow rainfall hyetograph 

 

The method of Huff (1967) was developed by considering heavy 
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storms in the mid-western US, ranging up to 400 square miles in size. The 

total number of storms considered was 291, with durations ranging from 3 

to 48 hrs. The derived distributions are grouped according to the quartiles in 

which the rainfall is heaviest. The quartiles describe when time of peak 

intensity occurred in a given storm (i.e., in the first, second, third or fourth). 

Furthermore, Huff method expresses the time distribution in probability 

terms from 10% to 90% because of the great variability in the characteristics 

of the distribution from rainfall event to event. Engineers can select a time 

distribution which is most appropriate for their specific condition. Figure 16 

shows an example of Huff distribution curves.  

 

 

Figure 16. Huff distribution method 
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Huff method is becoming more and more popular in field works 

since it is informative and sensitive to the duration time. It is recommended 

for runoff computations related to the design and operation of runoff control 

structures. In the comparison of design storm hyetographs making by Bonta 

and Rao (1988), they concluded that Huff curves exhibited a high degree of 

flexibility, their temporal distributions were developed according to 

objective criteria, and they better approximated naturally occurring temporal 

variability of storm rainfall due to their multiple-peaked nature.  

 

 3.2.3.2. Decision of design rainfall in micro-scale RWM system 

Uniform rainfall that assumes duration of rainfall be equal time of 

concentration is not reasonable to apply for micro-scale. Naturally occurring 

storms do not occur in the manner of alternating block method and 

computed results has relative high peak discharges. Because applicable 

rainfall data are not always present, Pilgrim and Cordery method has not 

been widely applied. Chicago method and Yen and Chow method 

investigated for up only to 3-hour and 6-hour durations, respectively. 

Meanwhile, Huff distribution has all range duration time during 24 hours. 

The huff method is becoming more popular in field works and is 

recommend as a reasonable method for design rainfall analysis for Korean 

metrological conditions (MOCT, 2000). Because the rainfall characteristic is 

site specific, the rainfall data should be used for each area. In this study, the 
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discussion is limited in design rainfall analysis following Huff method for 

the case of Seoul, Korea using the data of Korean Meteorological 

Administration (KMA).  

 

 

            
Figure 17. Procedure for design rainfall hyetograph construction follows 

Huff method 

 

Figure 17 shows the procedure for design rainfall hyetograph 

construction follows Huff method. The 1st step depends on site specific 

conditions, for a specific region of design condition, we can select the total 

rainfall depth from IDF curves as described above. The 3rd and 4th steps are 

just calculation which follow from the general guideline. However, the 2nd 

step concerns the engineering strategies and structural characteristics of 

flood-control infrastructure. Rainwater system is a type of retention tank 
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that holds inflow water from runoff until it reaches maximum capacity and 

overflows as show in figure 18. For this reason, the tank must be able to 

hold the full cumulative quantity of inflow until the peak flow rate in order 

to control the peak flow. This means that a reasonable tank retention volume 

can be determined that will be safe for the peak runoff by using a design 

hyetograph with the heaviest cumulative water quantity at the time of peak 

flow. Therefore, in design rainfall distribution for micro-scale RWMs, the 

curve of heaviest cumulative percent for the time increment at just before 

peak rainfall among curves with probability in the dominant types should be 

selected.  

                       

          

Figure 18. Design inflow and rainwater storage tank 
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Table 6 shows the rainfall frequency distribution according to 

rainfall Huff types in Seoul. As data showed in the table 6, the 4th quartile 

type of rainfall has low frequency. Therefore, in calculating the effective 

retention volume for peak runoff control, the 4th quartile is not considered. 

In order to find the most useful curve, the cumulative rainfall depth 

percent at the time of peak rainfall intensity is calculated for each 

probability among the first, the second and the third quartile types of 

rainfall. Figure 19 shows the time variation of probabilities for rainfall 

from the first, the second and the third quartiles. Table 7 shows the 

calculated cumulative rainfall percent at the time of peak rainfall intensity 

for probabilities of storm from the first, the second and the third quartiles 

in Seoul.  

 

Table 6. Frequency distribution of Huff types of Seoul (MOCT, 2000) 

 1st quatile 2nd quatile 3rd quatile 4th quatile 

<6 35.8 23.1 23.7 17.4 

7-12 33.9 25.3 18.5 22.3 

13-18 24.9 28.3 232.2 14.6 

19-24 21.6 26.8 35.1 16.5 

>25 25.7 31.7 24.6 18.0 
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(a) 

 
(b) 

 
(c) 

Figure 19. Time variation of probabilities for (a) the first quartile (b) the 

second quartile and (c) the third quartile types of rainfall in Seoul. 

 



 

 60 

 

 

Table 7. Cumulative rainfall percent depth at the peak intensity time for 

different quartile Huff types in Seoul.  

1
st

 quartile 

Probability 

(%) 
10 20 30 40 50 60 70 80 90 

Depth (%) 4 6 3 6 30 49.2 45.2 41.8 38.2 33.3 29.5 

2
nd

 quartile 

Probability 

(%) 
10 20 30 40 50 60 70 80 90 

Depth (%) 77.1 68.7 61.1 54.4 50 45.5 40.7 57.1 53.1 

 

3rd quartile 

Probability 

(%) 
10 20 30 40 50 60 70 80 90 

Depth (%) 76.4 68.7 64.7 59.7 75.7 77.3 69.2 63.3 56.8 

 

As shown in Table 7, cumulative rainfall of 10% in 2nd quartile in 

Seoul has the heaviest cumulative rainfall depth at the time of peak rainfall 

intensity. This time distribution will be selected for determination of tank 
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volume for safety reason. Figure 20 shows the cumulative rainfall of 10% in 

second quartile in Seoul. 

 

 

Figure 20. Cumulative rainfall of 10% in second quartile in Seoul. 

 

The design rainfall must be distributed in time to approximate a 

naturally occurring event comprised of a series of short duration segments 

whose intensity varies from segment to segment. In design, the sequential 

increments of rainfall must be of equal duration. Duurans and Dietrich 

(2003) recommended a good rule of thumb is to select the time increment to 

be: 

tc/5 ≤ ∆t ≤ tc/3      (7) 

where tc : time of concentration 
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 ∆t: the duration of each time segment of the hyetograph (period of constant 

intensity) 

Small time increments are more useful than large time increments 

because this ensures that steady state runoff cannot occur during any 

individual segment of constant intensity (as is the case in nature). At the 

same time, it gives reasonable detail to the mass arrival characteristics of the 

rainfall. Furthermore, the smallest time increment is generally about 5min. 

therefore, a time increment of 5 min is used in this study. 

In this study, the hyetographs are constructed from data with return 

periods of 2, 5, 10, 30, 50 and 100 years. Figure 21 is the design 

hyetographs based on rainfall of 10% in second quartile type for different 

durations of a 100-year frequency rainfall event for Seoul city area. 

 

 

Figure 21. Design rainfall hyetographs for variation of durations of 100-y 

frequency for Seoul city area. 
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3.3. Runoff analysis  

As discussed in Chapter 2, conventional hydrology theories on 

runoff estimation are limited in applying for small catchment area of 

building rooftop. In design process of conventional runoff theories, the 

duration of the design rainfall usually is assumed to be equal to the time of 

concentration in the catchment. Kim et al., (2009) measured the time of 

concentration from an experimental for micro-scale of flat building rooftop 

(2000 m2) to be around 5 to 10 minutes. The runoff estimation for a case of 

100 m2 rooftop using conventional Rational method are shown in table 8.  

 

Table 8. Runoff estimation using Rational method for a catchment area of 

100 m2 from 100-year heavy rainfall event in Seoul.   

Conventional Rational Method 

Formula: Q = CiA 

Step 1: Determine deration time of rainfall equal time of 

concentration (5-10 min). 

Step 2: Determine total rainfall depth from IDF curves 

for a duration time and frequency of rainfall: 

i = 32.5 mm (for 10 min duration and 100 year 

frequency of rainfall in Seoul, (KMA) 

Step 3: Estimate runoff:  

Q = CiA = 0.9 x 32.5mm x 100 m2 = 2.93 (m3) 
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This means that about 3 m3 of the total runoff is produced for every 

100 m2 of catchment area for the 100-yr heavy storm return period for Seoul. 

However, according to Korean Meteorological Administration “a heavy 

storm is defined as a storm event with a total daily rainfall depth of more 

than 70 mm/6hrs or 110 mm/12hrs” (KMA). Therefore, the runoff as 

calculated by the time-of concentration concept, would be an underestimate 

for micro-scale of building rooftop. 

The estimation of runoff should consider the characteristics and 

structural of building rooftops. Most general urban building rooftop have a 

reinforced concrete structure and is design to drain storm water rapidly and 

completely. The effects of infiltration can be omitted since most of the roof 

have an impermeable coating or concrete roof. The loss of precipitated 

water for evaporation and transpiration is negligible for heavy rainfall 

during individual storm events (Akan et al., 2003; Haestad et al., 2003). The 

lag time and time for runoff flow concentration for building rooftop with 

design of standard horizontal drain pipe maybe negligible. The assumptions 

of runoff without any loss of rainwater and no delay time of concentration 

from the building rooftop to the rainwater tank system are the same 

conditions as those for an ideal runoff surface in Mulvaney’s equation, 

meaning that the runoff flow follows the rainfall intensity pattern with time 

(Huggins et al., 1982). Kim et al., (2009) measured rooftop runoff flow 
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from a field study on a real rainwater harvesting system constructed at Seoul 

National University campus in Korea provide an estimate of reliability of 

Mulvaney’s equation. A runoff coefficient of 0.9-0.95 was proposed as 

some small loss of water due to leakage from pipes or depression storage on 

the roof’s surface. Equation (8) expresses the runoff flow from micro-scale 

surfaces of building rooftop Kim et al., (2009). 

  001.0 CAIQ tt     (8) 

 Where Qt is the runoff from catchment area (m3/hr) at time t. A is 

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

(mm/hr) at time t. 

 Figure 22 shows the runoff flows for variation of duration of 100-y 

frequency calculated based on Equation (8) for Seoul rainfall condition. As 

shown in Figure 22, the peak flow rate was determined as the highest flow 

rate is 26 m3/h for 100-y frequency rainfall.  
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Figure 22. Runoff flow curves for variation of durations of 100-y frequency 

for Seoul city area. 

Peak flow 
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3.4. Rainfall-Storage-Utilization-Discharge (R-S-U-D) model 

3.4.1. Design of R-S-U-D system 

 The stored rainwater has a potential of good quality and can be used 

in or near the building, thus conserving water. Timely utilization of 

rainwater stored in tanks can also serve to reduce peak runoff flows. This 

study proposed and developed the Rainfall-Storage-Utilization-Discharge 

(R-S-U-D) model for the analysis and design of RWM systems for flood 

control considering the simultaneous storage and utilization of the rainwater.  

Fig. 23 shows the schematic of an R-S-U-D system for a building, which 

consists of rooftop, downpipe, storage tank, water supply, and the overflow. 

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

rainwater into the receiving water bodies. The volume of rainwater 

discharged to the sewer system can be controlled by the amount of water in 

the rainwater tank and that supplied for domestic utilization. R-S-U-D 

system can contribute to both flood mitigation and water conservation.  
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Figure 23. R-S-U-D rainwater management system 

 

3.4.2. Methodology of the R-S-U-D model development 

 

 

Figure 24. Structure and water flow of an R-S-U-D system 
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To simulate water flow in a rainwater tank system, the water balance is 

analyzed with respect to the system conditions (Figure 24) as shown below: 

   tQtQtQVV ttouttintt   sup,,,1   (9) 

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

Vt-1 is the cumulative water stored in the tank (m3) at time t-1. t is the time 

increment (h). Qin,t is the inflow rate into the rainwater tank (m3/h) at time t 

and is the same as the runoff flow rate from the roof as in Eq. (8). Qsup,t is 

the water supply rate to the building from the rainwater tank (m3/h) at time t. 

Qout,t is the overflow rate from the tank to urban storm drainage (m3/h) at 

time t. Qsup,t and Qout,t  can be mathematically described as follows: 

 If Vt ≤ 0, Qsup,t = 0,      (10) 

 If Vt > 0, the water supply is limited by the cumulative water stored 

and inflow quantity in the tank.       

 tQVtQtQtQV tinttnUtilizatiotint   ,1sup,,1  (11) 

 nUtilizatiotnUtilizatiotint QQtQtQV  sup,,1    (12) 

 If Vt ≤ V, Qout,t = 0      (13) 

 If Vt > V, the tank is full,  

 Qout,t t  = VVt 1  + Qin,t t  - tQ tsup,     (14) 

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

utilization rate (m3/h). This study calculates data with utilization rates of 5, 

10, 15, and 20 L/min. The outflow from the RWM system under various 
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factors is calculated by simulations using an algorithm based on the above 

equations (which are shown in Figure 25). 

 

 

Figure 25. Flow chart used to determine outflow from R-S-U-D system. T 

is the simulation period 

 

3.4.3. Results and Discussions 

 (a) RSD system 
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 Figure 26 shows how peak flow rates are reduced by increasing the 

tank volume (m3/100 m2 roof catchment area) for the design of a 100-y 

return period in Seoul for different rainfall duration times. Dotted lines 

connect the peak runoff values, following tank volume variation to the 

corresponding rainfall duration times. Each line follows the standardized 

rainfall for a duration of time. The thick curve represents the designed peak 

runoff which shows the maximum runoff flow for the design inflow curves 

of all duration times less than 24 h for a 100-y return period. When the tank 

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

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

 

 
Figure 26. Tank volume vs. peak runoff curves for 100-year frequency in 

Seoul 

   

 Similarly, the peak runoff curves for the different rainfall events of 
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2, 5, 10, 30, 50 and 100-y return periods was determined using the R-S-D 

model and are shown in Figure 27. It shows that when the design rainfall 

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

increases, the peak flow reduces. For example, the peak flow for a 100-y 

design without tank is 26 m3/h (Point A in the Fig. 27). However, when the 

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

design period reduces to 11 m3/h (Point C), which is equivalent to the peak 

flow at a rainfall of a 2-y return period (Point D). Kim et al. (2006, 2014) 

have reported similar results. 

 The result shows that by installing rainwater tanks, the nearby sewer 

system can mitigate flooding risks without increasing the capacity of the 

existing sewer system; thus saving time and reducing costs. 
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Figure 27. Tank volume vs. peak runoff curves for various design periods 

in Seoul 

  

(b) RSUD system 

 If the stored water is emptied by utilizing the stored rainwater for 

domestic non-drinking or drinking purposes, the runoff can be reduced; thus 

mitigating flooding. Figure 28 shows tank capacity vs. peak outflow curves 

under different utilization rates for a 100-y design period in Seoul. 0~20 

L/min (equals to 0~28.8 m3/day) of water consumption is a reasonable range 

for multistory buildings. The line for No Utilization stands for the R-S-D 

model. With a higher tank capacity or a higher utilization rate, discharge 

  

 

D C 

B 
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flow is reduced. The solid black line represents the peak runoff flow for the 

2-y design rainfall. The minimum tank capacity without utilization to 

control a 100-y peak flow for 2 y is 11 m3/100 m2. The tank capacity can be 

reduced to 10 and 9 m3/100 m2 with utilization rates of 10 and 20 L/min, 

respectively. Utilization rates as low as 5 L/min, have almost no effect on 

high rainfall events of a 100-y frequency. 

 

 

Figure 28. Tank volume -Utilization rate -Peak outflow (TUP) curves for 

100-year design period in Seoul 
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(a) 

 
(b) 

Figure 29. Tank volume-Utilization rate-Peak outflow (TUP) curves for (a) 

50-y and (b) 30-y design periods in Seoul 

 

 Figure 29 shows practical case studies for 50-y and 30-y return 
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period design rainfalls. For the 50-y return period rainfall, the minimum 

tank volume to control peak flows into 2-y return periods is 10 m3/100 m2, 

when no utilization is considered (R-S-D model). The tank volume can be 

reduced to 9 and 8 m3/100 m2 with utilization rates of 10 and 20 L/min, 

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

can be reduced from 9 and 7 m3/100 m2 with utilization rates of 10 and 20 

L/min, respectively. 

 Figure 30 is a tank volume-utilization rate-design period (TUD) 

curve which shows how tank volume and utilization rates can reduce the 

peak flow so that the sewer system can be safe even for longer design 

periods, without increasing the capacity of the sewer system. For example, 

for a sewer system designed for a 2-y return period rainfall, a rainwater tank 

with 9 m3/100 m2 (point A) is installed, and the sewer system can be safe 

even at the stronger rainfall of a 30-y return period with an R-S-D model 

(point B). If 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-y and 100-y periods (point C and point D), respectively.  

 Both 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. 
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Figure 30. Tank volume and utilization rate to match peak runoff flow for 

different rainfall periods with a 2-y rainfall event (Tank volume-Utilization 

rate -Design period TUD curve). 

 

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 31 shows the annual water savings for 

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 
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sometimes seriously under threat, water conservation from wide spread R-S-

U-D systems are significant. 

 

 

Figure 31. Annual water saving in R-S-U-D system, case study of Seoul. 
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3.5. Rainfall-Storage-Pump-Discharge (R-S-P-D) model 

3.5.1. Design of R-S-P-D system 

Rainwater storage tanks would require pumps in several cases in 

order to control the volume of stored water and the outflow rate. Fig. 32 

shows the schematic diagram of an R-S-P-D system for a building. The R-S-

P-D system manages the storage, pumping, and discharge of rainwater into 

the receiving water channels. The volume of rainwater discharge can be 

reduced by the amount of water stored in the rainwater tank and the 

discharge rate can be neutralized by the controlled pumping. The R-S-P-D 

model can be used for design and analysis of the tank capacity and pumping 

rate combination to control runoff in case of heavy rainfall.  

   

 

Figure 32. Rainfall-Storage-Pump-Discharge (R-S-P-D) system 
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3.5.2. Methodology of the R-S-P-D model development 

Method for pumping in RWH system 

 In the pumping station, the drain pump is designed to drain storm 

water into the receiving water as quickly as possible. The drain pump is kept 

operating until the storm ends and the detention tank is empty (Fig. 33a). 

When the tank fills, the operation of the pump is irrelevant for controlling 

the discharge rate, as the discharge rate will be the same as the maximum 

surcharge inflow rate and the pumping rate. This design method is only for 

controlling floods. It does not take water conservation into consideration. 

Instead of draining all the water in the tank, it can be conserved for usage, 

except in case of a heavy rainfall. Therefore, this study proposes that the 

pump of a rainwater tank be used and operated for functions such as: (1) 

controlling the volume of water in the tank and maintaining the maximum 

retention capacity of the tank (empty tank) in case of a heavy rainfall; (2) 

maintaining the capacity of the tank for managing heavier rainfall; and (3) 

controlling the discharge rate from a tank using an automatic water level 

switch (Fig. 33b). The pump is operated by a water level switch based on 

the designed minimum low water level (LWL) and less than the maximum 

high water level (HWL; Fig. 34). Any extra inflow, exceeding the HWL, 

can overflow into the storm sewers. This pump is operated only in the event 

of a heavy storm. Table 8 compares the design goals and the effectiveness of 
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the design method for pumping in the station and the rainwater tank. 

 

  (a) Method for pumping station    (b) Method for pumping in RW tank 

Figure 33. Comparison of design method for pumping (a) station and (b) 

rainwater tank 

 

Table 9. Design goal and effect of design method for pumping in station 

and rainwater tank 

 Pumping station Rainwater tank 

Design 

goal 

- Effective drain of storm 

water into receiving water. 

- Control roof runoff for runoff 

flow reduction in small developed 

area. 

Effect  - Only for control flood. 

- Additional damage causes. 

- Control discharge rate as 

minimum. 

-Saving water. 

-Saving energy. 
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Figure 34. Structure and water flow of an R-S-P-D system 

 

 To simulate water flow in rainwater tank system, the water balance 

is analyzed with respect to the R-S-P-D system conditions (Fig. 35) as 

below: 

  tQtQVV touttintt   ,,1    (15) 

  tovertpumptout QQQ ,,,      (16) 

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

Vt-1 is the cumulative water stored in the tank (m3) at time t-1. t is the time 

increment (h). Qin,t is the inflow rate into the rainwater tank (m3/h) at time t. 

Qout,t is the overflow rate from the tank to urban storm drainage (m3/h) at 

time t. Qpump,t is the pumping rate (m3/h) at time t. Qover,t  is the free 

overflow rate from the tank to urban storm drainage (m3/h) at time t. Qpump,t ; 
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Qover,t  and Qout,t  can be mathematically described as follow: 

 If Vt ≤ V, Qover,t = 0 and the pumping rate is limited by the 

cumulative water stored and inflow quantity in the tank.       

      tQVtQtQtQtQV tinttpumptoutPumptint   ,1,,,1    (17) 

 PumptpumptoutPumptint QQQtQtQV  ,,,1        (18) 

 If Vt > V, the tank is full, pump is switched off.   

 0, tpumpQ        (19) 

 Qout,t t = Qover,t t = VVt 1  + Qin,t t       (20) 

  Where V is the capacity of rainwater tank (m3). QPump is the 

maximum pumping rate (m3/h). This study calculates data with pumping 

rates of 25, 50, 75, 100, and 125 L/min. The outflow from RWH system 

under various factors are calculated through simulation using the algorithm 

based on the above equations (which are shown in Figure 35). 
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Figure 35. Flow chart used to determine outflow from R-S-P-D system. T is 

the simulation period.  

 

3.5.3. Results and Discussions  

 Fig. 36 shows the tank capacity vs. peak outflow curves at different 

pumping rates for the 100-y design period in Seoul. It shows that pumping 

can control the discharge rate and enhance the peak runoff reduction. The 

line for No pump stands for the R-S-D model. At a higher pumping rate for 

the same tank capacity, the higher rainfall runoff can be managed. The solid 



 

 85 

 

 

black line represents the peak runoff flow for the 2-y rainfall design. The 

tank and pump combination on the curve lines under the solid black line can 

effectively mitigate the 100-y peak flow to a 2-y peak flow. For larger tanks, 

the peak outflow curve becomes a horizontal line. For example, the peak 

outflow rate of the curve for a pumping rate of 125 L/min is constant at a 

larger tank volume of 5 m3/100 m2. This means that the pumping rate has 

exceeded the tank volume for the designed inflow condition. Similarly, 

pumping rates of 100, 75, 50, and 25 L/min have exceeded tank volumes of 

over 6, 7, 9, and 15 m3/100 m2, respectively. The minimum tank capacity 

required to reduce a 100-y peak flow to a 2-y flow, without pumping (RSD 

system), is 11 m3/100 m2. The tank capacity can be reduced to 9, 7, 6, 5, and 

4 m3/100 m2 with pumping rates of 25, 50, 75, 100, and 125 L/min, 

respectively. 
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Figure 36. Tank volume- Pumping rate-Peak outflow (TPP) curves for 100-

y design period in Seoul for RSPD system. 

 

Fig. 37 shows practical case studies for the 50-y and 30-y return 

period design rainfall. For the 50-y return period, the minimum tank volume 

required to reduce the peak flow to a 2-y flow, without pumping, is 10 

m3/100 m2. The tank volume can be reduced to 8, 6, 5, 4, and 3 m3/100 m2, 

with pumping rates of 25, 50, 75, 100, and 125 L/min, respectively. For the 

30-y return period, the tank volume can be reduced from 9 to 7, 6, 5, and 3 

m3/100 m2, with pumping rates of 25, 50, 75, 100, and 125 L/min, 

respectively. 

 



 

 87 

 

 

 
(a) 

 
(b) 

Figure 37. Tank volume- Pumping rate-Peak outflow (TPP) curves for (a) 

50-year and (b) 30-year design period in Seoul for RSPD system 

 

Figure 38 is a tank volume-pumping rate-design period (TPD) curve 

which shows how tank volume and pumping rates can reduce the peak flow 
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so that the sewer system can be safe even for smaller rainwater tanks to 

control the same rainfall; or for control longer rainfall design periods with 

the same rainwater tank. For example, for a sewer system designed for a 2-y 

return period rainfall, a rainwater tank with 11 m3/100 m2 (point A) is 

required to control a 100-y return period rainfall. And the sewer system can 

be safe even with smaller tank volume of 9 m3/100 m2 (point B) if the 

pumping rate of 25 L/min is worked. If the pumping rate is increased to 50 

and 100 L/min, the sewer system can become safe even with a smaller tank 

volume of 7 and 5 m3/100 m2 (point C and point D), respectively. And thus 

the cost of the system can be reduced in order to control the same rainfall 

event. 

 

 

Figure 38. Tank volume and utilization rate to match peak runoff flow for 

different rainfall periods with a 2-y rainfall event (Tank volume-Pumping 

rate -Design period TPD curve). 
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3.6. Rainfall-Storage-Infiltration-Discharge (R-S-I-D) model 

3.6.1. Design of the R-S-I-D system 

Groundwater lowering due to its over-exploitation for urban need or 

due to reduced infiltration caused by urbanization, resulting in land 

subsidence. As a requirement, infiltration facilities can be also installed as a 

part of a rainwater harvesting system for groundwater enrichment. Timely 

infiltration of rainwater can also serve to reduce peak runoff flows. This text 

proposes Rainfall-Storage-Infiltration-Discharge (R-S-I-D) model that 

considered combination of RWM and infiltration systems.  

 

 

Figure 39. Rainfall-Storage-Infiltration-Discharge (R-S-I-D) system 

 

 Fig. 39 shows a schematic of an R-S-I-D system which is the 
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combination of RWM and infiltration. The R-S-I-D system consists of a 

rooftop, downpipe, storage tank, infiltration facility, and the overflow from 

rainwater tank to nearby sewer system. The R-S-I-D system controls the 

storage, infiltration, and discharge of rainwater into the receiving water 

bodies. The infiltration component of the RWM system captures a portion 

of the runoff and allows it to percolate downward into the groundwater. And, 

thus the total rainwater runoff and peak flows are reduced while recharging 

groundwater. The R-S-I-D model can be used for the analysis and design of 

RWM systems for flood control considering the simultaneous storage and 

infiltration of the rainwater. 

 

3.6.2. Methodology of the R-S-I-D model development 

 

Figure 40. Structure and water flow of an R-S-I-D system 
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 To simulate water flow in R-S-I-D system, the water balance is 

analyzed with respect to the rainwater tank and infiltration facility 

conditions (Figure 40). The water balance for the rainwater tank as below:  

  tQQQQVV touttIttintt   )( ,,sup,,1   (21) 

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

Vt-1 is the cumulative water stored in the tank (m3) at time t-1. t is the time 

increment (h). Qin,t is the inflow rate into the rainwater tank (m3/h) at time t 

and is the same as the runoff flow rate from the roof as in Eq. (8). Qsup,t is 

the water supply rate to the building from the rainwater tank (m3/h) at time t. 

R-S-I-D is the case of when no utilization is consider and R-S-U-I-D 

(Rainfall-Storage-Utilization-Infiltration-Discharge) is the case of when 

utilization is considered. QI,t  is the inflow rate from the rainwater tank to 

the infiltration facility at time t. Qout,t is the overflow rate from the rainwater 

tank to urban storm drainage (m3/h) at time t. Qsup,t , QI,t  and Qout,t  can be 

mathematically described as follows: 

 If Vt ≤ 0, Qsup,t = 0,      (22) 

 If Vt > 0, the water supply is limited by the cumulative water stored 

and inflow quantity in the tank.       

 tQVtQtQtQV tinttnUtilizatiotint   ,1sup,,1  (23) 

 nUtilizatiotnUtilizatiotint QQtQtQV  sup,,1    (24) 
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 Where QUtilization is the utilization rate (m3/h). QI,t  can be 

determined based on the water level in the rainwater tank with respect to the 

infiltration position and the water balance condition in the infiltration 

facility. It can be mathematically described as follows: 

 If Vt ≤ HV, QI,t = 0      (25) 

 If Vt > HV, rainwater flows to the infiltration facility. The water 

balance in the infiltration facility as below: 

 tQtQVV tFtItItI   ,,1,,      (26) 

 Where H is the ratio height of the infiltration position and the total 

height of the rainwater tank (%).V is the capacity of the rainwater tank (m3). 

HV is the effective water saving volume (m3). VI,t is the cumulative water 

stored in the infiltration facility (m3) at time t. VI,t-1 is the cumulative water 

stored in the infiltration facility (m3) at time t-1. QF,t is the infiltration rate 

from the infiltration facility (m3/h) 

 When the infiltration facility is not full, the inflow rate from the 

rainwater tank to the infiltration facility equal the inflow rate into the 

rainwater tank. And the infiltration rate is limited by the cumulative water 

stored and in flow quantity in the infiltration facility.  

 If VI,t ≤ VI , QI,t = Qin,t     (27) 

 tQVtQtQtQV tItItFonInfiltratitItI   ,1,,,1,  (28) 

 onInfiltratitFonInfiltratitItI QQtQtQV  ,,1,    (29) 
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 Or onInfiltratitItItF QtQVtQ ;min( ,1,,   )   (30) 

 If VI,t > VI , the infiltration is full 

  QI,t = QF,t = Qinfiltration      (31) 

 where VI is the capacity of the infiltration facility (m3). QInfiltration is 

the infiltration capacity rate of the infiltration facility (m3/h). 

 The water in the rainwater tank becomes higher when the 

infiltration is full. And Qout,t can be determined based the water level in 

rainwater tank with respect to the maximum water level. 

 If Vt > V, Qout, t ∆t = Vt-1 - V + (Qin, t - Qsup,t - QI,t )∆t  (32) 

   

 

Figure 41. A box type infiltration facility 

 

 In this study, the infiltration box type with specifications of 

1.0x0.5x0.4 m (V=0.2 m3) and 95% of void ration, poly ethylene was used 

1 m 

0.5 m 

0.4 m 
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(Figure 41). The infiltration capacity rate can be by several methods such as 

Horton’s equation depends on soil properties and volume of infiltration 

capacity. 1 L/min is a reasonable infiltration rate for an infiltration box 

under general installed soils. This study calculates data with various 

infiltration boxes (0-20) and the infiltration capacity rate for 1 box is 1 

L/min. The outflow from the RWM system under various factors is 

calculated by simulations using an algorithm based on the above equations 

(which are shown in Figure 42). 
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Figure 42. Flow chart used to determine outflow from R-S-I-D system. T is 

the simulation period.  
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3.6.3. Results and Discussions 

 If the stored water is emptied by percolated the stored rainwater 

downward for groundwater recharge, the runoff can be reduced; thus 

mitigating flooding. Figure 43 shows tank capacity vs. peak outflow curves 

for the ideal case of infiltration (H = 0%) under different number of the 

infiltration facilities for a 100-y design period in Seoul. The line for No 

Infiltration stands for the R-S-D model. With a higher tank capacity or a 

higher infiltration facilities, discharge flow is reduced. The solid black line 

represents the peak runoff flow for the 2-y design rainfall. The minimum 

tank capacity without infiltration to control a 100-y peak flow for 2 y is 11 

m3/100 m2. The tank capacity can be reduced to 10, 9, 7 and 6 m3/100 m2 

with infiltration facility numbers of 5, 10, 15 and 20 boxes, respectively. 
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Figure 43. Tank volume-Infiltration-Peak outflow (TIP) curves for 100-y 

design period in Seoul.  

 

 The lower infiltration position (H), the higher rainwater can be 

percolated and the higher runoff can be reduced. However, it also means 

that the smaller water can be conserved and the higher cost for excavating 

are expected. The effect of infiltration position was studied with the values 

of H ranging from 0-100%. Fig. 44 shows the effect of infiltration position 

on peak flow reduction. When the infiltration position on the bottom of the 

rainwater tank (H=0%), rainwater is percolated immediately right the time 

rainwater flows to the rainwater tank. Results show that the highest peak 

flow reductions are archived at this position. At higher the infiltration 

position, the time for water full fill the effective water supply volume 

increases. Therefore, the infiltration facility has less effective working time, 
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and thus results the less runoff control effect of the system. As results 

shown in Fig. 44, with small infiltration (5 and 10 boxes) the effect of 

infiltration position is negligible. With higher infiltration (15 and 20 boxes), 

the effect of infiltration position increases, especially at higher tank sizes. 

However, for required tank sizes (below 10m3), the effect is insignificant, 0-

10% different, except for the worst case (H = 100%). When the infiltration 

position on the maximum water level (H = 100%), the infiltration facility 

has no meaning for runoff control, the R-S-I-D system works as the normal 

R-S-D system at this position. Therefore this infiltration position (H = 

100%) should be avoid in design of R-S-I-D system.  
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(a)                            (b)   

 
  (c)                              (d) 

Figure 44. Tank volume-Height of infiltration -Peak outflow (THP) curves 

for various infiltration position for (a) 5 infiltration boxes; (b) 10 infiltration 

boxes; (c) 15 infiltration boxes, and (d) 20 infiltration boxes under 100-y 

design period in Seoul. 

 

Groundwater recharge effect 

R-S-I-D systems can contribute to not only mitigate flooding, but also 

rainwater percolation as a groundwater recharge. Figure 45 shows the 

annual amount of percolated rainwater from the R-S-I-D system to ground 
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for Seoul rainfall conditions under different infiltration positions with case 

of 5 infiltration boxes. The lower infiltration position, the higher 

groundwater is recharged. With a tank size of 5 m3, the annual water saving 

of an R-S-I-D system is 105 m3 and 83 m3 (75% and 59% rainwater 

utilization ratio) with the infiltration position H of 0 and 80 %, respectively. 

When H = 100%, amount of rainwater percolation is zero.  

  

 

Figure 45. Annual groundwater recharge in R-S-I-D system of 5 infiltration 

boxes for Seoul.  

 

 When the infiltration position is on the bottom of the rainwater tank 

(H = 0%), the R-S-I-D alone can get the highest effect of runoff control and 

groundwater recharge. However, in practice, R-S-I-D can be incorporated 

with R-S-U-D to ulitize and supply rainwater for the building water demand 
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as R-S-U-I-D (Rainfall-Storage-Utilization-Infiltration-Discharge) system. 

Figure 46 shows the annual amount of water supply and groundwater 

recharge for the R-S-U-I-D system under different infiltration positions with 

case of 5 infiltration boxes and utilization rate of 5 L/min. The higher 

position of infiltration, the higher water saving and the lower groundwater 

recharge. The higher tank size, the higher water saving and the lower 

groundwater recharge. With a tank size of 5 m3 for the infiltration position 

H = 40%, the annual water saving and groundwater recharge of an R-S-U-I-

D system are 91 m3 and 22 m3 (65% and 15.7% rainwater utilization ratio), 

respectively. When the infiltration position is on the bottom of the rainwater 

tank (H = 0%), the water supply becomes zero and the R-S-U-I-D system 

works as R-S-I-D alone.  
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Figure 46. Annual water supply and groundwater recharge in R-S-U-I-D 

system of 5 infiltration boxes and utilization rate of 5 L/min, case of Seoul.  

 

 Figure 47 shows the rainwater utilization ratio (total water supply 

and groundwater recharge) for the R-S-U-I-D system under different 

infiltration positions. As shown in figure, when infiltration position is on the 

bottom (H = 0%) or the maximum water level (H = 100%), their rainwater 

utilization ratios are smallest since the system work as R-S-I-D or R-S-U-D 

alone in this cases, respectively. When the infiltration position in middle (H 

= 20, 40, 60 and 80 %), even water supply can be high priority and 

groundwater is less priority for the higher position, however the total 

rainwater utilization are similar. since the peak flow reduction effect of H = 
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0% is not significant higher than that of H = 20, 40, 60 and 80 %, and water 

supply is necessary for buildings where are facing water shortages; the 

middle infiltration positions (H = 20-80 %) are recommended to use 

rainwater for multipurpose and to achieve the highest performance.     

 

 

Figure 47. Annual rainwater utilization ratio in R-S-U-I-D system of 5 

infiltration boxes and utilization of 5 L/ min, case study for Seoul. 

 

H = 0 & 100% 

H = 20, 40, 60 & 80% 
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Figure 48. Comparison of RD, RSD, RSUP, RSPD, RSID and RSUID 

(100-year design period in Seoul). 

  

 Fig. 48 shows the tank capacity vs. the peak outflow curves 

comparison under different systems for the 100-year design period in Seoul. 

The results show that by installing rainwater tanks, R-S-D system can 

mitigate flooding risks without increasing the existing sewer system. If 

stored rainwater is utilized for building demand, R-S-U-D system can 

further mitigate flooding while conserving water. Meanwhile if infiltration 

facilities are installed incorporated with rainwater tank, R-S-I-D system can 

again further mitigate flooding while recharging groundwater. When 

utilization is consider in R-S-I-D, the R-S-U-I-D system results a higher 

peak flow reduction while conserving water and recharging groundwater. 
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Further, at higher pumping rate, the R-S-P-D system can contribute to the 

highest mitigation of flooding. However, the pumping rate should be limited 

to the maximum value for a particular tank size to avoid exceeding the peak 

flow. With simple controlled measures of utilization, pump and infiltration 

in R-S-U-P, R-S-P-D and R-S-I-D, respectively, the RWM systems are able 

to control the volume of stored water in the tanks and become safe even 

under heavier runoff, thus against urbanization and climate change. The 

multipurpose effect of different RWM systems are compared in Fig. 49. 

 

 

Figure 49. Multipurpose effect of different RWM system. 
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3.7. Summary 

 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 or allows it to percolate downward 

into groundwater can mitigate flooding of nearby sewer systems. The stored 

water can later be used in or near the building, thus conserving water. The 

runoff flows can be also neutralized by controlled pumping, and thus 

reduces the peak flows and mitigate flooding.   

 Conventional rainfall-runoff analysis was found to be unreasonable 

for micro-scale of building rooftops. In the Seoul area, 10% probability in 

the second quartile was set as the time distribution appropriate for 

determining the tank retention volume. A simple reliable runoff equation for 

micro-scale of building rooftops was proposed from field experimental.  

 Several novel models that can predict the reduction of peak runoff 

for micro-scale RWM system with controlled hydraulic measures for 

flooding mitigation was developed. The R-S-U-D (Rainfall-Storage-

Utilization-Discharge) model, which includes rainwater utilization, can be 

used for both flood mitigation and water conservation. By controlled 

pumping, which is developed by the R-S-P-D (Rainfall-Storage-Pump-

Discharge) model, runoff flows can be neutralized and thus mitigate 

flooding in case of heavy rainfall. Further, The R-S-I-D (Rainfall-Storage-

Infiltration-Discharge) model, which incorporates with infiltration. The R-S-
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I-D can be used for multipurpose, working towards not only flood 

mitigation but also water conservation and groundwater enrichment.       

 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 peakflow reduction when utilization is included. The higher 

peakflow reduction can be also figured out through TPP curves and TPD 

curves which are developed from the R-S-P-D considering controlled 

pumping. The appropriate pumping capacity for a particular tank volume 

can be determined from the curves also. Further, R-S-I-D model developed 

TIP curves and THP curves to determine the peakflow reduction for a 

rainwater and infiltration combination system. The curves also suggested 

the optimal height of infiltration position for multipurpose.  

 These curves can be used in the design and operation of rainwater 

systems in areas of limited sewer capacity or for urbanization and climate 

change adaptation. Additionally, total annual water conservation and 

groundwater recharge in R-S-U-D and R-S-I-D systems can be calculated as 

a supplement of existing water supply systems. 

 The developed models can be used to increase the resilience of 

existing sewer systems against urbanization and climate change, resulting in 

a solution for Sustainable Development Goals (SDGs 6 and 11). 
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CHAPTER IV. 

 RAINWATER MANAGEMENT FOR 

WATER CONSERVATION 
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4.1. Introduction 

Fresh water, a renewable but limited resource, is scarce in many 

areas of the world. Rainwater management is gaining interest as an 

alternative source of safe drinking water, in both developed and developing 

countries. In every rooftop RWH system, tank size is one of the most 

significant design parameters which effect on system performance and 

system cost. Hence at the centre of RWH design is the optimization of that 

size. There are numerous methods already developed for predicting the 

performance and tank sizing of RWH systems as described in the Section 

2.5.2.  

Obtaining detailed and suitable rainfall data in order to design a 

good RWH system, however, is a challenge in developing countries. In 

RWH system performance predictions, direct use of monthly rainfall data 

instead of daily rainfall data may lead to considerable error. This chapter 

provides a simple and reasonable design method of RWH systems from 

available limited data, such as monthly rainfall data, which can achieve 

negligible error and conservative predictions.  

Further, the seasonal variatiion of rainfall was found to be other 

hydrological problem in RWM which caused droughts in dry sreason, and 

thus prohobits the use of RWM. The current models are generally employed 
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with a focus on developed countries, where the use of rainwater is usually 

applied in relation to economics rather than basic human health. Moreover, 

previous researchers conducting such modeling have not considered rainfall 

variance and operation method of RWM. As a results, a steady demand was 

used to simulate in most current models. This chapter provides an 

innovative model which consider rainfall variance into determination of 

variable demand for a better performance of a RWM system. In rainy 

seasons, due to the excess amount of rainwater, it can be supplied for 

multiple usages. The same cannot be said for water use during dry seasons. 

Meanwhile, rainwater should be used for a minimum necessary demand 

such as drinking in dry days.   

 

4.2. Design RWM system for water conservation from limited rainfall 

data 

4.2.1. Introduction 

Higher time step resolutions (at least the hourly time scale or in the 

order of the minute) for short and high-intensity precipitation events are 

required if the objective is to evaluate the tank potential to reduce runoff 

volumes (Viessman, 1977). Continuous long-term water balance simulation 

are required for estimate storage volumes of the structure design for water 

conservation. However, continuous simulation involves the gathering of a 

http://www.sciencedirect.com/science/article/pii/S0048969712001969#bb0110
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huge amount of data and high computational time to characterize each time 

increment, making this method time consuming and costly. Fortunately, 

lower time step resolutions (daily, monthly or yearly) for longer continuous 

simulation may be appropriate for a correct evaluation of water saving 

performances of the RWH system. The reliance on using daily rainfall data 

for RWH system performance prediction has been noted in many studies 

(Section 2.5.2).  However, a daily rainfall data in almost of developing 

countries is hardly accessed due to its high cost and incompleteness. 

Meanwhile, the use of monthly rainfall data may lead less accurate results as 

it is too coarse and time-averaged, but it is of some use and quite widely 

available. This section is to provide a simple and reasonable design method 

of rainwater harvesting system with limited rainfall data like monthly data. 

 

4.2.2. Rainwater harvesting system performance determination 

(steady demand model) 

The design and performance efficiency of a RWH system is based 

on the daily water balance model which was developed by Mun & Han 

(2012). The model considers various factors such as catchment area, tank 

size, daily rainfall quantities, losses, steady daily water demand, and 

overflow (as shown in Figure 50).   
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Figure 50. Schematic diagram of water flow in a rainwater tank 

 

The overall process can be mathematically described as follows: 

Cumulative water storage equation: 

Vt=Vt-1 + Qin,t − Yt – Qover,t     (33) 

Vt = 0,   for   Vt < 0      (34) 

Vt = V,   for  Vt > V      (35) 

Yt = Dt, for for Vt ≥ 0     (36) 

Yt = Vt-1 + Qin,t, for Vt < 0     (37) 

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

after the end of tth day, Qin,t is the harvested rainwater (m3) on the tth 

day, Qout,t is the water over (m3) on the tth day, Vt−1 is the storage in the tank 
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(m3) at the beginning of tth day, and Dt is the daily water demand of the 

household (m3) of tth day. V is the capacity of rainwater tank (m3). Yt is the 

amount of water supplied from the RWH system on the tth day. 

The number of no water day (NWD), water saving and rainwater 

utilization efficiency (RUE) were defined and employed to design and 

evaluate the RWH system’s performance. NWD is the days when the storage 

tank contains insufficient water to meet usage demand. Water saving is a 

measure of how much tap water can be conserved by using rainwater and is 

the total rainwater supplied. A high water saving value indicates that 

rainwater has the potential to become a major water supply source. RUE 

indicates the proportion of total rainwater supply to amount of collected 

rainwater in a given catchment area and period. A high RUE value means 

that rainwater is collected and used efficiently in the RWH system. The 

parameters of the RWH system under various factors are calculated through 

computer simulations using our algorithm based on above equations (which 

are shown in Figure 51). 

In this study, rainfall data was collected for case study of Hanoi city, 

Vietnam. Aroof area of 100m2 was considered. With regards to the tank 

sizes, 0-10 m3 were considered. Two demand scenarios were selected, 

namely: (a) low demand (for potable purposes only, which is typically about 

4x15 L per day per household); (b) high demand (which for all purposes is 
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typically 4x50 L per day per household) 

 

 

Figure 51. Flow chart used to determine performance of a RWH system. A 

is the roof area (m2). C is the collection efficiency. T is the simulation 

period. It is daily rainfall of tth day (mm/day). 
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4.2.3. Comparison of actual daily rainfall data and monthly data 

Figure 53 explores the error introduced by employing monthly 

instead of daily data to run a RWH performance model. Two demand 

scenarios were run firstly with actual daily rainfall (S0) and then with 

rainfall produced by synthetic uniform (S1) or one day (‘monthly’) (S2) data 

(Fig. 52). Uniform monthly data which assume constant daily conditions 

throughout that month is usually used in running a RWH performance 

model in using monthly data. The other way in using monthly data is to 

assume each month’s rainfall occur in only one day of that month.  
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      (a) 

 
   (b)      (c) 

i
 
= R/30 

i
 
= R 

 

Figure 52. (a) Actual daily rainfall (S0) and synthetic monthly data: (b) 

uniform assumption (S1) and (c) one day assumption (S2)  

 

As shown in Fig 53, for the small tank size, the use of both synthetic 

uniform monthly and one day monthly data introduce significant error in 

both case of high and low demand scenarios. An even larger tank would get 

an even closer agreement between predictions using actual and monthly data. 

Specially, for low demand, at a tank size larger than 2 m3, there is negligible 

error introduced by using synthetic monthly data instead of actual daily 
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rainfall. Using of synthetic uniform monthly data is overestimate RWH 

system performance instead of actual daily rainfall, a smaller value of NWD, 

higher value of yearly water saving and RUE were found in Fig. 54 for both 

high and low demand scenarios. Mean that using uniform ‘monthly’ data is 

too time-averaged. Meanwhile, using of synthetic one day ‘monthly’ data is 

underestimate RWH system performance instead of actual daily rainfall. A 

higher value of NWD, smaller value of yearly water saving and RUE were 

introduced using one day ‘monthly’ data in Fig. 53 for both high and low 

demand scenarios.    
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(a) 

 
(b) 

 
(c) 

Figure 53. Variation of (a) NWD, (b) yearly water saving and (c) RUE as a 

function of rainfall data used (S0: actual daily data; S1: uniform ‘monthly’; 

S2: one day ‘monthly’ data) for high demand scenario (left) and low 

demand scenario (right). 
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4.2.4. Proposal of simple and reasonable design method of RWH 

system from limited rainfall (monthly) data.  

It is very poor prediction to use monthly rainfall data with assuming 

uniform or one day ‘monthly’ data and we could do better. Fortunately, in 

practical we can estimate roughly the number of wet days in month based on 

monthly rainfall data of that month. Table 10 shows monthly rainfall data 

collected for 10 years (2000-2009) in Lang station, Hanoi. Fig. 54 shows the 

relationships between the number of wet days in month and monthly rainfall 

of that month for different seasons in year. The crude fit lines suggesting the 

estimated equations of number of wet days for each season and is shown in 

Table 11.  
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Table 10. Monthly rainfall data collected for 10 years (2000-2009) in Lang station, Hanoi. 

Year Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

2000 2.5 32.7 34.6 151.6 104.6 187.1 260.1 193.9 48.0 260.8 2.2 0.0 

2001 15.7 41.9 139.7 73.4 223.5 374.7 487.4 576.7 74.9 183.4 21.9 41.5 

2002 5.7 9.0 5.7 2.2 121.7 239.6 261.7 201.7 178.6 127.5 51.2 60.2 

2003 40.0 36.8 12.9 59.5 270.8 274.0 243.1 375.0 250.9 13.4 0.4 5.7 

2004 3.9 29.2 44.5 161.4 335.3 229.0 355.2 246.8 107.2 9.9 24.4 27.9 

2005 11.4 35.6 27.4 32.9 221.2 278 108.2 377.2 366 17.8 91.9 26.8 

2006 0.4 25.1 31.1 17.9 139.6 96.8 247.4 353.8 183.1 28.3 116.2 1.2 

2007 3 25 29.4 97.5 118.1 210.9 286.3 330.4 388.3 145 4.8 20.6 

2008 26.6 13.9 20.2 121.6 184 234.3 423.5 304.5 199.4 469 258.7 11.4 

2009 4.9 8 49.1 74.3 229 242.4 550.5 215.7 154.6 78.8 1.2 3.6 
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(a)                                                                           (b) 

 
                                  (c)                                                                              (d)   

Figure 54. Wet days per month versus monthly rainfall for different season 

(a) winter, (b) pre monsoon, (c) monsoon and (d) post monsoon. (Data for 

10 years (2000-2009) in Hanoi) 

 

Table 11. Estimation of number of wet days in month for different season in 

Hanoi. 

Winter Pre monsoon Monsoon Post monsoon 

N = 2.2Rm
0.4 N = 4.0Rm

0.3 N = 1.8Rm
0.4 N = 1.5Rm

0.4 

 

 

The next task indicates the sequence and amplitude distribution of 
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these wet days. From daily records for a climatic zone we could statistically 

characterize the rainfall distribution using Markov process, whereby 

yesterday’s turn-out affect today’s probability. It is too complex and not 

practical since daily rainfall data in unknown in this case. Thomas (2002) 

developed a method generating pseudo daily rainfall data from actual 

monthly rainfall data which the wet days are taken to be randomly spaced. 

However results may not be conservative since it is randomly. In many area 

in developing countries, rainwater may be the only water supply source. 

Hence, tank size should be designed to conserve water even in dry days. For 

the simple and practical design of rainfall data from monthly data for 

predicting RWH system performance, wets days are taken continuous 

uniformly. The effect of the distribution of these continuous uniformly wet 

days will be studied in three scenarios: rainfall distribute in the beginning 

days of that month (S3.1), rainfall distribute in the middle days (S3.2) and 

rainfall distribute in the last days of that month (S3.3) as shown in Fig. 55. 

These scenarios show critical situation which are the worst case assumptions.    

 

 



 

125 

 

 

Figure 55. Design of rainfall data from monthly data for predicting RWH 

system performance 

 

As shown in Fig 56, results using the designed daily rainfall showed 

much closer to that of using actual daily rainfall compare to that of using 

monthly rainfall. For the small tank size, there is a small error introduced by 

using the designed daily rainfall data instead of actual daily rainfall for both 

case of high and low demand scenarios. For larger tank it even get closer 

and almost similar to the results using actual daily data 
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(a) 

 
(b) 

 
(c) 

 
Figure 56. Variation of (a) NWD, (b) yearly water saving and (c) RUE as a 

function of rainfall data used for high demand scenario (left) and low 

demand scenario (right). 
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To see the effect of distribution position, fig 57 shows variations of 

NWD as a function of designed rainfall data distribute in the beginning, 

middle and last days of month for different year (average year, wet year and 

dry year). As shows in fig 57, value of NWD introduced by using the 

designed rainfall distribute in the beginning days and middle months 

sometimes lower than that of actual daily rainfall. This can be explained that 

in the first days, there may be no rainfall in actual, hence assuming rainfall 

distribute in the first or middle days may overestimate the actual RWH 

system performance. This should be avoided in designing rainwater tank. 

Meanwhile, the designed rainfall distributed in the last days of month 

showed the highest value of NWD and conservative underestimate the 

actual RWH system performance. Thus, for safety reason, it is 

recommended to design rainfall with distribution in the last days of month. 
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      (a) 

 
      (b)  

 
      (c) 

S3.3 > S3.2 > S0 > S3.1 

 

 

 

Figure 57. Variation of NWD for (a) average year, (b) wet year and (c) dry 

year as a function of rainfall data used for high demand scenario (left) and 

low demand scenario (right). 
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To compare this study model and the old model which was 

developed by Thomas (2002) generating pseudo daily rainfall data from 

actual monthly rainfall data which the wet days are taken to be randomly 

spaced, Figure 58 shows RWHs performance as a function of designed 

rainfall data by this study method and the old method which is run by 

multiple times. As shown in fig 58, results introduced by using the old 

designed rainfall model sometimes close to the actual RWH system 

performance but sometimes overestimate and not really close the actual 

RWH system performance because of random generation. Meanwhile, the 

designed rainfall by this study model showed acceptable results and 

conservative underestimate the actual RWH system performance. Moreover, 

this study design rainfall method is much more simplicity.  
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(a) 

 
(b) 

 
(c) 

Figure 58. Comparison of this study and the old model (Thomas 2012) for 

high demand scenario (left) and low demand scenario (right). 

 

Based on the above results, this paper found that the considerable 
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error predictions using limited rainfall (monthly) data instead of using actual 

daily rainfall data can be resolved by a simple and reasonable design of 

rainfall data which generate daily rainfall for each month with distribution 

of uniformly number of wet days in the last days of month. The procedure 

of design method of RWH system with limited rainfall data (monthly data) 

is summarized in Fig 59. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 59. Proposal of design method of RWH system with limited rainfall 

data (monthly data) procedure.  

 

Another suggestion was to install a simple rainfall gauge and to work 

1. Estimate number of wet days: 

 
R: Monthly rainfall  

: Seasonal variable factors 

2. Generating rainfall for each month with distribution of uniformly 
N wet days in the last days of month 

 
 

 

N 

days 
i
 
= R/N 
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with a science student group to maintain rainfall records via a website 

(Figure 60). They can use the rainfall data for future designs. 

 

 

Figure 60: The rain gauge installed at Cukhe Primary School in Vietnam 

(Kim et al., 2016). 
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4.3. Variable demand model 

4.3.1. Introduction 

Most of the researchers conducting such modeling have used steady 

demand throughout the year and not considered rainfall variance, a factor 

that can improve the performance of a RWH system. In rainy seasons, due 

to the excess amount of rainwater, it can be supplied for multiple usages. 

The same cannot be said for water use during dry seasons. Similarly, Santos 

and Taveira-Pinto (2013) concluded that variation in rainfall profile has the 

most significant effect on the optimal tank size when they applied different 

criteria in the sizing of rainwater storage tanks. The mentioned 

characteristics not only affect the water saving efficiency but also the 

economy of the designed storage tank. Because of this and keeping in mind 

that, Nguyen and Han (2014) and Mwamilla et al., (2015) introduced a 

different approach considering variable demand, whereby the daily demand 

is varied by rainfall variance or the remained water in tank.  

 

4.3.2. Methodology of the variable demand development 

For the old model (Mun & Han 2012 model), the daily demand Dt is 

not depended on rainfall variance and it is considered as a constant number 

by time. This study model develops an algorithm to determine the daily 

demand based on rainfall variance for the best use of RWH system. In the 

http://www.sciencedirect.com/science/article/pii/S0921344915300756#bib0155
http://www.sciencedirect.com/science/article/pii/S0921344915300756#bib0155
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other words, RWH system should secure the water supply in dry days and 

utilize the excess amount of rainwater in rainy days. If the cumulative water 

stored in the rainwater tank after the end of tth day (Vt) is lower than the 

capacity of rainwater tank (V), rainwater supply should be limited to meet 

the minimum demand (Dmin) at the tth day. If Vt is higher than S, it means 

that the amount of rainwater is excessive. Hence, rainwater can be supplied 

for multiple usages within the maximum demand (Dmax) at the days before 

the tth day. The daily demand can be mathematically described as follows: 

If Vt ≤ V, Dt = Dmin,     (38) 

If Vt > V, Dt-i = Dmax, (i = 1, a); Vt-a = Vt-a-1 + Qt-a − Dt-a (39) 

Vt
’ = Vt-a-1 + ∑(Qj – Dj), (j = t-a, t) < V   (40) 

where Vt-a is the cumulative water stored in the rainwater tank after 

the end of (t-a)th day, Vt-a−1 is the storage in the tank (m3) at the beginning 

of (t-a)th day. a is the number of the days before the tth day when the re-

calculated cumulative water stored in the rainwater tank after the end of the 

tth day (Vt
’) is lower than S. Qj and Dj are the harvested rainwater and the 

daily water demand of the household of the jth day, respectively. J is the 

number runs from (t-a) and t. 

The reliability (Re) and water saving were defined and employed to 

design and evaluate the RWH system’s performance. Re is the reliability of 

the tank to supply the intended demand Dt(%). It is calculated as the ratio of 
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the number of days when the intended demand is met fully by the available 

rainwater and the total number of simulated days. The parameters of the 

RWH system under various factors are calculated through computer 

simulations using our algorithm based on above equations (which are shown 

in Figure 61). 

 

Figure. 61. Flow chart used to determine performance of a RWH system. A 

is the roof area (m2). C is the collection efficiency. T is the simulation 

period. It is daily rainfall of tth day (mm/day).  

 

Cost analysis 

The cost of a RWH system can be determined as follows: 
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C = CS*S + CR*R + CI      (41) 

 where CS is the cost of the storage tank per m3 (USD); S is the 

storage tank size (m3); CR is the cost of the expanded roof area per m2 

(USD); R is the expanded roof area (m2); and CI includes both 

materials/equipment and installation costs (USD).  

Data 

For this study, daily rainfall data was collected from Hanoi city for 

a typical dry year such as 2005 (Figure 62). It should be noted that the long-

term annual average rainfall for the city is 1800 mm, whereas in 2005, the 

total annual rainfall was 1594 mm. Figure 48 shows the rainfall time series 

for the year 2005. Although the typical roof area is 50m2, it is possible to 

expand the roof area by using canvas fabric catchment or locally available 

materials (Nguyen et al. 2013). A range of roof areas ranging from 0–350 

(m2) was considered. With regards to the tank sizes, 0-10 m3 were 

considered. To compare the performance of this study model with the old 

model, three demand scenarios were selected, namely: (a) low demand (for 

potable purposes only, which is typically about 4x15 L per day per 

household); (b) high demand (which for all purposes is typically 4x50 L per 

day per household); and (c) variable demand as dictated by rainfall (for 

potable purposes on dry days and for all purposes on rainy days). The low 

demand and high demand scenarios are calculated by the old model; the 

variable demand as dictated by rainfall scenario is calculated by this study 
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model.    

 

 

Figure 62. Daily rainfall data for the year 2005 from Hanoi city 
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4.3.3. Results and Discussions 

 

 
               (a)                                 (b) 

 
(c) 

Figure 63. Variation of reliability (%), (a) for low demand scenario (b) for 

demand is changed due to rainfall scenario and (c) for high demand scenario. 

 

Figure 63 shows the variation of reliability varying with tank sizes 

and roof areas under different demand scenarios: (a) for low demand 

scenarios; (b) for varying demand as dictated by rainfall; and, (c) for high 

demand scenarios. From the figure, it is clear that reliability increases with a 

proportional increase in tank size or roof area. With a tank size and a roof 

area, the reliability of low demand scenarios is equal to the reliability of the 
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scenario in which demand is changed due to rainfall. These reliabilities can 

be significantly higher than the reliability of high demand scenarios. For the 

low demand and variable demand due to rainfall scenarios, 100% reliability 

can be achieved with a tank size of 8 m3 and roof area of 25 m2. The tank 

size can be decreased to 2 m3 when the corresponding roof area is 150 m2. 

For a high demand scenario, 100% reliability can be achieved with a tank 

size of 10 m3 with a roof area of 250 m2. The tank size can be decreased to 6 

m3 with a corresponding roof area of 350 m2.  

Figure 64 shows the variation of the water savings with varying 

tank sizes and roof areas under different the demand scenarios: (a) low 

demand, (b) varying demand as dictated by rainfall, and, (c) high demand 

scenario. It is found that the water savings can be increased with an increase 

in tank size or roof area. With the appropriately sized tank size and a roof 

area, the water savings for a high demand scenario are equal to those of the 

scenario which demand is variable due to rainfall. These savings can be 

significantly higher than the water savings estimated for the low demand 

scenario. For the low demand scenario, the maximum water saving of a 

RWH system is 22 m3 for a four-member-household per year. This can be 

achieved with a tank size of 2 m3 and roof area of 100 m2. Meanwhile, for 

the high demand and variable demand due to rainfall scenarios, 44 m3 of 

water can be saved with a tank size of 2 m3 with a roof area of 100 m2 for a 

four-member-household per year. The maximum water saving of a RWH 
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system is 73.2 m3. The higher the water saving, the lower groundwater 

exploitation or tap water use, meaning that the electricity cost for pumping 

groundwater or cost for paying tap water can be reduced. Moreover, the land 

subsidence in many areas can be decreased since groundwater extraction is 

the main cause (Nguyen & Helm 1995). 

From these results, it is clear that for the scenario whereby demand 

is varied as dictated by rainfall as was calculated by this study model, a 

RWH system can obtain optimal performance with maximum reliability and 

water saving.  

 

 

 

 

 

 

 

 



 

141 

 

 
             (a)                           (b) 

 
                               (c) 

Figure 64. Variation of water saving (a) for low demand scenario (b) for 

demand is changed due to rainfall scenario and (c) for high demand scenario.  

 

Figure 65 shows Tank volume-Roof area-Reliability-Cost (TRRC) 

curves for the scenario where demand is vary as dictated by rainfall. Cost of 

RWH system increases with a proportional increase in tank size or roof area. 

In order to get 100% reliability, a RWH system with a roof area of 100 m2 

and tank size of 2 m3 is recommended because it has the lowest cost. The 

investment cost of the RWH system is 330 (USD). Assuming that the RWH 

system has a life of 30 years and the cost of electricity for pumping 
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groundwater per cubic meter is 0.02 (USD/m3), the total water supply cost 

of the dual system is 0.16 (USD/m3). 

 

 

Figure 65. Tank volume-Roof area-Reliability-Cost (TRRC) curves, for 

demand is changed due to rainfall scenario. 

 

Figure 66 shows the water supply chart for a four-member-

household with a RWH system which has a roof area of 100 m2 and a tank 

size of 2 m3. The daily demands are calculated for each day in a year by this 

study model. From these results, it is recommended that rainwater be 

supplied for potable purposes only in January-April and October-December. 

Additionally, the figure shows that rainwater should be supplied for all 

purposes in May-September. 
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Figure 66. Water supply chart, for four-member-household with a RWH 

system has a roof area of 100m2 and a tank size of 2m3. 

 

Both TRRC curves and water supply chart can be easily developed 

for other cities using site-specific conditions. They can be used to design 

and operate RWH systems for water conservation for users, planners, 

designers, or politicians. 
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4.4. Summary 

Getting a detailed and suitable rainfall data to have a good design of 

RWH system is a challenge in developing countries. In RWH system 

performance predictions, direct use of monthly rainfall data may lead to 

considerable error instead of using daily rainfall data. A RWH model that 

employs the designed rainfall which generate daily rainfall for each month 

with distribution of uniformly number of wet days in the last days of month 

as its input gives performance predictions quite similar to that of using 

actual daily rainfall.    

Current models which are using a steady demand cannot help to 

overcome the variation of rainfalls problem. The variable demand model is 

developed taking rainfall variance into determination of daily demand can 

result an optimal performance of RWH system and ensure water saving in 

even dry seasons. From the model, the TRRC curves and water supply chart 

are developed. These curves can be used to suggest an optimal design and 

operation of RWM system.   

The two developed models in this chapter will be useful in design 

and operate RWM system for water conservation in any urban and remote 

areas in both developed and developing countries, and thus contribute to 

achieve Sustainable Development Goals (SDGs 6).  
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CHAPTER V.  

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1. CONCLUSIONS 

 

 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 are attributed to an increased 

population and water pollution. This dissertation developed micro-scale 

hydrology modelling for multipurpose rainwater management. 

 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 or allows it to percolate downward 

into groundwater can mitigate flooding of nearby sewer systems. The stored 

water can later be used in or near the building, thus conserving water. The 

runoff flows can be also neutralized by controlled pumping, and thus 

reduces the peak flows and mitigate flooding. This dissertation develops 

several novel modellings for micro-scale RWM with controlled hydraulic 

measures as a resilient and sustainable flood mitigation approach. 

Conventional rainfall-runoff analysis was found to be unreasonable for 

micro-scale of building rooftops. In the Seoul area, 10% probability in the 

second quartile was set as the time distribution appropriate for determining 

the tank retention volume. The R-S-U-D (Rainfall-Storage-Utilization-

i
 
= 

R/N 

N wet days =  
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Discharge) model, which includes rainwater utilization, can be used for both 

flood mitigation and water conservation. By controlled pumping, which is 

developed by the R-S-P-D (Rainfall-Storage-Pump-Discharge) model, 

runoff flows can be neutralized and thus mitigate flooding in case of heavy 

rainfall. Further, the R-S-I-D (Rainfall-Storage-Infiltration-Discharge) 

model, which incorporates with infiltration. The R-S-I-D can be used for 

multipurpose, working towards not only flood mitigation but also water 

conservation and groundwater enrichment. 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 peakflow reduction 

when utilization is included. The higher peakflow reduction can be also 

figured out through TPP curves and TPD curves which are developed from 

the R-S-P-D considering controlled pumping. The appropriate pumping 

capacity for a particular tank volume can be determined from the curves also. 

Further, R-S-I-D model developed TIP curves and THP curves to determine 

the peakflow reduction for a rainwater and infiltration combination system. 

The curves also suggested the optimal height of infiltration position for 

multipurpose. Additionally, total annual water conservation and 

groundwater recharge in R-S-U-D and R-S-I-D systems can be calculated as 

a supplement of existing water supply systems. 

 The dissertation also develops novel modellings for RWM for water 
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conservation. Getting a detailed and suitable rainfall data to have a good 

design of RWH system is a challenge in developing countries. In RWH 

system performance predictions, direct use of monthly rainfall data may 

lead to considerable error instead of using daily rainfall data. A RWH model 

that employs the designed rainfall which generate daily rainfall for each 

month with distribution of uniformly number of wet days in the last days of 

month as its input gives performance predictions quite similar to that of 

using actual daily rainfall. Current models which are using a steady demand 

cannot help to overcome the variation of rainfalls problem. The variable 

demand model is developed taking rainfall variance into determination of 

daily demand can result an optimal performance of RWH system and ensure 

water saving in even dry seasons. From the model, the TRRC curves and 

water supply chart are developed. These curves can be used to suggest an 

optimal design and operation of RWM system.   

The developed models will be useful in planning, design and 

operate RWM system for multipurpose in any urban and remote areas in 

both developed and developing countries, against urbanization and climate 

change, and thus resulting in a solution for Sustainable Development Goals 

(SDGs 6 and 11). 

The procedure of design micro-scale RWH system for multi-purpose is 

arranged in Figure 67.
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Figure 67. Procedure of design micro-scale RWH system for multi-purpose
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5.2. RECOMMENDATIONS FOR FURTHER STUDY 

 

The limitation of this study and further study as follows. 

1. If micro-scale RWM system is expanded to residential urban scale, it 

is expected to make current system more effective and possibly 

reduce the stress on urban flooding and water shortages.  

2. However, further study should be performed for the detail effects of 

micro-scale RWM system in respect to city scale. 

3. R-S-P-D is decided only for in case of heavy storm events. It is 

necessary to empty tank during critical time for the case of heavy 

storm forecasting.  

4. This study considered controlling and using only runoff from 

impervious rooftop. Runoff from surface or green/gardening roof 

can be controlled by reservoirs, infiltration, swale or other methods.  

5. Further study on socio – economic, institutional perspectives should 

be performed for a better spread and implementation of micro-scale 

RWM system. 
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국문초록 

다목적 빗물관리를 위한 소규모 집수시설의 수문학적 모델링 

 

홍수, 가뭄, 물 부족, 수질 오염 및 지하수 고갈과 같은 대부

분의 수문학적 문제들은 빗물과 관련이 있다. 적절한 빗물 관리

(RWM)로 수문학적인 문제들을 해결하고 탄력성을 높일 수 있다. 

본 논문에서는 다목적 빗물관리를 위한 소규모 집수시설의 수문학

적 모델링을 개발하고자 한다.  

Rainfall-Discharge(R-D)모델을 기반으로 옥상에서 빗물을 

배수하는 전통 방식들을 변화시키고자 한다. 건물 지붕에 떨어지

는 빗물의 일부를 저장함으로써 근처의 하수도의 범람을 완화시키

며, Rainfall-Storage-Discharge(R-S-D)모델을 이용하여 첨두 

유출 감소량의 계산이 가능하다. 본 논문은 탄력적이고 지속 가능

한 홍수 완화를 위한 접근법으로 통제된 방법을 이용해 혁신적인 

RWM 시스템으로 수치모델링을 제안 및 개발하고자 한다. 서울 

지역에서는 제 2 분기에 10%의 강우량을 저장조 용량 결정인자

로 설정하였다. 건물 내 또는 근처에 저장된 강우를 활용하면 물

을 절약하는 동시에 홍수를 완화할 수 있으며, 첨두유출저감량과 

사용된 빗물의 양은 Rainfall-Storage-Utilization-

Discharge(R-S-U-D)모델로 산출이 가능하다. R-S-P-
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D(Rainfall-Storage-Pump-Discharge)모델에 의해 개발된 펌

핑의 조절로 유출수 흐름을 안정화시킬 수 있고, 이는 폭우 시 범

람을 완화할 수 있다. 또한 침투와 통합된 R-S-I-D(Rainfall-

Storage-Infiltration-Discharge)모델은 더 많은 홍수를 완화시

킬 수 있을 뿐만 아니라 수자원 보전 및 지하수 보충을 위해 다용

도로 사용될 수 있다. 저장조 용량과 사용량, 펌핑 또는 침투 속도

의 조합으로 저감된 첨두유출량 및 설계 복귀 기간은 하수도 시스

템의 설계 및 운영에 사용되는 TP, TUP, TUD, TPP, TPD, TIP 

및 THP 곡선에 의해 산정되고 제시될 수 있다. 이러한 모델의 결

과는 용량을 늘리지 않고 기존 하수 시스템의 범람 위험을 줄이는 

방법을 설계하여 비용을 절감하는데 도움이 된다. 또한 R-S-U-

D 및 R-S-I-D 시스템의 총 연간 수질 보전 및 지하수 재충전

은 기존 급수시스템의 보완으로 산정된다. 

또한 본 논문에서는 세계 물 부족 문제를 해결하기 위한 

RWM 시스템의 새로운 모델을 개발하였다. 개발도상국에서 RWH 

시스템을 적합하게 설계하기 위해서는 상세하고 정확한 강우 자료

가 필요하다. RWH 시스템 성능 예측에서 일일 강우량 데이터를 

사용하는 대신 월간 강우량 데이터를 사용하면 많은 오류가 발생

할 수 있다. 그러므로 이용 가능한 제한된 데이터로부터 RWH 시

스템의 간단하고 합리적인 설계방법을 제안한다. 매월 마지막 날
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에 일정한 강우 일수의 분포로 매달 일일 강우량을 측정하고 이를 

제안하는 모델에 적용하면 실제 일일 강우량을 사용하는 것과 유

사한 결과를 도출할 수 있다. 또한, 강우량의 계절적 변화는 건기

에 가뭄을 유발하는 RWM의 다른 수문학적 문제로 밝혀졌으며, 

그로 인해 RWM의 사용은 금지되고 있다. 이 논문에서는 RWH 

시스템의 최적 성능을 도출하고 건기에도 절수를 보장할 수 있는 

일일 수요량 결정에 강우량 변동을 반영하는 새로운 가변 수요 모

델을 개발되었다. 이 모델로부터 TRRC 곡선과 물 공급 차트가 개

발되었다. 이러한 곡선은 RWM 시스템의 최적 설계 및 운영방안

을 제안하는데 사용된다. 

본 논문에서 개발된 모델링들은 현재 세계 물 부족 문제를 해

결하고 도시화 및 물 부족 문제를 해결하고 도시화 및 기후변화에 

대처하는 기존 시스템의 회복력을 높이기 위해 도심 홍수를 완화

시키기위해 사용 가능할 것으로 판단되며 또한 Sustainable 

Development Goals(SDGs 6, 11)를 위한 하나의 해결방안으로 

기여할 수 있을 것이다. 

 

주요어 : 소규모; 수문학; 빗물관리; 도심홍수; 물절약; 지하수보

충;  R-S-U-D모델; R-S-I-D모델; 강우; 가변수요모형; 

학번 : 2013-31303 
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