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 Abstract 

 
 

 
A rapidly growing urban population leads to the dramatic increase of water 
consumption in the world. The water resources available to the human be-
ing are limited. Meanwhile climate variability and environmental pollution 
decrease the quantity of water resources available for human use. It is a sig-
nificant challenge to provide sufficient water to urban residents in a sustain-
able and effective way. Facing urban water crisis, researchers point out a 
paradigm shift in urban water management for sustainable water supply and 
services. This requires multi-disciplinary approaches, including technical 
improvements and economic evaluations. Advanced technology can con-
tribute to the solution of problems physically, but it may not ensure sustain-
able operation of water systems. The obstacles to sustainable water supply 
and services often are from non-technical problems such as low cost recov-
ery, lack of sound pricing systems and sustainable financing for increasing 
service coverage. The financial and economic factors could be a large barrier 
to the operation of water systems. 

This research aims to use economics to assess water systems for sustain-
able urban water management. How to use economics on urban water sys-
tems and what contributions can economics bring to sustainable water man-
agement are the two main research questions in the thesis.      

Since the existing systems are insufficient to achieve the objective of sus-
tainable urban water management, many new systems are being proposed 
and implemented recently. There are two kinds of water systems: traditional 
or existing systems, and new or alternative systems. The alternative systems 
may be technologically feasible to increase water supply or save water con-
sumption, but they may not be financially and economically feasible. Lack 
of financial and economic viability makes alternative systems less attractive 
than traditional systems. It is important to know whether the new systems 
can operate long term and whether the new systems are suitable alternatives 
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to existing systems if one wants to promote sustainable urban water man-
agement.  

The thesis carries out economic and financial analysis of traditional and 
alternative urban water systems. A comparative analysis between the 
traditional and alternative water systems is presented. Through the 
comparative analysis, the thesis shows whether the alternative system is an 
economically viable alternative to the traditional system. The case of Beijing 
is chosen for the study. The main technological measures of water saving in 
Beijing include wastewater reuse and rainwater harvesting. There are 
centralized and decentralized wastewater reuse systems. Centralized 
wastewater reuse systems represent the traditional systems while 
decentralized systems represent the alternative systems. Groundwater is the 
main and traditional water resource for agricultural irrigation, and rainwater 
harvesting is an alternative method to get more water.  

The main economic method in the thesis is cost benefit analysis, which is 
an accepted method to evaluate the environmental projects. Additionally, 
the thesis employs the methods of linear programming and rough set 
analysis. In the cost benefit analysis, the concern of different stakeholders 
having different viewpoints is taken into consideration. Accordingly, an in-
tegrated financial and economic analysis is carried out, in which financial 
analysis is implemented from the point of view of individual participants, 
while the economic analysis is from the point of view of society. The finan-
cial analysis aims to judge whether the individual investor could afford the 
water system, and the economic analysis is to determine the contribution of 
the water system to the development of society.  

The research shows that the alternative water systems are economically 
feasible while they are not financially feasible. However, the traditional 
water systems are both economically and financially feasible. Comparing the 
economic and financial feasibility between the traditional and alternative 
water systems, the traditional water systems are better than the alternative 
systems. It implies that the new water systems are not viable alternatives to 
the traditional water systems because the new systems are not financially 
feasible.   

Through the case of Beijing, the thesis demonstrates how to use 
economics in managing urban water systems. This is the first integrated and 
quantitative analysis of the economic, environmental and social effects of 
new water systems. The economic, environmental and social effects are all 
determined by monetary values, which is rare in the existing literature. 



xviii Abstract 

 

The thesis shows that economics contributes to identifying the non-
technical problems in water systems and can help decision makers to make 
choices that are consistent with the long-term well being of the community. 
Three practical contributions of the research are as follows. 1.Using 
economics to identify and quantify the effects of water treatment systems 
on economics, environment and society; 2.Using economics to discern the 
factors that significantly hinder long term plant operations; 3.Using 
economic tools to learn the advantages and disadvantages of different water 
systems from an economic perspective. The theoretical contribution of the 
research is that it proves the importance of considering the viewpoints of 
different stakeholders in the cost benefit analysis. Doing cost benefit analy-
sis from different stakeholder perspectives can provide complete and accu-
rate information for helping decision makers to choose the most suitable 
alternative.  
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 Samenvatting 

 
Economische aspecten van duurzaam stedelijk waterbeheer 
in Beijing 
 
Door de snelle bevolkingsgroei in de steden neemt de waterconsumptie 
wereldwijd sterk toe. De bestaande watervoorraden zijn beperkt en door de 
veranderlijkheid van het klimaat en de milieuvervuiling neemt de 
hoeveelheid water die voor menselijk gebruik beschikbaar is af. Het is een 
grote uitdaging om stadsbewoners op een duurzame en effectieve manier 
van voldoende water te voorzien. Met het oog op een dreigend tekort aan 
water in de steden wijzen onderzoekers op een paradigmaverandering op 
het gebied van stedelijk waterbeheer om een duurzame watervoorziening en 
dienstverlening te waarborgen. Dit vereist een multidisciplinaire aanpak met 
onder andere technische verbeteringen en economische evaluaties. 
Geavanceerde technologie kan bijdragen aan de praktische en technische 
oplossing van problemen, maar is geen waarborg voor het duurzaam 
functioneren van watervoorzieningsystemen. Het zijn vaak niet-technische 
problemen, zoals een lage kostendekking, een gebrek aan goede 
prijssystemen en aan duurzame financiering van een steeds groter 
dienstverleningsgebied, die een duurzame watervoorziening en 
dienstverlening in de weg staan. Dergelijke financiële en economische 
factoren kunnen het functioneren van watervoorzieningsystemen ernstig 
belemmeren.  

Dit onderzoek analyseert watervoorzieningsystemen voor duurzaam 
stedelijk waterbeheer vanuit een economisch perspectief. De twee 
belangrijkste onderzoeksvragen van dit proefschrift zijn hoe stedelijke 
watervoorzieningsystemen vanuit een economisch perspectief onderzocht 
kunnen worden en in hoeverre economische theorieën en methoden 
kunnen bijdragen aan duurzaam waterbeheer. 

Omdat het doel van duurzaam stedelijk waterbeheer met de bestaande 
systemen niet bereikt kan worden, worden er de laatste tijd veel nieuwe 
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systemen voorgesteld en ingevoerd. Er zijn twee soorten 
watervoorzieningsystemen: de traditionele of bestaande, en de nieuwe of 
alternatieve systemen. De alternatieve systemen zijn mogelijk in 
technologisch opzicht geschikt om de watervoorziening uit te breiden of 
water te besparen, maar ze zijn wellicht financieel en economisch niet 
haalbaar. Als alternatieve systemen financieel en economisch niet haalbaar 
zijn, zijn ze minder aantrekkelijk dan traditionele systemen. Als men 
duurzaam stedelijk waterbeheer wil bevorderen, is het belangrijk om te 
weten of de nieuwe systemen op de lange termijn goed kunnen functioneren 
en of ze een geschikt alternatief vormen voor bestaande systemen. 

In dit onderzoek is een economische en financiële analyse van 
traditionele en alternatieve stedelijke watervoorzieningsystemen uitgevoerd. 
Dit proefschrift bevat een vergelijkende analyse van de traditionele en 
alternatieve watervoorzieningsystemen. Hieruit blijkt of het alternatieve 
systeem een economisch haalbaar alternatief is voor het traditionele systeem.  

Het onderzoek heeft plaatsgevonden in Beijing. In deze stad zijn 
hergebruik van afvalwater en opslag van regenwater de voornaamste 
technologische maatregelen om water te besparen en op te slaan. Er bestaan 
gecentraliseerde en gedecentraliseerde systemen voor het hergebruik van 
afvalwater. De traditionele systemen zijn gecentraliseerd en de alternatieve 
systemen zijn gedecentraliseerd. Grondwater is de belangrijkste en 
traditionele bron voor de irrigatie van landbouwgrond, en de opslag van 
regenwater is een alternatieve manier om meer water te verkrijgen. 

De belangrijkste economische onderzoeksmethode in dit proefschrift is 
kosten- batenanalyse, een gebruikelijke methode om projecten op 
milieugebied te evalueren. Daarnaast is gebruik gemaakt van lineair 
programmeren en rough set-analyse. In de kosten- batenanalyse wordt 
rekening gehouden met de belangen van verschillende belanghebbenden die 
uiteenlopende gezichtspunten hebben. Op deze manier is er een 
geïntegreerde financiële en economische analyse uitgevoerd. De financiële 
analyse gaat uit van het oogpunt van de individuele deelnemers, terwijl de 
economische analyse uitgaat van het maatschappelijk gezichtspunt. Het doel 
van de financiële analyse is om te beoordelen of het 
watervoorzieningsysteem betaalbaar is voor individuele investeerders, en 
met de economische analyse wordt de bijdrage van het 
watervoorzieningsysteem aan de ontwikkeling van de maatschappij bepaald.  

Uit het onderzoek blijkt dat de alternatieve watervoorzieningsystemen 
wel economisch, maar niet financieel haalbaar zijn. De traditionele 
watervoorzieningsystemen zijn echter zowel economisch als financieel 
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haalbaar. Uit de vergelijking van de economische en financiële haalbaarheid 
van de traditionele en alternatieve watervoorzieningsystemen blijkt dat de 
traditionele watervoorzieningsystemen beter zijn dan de alternatieve. Dit 
betekent dat de nieuwe watervoorzieningsystemen geen bruikbaar alternatief 
zijn voor de traditionele watervoorzieningsystemen omdat de nieuwe 
systemen financieel niet haalbaar zijn. 

Dit proefschrift toont op basis van de situatie in Beijing aan hoe 
economische inzichten en onderzoeksmethoden toegepast kunnen worden 
op het beheer van stedelijke watervoorzieningsystemen. Dit is de eerste 
geïntegreerde en kwantitatieve analyse van de economische, milieu- en 
maatschappelijke effecten van nieuwe watervoorzieningsystemen. De 
economische, milieu- en maatschappelijke effecten worden allemaal herleid 
tot hun economische waarde, wat zelden voorkomt in de bestaande 
literatuur. 

Dit proefschrift toont aan dat de economische wetenschap een bijdrage 
levert aan het vaststellen van de niet-technische problemen van 
watervoorzieningsystemen en beleidsmakers kan helpen keuzes te maken 
die op de lange termijn het welzijn van de gemeenschap dienen. Het 
onderzoek levert drie praktische bijdragen: 
1. Het gebruik van economische inzichten om de economische, milieu- en 
maatschappelijke effecten van waterbehandelingssystemen vast te stellen en 
te kwantificeren. 
2. Het gebruik van economische inzichten om de factoren aan te wijzen die 
het functioneren van watervoorzieningsinstallaties op de lange termijn 
ernstig hinderen. 
3. Het gebruik van economische methoden om de voor- en nadelen van 
verschillende watervoorzieningsystemen te ontdekken vanuit economisch 
perspectief. 

De theoretische bijdrage van dit onderzoek is dat het aantoont hoe 
belangrijk het is om de gezichtspunten van verschillende belanghebbenden 
in aanmerking te nemen in de kosten- batenanalyse. Het uitvoeren van een 
kosten- batenanalyse vanuit het gezichtspunt van verschillende 
belanghebbenden kan volledige en juiste informatie opleveren die 
beleidsmakers kan helpen om het geschiktste alternatief te kiezen. 

 

 





  

1 

 

1 Introduction 

 
 

1.1 Problems in Cities 

 
Global urban water utilization by people increased over 20 times in 100 
years. In 1900, it was 200×108 m3; in 1950, it was 600×108 m3; in 1975, it 
was 1,500×108 m3; and in 2000, it was 4,400×108 m3 (Bao and Fang 2007). 
It is predicted that urban water utilization by people in the year of 2050 
will equal total global water utilization in 2004 (Song et al. 2004).  

Figure 1.1 
 Urban Population Growth  

 
Source: Rees (2006) 



2 Chapter 1 

 

A rapidly increasing urban population is an important factor causing the 
increase of water consumption in the world. Forty years ago, the urban-
ized population represented only 37 per cent of the total world popula-
tion, but presently around 50 per cent of the world’s population inhabits 
urban areas (Rees 2006). Figure 1.1 shows that the urban population is 
growing rapidly, especially in the developing regions. The urbanized 
population proportion in the developing regions may increase from 42 
per cent to 57 per cent by the year of 2030 (Jenerette and Larsen 2006).  

Rees (2006) thinks that the urban population may be more than 60 
per cent of the total population by the year 2025. The number of mega-
cities with more than five million residents is expected to increase glob-
ally from 46 to 61 between 2015 and 2030 with disproportionate increase 
in Asia and Africa (UN 2004). In China, approximately five cities have 
populations over ten million. Figure 1.2 indicates the growth of the ur-
ban population and urban water utilization in China, which shows that 
Chinese urban water consumption increases gradually while the urban 
population swells.   

Figure 1.2 
 Growth of urban population and urban water consumption in China 
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Global water resources available to humans are limited. Only 2.5 per 
cent of the earth’s 139×1016 m3 of water is fresh water and less than 
one-third is available for human use (Postel et al. 1996). In China, re-
newable water resources equal only 2,205 m3 per capita per year, which is 
one-fourth of the average world level (FAO, Water resource, Develop-
ment and Management Service 2003). Per capita water availability in the 
3-H basins of north China (Hai, Huai and Huang) is around 500 m3 per 
year, which is well below the 1,000 m3 per year standard for water stress 
(World Bank 2007). In Beijing, the total availability of water resources 
per capita per year is only 300 m3, which is 1/8 of the national average 
and 1/32 of the world's average (Wang and Wang 2005). The limited wa-
ter availability results in the shortage of water supply in cities.    

Climate variability and environmental pollution lead to water scarcity 
in cities. Water crises affect not only arid areas but also some regions 
with normally plentiful water resources. For instance, some parts of 
Europe, have suffered successive droughts over the last few years, with 
the result that certain watercourses have dried up (Lazarova et al. 2001). 
The southwestern area of China, which used to have rich water resources, 
suffered a sudden drought in 2010 leading to severe water scarcity. 
Moreover, environmental pollution decreases the availability of clean 
water, increasing the pressure of urban water supply. Rapid industrializa-
tion around the cities leads to serious water pollution in the cities. Con-
sequently, the clean water available to the urban residents diminishes. 
For example, due to pollution in many of the lakes that comprise the 
main domestic water source, many residents of the rural areas of Wuhan 
city cannot access clean water.           

Rapid population growth, limited water availability, climate variability 
and environmental pollution together place significant pressure on urban 
water management, especially in arid areas. Urban population growth 
increases the demand for water, but water resources remain limited. 
Meanwhile climate variability and environmental pollution decrease the 
quantity of water resources available for human use.  
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1.2 Water Scarcity in Beijing   

 
The thesis studies the context of Beijing, China because Beijing is a typi-
cal case of urban water scarcity. Increasing population, continual 
droughts and depletion of groundwater stocks pose a challenge to pro-
vide sufficient water to Beijing’s residents in a sustainable and effective 
way.      

The critical issue is that water consumption within Beijing is more 
than the water available to Beijing. Figure 1.3 illustrates that water con-
sumption is almost one billion cubic metres more than the water avail-
able although the gap between water consumption and water availability 
decreases gradually.  

Figure 1.3 
 Water availability and water consumption in Beijing 
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Source: Beijing Statistical Yearbook (2001-2008) 

 
Water scarcity in Beijing is caused by two important factors: 1) Beijing 
has a large and increasing population; 2) Beijing is located in the arid area 
of China. 

Beijing, the capital of China, is the second largest city after Shanghai 
and the political and financial centre of China. Important national gov-
ernmental and political institutions, including the National People's Con-
gress, are located in Beijing. Because of the dramatic economic develop-
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ment during the last 30 years, Beijing has been urbanizing rapidly, with 
an average annual increase of 2.48 per cent. Beijing is experiencing rapid 
economic development. Recently the average annual GDP growth rate 
was about nine per cent. Figure 1.4 shows that the population of Beijing 
increased, from 12.5 million in 1998 to 17 million people in 2008, an in-
crease of nearly 1.5 times in ten years.  

Figure 1.4  
Population growth in Beijing from 1998 to 2008 
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Source: Beijing Statistical Yearbook (1998-2008) 

Figure 1.5  
Precipitation rate in Beijing from 1986 to 2009 
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Source: Beijing Water Resources Bulletin (1986-2009) 
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Arid regions around the globe are most often associated with physical 
scarcity. Northern China, including Beijing is an area of physical water 
scarcity (Seckler et al. 1998). Beijing lies at the northern tip of the 
roughly triangular North China Plain, at an altitude of 20-60 metres 
above sea level. Beijing’s climate is semi-humid monsoonal with a mean 
annual temperature of 10 to 12 centigrade. Mountains to the north, 
northwest and west shield the city from the encroaching desert steppes. 
The average altitude of the surrounding mountains is 1,000-1,500 metres. 
The Dongling Mountain located at the border of the Hebei province is 
the highest point in Beijing, with an altitude of 2,303 metres. Because of 
its geographical location, Beijing has low average rainfall. Beijing’s aver-
age precipitation is 550 mm per year, 80 per cent of which falls between 
June and September (Beijing Water Authority 1986-2009). 

Figure 1.5 illustrates the decrease in precipitation since 1999. The av-
erage precipitation between 1986  and 1998 was around 600 mm per year 
while the average precipitation between 1999 and 2009 was about 470 
mm per year. In recent 10 years, precipitation decreased by 20 per cent, 
which led to less groundwater recharge. 

Figure 1.6  
Change in underground water level in Beijing (masl = metres above sea level) 

 
Source: Kaden (2007) 
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Groundwater is the main water source in Beijing, the city sources 70 per 
cent of total water supply from groundwater. However, overexploitation 
of groundwater due to increasing water demand and lower groundwater 
recharge both contribute to depletion of underground water stocks. Un-
derground water levels in Beijing show significant decline since the mid-
1950s (Figure 1.6). In rural areas of Beijing, the minimum depth of a well 
to access groundwater is around 80 metres deep while 20 years ago 
farmers could get groundwater from a well of only two metres depth. 
Figure 1.7 reflects the change in the depth of a well located in a village of 
the Huairou district of Beijing. It indicates that the depth of the well in 
2007 was around 40 times deeper than in 1980. In some extreme cases, 
pumps no longer bring up groundwater and irrigation water has to come 
from 10 km away. The depletion of underground water stocks further 
complicates the difficulty of supplying sufficient water in Beijing. 

Figure 1.7  
Change in well depth in a village within the Huairou district of Beijing 
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Source: Interviews with the farmers of the village 

 
There are around 30,000 industries in Beijing, which accounts for 70 per 
cent of its GDP. Yet industrial sector water consumption accounts for 
only 15 per cent of total water consumption, domestic use and agricul-
tural productions are the major water consumers accounting for 42 per 
cent and 34 per cent respectively according to data from 2008. The pro-
portions of water consumption by agriculture, industry and domestic 
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uses have changed in recent decades. Figure 1.8 shows the change in wa-
ter consumption in agriculture, industry and for domestic use from 1989 
to 2008. It shows that the water consumption of agriculture and industry 
are decreasing gradually while domestic water consumption is increasing 
steadily. Given the limited water supply and increasing population, more 
water is transferred from agricultural and industrial uses to domestic 
consumption. Accordingly the proportion of water consumption by agri-
culture, industry and domestic use has changed.  Figure 1.8 shows that 
before 1998, agricultural water consumption was much greater than in-
dustrial and domestic water consumption, accounting for around 50 per 
cent of total consumption. Domestic consumption accounted for the 
smallest percentage of water usage. In 1998, domestic water consump-
tion started to overtake industrial consumption although agricultural 
consumption is still the largest percentage. In 2006, domestic water con-
sumption was greater than that of agriculture, becoming the largest water 
consumer. Domestic water consumption in Beijing rose from 1.4 billion 
m3 in 1989 to 4.2 billion m3 in 2008; agricultural water consumption de-
creased from 5.4 billion m3 in 1989 to 3.4 billion m3 in 2008; and indus-
trial consumption declined from 3 billion m3 to 1.5 billion m3 during the 
same period (Figure 1.8).    

Figure 1.8  
Water consumption of agriculture, industry and domestic in Beijing 
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1.3 Chinese Urban Water Management 

 
Because conventional urban water management has not adapted to the 
trends of urban development, new approaches to urban water manage-
ment are proposed gradually. In China, many new technological meas-
ures are adopted in the cities to solve water scarcity. Additionally, the 
governmental structure of the water sector is changing and new water 
policies are issued. 

1.3.1 Technological measures   

 
Recently considerable research and experiments related to sustainable 
urban water management have been funded by the governments and car-
ried out by water engineering scientists for the purpose of solving the 
water crisis in cities (Asano 2005; Chu et al. 2004; Wilderer and Schreff 
2000; Zuo et al. 2010). All of the technological measures for developing 
alternative water resources, such as wastewater reuse, rainwater harvest-
ing or transferring water from another source to the city, have been ap-
plied in Chinese cities (Bao and Fang 2007; Deng and Chen 2003; Jia et 
al. 2005; Zuo et al. 2010). The following sections offer details of waste-
water reuse and rainwater harvesting.  

The largest and most well known project for transporting water from 
remote areas to cities is being constructed in the east of China, called the 
‘South-to-North Water Diversion’ project. This project aims to transfer 
water from the Yangzi River (South) to the areas of the 3-H basins (Hai 
River, Huai River and Huang River) (North). Beijing and Tianjin are the 
important beneficiaries of this project. The ‘South-to-North Water Di-
version Project’ was first proposed in the 1950s and is expected to be 
completed in 2014 (Source: interviews with officials at the Beijing Water 
Authority). Up to 2010, approximately 60 billion Yuan has been invested 
in the project. The detail of the ‘South-to-North Water Diversion’ pro-
ject refers to the official website of the project: (www.nsbd.gov.cn). The 
project will make a large contribution to the water supply of Beijing. The 
project is expected to transfer 7m3 per second of water if the project op-
erates at full capacity. However, the financial feasibility of the project 
remains an open question. Since nine provinces and two provincial cities 
are involved in the project, there are complex issues concerning water 
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rights, water allocation, water price and many others. Some NGOs 
(Non-Governmental Organizations) and researchers have criticized the 
project (Berkoff 2003; Liu 1998; Wang and Ma 1999).  

Wastewater reuse  

Wastewater reuse is the process of reclaiming grey water from industry 
and domestic sources and then reusing the water in industry as cooling 
water, domestically for toilet flushing and green irrigation, and in 
agriculture for irrigation. A conceptual cycling overview of urban water 
in Figure 1.9 illustrates the major pathways of water reuse and the poten-
tial use of reclaimed wastewater. The use of reclaimed water as an alter-
native water source can be perceived as an action of effective water man-
agement since fresh water is saved for other uses. It may prove sufficient 
flexibility to allow a water agency to respond to short-term needs as well 
as to increase long-term water supply reliability in urban areas (Asano 
2001). Therefore wastewater reuse is a vital component of sustainable 
urban water management.  

Figure 1.9  
Roles of reclamation and reuse facilities in water recycling 

 
 Source: Asano and Levine (1996) 

 
Several Chinese cities, such as Beijing, Nanjing and Wuhan have imple-
mented wastewater reuse. Beijing is the first city in China to force decen-
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tralized wastewater reuse systems and is the first city to build large-scale 
centralized wastewater reuse systems. 

Wastewater reuse was first promoted in 1987 in Beijing through issu-
ing the Regulation of Building Decentralized Wastewater Reclamation Systems in 
Beijing, which states that all hotels and residence areas with construction 
areas that exceed 20,000 m2 and all other buildings with construction ar-
eas that exceed 30,000 m2 must build wastewater reuse systems. Decen-
tralized wastewater reuse systems collect and treat grey water and reuse 
reclaimed water on site. Generally decentralized wastewater reuse sys-
tems have small capacity and scales. Until 2002, in the central region of 
Beijing, there were more than 154 small wastewater reuse systems (Jia et 
al. 2005). Although decentralized water treatment systems have 
developed in some cities, they are still at the early stage in developing 
areas. To date, around 1,000 decentralized wastewater reuse systems 
have been constructed in Beijing (Zuo et al. 2010). The number of de-
centralized systems in Beijing is increasing and will continue to grow in 
the future.  

In addition to decentralized wastewater reuse systems, large 
centralized wastewater reuse systems operate in Beijing. Centralized 
wastewater reuse systems collect grey water from different organizations 
and households, reclaim the collected grey water in a large plant, and 
then distribute the reclaimed water to users. Normally centralized waste-
water reuse systems are large-scale operations. The first centralized 
wastewater reuse system in Beijing began operating in 2000. There are 
five centralized wastewater reuse systems in Beijing: the Gaobeidian 
wastewater reclamation plant (designed treatment scale: 470,000 m3/day); 
the Jiuxianqiao wastewater reclamation plant (designed treatment scale: 
60,000 m3/day); the Fangzhuang plant (designed treatment scale: 10,000 
m3/day); the Wujiacun plant (designed treatment scale: 40,000 m3/day) 
and the Qinghe plant (designed treatment scale: 80,000 m3/day). Only 
two systems, the Gaobeidian and the Jiuxianqiao plants are in operation, 
the others are still under construction. 

Although wastewater reuse in Beijing started 20 years ago, the quan-
tity of reclaimed and reused water is still very small. In 2008, in Beijing, 
0.6 billion cubic metres of water was reclaimed, accounting for 17 per 
cent of total water supply in Beijing (Beijing Statistic Yearbook 2008). 
Reclaimed water in Beijing is mostly used for domestic uses (toilet flush-
ing, car washing and green irrigation), industry (cooling water) and water 
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supplementation of rivers and lakes. Very little reclaimed water is used 
for agricultural irrigation. Another technological measure, rainwater har-
vesting, which aims to supplement water for agricultural irrigation, ap-
pears in the next section.   

Rainwater harvesting  

Rainwater harvesting is to induce, collect and store runoff  from various 
sources for various purposes. Researchers in many places, such as in Sub-
Saharan Africa, the Middle East and Asia have made efforts to develop 
rainwater harvesting for irrigation. In China, people have harvested 
rainwater for thousands of  years, especially in the rural areas of  the 
western north of  China. Yet the most efficient use of  rainwater for agri-
cultural irrigation remains a subject of  debate (Li et al. 2000; Mushtaq et 
al. 2007; Tian et al. 2002).  

In urban areas, rainwater harvesting is rare because of the challenges 
of collecting and reusing water of sufficient quality. Many industrial 
zones are constructed around the city and domestic consumption creates 
various wastes so that air pollution is unavoidable in the city. This leads 
to poor quality rainwater. Normally the process of rainwater harvesting is 
easy and cheap, including the process of collecting, depositing and reus-
ing. Given the poor rainwater quality, it is necessary to add water treat-
ment processes, which could raise the cost of using rainwater in the city. 
Therefore rainwater harvesting and reuse in urban areas is more complex 
and costly than in rural areas.   

According to Zuo et al. (2010), rainwater harvesting in Beijing has 
gone through three stages: 1) initial study and exploration (1981-1999); 2) 
intensive research (2000-2005); 3) implementation of projects driven by 
the government (2006-present). A large number of rainwater harvesting 
projects have begun in Beijing since 2006, of which some are located in 
the urban areas of Beijing and others are in rural areas. In the rainwater 
harvesting projects in the urban areas, the collected rainwater is usually 
used for toilet flushing, car washing and green irrigation. In rural areas, 
the rainwater is mostly used for agricultural irrigation. 

Figure 1.10 illustrates the distribution of urban and rural areas of Bei-
jing. Beijing occupies an area of 16,410 square kilometres, of which 8 per 
cent is urban areas and 92 per cent rural areas. According to the statistics, 
the number of rainwater harvesting projects in rural areas is greater than 
in the urban areas of Beijing (Zuo et al. 2010). Thus rainwater harvesting 
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in Beijing is currently concentrated in rural areas for agricultural irriga-
tion. Rainwater is the alternative water resource to replace ground water 
for supplementing the supply of irrigation water in rural areas of Beijing.  

Figure 1.10 
Distribution of Beijing’s urban and rural areas  

 
 

1.3.2 Water governance structures 

 

Water governance in China  

 
The water governance structure in China is a multi-layered hierarchy. 
The various agencies within the structure are divided by territory, func-
tion and rank. Figure 1.11 shows the hierarchy in terms of territory. The 
arrows lead from the order-giving body to order–receiving body.  

Some agencies have specific functions. They are always headed by a 
ministry at state level and have corresponding agencies or bureaus at 
provincial, municipal, county and district levels. For example, there are 
the State Environmental Protection Agency (SEPA), provincial envi-
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ronmental protection agency and urban environmental protection bu-
reaus. SEPA owns the provincial environmental protection agencies, 
which in turn owns the urban environmental protection bureaus. The 
head of SEPA appoints the heads of the provincial environmental pro-
tection agencies. The functional agencies exist within the different terri-
torial ranks. So in different provinces or cities, the functional agencies 
concerned with water service and resource governance are almost the 
same. 

Figure 1.11  
Hierarchy of territorial rank 

                      
              

Every agency or bureau within the governance structure has a rank. 
Agencies and bureaus with the same rank cannot issue orders to each 
other. Only higher-ranking agencies can issue authoritative orders to 
lower-ranking agencies. For example, the Ministry of Construction has 
the same ranking as the Beijing municipal government. So the Beijing 
government could not issue a command to the Ministry of Construction.   
The communication should flow up and down level by level. It is rare 
that the provincial government issues commands to the town level skip-
ping the municipal level. 

The hierarchical governance structure creates a complex system of 
ministries, agencies and bureaus. It leads to an unclear policymaking 
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process. Finding out how policies are made in China is much like tracing 
the movement of a single blood cell through the entire human body: the 
journey is time consuming and involves a network of organs and the 
specific route depends on the situation (Hou 2000). Figure 1.12 shows 
the old water governance structure of Beijing. It reflects the hierarchical 
order in the water sector and shows all kinds of agencies involved in wa-
ter management in Beijing. In spite of the rigid structure, organization 
and cooperation between the agencies is poor.      
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Figure 1.13  
New water-relative organizations of Beijing  

 
 
China is experiencing reform in water governance structures and institu-
tions. The purpose of the reform is to reduce the number of agencies 
and bureaus involved in water management. The new water governance 
structure of Beijing, which could be an example for other Chinese cities 
and provinces, is shown in Figure 1.13. It reveals that in the new gov-
ernmental structure there are four most relevant agencies: the Ministry of 
Water Resources, the State Environmental Protection Agency, the Minis-
try of Construction and the Beijing Municipal Government, involved in 
urban water management within Beijing. Beijing Water Authority is a 
new organization for water services and management, which was estab-
lished in 2004 and is owned by the Beijing municipal government. It is in 
charge of water services and management at the different ranking territo-
ries. It is being established in many cities and provinces. There are two 
main functional organizations in the Beijing Water Authority: the Wa-
terworks Group and the Drainage Group. The waterworks group is re-
sponsible for municipal water supply and the drainage group is responsi-
ble for municipal sewage treatment. Additionally the Water Saving Office 
(shown in Figure 1.13) is an important organization in the Beijing Water 
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Authority, in charge of promoting policy or project performance related 
to water saving.  

According to the hierarchical structure, there will be provincial water 
authorities, urban water authorities and district/county water authorities. 
In Beijing, the Beijing Water Authority faces three layers of government 
from the municipal to the town levels (Table 1.1). Beijing has 16 districts 
and two counties, each district has sub-districts or, each county has 
towns. 

Table 1.1 
Three layers for water management of Beijing 

Municipal  
Level 

Beijing Water Authority Responsibilities: Water resources, water supply 
and water pollution management etc. within 
the municipality. Coordinates among dis-
tricts/counties. 

District/ 
County Level

District/County Water 
Authority 

Responsibilities: Water resources, water supply 
and water pollution management etc. within 
the district/county. Coordinates among sub-
districts/towns. 

Sub-district/

Town Level 

Sub-district/Town Wa-
ter Management Station

Responsibilities: Water resources, water supply 
and water pollution management etc. within 
the region. 

Source: Pan (2006) 

 

Water governance structures in Beijing to deal with water scarcity 

 

Since the mid-1980s, continuous droughts and increasing population 
have worsened water scarcity in Beijing. Many projects concerned with 
water saving have been constructed and are promoted by the Beijing 
government. Because of the reform in the water governance structure, 
the number of organizations involved in the management of these newly 
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constructed projects decreased. Meanwhile, to deal with water scarcity 
efficiently, many new organizations were established for the management 
of the projects related to water saving.   

Figure 1.14 
Gao plant main stakeholders 

 
 
For the large water treatment plant, previously there were many organi-
zations involved in management because it has a critical influence on so-
ciety’s health. This leads to problems in management of the large plants, 
which are often inefficient and sometimes ineffective. The reform of the 
water governance structure decreased the number of involved organiza-
tions, which may lead to improved management efficiency. The Gao Bei 
Dian wastewater reuse plant (Gao plant) in Beijing started in 2000 and is 
an example of the management of a large plant in the new governance 
structure. The Gao plant is owned by the Beijing Drainage Group, which 
belongs to the Beijing Water Authority. As shown in Figure 1.14, there 
are four main stakeholders in the Gao plant: the Drainage Group, the 
Municipal Environmental Protection Bureau, the Municipal Administra-
tion Committee and the Urban Construction Bureau. Under the ‘old’ 
structure of water governance in Beijing, there would have been eight 
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organizations involved in the management of the Gao plant, while in the 
‘new’ structure, the Beijing Drainage Group, as the owner of the Gao 
plant, is the key manager of the Gao plant. The functioning of the Gao 
plant is analysed in Chapter 3. 

Figure 1.15 
Qing plant main stakeholders 

 
 

For decentralized treatment projects related to water saving, the Beijing 
Water Saving Office plays an important role. The Beijing Water Saving 
Office was established in 1981. Before the reform in water governance in 
Beijing, it was a small institute belonging to the Beijing Public Utilities 
Bureau. Previously the Water Saving Office was below the bureau level. 
However, after the reform in water governance structures in Beijing, the 
rank of the Beijing Water Saving Office increased to the bureau level. 
Due to serious water scarcity in Beijing, the promotion of water saving 
became more important. Consequently the responsibility of the Water 
Saving Office was enhanced. An example of the management of a decen-
tralized water saving project is Qing plant (Figure 1.15). There are five 
main stakeholders involved in the management of the Qing plant. The 
Municipal Administration Committee and the Urban Construction Bu-
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reau (in charge of operation supervision), as well as the project manager 
and the Water Saving Office play important roles in managing the plant. 
In Chapter 2, an economic and financial analysis of the Qing project will 
assess its feasibility. 

Figure 1.16  
An plant main stakeholders 

 
 
Many rainwater harvesting projects have been constructed in rural areas 
of Beijing to diminish water scarcity. The Beijing Water Saving Office 
supports some of these projects, and the Beijing Agro-Technical Exten-
sion Center supports others. Generally the owners of projects and the 
Beijing Agro-Technical Extension Center/ Beijing Water Saving Office 
are the main stakeholders of these projects. In some cases, academic in-
stitutions are involved in the management of the experiment. Figure 1.16 
illustrates the main stakeholders of a rainwater harvesting project in rural 
areas of Beijing, the An plant. At the An plant, in addition to the owner 
and the Beijing Agro-Technical Extension Center, the Chinese Academy 
of Science is an important stakeholder. The detailed analysis of rainwater 
harvesting appears in Chapters 4, 5 and 6.  
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The Beijing government has promoted water saving in various sectors 
such as industry and agriculture. To extend water saving effectively, or-
ganizations in different sectors join in project management. For example, 
the Beijing Agro-Technical Extension Center is responsible for training 
farmers in new agricultural technologies and for technical support. The 
Agro-Technical Extension Center is not a professional organization in 
the water sector, but it joins the management of rainwater harvesting 
systems. Other academic institutions such as the Chinese Academy of 
Science are also involved in the management of these projects.  

1.3.3 New policies  

 
There are several crucial laws concerning water resource management in 
China. The Water Law, issued in 1988 and revised in 2002, aims to under-
take the rational development, utilization, saving and protection of water 
resources. Additionally there are the Water Pollution Prevention Law, the 
Water and Soil Conservation Law, the Environmental Protection Law and other 
relevant laws and regulations. The Water Pollution Prevention Law, issued in 
1984 and amended in 1996, plays an important role in preventing water 
pollution. The Water and Soil Conservation Law issued in 1991, emphasizes 
protection and conservation of water and soil recourses. The Environ-
mental Protection Law issued in 1989 aims to protect and conserve national 
environmental resources.    

In response to legal institutions established at the national level, the 
provincial and municipal governments are able to establish their own 
legal systems appropriate to local circumstance. For example, due to the 
rapid development of urbanization and industrialization, wastewater dis-
charges into rivers, lakes and trenches without serious treatment. This 
means that a number of Chinese cities have experienced serious water 
pollution. The State issued the national level Water Pollution Prevention Law 
to help prevent water pollution in urban areas. Accordingly different 
regulations were issued at the regional level. For example, in Beijing, 
there are the Quality Standard of Wastewater Discharge in Beijing and the Guan 
Ting Dam Water Conservation.  

As water scarcity is a serious problem in Chinese cities, many regula-
tions concerning water saving were issued in some Chinese provinces or 
cities. For example, in Beijing, there is the Regulation of Reward on Water 
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Saving of Beijing and the Regulation of Punishment on Water Waste of Beijing 
issued in 1987 by the Beijing government. In 2000, a comprehensive 
regulation on constructing wastewater reuse systems was issued in Bei-
jing. Standards for wastewater reuse were fixed, which include wastewa-
ter source standards, wastewater reclamation technique standards and 
reclaimed water quality standards. These new regulations in Beijing effec-
tively promote and manage water saving projects and alternative ap-
proaches to solving water scarcity. Currently there is no law at the na-
tional level concerned with water saving.  

There are still problems with policymaking and implementation. First, 
because the existing governance structure has not changed entirely, there 
are still conflicts between ministries involved in water management. For 
example, the Ministry of Water Resources oversees water resource man-
agement in China, and the State Environmental Protection Administra-
tion is in charge of water quality control. The duties of two ministries 
overlap at the area of water pollution. The undefined and overlapping 
responsibilities in water policy implementation between the two minis-
tries result in unnecessary duplication of data collection and incoherent 
implementation of water quality control policy (Feng et al. 2006; Lee 
2006). Second, definitions in many policies are ambiguous, especially in 
the area of agricultural irrigation. For example, the Water Law states that 
‘water belongs to the state; and people are encouraged to explore and 
utilize water resources’. It does not specify what kinds of organizations 
or individuals have the right to utilize water resources and obtain bene-
fits from water exploration, resulting in unclear definition of water rights. 
This prevents water saving, efficient use of water and water trade be-
tween different regions (Lee 2006).  

   

1.4 Economics for Sustainable Urban Water Management   

 
Technological measures and water policies encourage a number of new 
water treatment systems to be constructed in cities. Advanced technol-
ogy can contribute to the solution of problems physically, but it may not 
ensure sustainable operation of water treatment systems.    

Problems of sustainable urban water management are often a series of 
non-technical factors. Most water cycle systems could not reach opera-
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tional sustainability because of low cost recovery, lack of sound pricing 
systems and sustainable financing for increasing service coverage, par-
ticularly for the poor. For example, in China, the current pricing system 
does not reflect the real cost of water services in the city, which causes 
low cost recovery on water services. But local governments are still re-
luctant to increase the water price because they worry that increasing the 
price would have a negative impact on the local economy (Lee 2006). 
The financial and economic factors can become a big obstacle to sus-
tainable performance of water systems.     

Decision makers and scientists from different fields pursue sustain-
able urban water management as a general objective. Sustainability refers 
to the capability to maintain or improve standards of well-being over 
generations (Pearce 1989). From an engineering perspective, sustainable 
water management means water supply could effectively satisfy water 
demand continually and effectively; while from an economic perspective, 
sustainability of water management means effective allocation of avail-
able resource to reach maximum utility in the water sector. Different 
definitions for sustainable urban water management from different engi-
neering and economic perspectives reflect that the sustainable urban wa-
ter management requires multi-disciplinary studies, such as technological, 
institutional and economic studies. Falkenmark and Lundqvist (1998) 
think that water problems are mostly caused by competition among wa-
ter uses and political, technological and economic barriers that limit ac-
cess to water resources. Hence an economic analysis of water systems is 
a necessary part of sustainable urban water management.   

Although investments in technological measures for water saving ex-
ists and many engineers are working on these measures, issues of eco-
nomical, environmental and social feasibility of these new systems are 
less often discussed in the literature (Jia et al. 2005; Zuo et al. 2010). In 
terms of content, existing literature concerned with economic study of 
water cycles could be classified by five issues: 1) cost studies (Abeysuriya 
et al. 2005; Gratziou et al. 2005; Maurer et al. 2006); 2) benefit analysis 
(Birol et al. 2005; Psychoudakis et al. 2005); 3) tariff structure and price 
analysis (Kim 1995; Renzetti 1999; Renzetti and Kushner 2000; Rogers 
et al. 2002; Seppala and Katko 2003; Singh et al. 2005); 4) water demand 
analysis (Arbues et al. 2003) and 5) financing issues (Almagro 2005; Ni-
gam and Rasheed 1998). The research focuses on the issues of cost and 
benefits studies in urban water treatment systems. Because it is very dif-
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ficult and complex to calculate the economic impact caused by the water 
plants quantitatively, most studies in the literature merely describe the 
cost or benefits of water treatment systems qualitatively or make a simple 
cost calculation for the water systems (Abeysuriya et al. 2005; Braden 
and Van Ierland 1999).   

 

1.5 Research Objectives 

 
The research aims to use economics to study water systems for sustain-
able urban water management quantitatively. How to use economics to 
study urban water systems and what contributions can economics make 
to sustainable water management are the two main research questions in 
this research.   

Since existing water systems are inadequate to achieve the objective of 
sustainable urban water management, many new systems are being pro-
posed and implemented recently. There are two kinds of water systems 
made up of urban water management: traditional water systems namely 
existing systems, and alternative water systems namely new systems. The 
alternative systems may be technologically feasible to increase water sup-
ply or save water consumption, but they may not be financially and 
economically feasible in the performance. If the alternative water systems 
are not more financially and economically feasible than the traditional 
systems, this may hinder sustainable operation of alternative systems. 
Whether the new systems could operate in the end and whether the new 
systems are suitable alternatives to existing systems are important to 
know if one wants to promote sustainable urban water management.  

The thesis narrows down the research to an economic study of the 
traditional and alternative urban water systems. There is a comparative 
analysis between traditional and alternative water systems in the research. 
The comparative analysis explores whether the alternative system is an 
economically viable alternative to the traditional system.  

The previous sections state that the main technological measures of 
water saving in Beijing include wastewater reuse and rainwater harvesting. 
About wastewater reuse plants, there are centralized treatment systems 
and decentralized systems. Centralized wastewater reuse systems 
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represent traditional systems while decentralized wastewater reuse 
systems represent alternative systems. Rainwater harvesting is an 
alternative method to get more water resources for agricultural irrigation. 
Usually groundwater is the primary traditional water resource for 
agricultural irrigation.  

Based on interviews with officials, Table 1.2 shows some statistical 
data about decentralized wastewater reuse and rainwater harvesting, 
which shows that there are around 2,000 constructed decentralized 
wastewater reuse plants in Beijing. The percentage of utilization of these 
constructed wastewater reuse plants is only around 30 per cent although 
wastewater reuse has been in use in Beijing for almost 20 years. Around 
700 rainwater harvesting plants have been built in Beijing. The construc-
tion of rainwater harvesting plants in Beijing started in 2006. Similar to 
decentralized wastewater reuse systems, utilization of constructed rain-
water harvesting plants is very low, at a rate of only 20 per cent. Per-
formance of new constructed water systems is not as expected. Given 
the low rate of utilization of new systems, the objective of water saving is 
difficult to achieve. This research investigates the reasons behind the low 
rate of utilization of new water systems.  

Table 1.2  
Project data on water saving in Beijing 

Projects Number of constructed projects Percentage of utilization 

Wastewater reuse 2,000 30% 

Rainwater harvest-
ing 

625 20% 

Source: Jia et al. (2005), Wang et al. (2007) and interviews with officials. 

 
The thesis conducted an economic study of centralized and decentralized 
wastewater reuse systems, rainwater harvesting systems and groundwater 
systems in Beijing. Additionally there is a comparison between 
centralized and decentralized wastewater reuse systems, and between 
groundwater and rainwater use.   

The current research is part of The SWITCH (Sustainable Water Im-
proves Tomorrow’s Cities’ Health) programme, supported by the Euro-
pean Union. The SWITCH programme seeks a paradigm shift in urban 
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water management. It is expected to generate new efficiencies from inte-
gration of actions across the urban water cycle in order to improve the 
quality of life in cities. The strategy of SWITCH is development, 
application and demonstration of a range of tested scientific, technical 
and socioeconomic solutions that contribute to the achievement of 
sustainable and effective urban water management schemes. This study 
emphasizes the financial and economic analysis of the urban water 
management system.  

 

1.6 Research Methodology 

 
The main economic method used in this research is cost benefits analysis 
(CBA), which is a largely accepted method to evaluate environmental 
projects. Although various economic methods have been employed to 
evaluate water management such as life cycle analysis, multi-criteria 
analysis, cost effectiveness study, contingent valuation methods and mul-
tiple goal programming, the CBA method is most suitable method for 
this study (Ashley et al. 1999; Hauger et al. 2002). Based on the theory of 
welfare economics, the CBA method can help to illuminate the trade-off 
involved in making different kinds of investments (Arrow et al. 1996). It 
can inform decision makers about how scarce resources can be put to 
the greatest social good.  

In addition to CBA, the methods of linear programming and rough 
set analysis are used in Chapters 5 and 6 respectively. Linear program-
ming is a mathematical method of determining a way to achieve the best 
outcome in a given model of linear relationship. Through determination 
of linear programming, it is possible to discover optimal solutions for 
reaching maximum net profits of an environmental activity. Linear pro-
gramming is used extensively in economic analysis (Becker 1994; Berbel 
and Gomez-Limon 2000).    

Rough set analysis is an artificial intelligence method of data mining. 
In social science research, information collected is mostly qualitative data 
or part qualitative and part quantitative data. The rough set analysis 
could synthesize the approximation of concepts from the data and then 
classify the information (Pawlak 1982; Slowinski 1991). It is a suitable 
method to deal with the mixture of qualitative and quantitative data in 
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social studies. In this study, the sample is small and the information is a 
mixture of qualitative and quantitative data. Using the method of rough 
set analysis helps us to identify critical factors affecting the success or 
failure of an environmental activity.   

1.6.1 Evaluation framework  

 
To make a valuable contribution to decision making, it is important to 
encompass the full range of private and public sector concerns (Camp-
bell and Brown 2005). The research takes into account the fact that dif-
ferent decision makers with different points of view may have different 
judgments about the same event. One decision maker regards one effect 
as beneficial, but it can imply higher costs to the other one. For example, 
taxes are treated as costs from a private perspective while in the public 
case they are not treated as costs. Accordingly the concerns of the pri-
vate and public sectors in water management are different. 

In this research, project managers and the government represent the 
private sector and public sector, separately, who are the two main stake-
holders in water management. Project managers and the government 
should have different points of view on water management. From the 
perspective of project managers, the net profit from an investment is 
more important. Whether a water system makes money or not deter-
mines the incentive of project managers to operate the system. The gov-
ernment is concerned mostly with whether a water system has positive 
influence on society. That a water system has positive influences on soci-
ety benefits sustainable urban water management.  

In this study, two parts of an analysis are carried out separately from 
the angle of private sector namely project managers and from the angle 
of public sector namely government. As shown in Figure 1.17, the first 
part is financial analysis, which takes the point of view of project man-
ager, and the second part is economic analysis, which takes the point of 
view of government. The purpose of financial analysis is to judge how 
much the individual participant could live with the project, while the 
economic analysis aims to determine the contribution of a proposed pro-
ject to the development of the total economy (Gittinger 1982). Both fi-
nancial analysis and economic analysis are complementary in the study. 



 Introduction 29 

The integrated financial and economic analysis can systematically and 
completely assess a water system. 

Figure 1.17 
 Evaluation framework 

 
               
Since CBA method is used for the study, the values of cost and benefits 
of a water system are calculated quantitatively. Through calculating the 
present values of cost and benefits, the difference between benefits and 
cost could be obtained. The difference between benefits and cost deter-
mines whether the project is financially or economically efficient or not. 
Three different dimensions in financial and economic analysis are con-
sidered when using cost benefit analysis.    

First, the cost and benefits considered in financial analysis and eco-
nomic analysis are different. In financial analysis (shown in Figure 1.17), 
financial cost and benefits are evaluated. The contents of financial cost 
and benefits are identified from the private perspective. In economic 
analysis (shown in Figure 1.17), major economic, environmental and so-
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cial cost and benefits are all quantified. From public perspective, a water 
system can cause an external influence on environment and society, so 
environmental and social effects are taken into consideration in the eco-
nomic analysis. Traditional economic analysis of water systems usually 
ignores this aspect (Baumann et al. 1998).   

Second, transfer payments such as subsidies and income from water 
charges are not considered in the economic analysis because they do not 
consume or create any new value for society (Dahmen 2000). But they 
may be considered in the financial analysis. 

Third, the values used for determination of cost and benefits are dif-
ferent. In financial analysis, the market value is used directly for the value 
determination of financial cost and benefits. However, in economic 
analysis, monetary values of cost and benefits of economic, environ-
mental and social effects are required in the assessment and can be calcu-
lated through indirect valuation method.                    

1.6.2 About the data  

 
Interviews with the stakeholders of the water system were the main 
method of obtaining data from the plants studied. For example, the 
stakeholders of a decentralized rainwater harvesting system (shown in 
Figure 1.16) include the owner of the project namely the project manag-
ers, the Agro-Technical Extension Center and the Chinese Academy of 
Science. For this water system, most of the project’s data was obtained 
through interviews with the owner of the project, and other data was 
obtained through interviews with the officials from Agro-Technical Ex-
tension Center and the involved researchers from the Chinese Academy 
of Science. Meanwhile the data obtained from one stakeholder required 
validation with other stakeholders to make sure the data was appropriate 
for the evaluation. 

In addition to the interviews, other approaches were used to obtain 
the data. Some research data derive from existing literature such as inter-
nal reports of the Beijing Water Authority, the Agro-Technical Exten-
sion Center, and published articles. 
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1.7 Economic Theory   

 
As mentioned in the methodology, cost benefit analysis is the main 
method used in the thesis. The ground principle of CBA is welfare eco-
nomics, of which the essence is efficient allocation of scarce resources to 
maximize welfare. Efficient allocation implies that the possibility of relo-
cating resources to achieve an increase in the net value of output pro-
duced by these resources (Hanley and Spash 1993). There are two main 
criteria to justify whether a project or policy could improve welfare. In 
classical welfare economics, welfare improvement is defined by the 
Pareto Optimality, which states that if nobody is made worse off and at 
least one individual believes he/she is better off, the project causes wel-
fare improvement. The criticism of the Pareto Optimality is that most 
projects make some people better off and some people worse off simul-
taneously. It is hard to find a project that does not harm some people 
even if it benefits some people (Pearce and Nash 1981).  

Modern welfare economics are based on the Kaldor-Hicks principle 
of potential compensation. In modern welfare economics, the criterion 
of welfare improvement is that if the gainers from an action could com-
pensate the losers, the action is an improvement regardless of whether 
compensation is actually paid. In modern welfare economics, both indi-
viduals and society as a whole have a common goal of maximizing well-
being and any project that relocates resources could make some affected 
people of society better off and others worse. All those made better off 
increase their own and society’s wellbeing, while those made worse off 
suffer some burden and society also suffers this loss (Ganderton 2005). 
The hypothesis is that the people made worse off could receive compen-
sation from the people made better off. The compensation in the Kal-
dor-Hicks principle is to be conceivable, which does not have to actually 
pay. The principle of potential compensation is based on consumer wel-
fare theory and producer welfare theory, of which the details refer to 
Hanley and Spash (1993).  

In terms of the principle of potential compensation, the benefits and 
cost generated by a project and the net benefits between benefits and 
cost can be measured. We can express net benefits as the difference be-
tween benefits and cost, or as the ratio of benefits to cost (Ganderton 
2005). The effects on the gainers are regarded as benefits and effects on 
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the loser are regarded as cost. According to modern welfare economic 
theory, if the discounted benefits caused by a project exceed the dis-
counted cost, the project is regarded to lead to improve social welfare. 
This provides a benchmark for measuring the effects and performance 
of a project. The CBA method could help to reach efficient allocation of 
scarce resources in various sectors through measuring the effects caused 
by projects (Mishan 1988).  

The definition and measurement of cost and benefits are essential 
parts in the CBA method. The concept of ‘full cost’ is pointed out, and is 
supposed to cover all costs pertained to water management. In the opin-
ion of Rogers et al. (1998), the full cost of a water system consists of the 
capital cost, operation and maintenance cost, opportunity cost, economic 
externalities and environmental externalities. However the calculation of 
all the cost components is always difficult (Tsagarakis 2005). A well 
known problem is that environmental cost resulting from the project 
cannot always be valued based on existing market prices (Braden and 
Van Ierland 1999). Furthermore, benefits theoretically include all 
changes in resource use and services level. Estimating benefits is a com-
plicated matter mainly because it is difficult to decide which benefits to 
include in the analysis and some benefits are intangible and difficult, if 
not impossible, to convert into monetary terms (Hauger et al. 2002). Few 
studies do a quantitative analysis of the social economic benefits (Birol et 
al. 2005; Psychoudakis et al. 2005). The measurement of cost and bene-
fits should use ‘true’ economic values, which reflect the value of each 
resource (Ganderton 2005). Under restricted circumstances that the re-
sources are not traded items and there are no large distortions in market 
prices of resources, market price could represent economic values. For 
some resources such as air, there are no market prices to reference. We 
can determine the values through indirect methods such as measuring 
value by the opportunity cost or value in alternative use method (Gan-
derton 2005).  

In the CBA method, if benefits and cost stretch over time, present 
values of cost and benefits occurring in different periods are required. 
Net Present Value (NPV) is the difference between the present value of 
benefits and the present value of cost. When faced with a series of pro-
jects and a limited budget, choose projects in NPV order, with the high-
est NPV project selected first. In addition to NPV, there is another crite-
rion to choose the project with high effectiveness: the internal rate of 
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return (IRR). The IRR is extensively used for the investment appraisal of 
a project. It reflects the return on investment during the project opera-
tional period. IRR is the interest rate that equals the present value of 
benefits to the present value of costs. This means at the rate of IRR, the 
net present value of an investment equals zero. Given a series of projects 
and the same evaluation period, the project with highest IRR is selected 
first. The restriction of IRR method is that, under the circumstance of 
cost being much larger than benefits, the IRR cannot be obtained. This 
appears in the economic analysis of decentralized wastewater reuse sys-
tems in Chapter 2, in which the cost is much larger than the benefits. 
Hence NPV is more appropriate in this research because IRR cannot be 
calculated.  

The discount rate used is another important issue in the CBA method. 
It is the rate at which future benefits and costs are discounted to present 
value (Prest and Turvey 1968). The discount rate is based on how indi-
viduals trade off current consumption for future consumption (Arrow et 
al. 1996). People use different discount rates for different kinds of things 
(Gintis 2000). For the evaluation of environmental resources, it is better 
to use the social discount rate (Arrow et al. 1996; Brent 1996). According 
to the publication Chinese Economic Evaluation Parameters on Construction 
(2006), the social discount rate used for cost benefit studies in China is 8 
per cent including the inflation rate. Inflation rates in China for the years 
2007 and 2008 are 4.8 per cent and 5.9 per cent, respectively, and the 
opportunity cost of capital is around 3 per cent (China Statistical Year-
book 2007,  2008).   

 

1.8 Research Outline 

  
Two major technological measures apply to water saving in Beijing: 
wastewater reuse and rainwater harvesting. The main contents of the 
thesis consist of two parts: the study of wastewater reuse (Chapters 2 and 
3) and the analysis of rainwater harvesting (Chapters 4, 5 and 6).  

The wastewater reuse projects in Beijing are mostly concentrated in 
the urban areas, and can be divided into large scale (centralized systems) 
and small scale (decentralized systems). Chapter 2 carries out the finan-
cial and economic analysis of the decentralized wastewater reuse systems 
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in Beijing through the method of CBA. In Chapter 3, the financial and 
economic analysis of centralized wastewater reuse systems is carried out 
and then an economic comparison between the centralized wastewater 
reuse systems and decentralized systems is implemented. Chapters 2 and 
3 study the financial and economic feasibility and cost recovery of the 
wastewater reuse systems in Beijing, and compare two kinds of water 
treatment systems: centralized and decentralized systems from a financial 
and economic perspective.    

The rainwater harvesting systems are located in both urban and rural 
areas of Beijing. As we had no access to data on rainwater harvesting sys-
tems in urban areas, there is no analysis of the rainwater harvesting sys-
tems in urban areas in the thesis, which is the limitation of the thesis. 
The thesis focuses on rainwater harvesting in rural areas of Beijing. In 
Chapter 4, financial and economic analysis of rainwater harvesting in ru-
ral areas of Beijing is carried out, using the method of cost benefit analy-
sis. In Chapter 5, a further discussion concerned with the charge of 
groundwater and the demand of rainwater is carried out using linear pro-
gramming method. Chapter 6 tries to find the decisive factors affecting 
operation of rainwater harvesting in rural areas of Beijing through the 
rough set analysis. Chapters 4, 5 and 6 make a study of the financial and 
economic feasibility of rainwater harvesting systems in rural areas of Bei-
jing, and discuss water price, cost recovery and decisive factors for the 
operation of rainwater harvesting systems. Chapter 7 draws the conclu-
sions of the thesis. 
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2 
Financial and Economic Analysis of 
Decentralized Wastewater Reuse Sys-
tems1 

 
 

2.1 Introduction  

 
Decentralized wastewater reuse system means that wastewater is col-
lected and transferred to a plant on site, and then the reclaimed water is 
reused close to the plant. The main uses for reclaimed water are in urban 
domestic applications, such as toilet flushing, green irrigation or indus-
trial cooling water. Started in the 1950s, decentralized wastewater reuse 
for domestic application in cities has been well developed in Japan 
thanks to promotion and investment by the government (Yamagata et al. 
2003). Similarly, the government promoted and subsidized the decentral-
ized wastewater reuse system in Beijing in 1980s. The Beijing govern-
ment subsidizes investment of buildings and equipment. As mentioned 
in section 1.3.3 of Chapter 1, the Beijing government issued The Regula-
tion of Building Decentralized Wastewater Reclamation Systems in Beijing, requir-
ing large organizations to build their own wastewater reuse systems. 
Therefore a substantial number of decentralized wastewater reuse sys-
tems have appeared urban areas of Beijing.     

The performance of decentralized wastewater reuse systems in Beijing 
is not as good as expected. The average utilization of wastewater reuse 
systems is only around 30 per cent, as indicated in Table 1.2 of Chapter 1. 
The operation of some small wastewater reuse systems has been sus-
pended. 

The existing technology for wastewater reuse has developed to the 
point where it is technically feasible to produce water of any quality 
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(Asano 2005). Small wastewater reuse systems are now capable of pro-
ducing reclaimed water in a reliable way. Thus the poor performance of 
the decentralized wastewater reuse systems in Beijing may be caused by 
economic problems. To become competitive, a system must achieve 
both physical and economic efficiency. It is necessary to determine the 
economic feasibility of the decentralized wastewater reuse systems in 
Beijing.                                

Several researchers have carried out studies of the financial and eco-
nomic feasibility of wastewater reuse systems. These papers either try to 
prove that the technologies are economically feasible and worth further 
development, or they seek to find the relationship between the scale of 
treatment plant and the cost of running it (Friedler and Hadari 2006; 
Maurer 2009; Nurizzo et al. 2001; Tsagarakis et al. 2000; Yamagata et al. 
2003). It is rare that one study evaluates both financial and economic 
feasibility. Moreover, generally, only internal costs such as initial invest-
ments and operation and maintenance costs are taken into consideration. 
Few papers try to quantify the environmental and social effects (Genius 
et al. 2005; Tziakis et al. 2008).  

This chapter aims to create an integrated financial and economic fea-
sibility analysis of decentralized wastewater reuse systems in Beijing. The 
main stakeholders of decentralized wastewater reuse systems are the pro-
ject manager and government. Different decision makers may have dif-
ferent points of view on the same event. Based on that, this chapter car-
ries out the study from the point of view of project manager and from 
the perspective of government separately. The financial analysis takes the 
viewpoint of individual participants, namely the project manager, while 
the economic analysis is from the perspective of government.  

Since cost benefit analysis is the evaluation instrument for the analysis 
in this study, the present values of benefits and cost are calculated for 
comparative analysis. As illustrated in Figure 1.17, the financial analysis 
encompasses an evaluation of the financial cost and benefits, assessing 
the financial performance of the investments. In the economic analysis, 
the major economic, environmental and social effects are selected and 
quantified.  

Section 2.2 introduces the case studies, which are representative cases 
for Beijing. Sections 2.3 and 2.4 present separately, how to carry out 
both financial and economic analyses. Section 2.5 provides the results of 
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the analyses and discussion of the results. The conclusions are provided 
in the last section.   

 

2.2 About the Decentralized Wastewater Reuse Plants   

 
Two cases, the Qingzhiyuan (Qing) plant and the Beijing Normal Uni-
versity (BNU) plant, have been chosen for the analysis. These two plants 
are representative cases in Beijing for three reasons. First, the Qing and 
the BNU plants are both located in the city centre of Beijing. Currently 
the decentralized wastewater reuse systems are all in the urban areas. 
Second, the two plants process grey water reclamation and reuse for toi-
let flushing and green land irrigation, which is similar to other wastewater 
reuse plants. Third, the technology used at the Qing and the BNU plants 
is similar to other wastewater reuse plants.    

The Qing plant is located in a residential area and serves approxi-
mately 2,500 people. The BNU plant is located on a university campus 
and serves approximately 30,000 people. The treatment capacity of the 
Qing plant is around 65 m3 per day and the capacity of the BNU plant is 
400 m3 per day. As the wastewater treatment technology of the Qing 
plant is similar to that of the BNU plant, it is possible to make a direct 
comparison between these two plants. All data for the estimation are col-
lected through interviews with the plant managers. 

2.2.1 The Qingzhiyuan (Qing) plant  

 
The Qingzhiyuan (Qing) plant serves a residential area in the Xuanwu 
district of Beijing. The residential area has an area of 300 million m2. It is 
stated in The Regulation of Building Decentralized Wastewater Reclamation Sys-
tems in Beijing that a construction site occupying an area larger than 30,000 
m2 has to build wastewater reuse systems. Accordingly the Qing plant 
was constructed to accommodate the Qing residential area in 2002. Ta-
ble 2.1 shows the time progress for the construction of the Qing plant, 
which illustrates the four years required to complete construction includ-
ing project application, construction, and equipment installation and op-
eration tests.  
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Table 2.1  
Qing plant construction timeline 

Year Process 

2001 Application to build plant 

2002 Construction completed 

2003 Equipment installation 

2004 Operation tests 

2005 Operation 

     
The Qing plant was constructed underground and beside the parking 
place of the residential area of the same name. The depth of the plant is 
8 m and its area is 218 m2. Wastewater is collected separately: grey water 
is collected through one pipe which is connected with the Qing plant 
and black water is collected by another pipe which is connected to the 
municipal sewage system. The grey water covers the shower and sanita-
tion wastewater and the black water covers other wastewater. The decen-
tralized wastewater treatment plant only treats grey water. Figure 2.1 in-
dicates the flow chart of the wastewater reclamation and Table 2.2 
illustrates the capacities of the different tanks in the wastewater reclama-
tion plant of the Qing project. 

Given the restricted land area in Beijing city centre, all buildings at the 
Qing plant are high-rise apartment buildings housing 1,100 households, 
and totaling 11 buildings. Only the buildings constructed after 2000 are 
equipped with facilities for grey water collection and reclaimed water re-
use.   

Thus seven out of eleven buildings counting 922 households are 
equipped with wastewater reuse facilities. The wastewater reuse plant 
serves only those residences that decide to use reclaimed water and agree 
to connect their wastewater collection and water supply pipes with the 
wastewater reclamation plant. According to the interview with the Qing 
project manager, approximately 80 per cent of households use the re-
claimed water. There are 4,910 people living in the residential area, but 
only 2,500 people use reclaimed water from the Qing plant.  
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Figure 2.1 
Qing plant wastewater reclamation flow chart 
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Table 2.2 
Capacities of the main facilities at Qing plant 

Facilities Capacity (m3) 

Adjustment tank 200 

Deposit tank 80 

Oxygen tank 22.5 

Sediment tank 10 

Buffer tank 7.5 

 

2.2.2 The Beijing Normal University (BNU) plant  

 
The BNU plant serves the Beijing Normal University (BNU) located in 
the Haidian district of Beijing. The area of the BNU campus is around 
700,000 m2 (source: BNU website). The BNU plant was constructed in 
2002 and began operation in 2003.   

The BNU wastewater reclamation plant was constructed underground 
with a depth of around nine metres. Above the plant, there is the office 
for management, having two floors. The building accounts for an area of 
80 square metres. The BNU plant is close to a large campus canteen with 
a capacity of 500 people. Compared to the noise level at the canteen, the 
noise generated by the wastewater treatment plant is minimal.  

Figure 2.2 indicates the treatment process of the BNU wastewater 
reclamation plant, which is similar to the treatment technique at the Qing 
plant. The wastewater is collected from the public shower lounge, and 
the reclaimed water is reused for toilet flushing in student accommoda-
tions and green land irrigation. Because the wastewater is mainly from 
the public shower lounge, large quantities of hair can be found in the 
wastewater. A hair-cleaning filter, shown in Figure 2.2, removes the hair 
that may otherwise block the pipes.  
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Figure 2.2 
 BNU plant wastewater reclamation flow char 

 
 
There are almost 30,000 students living on the Beijing Normal University 
campus. All student accommodations have been equipped with a pipe 
connection to the BNU plant. The maximum capacity of the plant is 
1,000 m3 per day, but on average, the reclaimed water processed by this 
plant is around 400 m3 each day. This is because the quantity of collected 
wastewater cannot reach 1,000 m3. New pipes are being built in the stu-
dent accommodations to collect grey water and will be used in future. As 
the BNU plant serves students, there is no charge for the reclaimed wa-
ter. The BNU plant serves all students living on campus. 

2.3 Financial Analysis  

 
The financial cost includes initial investment (defined as VI), operation 
and maintenance (O&M) cost (defined as VO&M). All components con-
tributing VI and VO&M are shown in Equations 2.1 and 2.2, respectively  

 

I B M PV V V V= + +                                                                      (2.1) 
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where VB, VM and VP are the initial costs of building construction, elec-
trical and mechanical equipment and pipes, respectively. Vt is the O&M 
cost occurring in year t; r is the discounted rate; n is the evaluation period 
(number of years).  

As mentioned in Chapter 1, in terms of the Chinese Economic Evaluation 
Parameters on Construction (2006), the discount rate (r) used for the study is 
eight per cent including the inflation rate. Because few decentralized 
wastewater reuse systems are operational over a long period in Beijing, 
the evaluation period (n) is assumed to be ten years.  

The financial benefits of a plant are represented by the plant’s income, 
including revenue from reclaimed water charges and subsidies. The Qing 
plant manager could obtain revenue from reclaimed water charges since 
the residents pay a fee for reclaimed water. But the BNU plant manager 
does not have any revenue from reclaimed water charges. The reason is 
that the BNU plant serves the students of the university who do not 
need to pay for consumption of reclaimed water. Subsidy is an important 
source of income for wastewater reuse plants. Generally the Beijing mu-
nicipal government subsidizes the buildings and equipment of decentral-
ized wastewater reuse plants. In the case of BNU plant, the O&M cost is 
also subsidized each year. At the Qing plant, only the building of the 
treatment plant and the equipment was subsidized by the government, 
while at the BNU plant, the building, equipment and O&M cost are sub-
sidized by the government.  

The ratio of financial benefits to financial cost is the criterion to de-
termine the financial feasibility of the plant. If the ratio is larger than one, 
the plant is financially feasible. Otherwise, the plant is not financially fea-
sible. The financial cost, financial benefits and ratio are calculated in 
Equations 2.3-2.5, respectively 

 

&PV I O MFC V V= +                                                                         (2.3) 



 Financial and Economic Analysis of Decentralized Wastewater Reuse Systems 43 

( ) ( )
( ) 1( )

2
1 11 1

n n
r t s t

PV st t
t t

FB FB
FB FB

r r= =

= + +
+ +

 
                                        (2.4)  

/
PV

FB FC
PV

FBR
FC

=                                                                           (2.5) 

 
where FCPV is the financial cost; FBPV  is the financial benefits; FBr(t) is the 
revenue occurring in year t; FBs1(t) is the subsidies occurring in year t; FBs2 
is the subsidies for initial investment, RFB/FC is the ratio of financial bene-
fits to financial cost. 
 

2.4 Economic Analysis  

Table 2.3 
 Economic, social and environmental effects of decentralized wastewater 

reuse systems 

Economic cost Initial investment 

Operation and maintenance cost 

Environmental 
cost 

Noise pollution  

Air pollution 

Social cost Health risk 

Economic benefits  Cost savings on constructing pipes  

Cost savings on water distribution  

Cost savings on water purification  

Reuse pollutants 

Environmental 
benefits 

Increase in water availability 

Increase in the water level of rivers 

 Avoidance of overexploitation of water-bearing resources 

Social benefits Raising social awareness  

 
All the economic, social and environmental effects caused by decentral-
ized wastewater reuse systems are listed in Table 2.3, adapted from litera-
ture (Hernandez et al. 2006). However, not all the effects listed in Table 
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2.3 will be included in the economic analysis. Only the major economic, 
environmental and social effects are selected and quantified using mone-
tary values. The reasons for the selection of only certain effects and the 
determination of their monetary values are explained below. 

First, from the point of view of society, construction, operation and 
maintenance are seen as consumption of scarce resources, so initial in-
vestment and O&M cost are included in the economic cost evaluation, 
which are the same components contributing to the financial cost.  

As there are no traded items in the economic cost and there are no 
large distortions in market prices of wastewater treatment construction 
in Beijing, market prices are used for the calculation in this case. Hence 
the economic cost (defined as VE) can be obtained by adding the market 
prices of initial investment (VI) and O&M cost (VO&M ), shown in Equa-
tion 2.6. 

  

VE=VI + VO&M                                                                               (2.6) 

 
Second, noise and bad smell can be generated during the wastewater 
treatment processes. The stench can be eliminated through a ventilation 
system reducing the impact for the inhabitants, while the noise pollution 
cannot be neglected, as noise is difficult to remove. As the stench does 
not cause significant effect in this case, air pollution is excluded in the 
calculation. Only noise pollution is selected as the factor for environ-
mental cost analysis.  

Valuation of the effects of noise is very complicated. To simplify the 
determination, we employ the value used in the literature. Liu (1999) 
finds that the noise pollution cost in Dalian city is around 108 Yuan per 
person each year. We calculate the noise pollution cost in the current 
study by converting the noise pollution value of Dalian City (Liu 1999). 
The conversion can be made using the differences in income and con-
sumption between Dalian and Beijing city. According to the Beijing Statis-
tical Yearbook 2005, the income of Beijing’s residents is 1.5 times higher 
than the income of Dalian’s residents. Additionally the ratio of consump-
tion in Beijing to Dalian is also 1.5. It could be assumed that the noise 
pollution cost of Beijing is 1.5 times higher than the Dalian city. Thus 
the noise pollution cost per person per year (defined as CU) in the cur-
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rent study is 162 Yuan. The environmental cost (defined as CN) can be 
obtained by multiplying CU and the number of affected people (defined 
as N), and is mathematically expressed as: 

 
CN = CU × N                                                                                (2.7) 
 

Third, the quantity of pathogens in reclaimed water treated by these 
small, decentralized plants probably does not reach the official minimum 
health standards. Human health risks depend on the source of the 
pathogens, the treatment applied and the exposure route (Ottoson and 
Stenström 2003). The wastewater reuse plants in this study provide non-
potable water for toilet flushing and green land irrigation. The ‘spraying 
irrigation method’, which is used by most of the decentralized systems in 
Beijing, is a typical surface irrigation method. This surface irrigation 
technique could be negative to human health (Christova-Boal et al. 1996). 
Thus decentralized wastewater reuse systems in Beijing can have negative 
effects on human health.   

Economists use different methods to value health effects, such as 
contingent valuation methodology and adjusted human capital method-
ology. Because of inherent limitations, these economic methods have to 
be applied to large sample data. We use an indirect valuation method to 
assess the health effects of wastewater reuse. The Disability Adjusted 
Life Year (DALY) index is taken as a measurement unit for the effect on 
human health. DALY is an index of health risk, developed by the World 
Health Organization (WHO) and the World Bank. One DALY corre-
sponds to one lost year of healthy life and the burden of diseases. It re-
flects the gap between current health status and an ideal situation where 
everyone lives with no diseases and disabilities (WHO 2007). DALY is 
used in many studies for measuring health effects. For example, Aramaki 
et al. (2006) find that after building wastewater treatment units, the dis-
ease burden of a community changed from 60 DALYs per year to 5.7 
DALYs per year (Aramaki et al. 2006). In our study, DALY is a bridge to 
convert the monetary value of health effects from the national level to 
the scope of a small project. Moreover, in this study, diarrhoea is as-
sumed to be the negative health effect caused by wastewater reuse. Diar-
rhoea is the largest contributor to the burden of water-related disease 
(OECD 2007).  
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The social cost (defined as CS) is calculated in Equation 2.8. The ori-
gin of such calculation method for the social cost is explained as follows. 
Through the contingent valuation methodology, the World Bank values 
the total health cost (defined as CM) caused by water pollution in China, 
which is about 14.22 billion Yuan each year (World Bank 2007). In terms 
of the WHO report (2004) figure, the total estimated DALYs (defined as 
M) caused by diarrhoea is 5,055,000 DALYs each year. The DALY cost 
rate (CM / M) namely the cost per DALY, is calculated at 2,813 Yuan per 
DALY per year. The product of DALYs rate (defined as R) and popula-
tion number (defined as K) gives the total DALYs for Beijing. As a result 
of missing data, the Beijing DALY rate (R) is determined by the DALY 
rate of China, which is 389×10-5 DALYs per person (WHO 2004). The 
registered permanent population living in Beijing’s central district is 2.25 
million. It is supposed that the DALYs of Beijing resulting in diarrhoea 
is caused entirely by reclaimed wastewater. Accordingly the probability of 
DALYs due to irrigating reclaimed water on green land (P1) could be 
represented by the ratio of reclaimed water amount for green area irriga-
tion to the total reclaimed water amount in Beijing. P2 denotes the prob-
ability of DALYs due to irrigating the project’s green land. Since large 
area of green land surface could increase the infection of diarrhoea, P2 is 
represented by the ratio of green land area in the project to total green 
land surface of the Beijing city centre. 

 

1 2
M

S
CC R K P P
M

= × × × ×                                                              (2.8) 

 
Fourth, as listed in Table 2.3, the economic benefits generally include 
cost savings on constructing pipes, water purification and distribution, 
and reuse of pollutants. Being the conventional system, centralized 
wastewater reuse systems have been in place in Beijing for many years, 
and require substantial investments in pipe construction for reclaimed 
water distribution, due to the long distance between centralized plants 
and users. Compared with centralized wastewater reuse systems, decen-
tralized systems require shorter reclaimed water distribution pipes 
thereby saving on pipe construction. As the capacity of a decentralized 
plant is usually limited, the cost savings on water purification and distri-
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bution is so small that it can be ignored in the current analysis. Generally 
the pollutants of decentralized wastewater reclamation are not reused in 
the Beijing urban areas, so the benefit of reuse of pollutants is not con-
sidered in the study. As a result, only the cost savings on pipe construc-
tion is selected for the economic benefits analysis. Cost savings on water 
purification and distribution, and reuse of pollutants are neglected in the 
economic benefits analysis. 

Figure 2.3 
Location of Beijing centralized wastewater reclamation plants and the two 

decentralized plants studied 

 
 
 
There are five large centralized plants in Beijing: Gaobeidian, 
Fangzhuang, Wujiacun, Qinghe and Jiuxianqiao. The Fangzhuang 
wastewater reclamation plant shown in Figure 2.3 is the closest to the 
Qing plant, and the Jiuxianqiao plant is the closest to the BNU plant. We 
assume that the closest centralized plant would provide the reclaimed 
water if there is no on-site plant. Hence the economic benefits of avoid-
ing constructing pipes (defined as BL) can be calculated as: 

 
BL = CL× L                                                                                   (2.9) 
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where CL is construction cost per metre pipe and L is the distance be-
tween the closest centralized plant and the studied plants.  

According to interviews with officials of the Beijing drainage group, 
the value of CL is between 2,000 and 20,000 Yuan/m. We take the least 
unit cost value 2,000 Yuan/m and the shortest distance between the on-
site plant and the closest big plant for the estimation. 

Fifth, increasingly ‘new water’ is created through reusing wastewater, 
decreasing the stress on water resources depletion. The increase in water 
availability is a crucial environmental benefit, especially for a city like Bei-
jing, which has water scarcity. However, based on the two plants studied, 
the actual increase in the river water level and reduction of the overex-
ploitation of water-bearing resources cannot be recognized. For simplic-
ity the current study assumes that only the increase in water availability 
makes major contributions to the environmental benefits.  
The shadow price of Beijing water resources is estimated to be around 
three Yuan/m3 (Liu and Chen 2003). The environmental benefit (defined 
as BE) of increase in water availability can be calculated by Equation 
2.10. 

 
BE= CE ×E                                                                                 (2.10) 
 

Where CE is unit water monetary value and E is the amount of reclaimed 
water. 

Finally, increasing public awareness on utilizing reclaimed water is still 
a long way off. Normally awareness improvement could be reached 
through various public education and advertisement campaigns. The in-
troduction of decentralized wastewater reuse systems is a method to en-
hance awareness concerning water saving so that cost is saved on aware-
ness rising campaigns. It is assumed that the educational effect of a 
decentralized plant is the same as the effect of a public campaign. The 
cost savings on campaigns can be regarded as the social benefits (defined 
as BS) of the wastewater reuse plants. This can be determined by total 
expenditure on public awareness raising campaign (defined as S) and the 
ratio of number of users to total population in Beijing (defined as Q) as 
expressed in Equation 2.11. 
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BS = S × Q                                                                                  (2.11) 
 

The average cost of public campaign (S) in water sector in Beijing is 
2,780,000 Yuan/year (DPP 2001). 

All the parameters used to determine the monetary values of eco-
nomic, environmental and social effects are summarized in Table 2.4.  

The ratio of benefits to cost (defined as RB/C) is used as the criterion 
for economic feasibility. If RB/C > 1, the plant is economically feasible. If 
RB/C < 1, it means the plant is not economically feasible. The cost (CPV), 
benefits (BPV) and the ratio of benefits to cost ( /B CR ) are calculated by 
Equations 2.12-2.14, respectively. 
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It is assumed that the values of environmental cost (CN), social cost (CS), 
environmental benefit (BE) and social benefit (BS) in each year do not 
change during the evaluation period.    
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Table 2.4 
Summary of parameters on determination of cost and benefits of decentral-

ized wastewater reuse systems 

Parameter Definition   

VI Initial investment (Yuan) 

VO&M Operation and maintenance cost (Yuan) 

VE Economic cost (Yuan) 

  

CU Unit cost of noise effect (Yuan per person per year) 

N Affected user number (persons) 

CN Environmental cost (Yuan/year) 

  

CM Total health cost (billion Yuan/year) 

M Total DALYs caused by water (DALYs/year) 

R DALYs rate (DALYs per person per year) 

K Population of Beijing (million persons) 

P1  Probability of DALYs due to irrigating reclaimed water on green land (%) 

P2 Probability of DALYs due to irrigating the green land of the plant (%) 

CS Social cost (Yuan/year)  

  

CL Unit cost on pipes construction (Yuan/m) 

L Distance between closest centralized plant and users (m) 

BL Economic benefit (Yuan) 

  

CE Water monetary value (Yuan/m3) 

E Amount of reclaimed water (m3/year) 

BE Environmental benefit (Yuan/year) 

  

S Total spent on public awareness raising campaign (Yuan/year) 

Q Ratio of number of users to total population (%) 

BS Social benefit (Yuan/year) 

 

2.5 Results  

2.5.1 Results of economic and financial analysis  

 
Table 2.5 presents the results of the financial analysis of both plants. It 
shows that total initial investments are 2.9 million Yuan in the Qing 
plant and 3.7 million Yuan in the BNU plant. Although the treatment 
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capacity of the BNU plant is almost seven times larger than that of the 
Qing plant, the difference in the initial investment values between two 
plants is not significant.  

In the O&M cost, electricity cost is much higher than the other O&M 
costs. For example, the electricity consumption of the BNU plant each 
year is around 131,765 Yuan. The personnel cost being the second larg-
est cost in O&M, is only one-third of the electricity cost. The electricity 
cost depends on the capacity of the plant and the unit cost of energy. 
Hence the capacity of the plant and the unit cost of energy have signifi-
cant influence on the O&M cost of a wastewater reuse plant.   

Table 2.5  
Financial analysis of decentralized wastewater reuse systems 

 Qing plant BNU plant 

Financial cost   

Initial investment (Yuan)   

Buildings  40,000 100,000 

Equipment 260,000 500,000 

Pipes  2,600,000 3,100,000 

Sub-total 2,900,000 3,700,000 

  

O&M cost (Yuan/year)  

Electricity 45,638 131,765 

Chemical 7,000 10,000 

Maintenance  1,200 12,235 

Personnel 27,000 46,000 

Sub-total 80,000 200,000 

   

Financial Benefits   

Revenue (Yuan/year) 21,000 0 

Subsidies (Yuan) 300,000 1,942,000 

 
For the sake of comparative analysis, the present values of all effects in 
the economic analysis are calculated and listed in Table 2.6. The envi-
ronmental cost of the Qing plant is 32,611 Yuan whereas the environ-
mental benefits of the Qing plant are 402,605 Yuan. This means that the 
environmental benefits of the Qing project are 12 times larger than the 
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environmental cost. For the BNU plant, the environmental benefits are 
260 times larger than the environmental cost. Hence the positive envi-
ronmental effects caused by the decentralized wastewater reuse plants 
are larger than the negative environmental effects.  

Table 2.6 
 Economic analysis of decentralized wastewater reuse systems 

 Qing plant BNU plant 
COST   

Economic cost (Yuan) 3,437,000 5,042,000 

Environmental cost (Yuan) 32,611 10,870 

Social cost (Yuan) 13,212 13,212 

TOTAL 3,482,823 5,066,082 

   

BENEFITS   

Economic benefits (Yuan) 16,000,000 24,000,000 

Environmental benefits (Yuan) 402,605 2,818,000 

Social benefits (Yuan) 21,411 290,000 

TOTAL 16,424,016 27,108,000 

 
The economic benefits are represented by the value of cost savings on 
constructing pipes, accounting for around 90 per cent of total benefits. 
In centralized systems, the reclaimed water distribution pipes would have 
to be built in existing urban areas through demolition and relocation, 
leading to extremely high costs in pipe construction. The cost of pipe 
construction could be effectively saved by decentralized systems. In the 
Qing plant, cost savings on constructing pipes is 16 million Yuan, 
whereas, initial investment in the Qing plant was only 2.9 million Yuan. 
In the BNU plant, cost savings on pipes is 24 million Yuan and initial 
investment at the BNU plant was 3.7 million Yuan. This implies that the 
funding for pipe construction to distribute reclaimed water could finance 
the investments of five or six decentralized plants.  

Table 2.7 shows the results of the financial and economic feasibility 
analysis. In the economic analysis, the ratio of benefits to cost of the 
Qing plant is 4.7, which is greater than one. The ratio of the BNU plant 
is also greater than one. This shows that both Qing and BNU plants are 
economically feasible, which indicates that decentralized wastewater re-
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use systems have positive effects on the welfare of the society. From the 
point of view of the government, decentralized wastewater reuse systems 
deserve to be promoted. However, in the financial analysis, the ratios of 
financial benefits to cost of both plants are less than one, which implies 
that the two plants are not financially feasible. Thus the plant managers 
would prefer not to operate the wastewater reuse systems and the sys-
tems may not remain operational in the long term.      

Table 2.7  
Results of financial and economic feasibility of decentralized wastewater 

reuse systems 

 Qing plant BNU plant 

Financial analysis 

(ratio of financial benefits to financial cost: RFB/FC) 

0.13 

 

0.38 

 

Economic analysis 

(ratio of benefits to cost: RB/C) 

4.7 5.4 

 

2.5.2 Further discussion of the results  

 
For the sake of systematic analysis, the researcher created a coding form 
shown in Table 2.8 (Lipsey and Wilson 2001). The information and 
evaluation results are coded as either 0 or 1. Table 2.8 shows that the 
Qing plant has a different score as the BNU plant only on item A.  

The scores on item A imply that the BNU plant has a much larger ca-
pacity than the Qing plant. It was found that there was economic scale in 
wastewater reclamation and reuse, namely the unit cost decrease when 
the system scale becomes larger (Friedler and Hadari 2006; Yamagata et 
al. 2003). Economies of scale imply that decentralized treatment systems 
may have a higher unit cost than the centralized system does. The unit 
O&M cost of the Qing plant is higher than that of the BNU plant. How-
ever, no matter the scale, both plants studied show the same results: 
economically feasible but not financially feasible. Hence the economic 
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feasibility or financial feasibility is not related to the scale of operation 
according to this study.    

Table 2.8 
Codified data for the Qing and BNU plants 

 Qing plant BNU plant 
A. Economic scale 0 1 

B. Unit O&M cost 1 1 

C. Total cost recovery  0 0 

D. Financial feasibility 0 0 

E. Economic feasibility 1 1 

A, 0: small; 1: large 

B, 0: unit O&M cost is smaller than reclaimed water rate; 1: unit O&M cost is larger than 
reclaimed water rate   

C, 0: total cost is not recovered; 1: total cost is recovered 

D, 0: not financially feasible; 1: financially feasible  

E, 0: not economically feasible; 1: economically feasible   
 

The scores on item B indicate that the unit O&M costs of two plants are 
higher than the rate for reclaimed water. The unit O&M cost of the Qing 
plant is around 3.8 Yuan/m3 and the unit O&M cost of the BNU plant is 
around 1.5 Yuan/m3. The reclaimed water rate is one Yuan/m3, which is 
much lower than the O&M cost. The rate for reclaimed water deter-
mines the financial benefits of a plant and the low rate affects the cost 
recovery in a negative way. Item C shows that total cost of both plants 
cannot be recovered financially. The low rate of reclaimed water is an 
important factor that does not contribute to cost recovery, thereby lead-
ing to the decentralized wastewater reuse system not being financially 
feasible.   

As the quality required for reclaimed water is lower than the quality 
required for drinking water, there is a misconception that the cost of re-
claimed water is lower than that of drinking water. Although the cost of 
tertiary treatment for reclaimed water is low, the cost of reclaiming 
wastewater in an entire treatment process is high (Angelakis et al. 2003; 
Borboudaki et al. 2005; Ogoshi et al. 2001). For example, the study of 
Ogoshi et al. (2001) indicates that the cost of reclaimed water in the Fu-
kuoka City of Japan is 2.01 US dollar/m3, while the cost of drinking wa-
ter is only 1.88 US dollar/m3. Following those findings in literature, it is 
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assumed that the cost of reclaimed water in Beijing is also higher than 
the drinking water. The price of reclaimed water is fixed at one Yuan/m3

 

by the government whereas the price of drinking water is 3.7 Yuan/m3. 
This implies that the current rate of one Yuan/m3

 on reclaimed water 
does not reflect the real cost.  

This shows that economic scale is not implicated in lack of financial 
feasibility. The low rate charged for reclaimed water is the crucial factor 
as to why decentralized water reuse plants are not financially feasible. 
The reclaimed water rate is lower than the actual O&M cost and does 
not reflect the real cost of reclaimed water.  

 

2.6 Conclusions  

 
The chapter evaluates the decentralized wastewater reuse systems in Bei-
jing through an integrated financial and economic feasibility analysis. The 
financial analysis is made from the point of view of project manager, 
while the economic analysis is from the point of view of society. The 
major economic, environmental and social effects of the plants are all 
considered in the economic analysis.  

The analysis indicates that decentralized wastewater reuse systems are 
economically feasible. It means that the systems have positive effects on 
society. Thus, from the point of view of government or society, the de-
centralized wastewater reuse systems are worth promotion.  

However, the decentralized wastewater reuse systems are not finan-
cially feasible. This implies that there are serious financial problems in 
the systems. The low rate charged for reclaimed water is the key reason 
for the systems not being financially feasible. From the plant manager’s 
perspective, the decentralized systems may not continue to operate in the 
long term if the financial problems are not solved. Thus solving the fi-
nancial problems of decentralized wastewater reuse systems should be 
on the political agenda in the future (Angelakis et al. 2003). It would re-
quire subsidies unless realistic pricing policies for water are introduced.        
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Notes 
 

1 Chapter 2 is published in the journal, Water Science and Technology 61(8): 1965-73 
(2010). 
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3 
Financial and Economic Analysis of 
Centralized Wastewater Reuse Sys-
tems and Comparison Between Cen-
tralized and Decentralized Systems2 

 
 

3.1 Introduction 

                                   
Centralized wastewater treatment system, as the conventional system, 
has been applied over many decades in developed countries. Normally 
the term centralized wastewater treatment system is used to describe sys-
tems consisting of a sewer system that collects wastewater from house-
holds, small enterprises, industrial plants and governmental buildings, 
and transports this ever-changing mixture to a wastewater treatment 
plant. But this concept is increasingly challenged, especially in developing 
countries.  

The deficiencies of centralized approaches highlight the potential 
benefit of adopting a decentralized approach to urban water manage-
ment recently. Because the scale of decentralized systems is relatively 
small, the initial investment of a decentralized plant is comparatively low 
and the management system is relatively simple. Generally decentralized 
systems are less resource intensive and a more ecologically benign form 
of wastewater treatment and sanitation (Lens et al. 2001). In contrast to 
centralized systems, decentralized systems render service close to the 
origin. In the decentralized systems, the wastewater is collected and 
transferred to a plant, and then the treated water is reused and the re-
maining sludge is converted into fertilizer. 

Many researchers study whether decentralized water treatment sys-
tems are a good alternative to centralized systems. Some carry out the 
comparison between centralized and decentralized water treatment sys-
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tems from the point of view of  technology (Norton 2009; Wilderer and 
Schreff 2000), and others make the comparison from the perspective of 
cost (Fane et al. 2002; Gratziou et al. 2005; Jia et al. 2005; Wang et al. 
2008). Rarely centralized and decentralized wastewater reuse systems are 
compared from the perspectives of economics.    

This study conducts a comparative analysis between the centralized 
and decentralized wastewater reuse systems in Beijing. The comparison 
focuses on the financial and economic feasibility and the environmental 
and social effects. The objective of this chapter is to discover whether 
the centralized wastewater reuse systems are economically and financially 
competitive with the decentralized systems. 

Chapter 2 examined the decentralized wastewater reuse systems in 
Beijing and concluded that the decentralized wastewater reuse systems 
are economically feasible but not financially feasible. Subsequently this 
chapter studies the centralized wastewater reuse systems in Beijing. 
Based on the analytical framework shown in Chapter 1 (Figure 1.17), an 
analysis of the financial and economic feasibility of the centralized 
wastewater reuse systems in Beijing is carried out. The financial analysis 
and economic analysis are performed separately from the different per-
spectives of various decision makers. The financial analysis is from the 
perspective of plant manager while the economic analysis is from the 
perspective of society. After the financial and economic feasibility analy-
sis, a comparative study was carried out between centralized and decen-
tralized wastewater reuse systems.  

In this chapter, Section 3.2 introduces the centralized wastewater re-
use plants in Beijing. Section 3.3 presents the financial and economic 
analysis of the centralized wastewater reuse plants. Section 3.4 shows the 
comparative analysis between centralized and decentralized systems. Fi-
nally, the conclusion of this study is in section 3.5.    

3.2 About the Centralized Wastewater Reuse Plants   

 

The Gaobeidian wastewater reuse plant is the first centralized wastewater 
reuse plant in Beijing, constructed in 2000, while the first decentralized 
wastewater reuse plant was built in 1987. Compared with the decentral-
ized wastewater reuse systems, the centralized systems are relatively new 
in Beijing. The total expected amount of the reclaimed water of the cen-
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tralized wastewater reclamation plants is 0.66 million m3 per day. How-
ever the reclaimed water is less than 60 per cent of the expected amount.  

Figure 3.1  
Location of Beijing centralized wastewater reclamation plants  

 
 

As indicated in Figure 3.1, there are five centralized wastewater reclama-
tion plants in operation or still under construction in Beijing. Only the 
Gaobeidian plant and the Jiuxianqiao plant have operated for several 
years. Hence the Gaobeidian plant and the Jiuxianqiao plant were chosen 
for the economic and financial analysis.   

3.2.1 The Gaobeidian (Gao) plant  

 
The Gaobeidian (Gao) plant is the largest wastewater reuse plant and the 
first centralized wastewater reclamation plant in Beijing, operated since 
2000. The design capacity of the Gao plant is 470,000 m3/day, at present 
the volume of the reclaimed water processed by the Gao plant is 300,000 
m3/day. The length of pipes for water distribution in the Gao plant is 
around 24 kilometres (Beijing Water Authority 2004). The Beijing drain-
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age group is in charge of the Gao project. The main stakeholders of the 
Gao plant appear in Chapter 1, they include the Drainage Group, the 
Municipal Environmental Protection Bureau, the Municipal Administra-
tion Committee and the Urban Construction Bureau (Figure 1.14).  

Figure 3.2  
Distribution of reclaimed water from Gao plant 

 

The planned use for reclaimed water from the Gao plant is for agricul-
tural irrigation, industrial cooling water, green lands irrigation, residential 
toilet flushing and car washing (shown in Figure 3.2). Table 3.1 indicates 
quantity distribution of reclaimed water from the Gao plant. Around 
200,000 m3 of reclaimed water from the Gao plant goes to ‘The First 
Electricity Factory’ for cooling water each day, which accounts for 
around 68 per cent of total quantity of reclaimed water. About 100,000 
m3 of water is delivered to ‘The Sixth Water Factory’ each day to be 
processed again for water quality improvement and then the water goes 
to residential use, green irrigation, industrial use and agricultural irriga-

The Gao plant 

The First Electricity Factory

The Sixth Water Factory

Residential use 

Green       
irrigation 

Industrial use 

Agricultural 
irrigation 
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tion (Table 3.1). The residential use (shown in Table 3.1) means using 
reclaimed water for toilet flushing and green irrigation in residential areas.  

Table 3.1  
Quantity distribution of reclaimed water from the Gao plant 

Use Quantity (m3/day) 

Cooling water for electricity factory 200,000 

Residential use 20,000 

Green irrigation  30,000  

Industrial use 20,000 

Agricultural irrigation 30,000 

Total 300,000  

 

3.2.2 The Jiuxianqiao (Jiu) plant  

 
The Jiuxianqiao (Jiu) plant was completed in 2004. The amount of re-
claimed water processed by the Jiu plant is 60,000 m3 per day, of which 
19,200 m3 is for residential use and 30,000 m3 is for lake or river water 
supplementation, 7,800 m3 is for green irrigation and the remaining 3,000 
is for agricultural irrigation (shown in Table 3.2). This illustrates that the 
reclaimed water from the Jiu Plant is mostly used for residence and water 
supplementation. Compared with other uses, the amount of reclaimed 
water for agricultural irrigation is much smaller. The length of the pipes 
for water distribution in the Jiu plant is around 17 kilometres (Beijing 
Water Authority 2004). Like the Gao plant, the Jiu plant is also owned by 
the Beijing Drainage Group. So the main stakeholders of the Jiu plant 
include the Drainage Group, the Municipal Environmental Protection 
Bureau, the Municipal Administration Committee and the Urban Con-
struction Bureau (Figure 1.14, Chapter 1).   
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Table 3.2 
 Quantity distribution of reclaimed water from the Jiu Plant 

Use Quantity (m3/day) 
Residential use 19,200 

Lake or river water supplementation 30,000 

Green irrigation 7,800 

Agricultural irrigation  3,000 

Total 60,000 

 

3.3 Financial and Economic Analysis of Centralized 
Wastewater Reuse Systems   

 
Based on the evaluation framework of Chapter 1, the analysis of financial 
and economic feasibility of the centralized wastewater reuse systems ap-
pears in this section. The financial analysis is carried out from the point 
of view of the plant manager, while the economic analysis is from the 
viewpoint of the government. The detailed explanation and the results of 
the financial and economic analysis are now presented.  

3.3.1 Financial analysis  

  
The financial analysis contains evaluations of financial costs and financial 
benefits. The financial costs include initial investment (defined as UI), 
operation and maintenance (O&M) cost (defined as UO&M). All compo-
nents contributing UI and UO&M are shown in Equations 3.1-3.2, respec-
tively  

 

I C D P R OU U U U U U= + + + +                                               (3.1) 
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where UC, UD, UP, UR, and UO are the initial costs of construction, demo-
lition and relocation, preparation, interest and others, respectively. Ut is 
the O&M cost occurring in year t; r is the discounting rate; n is the 
evaluation period (number of years).  

According to the publication Chinese Economic Evaluation Parameters on 
Construction (2006), the discount rate (r) used for cost benefits studies in 
China is eight per cent including the inflation rate. Inflation rates in 
China for years 2007 and 2008 were 4.8 per cent and 5.9 per cent, re-
spectively, hence the opportunity cost of capital is around three per cent 
(China Statistical Yearbook 2007, 2008). The evaluation period (n) is as-
sumed to be 20 years.  

The financial benefits of a plant are represented by the income from 
the plant, including revenue from reclaimed water charges and subsidies. 
In terms of its usage, the reclaimed water is charged at different rates. 
Table 3.3 shows the latest reclaimed water rates in Beijing. Based on the 
data from tables 3.1, 3.2 and 3.3, the revenue of the Gao plant and the 
Jiu plant can be calculated. Subsidy is another important source of in-
come for wastewater reuse plants. In this study, only the Gao plant re-
ceived subsidies on the initial investments from the Beijing municipal 
government.  

Table 3.3 
Charge rates for reclaimed water (Yuan/m3) 

Usage Domestic Landscape Industrial Power generating 
plant 

Charge 
rates 

1.2 0.8 1.5 0.9 

  
The ratio of financial benefits to financial cost is the criterion to deter-
mine the financial feasibility of the plant. If the ratio is larger than 1, the 
plant is financially feasible. Otherwise, the plant is not financially feasible. 
The financial cost, financial benefits and ratio are calculated by Equa-
tions 3.3-3.5, respectively 
 

&pv I O Mfc U U= +                                                                          (3.3) 
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where fcpv is the financial cost; fbpv  is the financial benefits; fbr(t) is the reve-
nue occurring in year t; fbs is the subsidies for initial investment, rfb/fc is the 
ratio of financial benefits to financial cost. 

3.3.2 Economic analysis  

Table 3.4  
Economic, social and environmental effects of centralized wastewater reuse 

systems 

Economic cost Initial investment 

Operation and maintenance cost 

Environmental cost     Carbon dioxide emission  

Noise pollution  

Air pollution 

Social cost Health risk 

Residential resettlement 

Economic benefits  Cost saving on fertilizers 

Reuse of pollutants   

Environmental benefits Increase of water availability 

Increase in the level of rivers 

Avoidance of overexploitation of water-bearing resources 

Social benefits Raising social awareness 

Improving employment 

 
 
As shown in the evaluation framework (Figure 1.17, Chapter 1), the eco-
nomic, environmental and social effects are all taken into consideration 
in the economic analysis. In terms of literature and interviews with offi-
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cials at Beijing Water Authority, all the economic, social and environ-
mental effects caused by centralized wastewater reuse systems are listed 
in Table 3.4 (Asano 2005; Beijing Water Authority 2002; Hernandez et al. 
2006). Similar to the economic analysis of Chapter 2, not all the effects 
listed in Table 3.4 will be included in the economic analysis. Only the 
major economic, environmental and social effects are selected and quan-
tified using monetary values. The reasons for selecting certain effects and 
the determination of their monetary values are explained below.  

First, from the point of view of society, construction, operation and 
maintenance are seen as consumption of scarce resources, so initial in-
vestment and O&M cost are included in the economic cost evaluation, 
which are the same components contributing to the financial cost.  

Because few items are traded in the initial investment and the O&M 
cost for urban wastewater treatment, and because there are no large dis-
tortions in market prices of wastewater treatment construction in Beijing, 
market prices could be used directly for the calculation of economic cost 
in the study. The economic cost (defined as ce) can be obtained by adding 
the present values of initial investment (un) and O&M cost (uO&M ), 
shown in Equation 3.6.  

&e n O Mc u u= +                                                                      (3.6) 

Second, as centralized wastewater reuse systems generally have large-
scale wastewater treatment plants, the energy consumption for wastewa-
ter reclamation is vast. There is high carbon dioxide emission during the 
process of energy generation, and carbon dioxide emission is a green-
house gas causing a negative environmental impact. Hence large energy 
consumption could result in negative environmental influences. More-
over, noise and malodors generated during the wastewater treatment 
processes may lead to environmental cost. However, because centralized 
systems are generally constructed in suburban areas with fewer residents, 
the noise and stench generated by wastewater reclamation cause fewer 
effects so the effects of noise and smell are not considered in this study. 
Therefore only the environmental cost of carbon dioxide emission is 
considered in the analysis of environmental cost. 

Although there are other emissions during the process of energy gen-
eration such as sulphur dioxide and nitrogen oxides, which also cause 
negative environmental effects, the amount of carbon dioxide emission 
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accounts for around 60 per cent (Skeer and Wang 2005). To simplify the 
study, only the effect of carbon dioxide was considered. The energy gen-
eration could be coal power, petroleum power, gas power and wind 
power. In China, 70 per cent of energy consumption is from coal power 
and the majority of carbon dioxide emissions result from coal combus-
tion (Dahowski et al. 2009). So we assume that 70 per cent of the energy 
for wastewater reclamation in centralized wastewater reuse systems in 
Beijing is from coal power. Due to smaller carbon dioxide emissions, the 
effect caused by the remaining 30 per cent of energy generation is ne-
glected. Hence only the carbon dioxide from coal power is calculated for 
the environmental cost. 

The primary environmental effect caused by carbon dioxide emission 
is climate change, which is an international issue at present. But the so-
cial impact of climate change is complex and difficult to evaluate because 
of the uncertainty of climate change. In the literature, the indicators con-
sidered in various studies are different and even the values for parame-
ters such as discounting rate used for discounting the life of carbon diox-
ide are also different (Skeer and Wang 2005; Tol 2005, 2008). The social 
impact of climate change could be regarded as the damage cost of car-
bon dioxide. Tol (2005) finds that the estimated results of the damage 
cost of carbon dioxide in existing studies have a large difference, ranging 
from $5/ton to $400/ton carbon dioxide. Tol calculates the mean value 
of marginal damage cost in the peer-reviewed literature, which is 
$50/ton carbon dioxide (2005). So we take the mean value of marginal 
damage cost $50/ton (350 Yuan/ton) carbon dioxide as unit environ-
mental cost of carbon dioxide (defined as ud) in the study. According to 
the literature, the unit carbon dioxide emission (defined as d) in a coal 
power plant is around 800g/kWh (Skeer and Wang 2005). So the total 
amount of carbon dioxide emission due to energy consumption in cen-
tralized wastewater reuse systems could be obtained by multiplying 70 
per cent of the energy consumption (defined as g) and carbon dioxide 
emission (d). Hence the environmental cost (defined as cd) can be ob-
tained by multiplying the unit environmental cost per carbon dioxide 
emission (ud) and the amount of carbon dioxide emission, and is mathe-
matically expressed as  

d dc u g d= × ×                                                                        (3.7) 
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Third, if the reclaimed water reaches the standard of water quality, it has 
few negative effects on human health. Normally state owned water com-
panies manage the centralized wastewater reclamation plants in China, so 
theoretically the reclaimed water quality of centralized plants reaches the 
standard requirements and the quantity of pathogens in reclaimed water 
reaches the official minimum health standards. There is a low probability 
that centralized wastewater reuse systems cause health risk. Hence the 
health risk is not calculated in the social cost. Pipe construction is an im-
portant and difficult part of the construction of a centralized wastewater 
reuse plant. In addition to a high expenditure on pipe construction, there 
are serious social influences caused by pipe construction. According to 
an interview with the officials of Beijing Water Authority, 60 per cent of 
the distribution pipes of centralized wastewater reuse systems are con-
structed through demolition and relocation and 40 per cent of pipes are 
constructed following rivers. There are severe influences on society 
when pipes are constructed through demolition and relocation, while 
there are slight influences when pipes are constructed following rivers. 
So this study only focuses on the social effects of demolition and reloca-
tion.   

Demolition and relocation can lead to changes in the road net, the de-
struction of existing city buildings and residential resettlement (Camagni 
et al. 2002). Because of the extreme difficulty of quantifying social cost, it 
is rare in the literature that the total social costs caused by demolition 
and relocation in pipe construction are evaluated. Most research focuses 
on financial costs such as the compensation to people resettled in other 
living places (Malpezzi 1999; Mao 1966; Osman et al. 2008). It is worth 
noting that this study only evaluates the main social costs resulting from 
the major effects. This could help to simplify the economic determina-
tion of social cost of demolition and relocation due to pipe construction.   

Among the effects caused by demolition and relocation, the effect of 
residential resettlement is the most important, because residential reset-
tlement can lead to people becoming unemployed or increased cost in 
education, medical health care and transportation (Luo 2007). The effect 
of residential resettlement is the most important effect considered in this 
study. Residential resettlement means, residents living along the line of 
pipe construction must move to accommodate construction. As men-
tioned previously, residential resettlement can result in various negative 
influences on people’s life, such as unemployment and increasing living 



68 Chapter 3 

 

costs. It seems to be very difficult to evaluate all the negative influences 
from residential resettlement. In the literature, the increased transporta-
tion cost due to residential resettlement is an essential and real effect on 
people’s lives (Camagni et al. 2002; Luo 2007). So, only the increased 
cost of transportation due to residential resettlement is regarded as social 
cost of demolition and relocation and determined in this study.  

Equation 3.8 shows the determination of the increased cost of trans-
portation due to residential resettlement, namely the social cost of demo-
lition and relocation (defined as cs).The origin of such calculation is as 
follows. The increased cost of transportation can be calculated by multi-
plying the average increased public transport cost for one person (de-
fined as μp) and the affected number of people. Since public transporta-
tion is the main travel method for Beijing residents, after moving to a 
new place, it is assumed that all affected residents will make one addi-
tional transfer each day via public transportation. The transportation fees 
due to the travel transfer could be regarded as an increased transport 
cost. The average public transportation (including metro and bus) cost in 
Beijing is around 4 Yuan per person for a round trip. The population 
density (defined as p) and the area calculate the population affected by 
the resettlement. The area can be obtained by multiplying the length of 
pipe construction (defined as l) and the width, which is supposed to be 
one metre. Hence the product of the population density (defined as α) 
and the length of pipe construction (defined as l) can be regarded as the 
number of people affected by the resettlement. In the Beijing Statistic 
Yearbook (2009), the population density of urban areas of Beijing is 
20,000 persons per square metre. 

s pc p lμ= × ×                                                                        (3.8) 

Fourth, part of the reclaimed water produced by centralized wastewater 
reuse systems is reused for agricultural irrigation. The reclaimed water 
contains nitrogen and phosphorus, which are important fertilizers for 
agricultural production (Wang 2007). Using reclaimed water for agricul-
tural irrigation limits the use of fertilizers in agricultural production. The 
cost saving on fertilizers could be regarded as economic benefits of cen-
tralized wastewater reuse. Moreover, since normally the pollutants of 
wastewater reuse systems in Beijing are not reused, the benefit of reusing 
pollutants is not considered in the study. The economic benefit of cost 



Financial and Economic Analysis of Centralized Wastewater Reuse Systems and 
Comparison between Centralized and Decentralized Systems   69 

saving on fertilizers (defined as bf) could be determined by multiplying 
the unit cost of saving on fertilizers (defined as uf ) and the amount of 
reclaimed water for agricultural irrigation (defined as f), shown in Equa-
tion 3.9. According to the results of a working paper of the Beijing Wa-
ter Authority, the unit cost saving on fertilizers due to using reclaimed 
water for agricultural irrigation is 0.0225 Yuan per m3 (Beijing Water Au-
thority 2002).    

f fb u f= ×                                                                              (3.9) 

Fifth, table 3.4 shows that the environmental benefits include increase in 
water availability and river levels, as well as avoidance of overexploitation 
of water-bearing resources. Since large quantities of ‘new water’ is cre-
ated by reclaiming wastewater and is reused, ‘increase of water availabil-
ity’ is an important environmental benefit. But there are no significant 
effects of ‘increase in the level of rivers’ and ‘avoidance of overexploita-
tion of water-bearing resources’ caused by centralized wastewater reuse 
systems. Although around half of the reclaimed water produced by the 
Jiu plant is used to supplement the lakes and rivers, the quantity is too 
small to take into consideration. Therefore only the ‘increase of water 
availability’ makes a major contribution to the environmental benefits. 
Equation 3.10 calculates the environmental benefit of increase in water 
availability 

e eb u e= ×                                                                               (3.10) 

where be is the environmental benefit, ue is the monetary value of water, e 
is the amount of reclaimed water. In the literature, the monetary value of 
water resources (ue) is estimated to be around 3 Yuan/m3 in Beijing (Liu 
and Chen 2003). 

Finally, as presented in Chapter 2, the introduction of using reclaimed 
water is a method to improve public awareness concerning water saving. 
However, in centralized systems, the reclaimed water could be obtained 
easily through direct distribution, which is similar to accessing tap water. 
Accordingly people may not realize that they are using reclaimed water. 
Public awareness of using reclaimed water and saving water is not influ-
enced. Hence raising social awareness is not considered in the determina-
tion of social benefit in the study. 
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Rapid economic growth creates employment (Li 2003; Rawski 1979). 
The operation of a centralized wastewater reuse systems generally needs 
many workers, which creates new jobs. This implies that the operation of 
a centralized wastewater reuse system can help improve employment in 
the region. It is assumed that the employment effect of a centralized 
wastewater reuse system is the same as the effect of economic growth. 
The value of economic growth contributing to improving employment 
can be regarded as the social benefit of improving employment caused 
by centralized wastewater reuse systems.     

Equation 3.11 indicates the determination of social benefit of improv-
ing employment. It is defined that w is the number of workers of the 
plant, W is the total employment of the region, Y is the GDP of the re-
gion, bs is the value of economic growth namely social benefit of em-
ployment improvement, and β is the employment elasticity. The em-
ployment elasticity (β) means the ratio of the increase of employment 

(namely
w
W

) to the increase of economic growth (namely sb
Y

). In terms of 

literature, the employment elasticity of China is estimated to be 0.3, 
which means that if the economic growth increases 1 per cent, there will 
be an increase of 0.3 per cent in  employment (Li 2003).  

s

w
Wb Y
β

= ×                                                                               (3.11)      

All the parameters used to determine the monetary value of economic, 
environmental and social effects are summarized in Table 3.5. 

The ratio of benefits to cost (defined as rb/c) is used as the criterion for 
economic feasibility. If rb/c > 1, the plant is economically feasible. If rb/c < 
1, it means the plant is not economically feasible. Equations 3.12, 3.13 
and 3.14 respectively, calculate the present value of the cost (cpv) and 
benefits (bpv) and the ratio of benefits to cost (rb/c).  
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Table 3.5 
Summary of the parameters on determination of cost and benefits of cen-

tralized wastewater reuse systems 

Parameter  Definition  
un Initial investment (Yuan) 

uO&M Operation and maintenance cost (Yuan) 

ce Economic cost (Yuan) 

  

ud Unit environmental cost of carbon dioxide emission ( Yuan/ton) 

d Unit carbon dioxide emission of energy consumption (g/kWh) 

g  Energy consumption (kWh/year) 

cd Environmental cost (Yuan/year) 

  

up Average increased public transport cost (Yuan/person · year) 

p Population density (persons /m2) 

l Length of pipe construction (m) 

cs Social cost (Yuan/year)  

  

uf Unit cost saving on fertilizers (Yuan/m3) 

f Amount of reclaimed water for agricultural irrigation (m3/year) 

bf Economic benefit (Yuan/year) 

  

ue The monetary value of water (Yuan/m3) 

e Amount of reclaimed water (m3/year) 

be Environmental benefit (Yuan/year) 

  

w Number of plant workers (persons) 

W Total employment number in the region (persons) 

Y GDP of the region (Yuan) 

β Employment elasticity  

bs Social benefit (Yuan) 
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3.3.3 Results of financial and economic analysis  

 
Table 3.6 presents the results of the financial analysis of the Gao and the 
Jiu centralized wastewater reclamation plants. Table 3.6 shows that the 
initial investment of the Gao plant was 323.52 million Yuan and that of 
the Jiu plant was 76.96 million Yuan. As indicated in Tables 3.1 and 3.2, 
the treatment capacity of the Gao plant is 300,000 m3 per day and the 
capacity of the Jiu plant is 60,000 m3 per day. This means that the scale 
of the Gao plant is five times the scale of the Jiu plant. Accordingly the 
initial investment of the Gao plant is four times the investment of the Jiu 
plant. For centralized wastewater reuse systems, the initial investment 
depends on the capacity of the system.  

Table 3.6 
 Financial analysis of centralized wastewater reuse systems 

 Gao plant Jiu plant 

Financial cost   
Initial investment 

 (million Yuan)   
Construction cost  166.31 38.33 

Demolition and relocation cost 108.37 29.21 

Preparation cost  11.77 5.68 

Others 25.37 3.74 

Sub-total 311.82 76.96 

   

O&M cost (million Yuan/year)   

Energy cost 4.39 1.45 

Chemical 1.8 0.44 

Maintenance  3.48 1.29 

Personnel 0.72 0.48 

Interest rate 0.59 0 

Sub-total 10.98 3.66 

   

Financial Benefits   

Revenue (million Yuan/year) 576.96 20.3 

Subsidies (million Yuan) 123.52  0 
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Table 3.6 shows that the construction cost and the demolition and relo-
cation cost separately account for around 50 per cent and 35 per cent of 
total initial investment. The cost of construction and demolition and re-
location are the main part of the initial investment of a centralized 
wastewater reuse system. As enormous investments are required for the 
construction of a centralized wastewater reclamation system, parts of 
that money may need to be borrowed, which means interest rate will 
need to be factored in the O&M cost. In this case, the Gao plant needs 
to pay for the interest rate of 0.59 million Yuan per year (Table 3.6) be-
cause it has a bank loan of 200 million Yuan (Beijing Water Authority 
2002). 

The energy cost is the highest cost in the O&M budget, accounting 
for around 40 per cent (shown in Table 3.6). Since centralized wastewa-
ter reuse systems use vast energy consumptions for water treatment, the 
electricity cost in China could have significant influence on the O&M 
cost of centralized systems. Besides the energy cost, maintenance cost is 
a large expense in the O&M budget. For instance the maintenance cost 
for the Gao plant was 3.48 million Yuan, which is 35 per cent of the 
O&M budget (shown in Table 3.6). 

Table 3.7 
Economic analysis of centralized wastewater reuse systems (million Yuan) 

 Gao plant Jiu plant 

COST   

Economic cost  425.53 112.89 

Environmental cost  19.24 0.38 

Social cost  7.13 4.9 

TOTAL 452 118 

   

BENEFITS   

Economic benefits  2.4 0.24 

Environmental benefits  3,225.26 645.05 

Social benefits  5.9 5 

TOTAL 3,233.6 650 
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The present value of all effects in the economic analysis are calculated 
and shown in Table 3.7. Because of the large treatment capacity of cen-
tralized wastewater reuse systems, a large quantity of reclaimed water is 
generated and reused, leading to environmental benefits of increasing 
water availability. In water scarce areas, water has a higher economic 
value. Thus the environmental benefits shown in Table 3.7 have a large 
value. The environmental cost of the Gao plant is 19.24 million Yuan 
whereas the environmental benefit of the Gao plant is 3,225.26 million 
Yuan. The environmental benefits are much higher than the environ-
mental cost, which also occurs in the Jiu plant. Although there is a seri-
ous environmental cost caused by carbon dioxide emission, the envi-
ronmental benefits are larger than the environmental cost. 

About the social effects, the economic value of social cost is close to 
the value of the social benefits. The social cost is represented by residen-
tial resettlement due to pipe construction, and the social benefit is repre-
sented by the improvement in employment.  

Table 3.8  
Results of financial and economic feasibility of centralized wastewater re-

use systems 

 Gao plant Jiu plant 

Financial analysis 

(ratio of financial benefits to financial cost: rfb/fc ) 

1.6 1.7 

Economic analysis 

(ratio of benefits to cost: rb/c) 

7.2 5.5 

 
 
Table 3.8 shows the results of the ratios of benefits (or financial benefits) 
to cost (or financial cost) in the economic and financial analysis. In the 
financial analysis, the ratios of financial benefits to financial cost of the 
Gao plant and the Jiu plant are 1.6 and 1.7 respectively, which are larger 
than 1. This means that the two plants are financially feasible. Given this 
situation, the plant managers have an incentive to operate the wastewater 
reuse plant. Although the construction cost and energy cost of a central-
ized wastewater reuse plant are very high, the revenue is high enough to 
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cover these costs. From the point of view of plant managers, centralized 
wastewater reuse systems can be operational in the long term. 

In the economic analysis, the ratio of benefits to cost of the Gao 
plant is 7.2, which is larger than 1. Similarly the ratio of benefits to cost 
of the Jiu plant is larger than 1. This means that both the Gao plant and 
the Jiu plant are economically feasible. This implies that centralized 
wastewater reuse systems have a positive influence on the welfare of so-
ciety. From the point of view of government, centralized wastewater re-
use systems deserve to be promoted.  

3.3.4 Conclusions of financial and economic analysis  

The financial and economic analysis of centralized wastewater reuse sys-
tems in Beijing is carried out through cost benefit analysis. Similar to 
Chapter 2, the framework of this chapter includes two parts: financial 
analysis and economic analysis. The financial analysis is made from the 
point of view of plant manager, while the economic analysis is from the 
point of view of society. The major economic, environmental and social 
effects of the projects are all considered in the economic analysis.  

The results of financial analysis show that the centralized wastewater 
reuse systems are financially feasible. This means that the investment on 
centralized wastewater reuse systems is profitable, which could raise the 
incentive of plant managers to operate the plant. From the point of view 
of plant manager, centralized wastewater reuse systems could operate in 
the long term.             

The results of economic analysis show that the economic, social and 
environmental benefits caused by centralized wastewater reuse plants are 
larger than the cost. So the centralized wastewater reuse systems are eco-
nomically feasible. This means centralized wastewater reuse systems have 
positive effects on society. From the point of view of government or 
society, the centralized wastewater reuse systems are worthy of promo-
tion. Moreover, the results show that centralized wastewater reuse sys-
tems make a large positive contribution to the environment despite con-
suming substantial resources for construction and may increase carbon 
dioxide emissions. 

In the literature, from the technological point of view, centralized 
wastewater reuse systems producing large quantities of new water could 
effectively reduce the pressure of urban water scarcity (Asano 2001). In 
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terms of the results of this study, from an economic point of view, cen-
tralized wastewater reuse systems are a profitable investment and have a 
positive influence on the welfare of society.    

3.4 Comparison between Decentralized and Centralized 
Wastewater Reuse Systems 

 
Chapter 2 offered financial and economic analysis of decentralized 
wastewater reuse systems. Section 3.3 of this chapter implements the fi-
nancial and economic analysis of centralized wastewater reuse systems. 
According to the results of Chapter 2 and section 3.3 of this chapter, a 
comparative analysis between decentralized and centralized wastewater 
reuse systems will now be carried out.  

3.4.1 Financial and economic feasibility  

Table 3.9 
 Comparison of financial and economic feasibility between decentralized 

and centralized wastewater reuse systems 

Decentralized Centralized  

Qing plant BNU plant Gao plant Jiu plant 

Capacity (m3/day) 65 400 300,000 60,000 

Financial ratio of 
benefits to cost 

0.13 0.38 1.6 1.7 

Financially feasible No No Yes Yes 

Economical ratio of 
benefits to cost 

4.7 5.4 7.2 5.5 

Economically feasible Yes Yes Yes Yes 

 
Table 3.9 illustrates that the economical ratios of benefits to cost of the 
centralized and decentralized plants are all larger than 1. From the view-
point of government, both decentralized wastewater reuse systems and 
centralized wastewater reuse systems have positive effects on society be-
cause they are all economically feasible. Moreover, we find that the eco-
nomic ratio of benefits to cost is higher when the capacity of the plant is 
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larger. For example, the Gao plant has the largest capacity and its eco-
nomic ratio of benefits to cost is the highest. In contrast, the Qing plant 
with the smallest capacity has the lowest economic ratio of benefits to 
cost (shown in Table 3.9). Hence the large wastewater reuse systems 
have more significant positive effects on society.       

In the financial analysis, only the ratios of the centralized wastewater 
reuse plants are larger than 1 (shown in Table 3.9). So the centralized 
wastewater reuse systems are financially feasible while the decentralized 
plants are not. In centralized systems, the financial cost could be recov-
ered by the financial benefits, which ensures that the centralized waste-
water reuse plants could operate continually. But in the decentralized 
wastewater reuse system, the financial benefit is not enough to recover 
the cost. So the plant managers would prefer not to operate the systems. 
It is a challenge to continue the operation of the decentralized wastewa-
ter reuse systems in the long term. Therefore, from the perspectives of 
plant managers, managing the centralized wastewater reuse systems is a 
better option than managing the decentralized systems.  

In terms of the results of the economic and financial feasibility of the 
wastewater reuse in Beijing central region, centralized wastewater reuse 
systems are more economically and financially competitive than decen-
tralized systems. The study of Jia et al. (2005) who carried out the analy-
sis of the wastewater reuse in Beijing through the Geographic Informa-
tion System (GIS) method also found that large wastewater reuse 
systems are more suitable for the Beijing central region.  

3.4.2 Environmental and social effects  

 
Table 3.10 presents the average environmental costs and benefits and the 
average social costs and benefits of the decentralized wastewater reuse 
systems and centralized wastewater reuse systems. The average cost 
(benefits) value is obtained by dividing the total cost (benefits) by the 
total volume of reclaimed water, which means how much environmental 
or social cost (benefits) can be caused by producing one cubic metre of 
reclaimed water.  

Table 3.10 indicates that both the centralized and decentralized 
wastewater reuse systems have positive net environmental benefits be-
cause the environmental benefits are larger than the environmental costs. 
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The ratio of environmental benefits to cost indicates that in decentral-
ized wastewater reuse systems, the net environmental benefits of the 
large plant are higher than the net benefits of the small plant, but in cen-
tralized systems, the net environmental benefits of the large plant is 
lower than the small plant. 

Table 3.10  
Comparison of environmental and social effects between decentralized and 

centralized wastewater reuse systems 

Decentralized Centralized  

Qing plant BNU plant Gao plant Jiu plant 

Capacity (m3/day) 65 400 300,000 60,000 

     

Environmental cost 
(Yuan/m3) 

0.14 0.007 0.009 0.0009 

Environmental benefits 
(Yuan/m3) 

1.7 1.93 1.47 1.47 

Ratio of environmental 
benefits to cost 

12.35 259 167 1697 

     

Social cost (Yuan/m3) 0.05 0.009 0.003 0.01 

Social benefits 
(Yuan/m3) 

0.09 0.2 0.003 0.011 

Ratio of social benefits 
to cost 

1.6 21 1 1.02 

 
 
The effect of environmental benefit considered in the economic analysis 
of decentralized and centralized systems is the same, which is the benefit 
of increasing water availability. Table 3.10 shows that the average envi-
ronmental benefits of decentralized systems are slightly higher than the 
environmental benefits of centralized systems. Moreover, the effects of 
environmental cost considered in the economic analysis of two systems 
are different: the environmental cost caused by decentralized systems is 
noise pollution while the environmental cost caused by centralized sys-
tems is carbon dioxide emission. The numbers in Table 3.10 illustrate 
that for decentralized systems, the large plants lead to less environmental 
cost than the small plants, while for centralized systems, the large plants 
leads to more environmental cost than the small plants.   
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The main social effects taken into account are different between de-
centralized wastewater reuse systems and centralized systems. For decen-
tralized systems, the social cost is presented by health risk and the social 
benefit is presented by raising social awareness; while for centralized sys-
tems, the social cost is presented by the consequence of residential reset-
tlement and the social benefit is presented by improved employment.  

Table 3.10 shows that the average social benefits caused by decentral-
ized and centralized wastewater reuse systems are larger or equal to the 
average social cost. So both decentralized and centralized systems have 
positive net social benefits. Moreover, for both decentralized and cen-
tralized systems, the larger plants cause less social cost. But the figures of 
social benefits reflect a different result: the large plants in decentralized 
systems lead to higher average social benefits while in centralized sys-
tems, the small plants lead to higher social benefits.         

3.4.3 Initial investments    

Table 3.11 
Comparison of initial investments between decentralized and centralized 

wastewater reuse systems (million Yuan) 

Decentralized Centralized  

Qing plant BNU 
plant 

Gao plant Jiu 
plant 

Initial investment  2.9 3.7 323.5 77 

Pipe construction  2.6 3.1 313 58 

Demolition and relocation  0 0 108.4 29.2 

 
 
Table 3.11 presents the initial investments including the cost of pipe 
construction of centralized and decentralized wastewater reuse plants. 
The initial investments of the centralized plants are much larger than the 
initial investment of the decentralized plants. For example, the invest-
ment of the Jiu plant is 76 million Yuan while the initial investment of 
the Qing plant is only 2.9 million Yuan (shown in Table 3.11). That is to 
say, the expenditure to construct one centralized plant (capacity: 60,000 
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m3 per day) can be used for the construction of around 25 decentralized 
plants (capacity: 400 m3 per day).  

Table 3.11 shows that the cost of pipe construction is the major ex-
penditure in the construction of wastewater reuse plants, accounting for 
around 80 per cent of the initial investments. Decentralized plants gener-
ally serve the surrounding areas, while the centralized plants serve the 
areas far away from the plants. The cost of pipe construction of the de-
centralized plants only contains the direct expenditure for pipe construc-
tion. But the cost of pipe construction of the centralized plants includes 
the expenditure of pipe construction, the cost of demolition and reloca-
tion of existing urban buildings or residences, and the interest rate.  

The cost of demolition and relocation accounts for large part of the 
total cost of pipe construction in the centralized wastewater reuse sys-
tems. Indicated in Table 3.11, the cost of pipe construction of the Gao 
plant was 313 million Yuan in total, of which 108.4 million Yuan went to 
the cost of demolition and relocation. This huge investment for pipes 
sometimes will be financed through loans, leading to the cost of interest 
in the centralized wastewater reuse plants. For example, interest cost for 
the Gao plant was 11.7 million Yuan (shown in Table 3.6). Moreover, 
demolition and relocation of the existing building or residence may affect 
urban planning and sustainable urban development. However, in the de-
centralized systems, there was no cost for demolition and relocation and 
interest cost does not play a role.  

3.4.4 About O&M cost  

 
Four items are involved in the determination of O&M cost: energy, 
chemical, maintenance and personnel. Figures 3.3 and 3.4 illustrate the 
cost of these four items in centralized wastewater reuse plants and in de-
centralized plants. Apparently the highest column shown in Figures 3.3 
and 3.4 is the energy cost. The energy cost accounts for 60 per cent of 
total O&M cost in the decentralized plants and 40 per cent of the O&M 
cost in the centralized plant. So the O&M cost of a wastewater reuse sys-
tem is affected significantly by energy cost.  
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Figure 3.3  
O&M cost per year for the Gao and Jiu plants  

 
 (E: energy, M: maintenance, C: chemical, P: personnel) 

 

 

 

Figure 3.4  
O&M cost per year for the Qing and BNU plants  

 
 (E: energy, P: personnel, C: chemical, M: maintenance) 
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Figure 3.3 shows that the second highest column is the maintenance cost 
and there is still a small difference between the energy and maintenance 
cost. Since the treatment plant and the pipe network of a centralized 
wastewater reuse plant is quite large, the maintenance cost is an impor-
tant part of the O&M cost. However, the second largest cost in decen-
tralized systems is the personnel cost, which accounts for 20-30 per cent 
of the O&M cost (shown in Figure 3.4). Although the decentralized 
plant does not employ many workers, the salary payment for these em-
ployees is a high proportion of the O&M cost.    

 

3.4.5 Cost recovery  

 

Table 3.12 
 Comparison of cost recovery between decentralized and centralized 

wastewater reuse systems 

 Decentralized Centralized 

 Qing plant BNU plant Gao plant Jiu plant 

Capacity 
(m3/day) 

65 400 300,000 60,000 

Unit O&M cost 
(Yuan/m3) 

3.8 1.5 0.09 0.16 

Rate of O&M 
cost recovery 

32% 0 565% 555% 

 
 
The unit O&M cost shown in Table 3.12 is determined by dividing the 
O&M cost by the quantity of reclaimed water. In terms of scale econo-
mies, if a system has larger capacity, its unit O&M cost is much smaller. 
For example, the Gao plant being the largest system has the smallest unit 
O&M cost. Table 3.12 shows that the unit O&M cost of the Qing and 
BNU plants is 3.8 Yuan/m3 and 1.2 Yuan/m3 respectively, while the unit 
O&M cost of the Jiu and Gao plants is only 0.16 Yuan/m3 and 0.09 
Yuan/m3. The unit O&M cost of the decentralized systems is almost 20 
times more than the unit O&M cost of the centralized systems. The av-
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erage cost of reclaiming wastewater in decentralized systems is more ex-
pensive than in centralized systems. 

The revenue of a wastewater reuse plant depends on the rate of re-
claimed water for different uses. Normally the decentralized systems are 
constructed for residential or industrial uses. The reclaimed water from 
centralized systems is mainly used for industrial cooling water, green irri-
gation and residential toilet flushing. Table 3.3 lists the rates of reclaimed 
water in terms of its utilization. Compared with the rates of reclaimed 
water for various utilizations, the unit O&M costs of the centralized 
plants is higher than all rates of reclaimed water for various utilizations 
while the unit O&M cost of the decentralized plants is lower than the 
rate of reclaimed water for different usages.    

The rate of O&M cost recovery presented in Table 3.12 shows how 
much O&M cost is recovered by the revenue. Table 3.12 shows that the 
rate of O&M cost recovery of the BNU plant is zero because it does not 
charge for reclaimed water. The rate of cost recovery of the Qing plant is 
only 32 per cent, which is smaller than 1. In contrast, the rates of the 
Gao plant and the Jiu plant are around 500 per cent because the unit 
O&M cost of centralized plants is much higher than the rate of re-
claimed water. The rate of cost recovery of the centralized wastewater 
reuse systems is higher than the rate of the decentralized systems.  

The unit O&M cost of the decentralized systems, especially the small 
plant, is very high. The Qing plant was constructed for residential use 
and the charge for reclaimed water used for residences is 1.2 Yuan/m3. 
But the unit O&M cost of the Qing plant is 3.8 Yuan/m3, which is 
higher than the charge for reclaimed water used for residents. As a result 
the O&M cost of decentralized wastewater reuse systems could not be 
recovered. This may be improved if the rate of reclaimed water is in-
creased. The current rates for reclaimed water are not suitable for decen-
tralized systems, as the cost of decentralized systems cannot be recov-
ered.  

3.5 Conclusions 

 
The economic and financial feasibility of the centralized wastewater re-
use systems in Beijing is analysed in Chapter 3 according to the method-
ology shown in Figure 1.17 (Chapter 1). The financial analysis takes the 
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point of view of plant managers while the economic analysis is from the 
point of view of society. The results show that the centralized wastewa-
ter reuse systems are not only financially feasible but also economically 
feasible. It implies that the centralized wastewater reuse systems in Bei-
jing have positive effects on society and these systems could operate 
over the long-term.  

Based on the results of Chapter 2 and the results of financial and 
economic analysis of centralized wastewater reuse systems, the economic 
and financial comparison between the centralized wastewater reuse sys-
tems and decentralized systems is performed from several perspectives. 
These are financial and economic feasibility, environmental and social 
effects, initial investment, O&M cost and cost recovery.  

About the economic and financial feasibility, the centralized and de-
centralized wastewater reuse systems have different results. The decen-
tralized plants are economically feasible but they are not financially feasi-
ble, while the centralized plants are both financially and economically 
feasible. Hence from the perspective of financial feasibility, the central-
ized wastewater reuse systems are more competitive than the decentral-
ized systems.  

The results of environmental comparison illustrate that both central-
ized and decentralized wastewater reuse systems have positive net envi-
ronmental benefits because the environmental benefits are larger than 
the environmental cost. About the social effects, the centralized systems 
and decentralized systems lead to different effects, such as health risk 
and residential resettlement. The results of both systems illustrate that 
the social benefits are higher or close to the social cost.  

Some findings are obtained through comparison of initial investments 
and O&M cost. The initial investments of the centralized systems are 
extremely big because of high expenditure on pipe construction. The 
cost of demolition and relocation and the interest paid for the loan are 
the main cost of pipe construction in centralized systems, but they rarely 
occur in decentralized systems. Moreover, for both centralized and de-
centralized wastewater reuse systems, the energy cost is the largest ex-
pense in the O&M cost. But the second largest expense in the O&M 
cost is different between two kinds of systems. The second largest ex-
pense in centralized systems is the maintenance cost while it is personnel 
cost in decentralized systems.   
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The difference between the unit O&M cost and the rate of reclaimed 
water leads to different implications for cost recovery. In centralized 
wastewater reuse systems, the unit O&M cost is lower than the rate of 
reclaimed water. But in decentralized systems, the unit O&M cost is 
higher than the rate of reclaimed water. Hence the rates of O&M cost 
recovery of centralized systems are much higher than the rate of cost 
recovery of decentralized systems. The current tariff of reclaimed water 
is not suitable for cost recovery of decentralized systems. 
 

Notes 
 

2 Chapter 3 is submitted to the journal, Journal of Benefit Cost Analysis, 2010, under 
review. 
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4 Economic and Financial Analysis of 
Rainwater Harvesting Systems3 

 
 

4.1 Introduction  

 
As mentioned in Chapter 1, there are two main technological measures, 
wastewater reuse and rainwater harvesting, promoted in Chinese cities to 
prevent or solve urban water scarcity. Chapters 2 and 3 examined the 
wastewater reuse systems. The rainwater harvesting systems are studied 
in Chapters 4, 5 and 6. 

Rainwater harvesting is an inexpensive and simple way to obtain wa-
ter for agricultural irrigation. Using rainwater helps save water resources 
and solves the problem of environmental degradation (Li et al. 2000). 
Although hundreds of rainwater harvesting systems have been con-
structed in Beijing since 2006, most of these rainwater harvesting sys-
tems are concentrated in the rural areas of Beijing (Wang et al. 2007). 
The amount of rainwater collected in the urban areas of Beijing currently 
only accounts for ten per cent of the total rainwater collected in Beijing 
(Zuo et al. 2010). Because of the low volume of urban rainwater collec-
tion and because there are fewer rainwater harvesting projects in urban 
areas, limited data is available on urban rainwater harvesting. So the 
study focuses on rainwater harvesting systems in the rural areas of Bei-
jing. 

Rainwater harvesting systems in the rural areas of Beijing are used 
mainly for supplementing agricultural irrigation water. Continuous 
droughts and a decreasing groundwater table are causes for water scarcity 
for agricultural production in rural areas of Beijing. Both the amount of 
agricultural water consumption and the proportion of agricultural water 
consumption to total water consumption have decreased about 50 per 
cent during the last 20 years in Beijing including rural areas. Figure 4.1 
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shows agricultural water consumption in Beijing decreasing from 2.4 bil-
lion to 1.2 billion m3, and the proportion of agricultural water to total 
water consumption in Beijing going down from 54 to 34 per cent. The 
decrease in consumption of agricultural water threatens the development 
of agricultural production, the ecological environment and the social sta-
bility of rural areas (Brown 2004; Wang and Wang 2005; Webber et al. 
2008; Yang and Zehnder 2001). Rainwater harvesting in rural areas of 
Beijing could effectively supplement the supply of irrigation water.  

Figure 4.1  
Consumption and proportion of agricultural water 

 
Source: Beijing Water Authority (1988-2009) 

 
Considerable investments are required to build rainwater harvesting fa-
cilities to make irrigation water available for agricultural production. 
Hence it is important to understand the effectiveness of these invest-
ments. The rainwater harvesting systems in rural areas of Beijing are 
constructed because of the benefit of increased water resources, while 
the financial and economic implications of using these systems are dis-
cussed less. The project managers of these rainwater harvesting systems 
normally are local farmers who have no experience with or knowledge of 
rainwater harvesting. Compared with using groundwater, using rainwater 
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for agricultural irrigation is new to local farmers. If the new systems were 
not more financially attractive than the original system, the farmers 
would reject them and continue to use ground water. Farmers’ prefer-
ence for water sources can determine whether the constructed rainwater 
harvesting systems will operate or not. Therefore the issue of whether 
using rainwater is financially more attractive than using groundwater is 
highly relevant.  

The literature on economic analysis of rainwater harvesting mostly 
focuses on the evaluation of economical feasibility, based on different 
rainwater harvesting methods (Hatibu et al. 2006; Mushtaq et al. 2007; 
Pandey 1991; Tian et al. 2002). Few papers consider the effects of rain-
water harvesting on the environment and society. One objective of this 
chapter is to do an economic analysis, quantifying the monetary values of 
the major economic, environmental and social effects caused by rain-
water harvesting.      

This chapter aims to analyse economic and financial performance of 
the rainwater harvesting systems in rural areas of Beijing through Cost 
Benefit Analysis (CBA). The economic analysis focuses on determining 
the contribution of rainwater harvesting systems to the development of 
society, carried out from the point of view of government. The financial 
analysis allows comparison of the financial implications of using 
groundwater with using rainwater for agricultural irrigation from the 
point of view of individual participant, namely the local farmers.  

In this chapter, Section 4.2 introduces the data used for the analysis. 
Section 4.3 presents the methodology of the study, explaining how the 
economic and financial analysis is carried out. Sections 4.4 and 4.5 show 
the results and draw the conclusions.      

4.2 About the Rainwater Harvesting Systems    

 
The data for the estimation are average values, calculated based on Wang 
et al. (2007) and interviews with the project managers. Wang et al. (2007) 
research includes statistical data on Beijing rural rainwater harvesting. 
They work for the Beijing Agro-Technical Extension Center, which co-
operates with the SWITCH programme. In addition, we carried out ex-
tensive interviews with managers of the rainwater harvesting projects.  
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Figure 4.2  
Rainwater harvesting plant  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Around 600 rainwater harvesting systems were constructed for agricul-
tural irrigation in Beijing in 2007 (Wang et al. 2007). Rainwater harvest-
ing systems in rural areas consist of a rainwater collection part and a wa-
ter reuse part. The rainwater collection part includes plastic covers for 
green houses, storage tanks and collective ditches, and the water reuse 
part is made of pumps and irrigation facilities. Figure 4.2 shows the 
structure of the An rainwater harvesting plant, which is a typical case. 
Most rainwater harvesting projects in rural areas of Beijing have a similar 
process for rainwater collection and reuse to the An plant. There is a 
plastic film covering the greenhouse, rainwater goes through the plastic 
film down to the ditch in front of the greenhouse. Rainwater moves 
from the shallow ditch to a big underground pipe and then to the sedi-
ment tank. There is a filter installed in the tank. After depositing the sol-
ids, cleaned water enters the storage tank. The water is pumped from the 
storage tank to the greenhouse. Normally the government subsidizes 
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rainwater collection systems and the project managers pay the remaining 
initial costs. 

The capacity of each rainwater harvesting tank ranges from about 50 
to 1,000 m3 and can be categorized into three sizes: small, medium and 
large rainwater harvesting systems. Our economic and financial analysis 
of this study relates to these three sizes. The relevant data are presented 
in Table 4.1.  

Table 4.1 
 Data of rainwater harvesting systems with different sizes 

Size Capacity (m3) Average irrigation 
area (m2/year) 

Average irrigation 
amount 
(m3/year) 

Average 

users  

(person) 

Small  50-100 4,002 1,200 8 

Medium  450-800 53,360 16,000 80 

Large  1,300-2,000 80,040 24,000 150 

Source: Wang et al. (2007) and interviews with the project managers 

 
Rainwater harvesting for agricultural irrigation in Beijing is currently in 
its infancy and suffers from technological problems and inefficient man-
agement. Hence less than the required amount of water for irrigation is 
harvested at present. It is expected that harvested rainwater can satisfy 
the required irrigation amount in the future (Wang et al., 2007). In this 
study, we assume that the collected rainwater can satisfy the total amount 
of water required for agricultural irrigation.  

4.3 Methodology 

 
The methodology used for the financial and economic analysis of rain-
water harvesting is Cost Benefit Analysis (CBA). The analytical frame-
work of this chapter is based on the integrated financial and economic 
analysis method shown in Figure 1.17 (Chapter 1). Two parts of the 
evaluation framework are the economic and financial analysis. Figure 4.3 
illustrates the evaluation framework of this chapter. The economic analy-
sis is carried out through estimating economic, environmental and social 
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effects. In the financial analysis, financial cost and financial benefits are 
evaluated. Additionally three different systems with different financial 
implications are compared. These three systems represent using ground-
water (Option 1 and Option 2) and using rainwater (Option 3). The de-
tails of three options shown in Figure 4.3 represent Section 4.3.2. The 
aim of the comparison is to find which option is financially more attrac-
tive.  

Figure 4.3 
Two parts in the analysis 

              
Part 1: Economic analysis 

 
 

                    
 

                    
 

The CBA method evaluates the cost and benefits of economic, environ-
mental and social effects in the economic analysis. The criterion of eco-
nomic feasibility is the ratio of benefits to costs. If the ratio of benefits 
to costs is greater than 1, the rainwater harvesting project is economically 
feasible. If the ratio is less than 1, the project is not economically feasible.  

In the financial analysis, the criterion of financial feasibility is whether 
using rainwater is financially attractive. Rainwater is the alternative to 

Economic                   Environmental                         Social

Part 2: Financial analysis
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groundwater for agricultural irrigation. The ratio of financial benefits to 
financial costs or the difference between financial benefits and financial 
costs of rainwater harvesting is not enough to define whether the rain-
water harvesting project is financially feasible or not. The farmers’ pref-
erence for water resources, which are financially more attractive, deter-
mines financial feasibility of rainwater harvesting. If using rainwater is 
financially more attractive than using groundwater, the rainwater harvest-
ing project is financially feasible. If using rainwater is not financially 
more attractive than using groundwater, the project is not financially fea-
sible. The Net Present Value (NPV) for different water resources will be 
calculated. NPV is the difference between the present value of benefits 
and the present value of cost.  

4.3.1 Economic analysis  

Table 4.2  
Economic, environmental and social effects of rainwater harvesting systems 

Economic cost Initial investment 

Operation and maintenance cost 

Environmental cost N* 

Social cost Agricultural risk 

 

Economic benefit Increase in agricultural production 

Planting in winter time 

Environmental benefit Water saving 

Energy saving 

Social benefit Raising social awareness 

Improving employment 
*N= no significant environmental cost for rainwater harvesting systems. 

 
In terms of the literature and interviews with officials at Beijing Water 
Authority and Beijing Agro-Technical Extension Center, the major eco-
nomic, environmental and social effects caused by rainwater harvesting 
systems are listed in Table 4.2 (Tian et al. 2002; Wang et al. 2007). The 
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process of collecting rainwater and then reusing it for agricultural irriga-
tion is natural, so it is assumed that rainwater harvesting projects do not 
cause negative environmental effects. The environmental cost in Table 
4.2 is ‘N’, which means no significant environmental cost. Similar to the 
economic analysis in Chapters 2 and 3, not all effects listed in Table 4.2 
will be taken into account in the calculations. Only the main economic, 
environmental and social effects are selected and quantified using mone-
tary values. The reasons for selecting effects and determination of values 
are explained below.  

First, from a societal perspective, construction, and operation and 
maintenance (O&M) of rainwater harvesting systems consume scare re-
sources, resulting in negative effects. Hence the initial investment and 
O&M costs are considered negative economic effects, calculated by 
Equations 4.1 and 4.2  

 

&C N O ME C C= +                                                                       (4.1) 
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where EC is the value of economic effects; CN is the initial investment; 
CO&M is the present value of O&M cost; Ot is the O&M cost occurring in 
year t, i is the discounting rate; m is the evaluation period (number of 
years). According to the publication Chinese Economic Evaluation Parameters 
on Construction (2006), the discount rate (i) used for cost benefits studies 
in China is eight per cent including the inflation rate. The evaluation pe-
riod (m) is assumed to be ten years. As there are no traded items in the 
economic cost and there are no big distortions in market prices of water 
treatment construction in Beijing, the market prices could be used to de-
termine monetary values of initial investment (CI) and O& M cost (Ot).  

Second, because many industrial plants are built around the city and 
domestic consumption creates significant domestic waste, air pollution is 
unavoidable in the city. Polluting chemicals in the air can pollute rain-
water. When using rainwater for agricultural irrigation, the polluting 
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chemicals enter agricultural plantings leading to serious agricultural risk. 
Agricultural risk due to using polluted rainwater could be regarded as a 
social cost caused by rainwater harvesting projects.  

Equation 4.3 shows the social cost of agricultural risk (defined as EA) 
could be determined by the average income from the vegetable (defined 
as ai) and the total decreasing amount of agricultural production. In 
terms of interviews with project managers, it shows that cucumber, to-
mato, lettuce and marrow (a type of squash) comprise 80 per cent of 
crops cultivated through rainwater reuse systems. In the study, only the 
production of these crops is considered in the determination. According 
to the study by Wang et al. (2007), average incomes from these vegeta-
bles in Beijing (ai) are around 2.5 Yuan per kilo ground (kg). The amount 
of decrease in agricultural production can be determined by multiplying 
the vegetable production and the decreasing rate of vegetable production 
due to polluted irrigation water (defined as ar). Due to use of polluted 
water for agricultural irrigation, agricultural production can decrease by 
ten per cent (ar) each year (Kang and Meng 1994; Kuang and Sun 1998). 
Then, the vegetable production can be obtained by the unit agricultural 
production (defined as ap) and the irrigation area (defined as as). In the 
Beijing Statistic Yearbook (2010), the average vegetable production (ap) in 
Beijing is 4.6 kg per square metres. The irrigation area of the rainwater 
harvesting systems (as) in the study is shown in Table 4.1.  

 

( )80%A i p s rE a a a a= × × × ×                                                 (4.3) 

 
Third, because it is assumed that the volume of collected rainwater only 
satisfies the irrigation requirement, there is no increase in the volume of 
irrigation water leading to increasing agricultural production. Hence the 
economic benefit of increasing agricultural production is not considered 
in this study. Moreover, generally the storage tank is idle in the winter-
time because the rainfall in Beijing is concentrated in the period from 
March to September. In some cases, the storage tank is used as a planted 
area in winter. The storage tank is a good place for shade-requiring 
plants, such as mushrooms. It is assumed in the study that all storage 
tanks in rainwater harvesting systems are used for planting in winter. The 
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income from the planting could be regarded as an economic benefit of 
rainwater harvesting systems. According to interviews with project man-
agers, mushroom planting in winter has been implemented in some areas 
of Beijing. To simplify the study, we assume that all rainwater harvesting 
systems plant mushrooms in winter and obtain income from it. Hence 
the economic benefit (defined as EP) is determined by the unit income 
from mushrooms (defined as am) and the area of storage tanks (defined 
as SP).              

 

P m PE a S= ×                                                                              (4.4) 

 
Fourth, rainwater harvesting systems benefit by saving not only ground-
water resources but also energy consumption. Table 4.3 distinguishes the 
traditional system of using groundwater (Case A) from the new system 
of using rainwater (Case B) for agricultural irrigation to clarify how much 
groundwater can be saved. It assumes that the harvested rainwater is X 
m3 and the irrigation requirement is also X m3. Case A represents the 
traditional system of using groundwater for irrigation, in which rainwater 
is not harvested and the precipitation cannot irrigate the crops directly 
since the crops are mostly planted in greenhouses. Hence only ground-
water is used for irrigation in Case A. According to the Beijing Water Re-
sources Bulletin (1988-1998), 10 per cent of the precipitation in rural areas 
of Beijing is recharged into groundwater and the remaining 90 per cent 
of the precipitation evaporates or becomes run off. Thus, in Case A, 10 
per cent X m3 rainwater penetrates the soil, while X m3 groundwater is 
used for irrigation. Conversely, in Case B, X m3 rainwater is harvested 
and reused for agricultural irrigation with no groundwater usage. When 
irrigating the crops, the amount of irrigation water penetrating the soil in 
Case A is the same as in Case B, which is assumed to be Y m3. Compar-
ing Case A with Case B, it can be concluded that the groundwater saving 
is 90 per cent X m3 (Table 4.3). It implies that rainwater harvesting sys-
tems can save 90 per cent X m3 groundwater when harvesting X m3 
rainwater.  
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Table 4.3  
Groundwater saving amount 

Systems Sources Use for 
irrigation 

Groundwater  

resources depletion 

Groundwater 
saving amount 

Case A:  

Traditional 

system  

a. Groundwater:  

pumping X m3  

            

b. Rainwater:  

No rainwater is 
harvested. 10% X 
m3 of the rain-
water penetrates 
the soil.  

a. X m3 
groundwater  

 

 

b. 0 m3     

rainwater  

X m3 pumping groundwater 

-10%X m3 rainwater pene-
tration 

-Y m3 irrigation water 
penetration 

 

Case B: 

Rainwater 
harvesting 
system 

a. Groundwater:  

no pumping 

 

b. Rainwater:  

All X m3 rainwater 
is harvested. No  
rainwater pene-
trates the soil. 

a. 0 m3 
groundwater  

 

 

b. X m3   
rainwater  

- Y m3 irrigation water 
penetration 

 

= Case A - Case B 

= X -10%X -Y-(-Y) 

= 90% X m3 

 
Moreover, taking water from rainwater harvesting tanks consumes less 
energy than pumping water from underground. The energy consumption 
depends on the depth of the water to be pumped. Normally the depth of 
a well ranges from 80 to 100 metres while the depth of a tank ranges 
from two to eight metres. If there were no rainwater harvesting system, 
it would take 0.27 KWh/m3 of energy consumption for irrigation; while 
if there were a rainwater harvesting system, energy consumption would 
decrease to 0.02 KWh/m3. Consequently the unit energy saving is 0.25 
KWh/m3. Therefore, both the benefits of water and energy savings are 
regarded as environmental effects, determined by Equations 4.5, 4.6 and 
4.7  
 

B W NE E E= +                                                                            (4.5) 

W W SE U W= ×                                                                            (4.6) 

N N RE U N W= × ×                                                                     (4.7) 
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where EB is the value of environmental effects; EW is the value of water 
saving; EN is the value of energy saving; UW is the unit value of water; UN 
is the unit value of energy; N is the unit energy saving; WS is the amount 
of saved groundwater, which is 90 per cent of WR; WR is the amount of 
rainwater harvesting. 

About the unit value of water (UW) and the unit value of energy (UN), 
we use the values from the literature directly. Chen et al. (2006) estimate 
the monetary value of groundwater in China is 6.5 Yuan/m3. The value 
of 6.5 Yuan/m3 can be used as the unit value of groundwater (UW).  

Since 70 per cent of Chinese energy generation is from coal power, 
the cost of coal power plants in China is regarded as the value of energy 
in this study (Dahowski et al. 2009). Skeer and Wang (2006) estimate the 
total cost of a coal power plant in China, including capital, fuel, O&M 
and pollutant. The result of this study shows that the base cost of coal 
power plant in China is $0.03 per kWh (namely 0.2 Yuan per kWh).      

Finally, raising general awareness of water saving is reached through 
many different public education and advertisement campaigns. The in-
troduction of rainwater harvesting systems is a method to enhance 
awareness and save costs on future awareness raising campaigns. We as-
sume that the educational effect due to using rainwater harvesting sys-
tems is the same as the effect of public campaigns. Thus the cost savings 
on campaigns can be regarded as a social benefit of rainwater harvesting 
systems. As mentioned previously, the total expenditure on public 
awareness raising campaigns for water saving (defined as K) in Beijing is 
about 2.78 million Yuan/year, and around 2.25 million people (defined 
as M) are influenced by the campaigns (DPP 2001). The number of users 
affected by the rainwater harvesting systems (defined as Eu) is indicated 
in Table 4.1. Equation 4.8 determines the value of social effects of rais-
ing social awareness (defined as Eaw). 

 

aw u
KE E
M

= ×                                                                              (4.8)    

 
For the medium- and large-scale rainwater harvesting plants, some work-
ers are required to operate and maintain the plant. This generates em-
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ployment in the region. Fast economic growth can also help to improve 
employment. We assume that the employment effect of a large rainwater 
harvesting system is the same as the effect of economic growth. That 
means the value of economic growth contributing to improving em-
ployment can be regarded as a benefit of improving employment 
through rainwater harvesting. But small rainwater harvesting systems do 
not bring the benefit of improved employment. Typically small plants are 
operated and maintained by plant owners. The small plants do not need 
other workers to work on it. Hence the social benefit of improving em-
ployment is only considered in the medium and large rainwater harvest-
ing systems. The determination of social benefit of improving employ-
ment caused by rainwater harvesting is shown in Equation 4.9. 
According to the definition in economics, the employment elasticity (de-

fined as β) equals the ratio of the increase of employment (defined as wE
W

) 

to the increase of economic growth (defined as emE
Y

), in which Ew is the 

number of workers of the rainwater harvesting plant, W is the total em-
ployment of the region, Y is the GDP of the region, Eem is the value of 
economic growth namely social benefit of employment improvement. 
The employment elasticity of China is estimated to be 0.3, which means 
an increase in economic growth by one per cent can increase employ-
ment by 0.3 per cent (Li 2003). Moreover, a medium size rainwater har-
vesting plant generally requires one worker to manage the plant, and a 
large size plant needs two workers. So the social benefits of medium and 
large size rainwater harvesting systems are calculated by adding the bene-
fit of increasing social awareness (Equation 4.8) with the benefit of im-
proving employment (Equation 4.9), while the social benefits of small 
size rainwater harvesting systems only consider the benefit of increasing 
social awareness (Equation 4.8).   

 

w

em

E
WE Y
β

= ×                                                                              (4.9)   
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After quantifying the economic, environmental and social costs and 
benefits, the present value is calculated. Equation 4.10 determines the 
present value of costs (defined as ECPV), Equation 4.11 calculates the 
present value of benefits for the small size rainwater harvesting systems 
(defined as EBPV1) and Equation 4.12 calculates the present value of 
benefits for the medium and large-size systems (defined as EBPV2).  

The ratio of benefits to cost is the criterion for economic feasibility, 
which is determined by Equations 4.13 and 4.14. The ratio of benefits to 
costs for the small-size rainwater harvesting systems (defined as Er1b/c) is 
calculated by Equation 4.13, while the ratio of benefits to costs for the 
medium and large systems (defined as Er2b/c) is calculated by Equation 
4.14.  

 

( )1 1

m
A

PV t
t

EEC C
i=

= +
+

                                                                (4.10) 

( ) ( ) ( )1
1 1 11 1 1

m m m
awP B

PV t t t
t t t

EE EEB
i i i= = =

= + +
+ + +

                                  (4.11) 

( ) ( ) ( )2
1 1 11 1 1

m m m
awP B

PV emt t t
t t t

EE EEB E
i i i= = =

= + + +
+ + +

                        (4.12) 

1
/1 PV

b c
PV

EBEr
EC

=                                                                         (4.13) 

2
/2 PV

b c
PV

EBEr
EC

=                                                                        (4.14) 
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Table 4.4  
Summary of the parameters used for determination of cost and benefits of 

rainwater harvesting systems 

Parameter Definition   

CN Initial investment (Yuan) 

CO&M Present value of O&M cost (Yuan) 

Ot O&M cost occurring in year t (Yuan/year) 

EC Economic cost (Yuan) 

  

ai Average income from the vegetable (Yuan/kg) 

ap Unit agricultural production (kg/m2) 

as Irrigation area (m2) 

ar Decreasing rate of vegetable production due to polluted irrigation water 
(%) 

EA Social cost (Yuan/year) 

  

am Unit income from mushrooms (Yuan/m2. year) 

SP Area of storage tanks (m2) 

EP Economic benefit (Yuan/year) 

  

UW Unit value of water (Yuan/m3) 

WS Amount of saved groundwater (m3/year) 

EW Value of water saving (Yuan/year) 

UN Unit value of energy (Yuan/KWh) 

N Unit energy saving (KWh/m3) 

WR Amount of rainwater harvesting (m3/year) 

EN Value of energy saving (Yuan/year) 

EB Environmental benefit (Yuan/year) 

  

K Total expenditure on public awareness raising campaigns (Yuan/year) 

M Population affected by public campaigns (persons) 

Eu  Number of users affected by the rainwater harvesting systems (persons) 

Eaw Social benefit of increasing social awareness (Yuan/year) 

  

β Employment elasticity  

W Total employment of the region (persons) 

Y The GDP of the region 

Ew The number of workers at the rainwater harvesting plant (persons) 

Eem Social benefit of employment improvement (Yuan) 
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All the parameters used to determine the monetary values of economic, 
environmental and social effects are summarized in Table 4.4.                                       

4.3.2 Financial analysis   

 
In this case, using groundwater represents the ‘original system’ and using 
rainwater represents the ‘new system’. The purpose of comparing the 
financial implications of using groundwater with using rainwater is to 
find which one is financially more attractive system, and which factors 
determine the effectiveness of investment in rainwater harvesting sys-
tems. The municipal government is going to implement a charge for 
groundwater, which may change the financial implications of using 
groundwater. Hence three options for using different water resources for 
agricultural irrigation are specified:   

Option 1: using groundwater for agricultural irrigation without charge. 
As there is no rainwater harvesting system, the irrigation water is all 
pumped from the well.  

Option 2: using groundwater for agricultural irrigation while paying a 
water charge. As there is no rainwater harvesting system, the irrigation 
water is all pumped from the well. The groundwater is supposed to be 
charged by the government at 2 Yuan/m3.  

Option 3: using rainwater for agricultural irrigation. All irrigation wa-
ter comes from rainwater due to the rainwater harvesting systems. The 
government subsidizes the rainwater harvesting take, but the project 
manager should pay the remaining costs.   

The Net Present Value (NPV) of these three options is calculated by 
Equations 4.16, 4.17 and 4.18. Financial cost and benefits are two prin-
cipal factors determining the NPV. Financial cost includes initial invest-
ment (CI) and O&M cost (Ot), and financial benefits include subsidies 
and the income from four kinds of main crops: cucumber, tomato, let-
tuce and marrow. In financial analysis, market price is used to value the 
financial cost and benefits. 

 

1 (1 )

n
t t

n t
t

I SB
i=

+=
+                                                                            (4.16) 
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1 (1 )

n
t

n I t
t

OC C
i=

= +
+                                                                    (4.17) 

n n nV B C= −                                                                                (4.18) 

 
where n is the evaluation period (number of years); Bn is the present 
value of the financial benefits in the evaluation period of n; It is the in-
come from crops in year t; St is the subsidies occurring in year t; Cn is the 
present value of the financial cost in the evaluation period of n; Vn is the 
NPV in the evaluation period of n. 

In this study, the evaluation period n is a set of values ranging from 1 
to 10. Hence there are ten net present values, namely, V1, V2, V3 ...V10. 
This approach of calculating NPVs at different evaluation periods facili-
tates the discovery of capital recovery periods and comparison of the 
financial performances of different options.  

As mentioned, the criterion of financial feasibility in this chapter is 
whether using rainwater is financially more attractive than using ground-
water, which can be determined by comparing three options of using 
different water resources for agricultural irrigation. If using rainwater is 
financially more attractive than using groundwater, the rainwater harvest-
ing project is financially feasible. If using rainwater is not financially 
more attractive than using groundwater, the project is not financially fea-
sible.         

4.4 Results of Economic Analysis 

 
Table 4.5 shows the results of economic analysis of the three sizes of 
rainwater harvesting plants, in which the present values of all effects are 
calculated and listed. The ratio of benefits to costs is the criterion of 
economic feasibility. Table 4.5 indicates that the ratio of benefit to cost 
for a small plant is 1.6, the ratio for a medium plant is 2 and the ratio for 
a large plant is 2.5. The ratios of three sizes of rainwater harvesting sys-
tems are all greater than 1, which means the rainwater harvesting systems 
are economically feasible. The rainwater harvesting systems have positive 
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effects on the society. From the point of view of government, construct-
ing rainwater harvesting systems should be promoted. 

Table 4.5  
Economic analysis of rainwater harvesting systems (Yuan) 

 Small size 

systems 

Medium size 

systems 

Large size 

systems 

COST    

Economic cost  25,403 278,314 424,719 

Social cost  24,705 329,406 494,109 

TOTAL 50,108 607,720 918,828 

  

BENEFITS  

Economic benefits  26,840 241,563 697,848 

Environmental benefits  52,983 706,437 1,059,656 

Social benefits  66 285,773 571,465 

TOTAL 79,889 1,233,773 2,328,969 

  

RATIO (Benefits/Cost) 1.6 2 2.5 

 
 
As mentioned, the social benefits of small plants include only the benefit 
of raising social awareness while the medium and large plants contain the 
benefit of raising social awareness and increase in employment. Hence in 
Table 4.5, the value of the social benefits of small plants is much smaller 
than the social benefits of medium and large plants.      

Table 4.5 shows that the environmental benefits of small plants are 
52,983 Yuan, whereas the economic cost and social cost of small plants 
is 25,403 and 24,705 Yuan separately. The environmental benefits are 
almost twice that of the economic cost or the social cost. Similarly for 
medium and large plants, the remarkable values of environmental bene-
fits are much larger than the value of costs. This implies that rainwater 
harvesting systems make a positive contribution to the environment de-
spite consuming resources during construction and the potential for ag-
ricultural risk. 
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4.5 Results of Financial Analysis 

 
4.5.1 Comparison between the three options  

Table 4.6 
 List of financial cost and benefits of different system sizes 

 Option 1 Option 2 Option 3 

Small size systems    

Financial cost      

Initial investment (Yuan) 0 0 27,000 

O&M Cost (Yuan/year) 156 2,556 60 

Financial benefits     

Subsidies (Yuan) 0 0 9,000 

Income from crops 
(Yuan/year) 

5,000 5,000 5,000 

    

Medium size systems    

Financial cost      

Initial investment (Yuan) 0 0 300,000 

O&M Cost (Yuan/year) 2,080 34,080 800 

Financial benefits     

Subsidies (Yuan) 0 0 150,000 

Income from crops 
(Yuan/year) 

98,000 98,000 98,000 

    

Large size systems     

Financial cost      

Initial investment (Yuan) 0 0 450,000 

O&M Cost (Yuan/year) 3,120 51,120 1,200 

Financial benefits     

Subsidies (Yuan) 0 0 300,000 

Income from crops 
(Yuan/year) 

137,000 137,000 137,000 
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Table 4.6 lists the data used in financial analysis, in which options 1 and 
2 represent using groundwater and option 3 represents using rainwater. 
As the groundwater for agricultural irrigation is mainly taken from a well, 
dug long ago, privately or by village collectives, the initial cost to farmers 
of using groundwater is almost zero, which is reflected in Table 4.6. In 
contrast, using rainwater requires significant initial investment. However, 
the O&M cost of using rainwater is much less than using groundwater 
due to reduced pumping cost. The increase in well depth due to the de-
cline of groundwater level leads to higher cost for pumping groundwater. 
But, less cost is required to pump rainwater from a storage tank to irriga-
tion. Hence using groundwater and using rainwater have their own fi-
nancial advantages and disadvantages, leading to significant financial im-
plications.  

Figure 4.4  
Comparison between options 1, 2 and 3 of small-size systems 
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Figure 4.5 
Comparison between options 1, 2 and 3 of medium-size systems 

 

Figure 4.6  
Comparison between options 1, 2 and 3 of large-size systems 
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Figures 4.4, 4.5 and 4.6 separately show the comparison of the NPV 
lines of three options in three sizes of rainwater harvesting systems. 
Through comparing the NPV lines of options 1 and 3, we find that if 
groundwater is not charged, using rainwater is financially less attractive 
than using groundwater. It is shown in Figures 4.4, 4.5 and 4.6 that the 
NPV lines of option 3 of three sizes of systems are lower than the NPV 
lines of option 1  because using groundwater without charge (option 1) 
affords less cost than using rainwater (option 3). Given this situation, 
farmers would prefer to use groundwater for agricultural irrigation. Ac-
cordingly the constructed rainwater harvesting systems will not be used if 
groundwater is not charged. 

On the other hand, if groundwater is charged at 2 Yuan/m3, the situa-
tion will become complicated. The analysis of comparing the NPV lines 
of options 2 and 3 is as follows. In small-size systems (Figure 4.4), op-
tion 3 would take eight years to become financially better than option 2, 
and in medium-size systems (Figure 4.5), option 3 would take only five 
years to become better than option 2. However, in large size systems 
(Figure 4.6), option 3 would take only three years to become better than 
option 2. Furthermore, the capital recovery period of large-size systems 
is shorter than the capital recovery periods of small and medium-size 
systems. As illustrated in Figures 4.4, 4.5 and 4.6, the capital recovery 
periods of small, medium and large-size systems are respectively four 
years, two years and one year. Taking long periods to recover capital in-
vestment and to overtake the original system could weaken farmers’ in-
centive to invest in, or to operate the new system. Of the three sizes of 
systems, small and medium-size systems take too long to recover capital 
costs and financially overtake using groundwater, but large-size systems 
only take one year for capital cost recovery and three years to overtake. 
The graphic analysis demonstrates that when groundwater is charged, 
using rainwater in large-size systems is financially more attractive than 
using groundwater, but in small and medium-size systems it is not finan-
cially attractive. Given this situation, only large systems can work 
smoothly, while farmers may not use small and medium systems.     

The discussion above illustrates that the financial feasibility of rain-
water harvesting systems depend on charging for groundwater. If there is 
no charge for groundwater, none of the three sizes of rainwater harvest-
ing plants is financially feasible. If groundwater is charged at 2 Yuan/m3, 
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only large plants are financially feasible while small and medium plants 
are not financially feasible.  

4.5.2 Further discussion  

 
Previous sections demonstrate that using rainwater in small or medium-
size systems is less financially attractive than using groundwater no mat-
ter whether or not they are charged for groundwater. But financial per-
formance could be enhanced through decreasing financial costs or in-
creasing financial benefits. Decreasing financial costs can be achieved 
through reducing the size of rainwater harvesting tanks. In this case, the 
government constructed the tanks so the size of tanks cannot be 
changed. Thus decreasing financial cost is not discussed in this study. 
Increasing financial benefits, as another way to improve financial per-
formance, can be achieved through increasing subsidies or increasing 
income from crops.  

These two factors are added in the financial analysis of small and me-
dium-size systems for further discussion in this study. Thus two alterna-
tives, option 3(a) and option 3(b) are presented:    

Option 3(a): Increasing subsidies: Not only the harvesting tank but 
also half the remaining cost of initial investment is subsidized.  

Option 3(b): Increasing income from crops: There is an increase in 
income from crops. We assume that the harvesting tank is used for 
mushroom planting when not used for water storage.  

The results in Figures 4.7 and 4.8 illustrate that in small and medium-
size systems, the NPV values of option 3(a) and 3(b) are both higher 
than that of option 3. It proves increasing subsidies or increasing income 
from crops can improve financial performance.  
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Figure 4.7 
 Comparison between different options of small-size systems 

 

Figure 4.8  
Comparison between different options of medium-size systems 
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For both small and medium-size systems (Figures 4.7 and 4.8), the NPVs 
of option 3(a) and 3(b) would take only three years to become higher 
that the NPV of option 2, and the capital recovery periods become 
shorter. That means increasing financial benefits can lead to using rain-
water in small and medium-size systems being financially more attractive 
than using groundwater when groundwater is charged. Figures 4.7 and 
4.8 illustrate that when groundwater is not charged; small and medium-
size systems are still financially less attractive than using groundwater. As 
such, the NPV of option 3(a) does not overtake the NPV of option 1, 
and option 3(b) takes a long time to overtake option 1.     

Comparing option 3(a) and option 3(b), we find that option 3(b) is fi-
nancially better than option 3(a). Referring to Figures 4.7 and 4.8, al-
though option 3(b) requires more initial investment than option 3(a) 
does, the capital recovery periods of both options are the same and the 
NPV of option 3(b) becomes higher than option 3(a) after two years. 
This implies increasing income is a more effective factor than increasing 
subsidies to improve financial performance of small and medium-size 
systems.  

4.6 Conclusions  

 
This chapter presents an economic and financial analysis of rainwater 
harvesting systems in Beijing. An extended economic analysis evaluates 
the major economic, environmental and social effects of rainwater har-
vesting systems, while a financial analysis focuses on comparing the fi-
nancial implications of using groundwater with using rainwater for agri-
cultural irrigation.     

The results of the economic analysis show that the small, medium and 
large sizes of rainwater harvesting systems are all economically feasible. 
This means that rainwater harvesting systems have positive effects on 
society. From the point of view of the government, rainwater harvesting 
systems are worth being promoted. 

However, the results of the financial analysis indicate that the finan-
cial feasibility of rainwater harvesting systems depends on the charge for 
groundwater. If groundwater is not charged, three sizes of rainwater har-
vesting systems are not financially feasible because using rainwater is fi-
nancially less attractive than using groundwater. Given this situation, 
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farmers would continue to use groundwater for agricultural irrigation. If 
groundwater is charged at two Yuan/m3, only large-size systems are fi-
nancially feasible while small and medium-size systems are not financially 
feasible. Under these circumstances, only large systems can run smoothly, 
while farmers may not use the small and medium-size systems. Further 
financial analysis demonstrates that financial performance of small and 
medium-size systems can be improved through increasing subsidies or 
increasing income from crops.  

This chapter finds that the financial feasibility of rainwater harvesting 
systems relates to groundwater charge. A charge imposed on groundwa-
ter raises the cost of groundwater. Comparatively rainwater harvesting 
becomes a more attractive option thereby improving the financial feasi-
bility of rainwater harvesting. But imposing a charge on groundwater 
may discourage farming. How to improve the financial feasibility of 
rainwater harvesting through charging for groundwater is studied in the 
next chapter. 

Notes 
 

3  Chapter 4 is submitted to the journal, Resources, Conservation and Recycling, 2010, 
under review. 
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5 
Groundwater Charge and Rainwater 
Consumption for Agricultural Water 
Management4 

 

5.1 Introduction  

 
In Chapter 4, the results show that the financial feasibility of rainwater 
harvesting depends on charging for groundwater. If groundwater is not 
charged, no rainwater harvesting plants, regardless of size are financially 
feasible. If groundwater is charged at 2 Yuan per m3, only large rainwater 
harvesting plants are financially feasible while small and medium size 
plants are not. If the charge for groundwater increases, rainwater har-
vesting could become financially more attractive, but it also could dis-
courage farming. In Chapter 5, the relationship between groundwater 
charges and rainwater use is studied.  

Groundwater contributes 75.6 per cent of the irrigation water for ag-
riculture in Beijing (Wang and Wang 2005). Recently the groundwater 
stock in Beijing decreased drastically, which forced the government to 
stimulate rainwater harvesting to supplement water for irrigation.  

The cost of using groundwater in Beijing is currently relatively low. 
Data in Table 4.7 (Chapter 4) illustrates that although the O&M cost of 
using rainwater is lower than the O&M cost of using groundwater, the 
initial investment cost of using rainwater is much higher than the initial 
investment cost for using groundwater. The government subsidizes only 
parts of the initial investment for rainwater harvesting, with the remain-
ing amount paid for by farmers. The financial analysis in Chapter 4 
shows that it takes three-to-five years to recover this initial investment in 
rainwater harvesting. But there is no initial investment for using ground-
water. As the groundwater for agricultural irrigation is mainly taken from 
wells dug a long time ago, privately or by village collectives, the initial 
investment of digging wells is almost zero. Pumping and maintenance 
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expenditures are the only other costs of using groundwater. At present, 
there is no charge for the use of groundwater in Beijing. Therefore, 
compared with rainwater harvesting, the cost of obtaining groundwater 
is relatively low. 

Due to the relatively low cost for using groundwater, farmers have 
few incentives to use rainwater. Chapter 1 states that only 30 per cent of 
the constructed rainwater harvesting systems is used. From the point of 
view of technology and environmental effects, rainwater is a suitable re-
placement for groundwater in agriculture (Boers and Ben-Asher 1982; Li 
et al. 2000; Partzsch 2009). However, from a financial point of view, us-
ing rainwater is actually more expensive than using groundwater.  

According to the economic theory of substitution, an increase in the 
price of one good will lead to an increase in demand for its substitute. It 
means that an increase in the cost of groundwater can raise the con-
sumption of rainwater. If the cost of using groundwater were higher than 
using rainwater, farmers would prefer to reduce the consumption of 
groundwater while increasing the consumption of rainwater. Enforcing a 
levy on groundwater could be one method to increase the cost and re-
strict the consumption of groundwater (Webber et al. 2008). The Beijing 
Water Authority is the organization that should raise the cost for using 
groundwater by collecting a fee for groundwater use.  

Higher cost for groundwater can effectively reduce groundwater con-
sumption and motivate farmers to use rainwater. Meanwhile higher cost 
for groundwater can affect farmers’ income negatively because it raises 
the cost of irrigation. An estimation based on data in Shanxi province of 
China finds that a tenfold increase in the price of water could reduce so-
cial welfare by 39 per cent (Fang and Nuppenau 2004). As farmers are 
the poorest people in Beijing, it seems unreasonable to increase the cost 
of irrigation (Ahmad 2000; Webber et al. 2008; Yang et al. 2003). From a 
policy perspective, the question is whether a groundwater charge can 
lead to an increase in rainwater consumption while maintaining farmers’ 
income.  

The objective of this chapter is to study how to increase the con-
sumption of rainwater by charging for groundwater while not discourag-
ing farming. This chapter consists of two parts:  theoretical analysis and 
linear programming. In the theoretical analysis, the relation between the 
cost for groundwater and the consumption of rainwater is studied 
graphically by analysing the elasticity of groundwater. Many studies con-
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cerned with the price elasticity of irrigation water have found that when 
the price of water is lower than a threshold, irrigation water is price ine-
lastic (Berbel and Gomez-Limon 2000; Salman and Al-Karablieh 2004; 
Scheierling et al. 2004; Yang et al. 2003). The cost for groundwater 
should be higher than the elasticity threshold so that the consumption of 
groundwater is sensitive to its cost. Hence increasing the cost of 
groundwater can raise the consumption of rainwater. If the elasticity 
threshold decreases, the cost of groundwater enabling the increase in 
rainwater consumption becomes lower. A low cost of groundwater 
would not discourage farming. Through linear programming, we try to 
find out how to decrease the elasticity threshold of groundwater, and 
then to determine a realistic charge for groundwater, which affects not 
only the consumption of rainwater positively but also the income of the 
farmers as little as possible.  

5.2 A Theoretical Analysis using Graphs  

 
It has been indicated in many studies that there are three thresholds for 
prices leading to different elasticity in groundwater demand change 
(Scheierling et al. 2004; Varela-Ortega et al. 1998; Yang et al. 2003). The 
groundwater can become inelastic at a too low price or at a too high 
price level. Only in the middle price range, the groundwater price is elas-
tic. Figure 5.1 illustrates the relationship between the cost of groundwa-
ter and its consumption. It shows that when the cost is below a thresh-
old value P1, the consumption of groundwater is completely inelastic. 
Farmers respond very little or not at all to an increase in groundwater 
cost, but maintain the existing groundwater demand. The cost of 
groundwater is too low to induce farmers to achieve water saving or to 
use other sources of water such as rainwater for agricultural irrigation. 
When the cost is higher than P1, water consumption changes with differ-
ent water costs (Figure 5.1). Because of high elasticity, a small increase in 
the water cost can bring a large decrease in groundwater consumption. 
At this stage, farmers would use other water sources to supplement irri-
gation water. The elasticity decline when water cost is higher than P2 
(Figure 5.1). Given this situation, the consumption of groundwater is lim-
ited and farmers may decrease total water consumption through a series 
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of water saving activities. They may change from water intensive crops 
to non-irrigated crops or crops requiring very little water.  

Figure 5.1  
The change in elasticity of groundwater in terms of different cost 

 
 
It is assumed that there are only two water resources for agricultural irri-
gation: groundwater and rainwater, and the water demand for irrigation 
is fixed. Rainwater is a substitute for groundwater, which means the 
changes in consumption of groundwater and rainwater are opposite. 
When groundwater consumption increases, rainwater consumption will 
decrease, and vice versa. Figure 5.1 describes the relationship between 
groundwater cost and consumption. When groundwater cost increases, 
the consumption of groundwater will decrease and meanwhile the con-
sumption of rainwater will increase. Accordingly, based on Figure 5.1, 
the relationship between the cost of groundwater and the consumption 
of rainwater can be estimated and shown in Figure 5.2.   
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Figure 5.2 
 Relationship between groundwater cost and rainwater demand 

 
 

Figure 5.2 illustrates that when the cost of groundwater is lower than P1, 
the consumption of rainwater tends to be zero. Farmers do not respond 
to the increased cost of groundwater and continue to use groundwater 
for agricultural irrigation. When the cost of groundwater is higher than 
the elasticity threshold P1, the consumption of rainwater can rise with an 
increase in the cost of groundwater. Farmers respond to increased 
groundwater cost by reducing their consumption of groundwater. To 
keep the same amount of water for irrigation, farmers would raise rain-
water consumption to supplement water supply. The existing crop dis-
tribution and water consumption remain the same. When the cost of 
groundwater increases to, or over Pv, rainwater consumption reaches its 
potential maximum harvesting amount V. At this stage, rainwater har-
vesting systems can be fully utilized, while little groundwater is extracted 
for agricultural irrigation due to its high cost. Notice that the threshold 
value P1 is the crucial point to improve the consumption of rainwater. As 
long as the cost of groundwater is higher than the threshold value P1, the 
consumption of rainwater becomes sensitive to changes in groundwater 
cost. This implies the precondition for increasing the consumption of 
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rainwater is that the cost of groundwater is higher than the threshold 
value P1. 

Figure 5.3 
Movement of rainwater demand lines 

  
 
 

If the characteristics of using groundwater or rainwater are changed, the 
line in Figure 5.2 could move. Figure 5.3 illustrates the situation of the 
line of rainwater demands moving down. If the curve line of rainwater 
demands moves from line 1 (L1) to line 2 (L2), the threshold value de-
creases from P1 to R1. In the case of line 2 (L2), when the groundwater 
cost is above R1, the consumption of rainwater becomes sensitive to the 
change in the cost of groundwater. To reach the same rainwater con-
sumption, the cost of groundwater in the case of line 2 (L2) can be lower 
than the cost of groundwater in the case of line 1 (L1). For example, to 
reach the potential maximum rainwater harvesting amount V, the cost of 
groundwater in line 1 (L1) should be Pv while the cost of groundwater in 
line 2 (L2) is Rv, which is smaller than Pv. As is mentioned previously, the 
condition of improving the consumption of rainwater is the cost of 
groundwater being higher than the elasticity threshold value. If the elas-
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ticity threshold value decreases, the cost of groundwater does not need 
to be so high to increase the consumption of rainwater. Low cost 
groundwater means the groundwater could be charged at a lower price 
and farmers’ income is not affected negatively. So the decline in the elas-
ticity threshold value helps to improve the consumption of rainwater 
while charging for groundwater at a low level.         

According to the theory of substitution, the curve moving down 
means the cross elasticity increases. The responsiveness of the consump-
tion of rainwater to the change of the cost of groundwater becomes 
higher. This can be taken in two ways: the change in characteristics of 
using groundwater, and the change in characteristics of rainwater har-
vesting. In this study, the characteristics of using groundwater do not 
change much since the capacity of wells and pumping cost tend to be 
similar. Hence the movement of curves represents the change in charac-
teristics of rainwater harvesting systems, such as the size of the rainwater 
harvesting system, or subsidies for initial investments.      

The graphic analysis demonstrates the relationship between the cost 
of groundwater and the consumption of rainwater. Rainwater consump-
tion tends to be zero when the cost of groundwater is lower than the 
elasticity threshold. Once the cost of groundwater is greater than the 
elasticity threshold, farmers would increase the use of rainwater and de-
crease the consumption of groundwater. The threshold value is an im-
portant point to improve the consumption of rainwater. If the threshold 
value is low, smaller groundwater cost is required to enable the increase 
in rainwater use. We also find that the threshold cost could decrease 
through a movement of the curve line. The movement of the curve line 
for rainwater can be achieved by changing the characteristics of the 
rainwater harvesting system.  

5.3 Linear Programming  

 
We use linear programming to discover which characteristics of rain-
water harvesting systems could lead to a change in the elasticity thresh-
old of groundwater.  
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5.3.1 Data  

 
The data source for the analysis of this chapter is similar to the data 
source of Chapter 4, and is based on interviews with managers of rain-
water harvesting projects in the rural areas of Beijing. Additionally, some 
relevant data are taken from the literature (Tian et al. 2007; Wang et al. 
2007; Yang and Abbaspour 2007).   

5.3.2 Linear programming model 

 
From the point of view of farmers, the objective of linear programming 
is to obtain the maximum net profit. We assume that increasing water 
consumption in agricultural irrigation could raise the production of crops. 
In this case, there are two alternative irrigation water sources: groundwa-
ter and rainwater. The objective function (Equation 5.1) illustrates that 
the net profit of production is determined by the consumptions of 
groundwater (q1) and rainwater (q2).  

 
Objective function: 
 

Maximum 1 2 1 1 2 2( )z b q q c q c q= + − −                                (5.1) 

 
where, z is the net benefit of the project; b is the unit profit of crops 
(Yuan/m3). The unique profit of crop income (b) in Beijing could be set 
at 6 Yuan/m3, using data by Wang et al. (2007). The main crops culti-
vated in the rainwater reuse systems studied are cucumber, tomato, let-
tuce and marrow; q1 is the consumption of groundwater (m3); q2 is the 
consumption of rainwater (m3); c1 is the unit cost of groundwater 
(Yuan/m3); c2 is the unit cost of rainwater (Yuan/m3). 

 
Constraints functions:  
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1o q Q≤ ≤                                                                                 (5.2) 

1 2q q Q+ ≤                                                                              (5.3) 

2o q V≤ ≤                                                                                 (5.4) 

 
Equations 5.2, 5.3 and 5.4 illustrate the constraints on the consumption 
of groundwater (q1) and rainwater (q2). Despite the fact that there is no 
limit on the amount of groundwater pumped up from a well, its con-
sumption (q1) cannot be more than the quantity required for irrigation (Q) 
(Equation 5.2). Similarly, the total consumption from the two water 
sources also cannot be greater than the quantity required for irrigation (Q) 
(Equation 5.3). Moreover, the collected rainwater amount (q2) is re-
stricted by the potential maximum collected rainwater amount (V) 
(Equation 5.4).     

The quantity required for irrigation (Q) relies on the water quantity 
required for unit irrigating area (L) and the area under irrigation (S), 
shown in Equation 5.5. According to Wang et al. (2007), L is 0.3 m3/m2, 
S is 1.17 million m3. So the volume of the potential required irrigating 
water (Q) in the studied rainwater harvesting systems can be calculated to 
be 350,000 m3.  

 

6 6 30 .3 1 .1 7 1 0 0 .3 5 1 0Q L S m= × = × × = ×       
(5.5) 

 
The potential maximum collected rainwater amount (V) depends on the 
volume of rain falling (kp), the area where rainwater is collected (A), and 
the coefficient of effective rainwater harvesting (K), shown in Equation 
5.6. According to two studies, kp equals 452 mm, A is 9.3 million m2, K is 
0.8 (Tian et al. 2007; Wang et al. 2007). Hence the maximum collected 
rainwater volume (V) is calculated to be 340,000 m3 (Equation 5.6). 
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6 6 3/1000 452 9.3 10 0.8 1000 0.34 10pV k A K m= × × = × × × ÷ = ×     

(5.6) 

5.3.3 Graphical solution of linear programming 

 
In terms of the constraints functions, we can determine the region of 
feasible solutions. As 1 2q q Q+ ≤ , the possible values of q1 and q2 lie be-
low the line of Q1Q2. But q2 is smaller than V. The determination of 
Equations 5.5 and 5.6 illustrates that the V value is smaller than the Q 
value. So the feasible values of q1 and q2 are limited to the dark area of 
Figure 5.4. The optimal solution will be a point on the frontier of the 
region of all feasible solutions.  

Figure 5.4  
Region of feasible solutions 

 
 
The objective function can be presented graphically using isoprofit lines. 
In this case, the isoprofit line is denoted by line AB, shown in Figures 
5.5, 5.6 and 5.7. The optimal solution can be found by the point of tan-
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gency of the frontier of the region of feasible solutions to the highest 
possible isoprofit curve (Koutsoyiannis 1979). So the optimal solution 
depends on the slope of the isoprofit lines.  

In this study, the objective function is 1 2 1 1 2 2( )z b q q c q c q= + − − , 

which can be changed to be 2
1 2

1 1

b czq q
b c b c

−= − ×
− −

. Thus the slope of 

the isoprofit line is 2

1

b c
b c

−
−

. The possible frontier of the region of feasible 

solutions includes two points: Q1 and G and one line: Q1G. As the line of 
Q1G is the boundary line of the constraint: 1 2q q Q+ ≤ , its slope equals 1. 
Following the change of the slope of the isoprofit lines, three kinds of 
optimal solutions could appear.  

Figure 5.5  
Optimal solution 1 (the isoprofit slope < 1) 

 
 

First, if the slope of the isoprofit lines is smaller than 1, the point of tan-
gency is the point of Q1, shown in Figure 5.5. At the point of Q1, q1= Q 
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and q2=0, which means that the consumption of rainwater is zero while 
the consumption of groundwater reaches its maximum. In this situation, 

2

1

1
b c
b c

− <
−

, namely 2 1c c> . So when the unit cost of groundwater is 

smaller than the unit cost of rainwater, the consumption of rainwater is 
zero. 

Second, if the slope of the isoprofit lines equals 1, all the points in the 
line of Q1G could be the optimal solutions, shown in Figure 5.6. Given 
this situation, the consumption of rainwater could range from 0 to V. 

The slope of the isoprofit lines equals 1, which means 2

1

1
b c
b c

− =
−

, 

namely 1 2c c= . So when the cost of groundwater and the cost of rain-
water are the same, farmers may start to use rainwater.    

Figure 5.6  
Optimal solution 2 (the isoprofit slope = 1) 
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Figure 5.7  
Optimal solution 3 (the isoprofit slope > 1) 

 
 

Third, if the slope of the isoprofit lines is greater than 1, the point of 
tangency is the point of G, shown in Figure 5.7. At the point of G, the 
consumption of rainwater is V and the consumption of groundwater is 

(Q-V). In this situation, 2

1

1
b c
b c

− >
−

, namely 2 1c c< . So when the unit 

cost of groundwater is greater than that of rainwater, farmers would de-
crease the consumption of groundwater and increase the consumption 
of rainwater.  

Thus different values of the cost of groundwater and rainwater will 
lead to different optimal solutions for the consumption of both water 
sources. Since zero consumption of rainwater is not suitable to the ob-
jective of increasing rainwater consumption, the first optimal solution is 
not considered in this study. The second optimal solution shows that 
when the cost of groundwater equals the cost of rainwater, the consump-
tion of rainwater could increase. When the cost of groundwater is greater 
than the cost of rainwater, rainwater consumption reaches the maximum 
potential value, shown in the third optimal solution. Hence the cost of 
rainwater could be regarded as the elasticity threshold of groundwater. 
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Equation 5.7 shows that the cost of rainwater includes the initial in-
vestments (cI), and operation and maintenance cost (co), which are af-
fected by two major factors: the size of rainwater harvesting systems and 
subsidies. In terms of the economies of scale, the large systems have a 
small unit initial capital input, while the small systems have a large unit 
capital input. The unit capital input means the total capital input divided 
by the capacity of the rainwater harvesting plant. In the same way, the 
unit operation and maintenance cost of the large systems is lower than 
that of the small systems. Additionally subsidies could effectively de-
crease the initial expenditure paid by farmers to reduce the cost of using 
rainwater harvesting systems. The calculation of the unit initial cost of 
rainwater harvesting is shown in Equation 5.8   

 

2 I oc c c= +                                                                              (5.7) 

 

1 21
( )I I

r rc u
L L
−= +                                                                     (5.8) 

 
where, uI is unit capital investment; r1 is residential ratio of rainwater har-
vesting system; r2 is replacement ratio of rainwater harvesting system; L 
is lifetime of system. According to the literature, r1 is 4%, r2 is 0.25 per 
cent and L is 20 years (Yang and Abbaspour 2007). 

As mentioned the cost of rainwater could be regarded as the elasticity 
threshold of groundwater. So the decrease in the cost of rainwater means 
a decline in the elasticity threshold of groundwater. The cost of rainwater 
is mainly affected by the size of rainwater systems and subsidies. Hence 
the elasticity threshold of groundwater could be affected by the size of 
rainwater harvesting systems and subsidies indirectly. It confirms the ar-
gument of the precious section that the elasticity threshold of groundwa-
ter could be affected by the characteristics of rainwater harvesting. 

Equation 5.9 shows that the cost of using groundwater consists of 
two parts: pumping cost (ce) and a water charge (pu). The pumping cost (ce) 
depends on the depth of a well, which is generally 80 metres. According 
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to the interviews with project managers, the average unit energy cost of 
pumping groundwater (ce) is calculated to be 0.13 Yuan/m3. As the 
pumping cost is a fixed value, the change in the cost of using groundwa-
ter depends on the groundwater charge.  

 

1 e uc c p= +                                                                           (5.9) 

5.3.4 Optimal threshold and groundwater charge 

        
Two major characteristics: the size of rainwater harvesting systems and 
the subsidies relate to the cost of rainwater harvesting. According to in-
terviews, there are three sizes of rainwater harvesting systems: 50 m3, 450 
m3 and 1,300 m3 and two kinds of subsidies: 25 per cent and 75 per cent. 
For comparative analysis, data is put into the equations. The comparative 
analysis is carried out in terms of different sizes of rainwater harvesting 
systems and different kinds of subsidies.  

Table 5.1  
The data of different system sizes without subsidies (Yuan/m3) 

Size co uI c1 

50 m3 2.41 140 6.7 

450 m3 0.51 92 4.4 

1300 m3 0.41 77 3.7 

 
 
Tables 5.1 and 5.2 indicate the data of initial investments and operation 
and maintenance cost of three system sizes, obtained from interviews 
with project managers. Normally subsidies only are provided to initial 
investments and no subsidies to operation and maintenance cost. Table 
5.2 shows that the operation and maintenance cost (co) of each size sys-
tem is the same and the capital investment (u1) decreases, given the situa-
tion of providing subsidies.   



Groundwater Charge and Rainwater Consumption for Agricultural Water Manage-
ment                                                                                                     127 

The previous analysis indicates that the cost for rainwater could be 
regarded as the value of the elasticity threshold of groundwater. After 
putting the data from Tables 5.1 and 5.2 into Equation 5.7, the cost of 
the threshold point can be obtained (Table 5.3).  

Table 5.2  
The data of different system sizes with subsidies (Yuan/m3) 

Sizes and Subsidies co uI c1 

50 m3    

25 % of investments 2.41 105 5 

75 % of investments 2.41 35 1.7 

450 m3    

25 % of investments 0.51 69 3.3 

75 % of investments 0.51 23 1.1 

1300 m3    

25 % of investments 0.41 58 2.8 

75 % of investments 0.41 19 0.9 

 
The results of the threshold values of groundwater according to different 
sizes and subsidies of rainwater harvesting systems are listed in Table 5.3. 
We find that the threshold values of groundwater are decreasing with the 
increase in the size of rainwater harvesting. For example, given the situa-
tion of no subsidies, the threshold value is 9.11 Yuan/m3 if the size of 
rainwater systems is 50m3; while the threshold decreases to 4.91 
Yuan/m3 if the size is enlarged to 450m3; then the threshold reduces to 
4.11 Yuan/m3 if the size is 1,300 m3. Moreover, an increase in the subsi-
dies on initial investments of rainwater harvesting could decrease the 
value of threshold of groundwater. For example, provided the size is 450 
m3, the threshold value could decrease from 3.81 to 1.61 Yuan/m3 when 
the subsidies increase from 25 to 75 per cent (Table 5.3). Therefore we 
can draw the conclusion that the threshold of groundwater can decrease 
if the size of rainwater harvesting systems is greater or the subsidies on 
initial investments increase.   
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Table 5.3  
Threshold of groundwater in terms of different system sizes and subsidies  

Sizes and Subsidies Threshold of groundwater ( Yuan/m3) 

50 m3  

0 subsidies 9.11 

25 % of investments 7.41 

75 % of investments 4.11 

450 m3  

0 subsidies 4.91 

25 % of investments 3.81 

75 % of investments 1.61 

1300 m3  

0 subsidies 4.11 

25 % of investments 3.21 

75 % of investments 1.31 

      
Linear programming shows that if the cost of groundwater is greater 
than the cost of rainwater, namely c1 > c2, this would lead to the maxi-
mum consumption of rainwater. If the data in Tables 5.1 and 5.2 are put 
into Equations 5.7 and 5.9 and the function of c1 > c2, the realistic 
groundwater charges in terms of various sizes of rainwater harvesting 
systems and different kinds of subsidies could be obtained (Table 5.4).  

Table 5.4 shows that the realistic groundwater charge decreases when 
the size of rainwater harvesting systems becomes greater. For example, 
given the situation of no subsidies, the realistic groundwater charge 
should be greater than 8.98 Yuan/m3 if the size of rainwater system is 50 
m3 while the realistic groundwater charge should be greater than 3.98 
Yuan/m3 if the size of rainwater system is 1300 m3. Table 5.4 also shows 
that if the subsidies for rainwater harvesting systems increase, the 
groundwater charge could be less. For a rainwater system of 450m3, 25 
per cent of initial investment is subsidized, the realistic groundwater 
charge should be greater than 3.68 Yuan/m3 in order to increase con-
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sumption of rainwater. But if the subsidies increase to 75 per cent, at 
450m3, the groundwater charge is greater than 1.48 Yuan/m3 (Table 5.4). 
This implies that when the rainwater harvesting system is greater and the 
subsidies are higher, the realistic groundwater use could be smaller. For 
example, a large rainwater system — 1,300 m3 and 75 per cent of initial 
investments subsidized — the realistic groundwater charge should be 
greater than 1.18 Yuan/m3 (Table 5.4). 

Table 5.4  
Realistic groundwater charge for different system sizes and subsidies 

Subsidies Realistic groundwater charge 

50 m3  

0 subsidies > 8.98 Yuan/m3 

25 % of investments > 7.28 Yuan/m3 

75 % of investments > 3.98 Yuan/m3 

450 m3  

0 subsidies > 4.78 Yuan/m3 

25 % of investments > 3.68 Yuan/m3 

75 % of investments > 1.48 Yuan/m3 

1300 m3  

0 subsidies > 3.98 Yuan/m3 

25 % of investments > 3.08 Yuan/m3 

75 % of investments > 1.18 Yuan/m3 

  

5.4 Conclusions  

 
This chapter uses theoretical analysis and linear programming to study 
how to increase the consumption of rainwater by charging for ground-
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water while not discouraging farming. The theoretical analysis provides 
the elasticity threshold for a groundwater charge. If the groundwater cost 
were lower than the threshold, farmers would have few incentives to 
change their source from groundwater to rainwater. If the groundwater 
cost were higher than the threshold, the consumption of rainwater would 
increase. The theoretical analysis also shows that the elasticity threshold 
of groundwater could move down following the change in the character-
istics of rainwater harvesting systems. The linear programming illustrates 
that increasing subsidies and enlarging the size of rainwater harvesting 
systems can decrease the elasticity threshold of groundwater. Decreasing 
elasticity threshold of groundwater implies that the cost of groundwater 
enabling the increase of rainwater consumption becomes lower. Hence a 
realistic groundwater charge has been determined by taking into account 
different sizes of rainwater harvesting systems and the subsidies on the 
initial investments for the rainwater systems.       

The price mechanism alone is not enough to increase rainwater con-
sumption. Increasing water price may raise farmers’ incentives to use 
rainwater, but it also could lead to a significant decrease in farmers’ in-
come. It is important to reach a balance of effectively increasing rain-
water demand while keeping an eye on farmer’s benefits. The results of 
this chapter indicate that increasing subsidies for initial investments and 
enlarging the size of rainwater harvesting systems can both help to 
achieve this delicate balance.    

Notes 
 

4 Chapter 5 is submitted to the journal, Water, 2010, under review. 
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6 Decisive Factors Affecting the Opera-
tion of Rainwater harvesting Plants5 

 
 

6.1 Introduction 

 
Chapters 4 and 5 found that enlarging size and increasing subsidies could 
help to improve the performance of rainwater harvesting. However, ac-
cording to interviews with plant managers, operation of many rainwater 
harvesting plants was unsuccessful despite the scale and subsidies. Hence 
the size of systems and subsidies may not be critical factors affecting the 
operation of the rainwater harvesting systems. In Chapter 6, the decisive 
factors affecting the operation of the rainwater harvesting plant will be 
analysed.         

Only 20 per cent of the constructed rainwater harvesting systems in 
Beijing operate continually and most of the remaining systems operate 
intermittently, while some systems are in ruins (source: interviews with 
the officials of the Beijing Agro-Technical Extension Center). This is an 
80 per cent failure rate for rainwater harvesting plants in rural areas of 
Beijing. Rainwater harvesting plants in the rural areas of Beijing obtain 
most of their technical support from the Beijing Agro-Technical Exten-
sion Center, a professional organization focusing on providing agricul-
tural technologies to farmers. However the technological problems may 
not be the major reasons for the operational failure of some rainwater 
harvesting plants in Beijing.  

Researchers have conducted numerous studies on developing rain-
water harvesting for agricultural irrigation, especially in Sub-Saharan Af-
rica, the Middle East and Asia (Hatibu et al. 2006; Li et al. 2000; Mushtaq 
et al. 2007; Pandey 1991; Tian et al. 2002). In the existing research, the 
technical improvement of rainwater harvesting is highlighted because the 
water yield from early rainwater harvesting techniques is insufficient for 



132 Chapter 6 

 

modern agricultural purposes (Hatibu et al. 2006; Oweis and Hachum 
2006). Technical improvement does effectively facilitate the operation of 
a new system, but does not determine its successful operation. Whether 
the operation of a system is a success or failure depends on various fac-
tors, technological and non-technological. For instance, inefficient man-
agement, low cost recovery or negative social impact all could lead to the 
failure of the operation of a system. The non-technological factors af-
fecting the operation of rainwater harvesting in the literature are rarely 
discussed (He et al. 2007).  

This chapter aims to find the decisive factors, which determine the 
operational success or failure of a rainwater harvesting plant in Beijing. 
Based on literature and interviews with plant managers, ten possible fac-
tors explaining failure were chosen. It is assumed that the operational 
status of a rainwater harvesting system in Beijing will be affected by 
these ten factors including technological and non-technological. The 
methodology of rough set analysis is used to identify the decisive factors 
determining the operational success or failure of rainwater harvesting 
systems in Beijing. Rough set analysis is a technique of artificial intelli-
gence (Pawlak 1982; Slowinski 1991). 

Ten representative plants with different features and operational 
status are chosen for the research. The details are presented in Section 
6.2. Ten factors are introduced and explained in Section 6.3. The rough 
set method and how to derive the decisive factors are presented in Sec-
tion 6.4. Finally, discussion of the results and the conclusions are in Sec-
tion 6.5 and 6.6 respectively.      

6.2 A Concise Overview of the Cases 

 
As mentioned in Chapter 4, we did extensive fieldwork on rainwater 
harvesting in the rural areas of Beijing. The fieldwork was undertaken in 
close collaboration with the Chinese Academy of Sciences and the Bei-
jing Agro-Technical Extension Center. Although there are around 600 
rainwater harvesting plants in the rural areas of Beijing, parts of these 
plants are supervised and subsidized by the Beijing Agro-Technical Ex-
tension Center and others are supervised by other organizations such as 
the Beijing Water Saving Office. The number of rainwater harvesting 
plants supervised by the Beijing Agro-Technical Extension Center is 
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around 300. Because of the cooperation, fieldwork focuses on rainwater 
harvesting plants supervised by the Beijing Agro-Technical Extension 
Center.  

Due to time limitations and Beijing being a large city, only 30 rain-
water harvesting plants were considered. Officials of the Beijing Agro-
Technical Extension Center suggested these 30 plants. They include 
plants with good and poor operations. The recommendations from the 
Beijing Agro-Technical Extension Center depended on whether it had 
data on the plants.       

Although interviews were conducted in 30 plants, only ten plants 
were chosen for the analysis. The criteria of selection are construction 
completed for at least two years and sufficient data on the plant is avail-
able. A concise overview of these cases is as follows. 

 
P1: A farming household plant  
This plant is located in the Changping district of Beijing city, owned 

by a private farming household. The capacity of the plant is 60 m3. It was 
constructed in 2007, but it has been used for only one year. The farmers 
of this plant consider the rainwater quality unsuitable for irrigation, and 
think using groundwater is more convenient. 

 
P2: Jin Liu Huan plant 
This plant is located in the Changping district, managed by a state-

owned company. The capacity of the plant is 1,000 m3. This plant was 
built in 2006. Unlike other plants constructed underground, the plant is 
in a room. Although it has no technological problems, the plant is used 
occasionally. The purpose of this plant is for demonstration, not for 
practical use. Currently, it is still convenient to access groundwater.         

 
P3: Xiao Tang Shan plant 
This is a privately-owned plant, located in the Changping district. It 

has a larger capacity, 2,000 m3. It was built in 2005, earlier than the other 
plants. The storage tank is at the surface without any cover, which causes 
phytoplankton growth in the tank. The phytoplankton becomes stuck in 
the pipes and the pump leading to plant interruptions.  
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P4: Chang Shang Cun plant 
The plant is located in the Shunyi district and belongs to a household. 

The capacity of the plant is 500 m3. It was constructed in 2007, and has 
been only used half of the year. The manager considers that the water 
quality is not good enough for irrigation. There is a serious technological 
problem in this plant, but the plant manager does not want to solve it 
since it requires additional expenditures to improve the system.  

 
P5: The Agro-Technical Extension Center of Shunyi district plant 
This plant was constructed by the Agro-Technical Extension Center 

of Shunyi district. There are subsidies for the operation and maintenance 
cost. It was built in 2006. The capacity of the plant is 250 m3. It is a 
state-owned plant. The manager thinks that the rainwater quality is low, 
and the technology needs to be improved. The attitude of the plant man-
ager implies that the plant could not operate in a sustainable way.   

   
P6: Tao Li Cun plant 
The plant is located in the Miyun district, a mountainous area. It is 

very difficult to obtain groundwater in this district. Farmers changed to a 
new well after the existing well no longer produced water. In the summer, 
because limited groundwater could be obtained from the personal well, 
farmers get groundwater from a collective big well based on quota. This 
rainwater harvesting plant is the only one operating successfully. It was 
built in 2006, subsidized largely by the government. The capacity of this 
plant is 60 m3, which effectively alleviates the pressure of irrigation sup-
ply of a household farm area (around 933 m2). 

 
P7: Li Ge Zhuang plant 
This plant is located in the Miyun district, owned by a household. The 

plant was constructed in 2007. The capacity of the plant is 50 m3. In 
2008, a new well was drilled in the village of this plant and farmers can 
get water from the new well without any charge. So normally the irriga-
tion water of the plant is taken from the new well. But in periods of 
drought, the water available in the well decreases so that there is insuffi-
cient water for the village. In this situation, the plant manager would use 
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the rainwater harvesting system to obtain the required water. Hence the 
Li Ge Zhuang plant is only used in periods of drought.    

 
P8: Hong Ke Farm plant 
The plant is located in a state-owned farm in the Fangshan district 

where it is easy to access the groundwater resource. The plant was built 
in 2006, and the capacity is 750 m3. In this plant, the storage tank is well 
designed and located in a room. But it is used for half the year and then 
stops operation. Although the manager found serious technological 
problems they went unrepaired for two years.  

 
P9: Shi Lou Cun plant 
The plant is located in the Fangshan district, and is owned by a farm 

household. It was constructed in 2008, and the capacity is 75 m3. As the 
storage tank is constructed at a high level, the rainwater cannot go into 
the storage tank effectively. In 2009, the rainwater harvesting plant man-
ager was changed because the farm was rented to another farmer. Due to 
a technological problem and the farmer’s doubts about rainwater quality, 
the new plant manager stopped operation of this plant.      

 
P10: The Agro-Technical Extension Center of Daxing district plant 
The plant is located in the Daxing district, managed by the Agro-

Technical Extension Center of Daxing district. The plant was con-
structed in 2008 and the capacity is 200 m3. Although the plant was built 
recently, the storage tank has serious leakage problems. The collected 
water is insufficient for irrigation requirements. Hence the plant is only 
used half the year and then operation stops.    

6.3 Chosen Factors  

 
Various factors might affect the operation of rainwater harvesting sys-
tems. Based on the literature and interviews with plant managers, ten 
factors are chosen for this study: 1) ownership, 2) farmers perception of 
rainwater, 3) doubts about the rainwater quality, 4) location, 5) availabil-
ity of groundwater, 6) size of storage, 7) irrigation method, 8) technical 
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problems, 9) subsidies for initial investment, and 10) subsidies for opera-
tion and maintenance. These factors are responsible for the success or 
failure of rainwater harvesting plants in Beijing. The details for each fac-
tor appear below. 

6.3.1 Ownership 

 
Who is responsible for ensuring the daily operation and performance of 
management functions is very important to the operation of a water sys-
tem (Mushtaq et al. 2007). Different types of ownership leads to differ-
ent incentives to manage and operate the systems.    

In this study, some rainwater harvesting plants are managed privately 
and governmental organizations as well as state-owned farms manage 
others. Generally the incentive of private plant managers to operate a 
rainwater harvesting system comes from the decrease in irrigation cost or 
the improvement of income. But the incentives of the state-owned plant 
managers do not depend on cost or income, which may lead to continu-
ing operation of state-owned plants even though they are losing money.   

6.3.2 Farmers’ perception of rainwater 

 
Compared with using groundwater, using rainwater for agricultural irriga-
tion is a ‘new system’ to the local farmers. Using rainwater is usually con-
sidered more complex than using groundwater although the technology 
of rainwater harvesting is simple.  

The farmers’ negative perception of rainwater harvesting could affect 
the successful operation of a rainwater harvesting system. Farmers’ posi-
tive perceptions of rainwater are a significant factor promoting the suc-
cess of rainwater harvesting plants (He et al. 2007; Song et al. 2009). 
Some farmers have a positive perception of rainwater as rainwater can 
supplement irrigation water supply. On the other hand, some farmers 
consider it is unnecessary to use rainwater due to various non-scientific 
reasons, such as that it is too troublesome to do things differently. We 
learned about the farmers’ perception of rainwater during the interviews.    
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6.3.3 Doubts about rainwater quality 

 
Many people doubt the quality of harvested rainwater (Song et al. 2009). 
Most of them point out that possible pollutants from the atmosphere 
involved in water could cause negative effects on crops. Beijing is a mega 
city with 1.3 million people and a large number of factories. Particles, 
heavy metals and organic air pollutants contaminate the atmosphere 
(Helmreich and Horn 2009).  

Some farmers doubt if the rainwater quality in Beijing is suitable to ir-
rigate farmlands. There is no systematic information proving whether 
rainwater in Beijing is suitable although some experiments have been 
implemented. The doubts concerning rainwater quality could result in a 
resistance against using rainwater for irrigation.  

6.3.4 Location 

 

Table 6.1  
Depth of groundwater in northern and southern plants (2007-2008) 

 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 

Depth of 
groundwater

28 28 28 32 32 30 30 13 13 20 

Plants P1-P7 lies in the north, P8-P10 lies in the south. 

Source: Beijing Water Bulletin (2007-2008) 

 
He et al. (2007) find that the location of a plant has significant impact on 
the operation of selected rainwater harvesting plants. In this study, ten 
rainwater harvesting plants were selected for further study, of which 
seven plants are located in the northern area of Beijing and three plants 
are located in the southern area of Beijing. The north of Beijing is mostly 
a mountainous area, and the south is a relatively flat area. Accordingly, 
the groundwater level in the north is lower than in the south. Table 6.1 
indicates the depth of groundwater levels of northern plants compared 
to southern plants. It means farmers living in the northern area need to 
pump groundwater from deeper wells than farmers living in the south do.  



138 Chapter 6 

 

Consequently higher cost is needed when pumping water from deeper 
wells. Farmers living in the north may pay more to access groundwater 
so that they could be more inclined to use rainwater.  

 

6.3.5 Availability of groundwater  

       
In this study, the availability of groundwater resources for various plants 
is different. Groundwater resources are extremely limited in some places. 
Groundwater only emerges in certain wells in the summer season and 
the wells remain dry in other periods. These places could be regarded as 
places of water scarcity. However, the groundwater resources could be 
sufficient in other places where it is easy to access groundwater through 
pumping from a well. This could be regarded as places of water suffi-
ciency.  

Many studies have pointed out that rainwater harvesting could effec-
tively relieve the pressure of water scarcity (Helmreich and Horn 2009; 
Li et al. 2000; Oweis and Hachum 2006). The farmers in places of water 
scarcity would have more incentives to use new water resources than the 
farmers located where there is water sufficiency.  

6.3.6 Size of storage tank  

 
The size of rainwater harvesting systems determines the investment and 
the expenditure of operation and maintenance paid by farmers. In terms 
of economies of scale, the large-scale systems have a small initial capital 
input per unit, while the small-scale systems have a large capital input per 
unit (Goel and Kumar 2004). In the same way, the unit operation and 
maintenance cost of the larger systems is lower than the cost of the small 
systems. However, the total initial investment cost and operation and 
maintenance cost of the larger system is more than the cost of the small 
systems. In this study, the storage tanks of the rainwater harvesting sys-
tems have been classified into three sizes: small (50-100 m3), medium 
(450-800 m3) and large (1,300-2,000 m3).   
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6.3.7 Irrigation methods  

 
Irrigation methods normally include drop irrigation and drip irrigation. 
Drop irrigation as the traditional method is largely used by farmers in 
Beijing. However, drip irrigation is currently promoted in Beijing, since 
the drip irrigation method could effectively decrease water consumption. 
As high initial expenditures for facilities are needed for drip irrigation, 
not all farmers can afford it. 

Irrigation methods affect operation of rainwater harvesting systems 
(Berthelot and Robertson 1990). In rainwater harvesting systems, using 
drip irrigation always leads to the problem of muddle stuck. The water 
distribution pipe used in drip irrigation is very narrow. The process of 
water collection is that rainwater flows into the storage tank with muddle 
and some natural rocks. When pumping water from the storage tank, the 
muddle and rocks flow with the water and are stuck in the narrow pipes 
thereby hampering the operation of the rainwater harvesting system.          

6.3.8 Technical problems  

 
In the literature, the most important issue concerning rainwater harvest-
ing is the necessary technical improvements (Hatibu et al. 2006; Oweis 
and Hachum 2006). Usually the Beijing Agro-Technical Extension Cen-
ter or the Beijing Water Saving Office designs the facilities and construc-
tion. As the rainwater harvesting systems in Beijing are at an early stage, 
various technical problems are emerging during operation. All the cases 
studied have problems related to the facilities and construction.  

In terms of operation of the systems, the technical problems could be 
classified by three levels: 1) Repairable problems: some facilities are bro-
ken but they are repairable. For example, the pump is broken or a pipe is 
stuck. 2) Simple problems: the facilities should be changed or parts of 
the construction of the plant need changing. For instance a shallow ditch 
is changed to a deep ditch in order to improve rainwater collection. 3) 
Serious problems: the design of the construction of the plant is not suit-
able to operate continually. For example, in the Shi Lou Cun plant (P9), 
the rainwater storage tank was built on top of a hill, which seriously de-
creases the volume of rainwater going into the storage tank.   
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6.3.9 Subsidies for initial investment 

 
Subsidies for initial investment can effectively help to limit farmers’ pres-
sure on expenditures (He et al. 2007). For larger systems, more money is 
required as initial investment. For example, for the small size rainwater 
harvesting systems with a capacity of 50 m3, the initial investment is 
around 27,000 Yuan including expenditures on construction and other 
facilities. The capacity of 50 m3 is only suitable for irrigation water needs 
of a household. The total income of a small farming household in Beijing 
averages around 10,000 Yuan per year. The initial investment is almost 
three times the income of a household. If there are no subsidies, it is 
very difficult for farmers to afford such an initial investment.    

Most rainwater harvesting systems are provided with subsidies of 
around 50 to 100 per cent of the initial investment although some sys-
tems are subsidized with less than 50 per cent of initial investment.  

6.3.10 Subsidies for operation and maintenance  

 
Many researchers study the operation and maintenance cost of rainwater 
harvesting (Berthelot and Robertson 1990; Mushtaq et al. 2007; Oweis 
and Hachum 2006). Whether the rainwater harvesting systems have 
sound maintenance for cost recovery influences sustainable operation of 
the systems. Insufficient input in maintenance could hamper the opera-
tion of rainwater harvesting systems. Subsidies for operation and main-
tenance benefit successful operation because total cost is lower.  

In this study, the rainwater harvesting systems managed privately usu-
ally do not obtain subsidies for operation and maintenance; while sys-
tems managed by the state-owned farm or governmental organizations 
are more likely to get subsidies from the government.    

6.4 Rough Set Analysis  

 
Rough set, being part of set theory, is a mathematical method to synthe-
size the approximation of concepts from the data (Pawlak 1982; Slowin-
ski 1991). The assumption of the rough set analysis is that every set 
could be roughly defined (Zhang and Xu 2009). For an extensive theo-
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retical description of the rough set analysis, we refer to Pawlak (1982) 
and Slowinski (1991). 

The rough set analysis is rarely applied in water resources (Barbagallo 
et al. 2006; Zhang and Xu 2009), although the rough set analysis has 
been extensively applied in other scientific fields, such as medicine, eco-
nomics, environmental studies, software engineering and urban studies 
(Baycan-Levent and Nijkamp 2009; Nijkamp et al. 2000, 2002; Wu et al. 
2004).  

The objective of the study is to find the decisive factors determining 
the operational success or failure of rainwater harvesting systems in Bei-
jing. Given the small sample (ten cases) and that the information col-
lected is partly qualitative and partly quantitative data, the rough set 
analysis is a suitable method to derive the decisive factors through in-
formation classification and data mining.  

In the social science research, most information on the selected plants 
is qualitative in nature, and some information is a mixture of qualitative 
and quantitative data. Similarly, the ten chosen factors explained in Sec-
tion 6.3 could not be presented quantitatively in its entirety. It is neces-
sary to synthesize this information for further information classification 
and data mining. First, the relevant information on ten factors is codified 
with 1, 2 or 3, to establish a consistent database, which is shown in Table 
6.2. Second, because there are ten rainwater harvesting plants chosen for 
this study, a data matrix can be formed based on ten factors on ten 
plants (shown in Table 6.3). We find in Table 6.3 that the coded values 
of ten factors of ten plants are different and each factor is denoted by Ai 
(i=1,2,3...10) and the status of operation is denoted by D.   
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Table 6.2 
 Description and coded values of the factors 

Factors Description and Coded Value 
A1: Ownership 1: Private 

2: State-owned 

A2: Farmers’ perception of rainwater 1: Negative 

2: Positive 

A3: Doubts about rainwater quality 1: Yes 

2: No 

A4: Location 1: North 

2: South 

A5: Availability of groundwater 1: Sufficient 

2: Scarce 

A6: Size of storage 1: Small 

2: Medium 

3: Large 

A7: Irrigation methods 1: Drop irrigation 

2: Drip irrigation 

A8: Technical problems 1: Reparable problems 

2: Simple problems 

3: Serious problems 

A9: Subsidies for initial investment 1: 51-100% of initial investment; 

2: 0-50% of initial investment. 

A10: Subsidies for operation and maintenance 1: Yes 

2: No 

D: Status of each plant 1: Stopped 

2: Interrupted 

3: Continuous 

 
 
The last line of Tables 6.2 and 6.3 indicates the coded values of the 
status of the operation of each plant. In terms of interviews, the status is 
stopped, interrupted or continuous. The status represents the situations 
of constructed rainwater harvesting systems in Beijing. The status of 
‘stopped’ means there are no plant operations or the plant is in ruin, 
which is presented by ‘1’. The status of ‘interrupted’ means the plant op-
erates or stops irregularly, which is presented by ‘2’. The status of ‘con-
tinuous’ means the plant operates successfully and continually, which is 
presented by ‘3’. 



 Decisive Factors Affecting the Operation of Rainwater Harvesting Plants 143 

Table 6.3  
Codified data matrix of ten factors and the operational status of ten plants 

 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 

A1: Ownership 1 2 1 1 1 1 1 2 1 2 

A2: Public perception of alternative water 
resources 1 2 2 2 1 2 2 1 1 1 

A3: Doubts about rainwater quality 1 2 2 1 2 2 2 1 1 1 

A4: Location 1 1 1 1 1 1 1 2 2 2 

A5: Availability of groundwater sources 1 1 1 1 1 2 1 1 1 1 

A6: Size of storage 1 3 3 2 2 1 1 2 1 2 

A7: Irrigation methods 2 2 1 1 2 1 1 2 2 1 

A8: Technical problems 2 1 2 2 3 1 2 2 3 3 

A9: Subsidies to initial investment 1 1 1 1 1 1 1 2 1 2 

A10: Subsidies to maintenances expense 2 1 1 2 1 2 2 1 2 2 

D: Status of each plant 1 2 2 1 2 3 2 1 1 1 

* Pi (i=1,2,3…10) means the plant i 

 
Since the operational status of each plant is assumed to be affected by 
ten factors, these ten factors (A1, A2, A3 … A10) could be regarded as 
condition attributes and the status of each plant (D) could be regarded as 
decision attributes. We aim to find the causal links between condition 
attributes and decision attributes to identify the decisive factors in the 
operation of rainwater harvesting plants. 
 
It is assumed that these ten plants P1, P2, P3 … P10 belong to a set U, 
namely 

  

{ }1 2 3 4 5 6 7 8 9 10, , , , , , , , ,U P P P P P P P P P P=  

 
Table 6.2 shows that each condition attribute has its coded value. For 
example, A1 (ownership) could be ‘1’ (private owned) or ‘2’ (state owned), 
or A6 (size of storage) could be ‘1’ (small) or ‘2’ (medium) or ‘3’ (large). 
So there are ten sets listed as follows. 

 
A1= {1, 2} 
A2= {1, 2} 
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A3= {1, 2} 
A4= {1, 2} 
A5= {1, 2} 
A6= {1, 2, 3} 
A7= {1, 2} 
A8= {1, 2, 3} 
A9= {1, 2} 
A10= {1, 2} 

 
The coded values of the decision attribute are ‘1’, ‘2’ and ‘3’. So there is a 
set for the decision attribute.  

 
D = {1, 2, 3} 

 
The plants are scored on each attribute based on presence of a character-
istic. For example, for A1=2 (ownership is state-owned), the plants P2, P8 
and P10 have the same score, namely are all state-owned systems. Hence 
the set U could be classified into subsets based on the scored value of 
each attribute, namely 

 

{ } { }{ }1 1 3 4 5 6 7 9 2 8 10/ , , , , , , , , ,U A P P P P P P P P P P=  

{ } { }{ }2 1 5 8 9 10 2 3 4 6 7/ , , , , , , , , ,U A P P P P P P P P P P=  

{ } { }{ }3 1 4 8 9 10 2 3 5 6 7/ , , , , , , , , ,U A P P P P P P P P P P=  

{ } { }{ }4 1 2 3 4 5 6 7 8 9 10/ , , , , , , , , ,U A P P P P P P P P P P=  

{ } { }{ }5 1 2 3 4 5 7 8 9 10 6/ , , , , , , , , ,U A P P P P P P P P P P=  

{ } { } { }{ }6 1 6 7 9 4 5 8 10 2 3/ , , , , , , , , ,U A P P P P P P P P P P=  

{ } { }{ }7 3 4 6 7 10 1 2 5 8 9/ , , , , , , , , ,U A P P P P P P P P P P=  

{ } { } { }{ }8 5 9 10 1 3 4 7 8 2 6/ , , , , , , , , ,U A P P P P P P P P P P=  

{ } { }{ }9 1 2 3 4 5 6 7 9 8 10/ , , , , , , , , ,U A P P P P P P P P P P=  
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{ } { }{ }10 2 3 5 8 1 4 6 7 9 10/ , , , , , , , , ,U A P P P P P P P P P P=  

 
Also, the set U could be classified into the subset in terms of the coded 
value of the decision attribute. 

 

{ } { } { }{ }1 4 8 9 10 2 3 5 7 6/ , , , , , , , , ,U D P P P P P P P P P P=  

 

If we assume: { }1 1 4 8 9 10, , , ,Y P P P P P= ; { }2 2 3 5 7, , ,Y P P P P= ; { }3 6Y P=   

Then { }1 2 3/ , ,U D Y Y Y=  

 
The subset of Y1 represents the group of plants that have been stopped, 
Y2 represents the group of plants that are interrupted, Y3 represents the 
group of plants that continue to function. The aim is to find causality 
among the data sets. The sets U/Ai (i=1, 2, 3…10) may contain the 
same subset as what the set U/D contains. If we can find the subset Yj 
(j=1, 2, 3) of the set U/D in any of the sets U/Ai (i=1, 2, 3…10), the 
linkages between D and Ai are identified. For example, a set U/Am (m=1 
or 2 or 3… or 10) containing the subset Yn (n =1 or 2 or 3) means the 
group of plants in the nth operational status could be characterized by 
Am. In other words, the attribute Am is the critical factor affecting the 
decision attribute D. The equation identifying these linkages is as follows:   

   
(U/Ai) ∩ (U/D) = Yj  (i=1, 2, 3…10, j=1, 2, 3)   
 
Through data mining we find: 
  

j=1 i=3, that means U/A3 contains Y1.  

j=2 i=3 and i=5, that means U/A3 and U/A5 contains Y2. 

j=3 i=5, that means U/A5 contains Y3. 
 

The above results indicate that only the condition attributes A3 (Doubts 
about water quality) and A5 (Availability of groundwater) are the critical 
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factors affecting the operation of the rainwater harvesting plants in Bei-
jing. Except these two factors, other factors do not have significant links 
with the operation of rainwater harvesting systems in Beijing. 

Accordingly the conditional causal links of an ‘if…, then …’ nature 
could be derived, which is called ‘rules’ in the rough set method. A rule is 
a combination of values of condition and decision attributes, specifying 
the relationships between condition and decision attributes. For example, 
if the condition attribute A5 equals 2, then the decision attribute D equals 
3. The rules of ‘if…then…’ of this study are shown in Table 6.4. There 
are three rules generated, and each rule corresponds to one operational 
status of the plant. 

Table 6.4 
 Rules for operation of rainwater harvesting plants 

Rule number  If Then 

1 A3=1 D=1 

2 A3=2 and A5=1 D=2 

3 A5=2 D=3 

 

6.5 Discussion of Results  

Table 6.5  
Description of the rules and the plants concerned 

Rule  If Then Plants 

1 Rainwater quality is doubted Operation of plant stops P1, P4, P8, 
P9, P10 

2 Rainwater quality is not doubted 
but groundwater source is sufficient

Operation of plant is 
interrupted 

P2, P3, P5, P7 

3 Groundwater source is not suffi-
cient 

Operation of plant is 
continuous 

P6 
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Table 6.5 shows the description of the rules and the concerned plants of 
each rule. Table 6.5 illustrates that rule 1 is supported by five plants (P1, 
P4, P8, P9, P10), rule 2 is supported by four plants (P2, P3, P5, P7) and rule 3 
is supported by one plant (P6). This corresponds to classification of the 
plants in terms of their operational status.  

The first rule states that if the plant managers have doubts about the 
collected rainwater quality, then the operation of the plant tends to stop. 
The people of Beijing believe that rainwater in Beijing contains chemical 
products because of the serious air pollution in the city. Accordingly 
farmers doubt that the quality of rainwater in Beijing is suitable for agri-
cultural irrigation. It is surprising that the major reason for the failed op-
eration of rainwater harvesting system is doubt of rainwater quality, a 
non-technical factor. Generally poor technology level is considered a 
significant reason leading to operational failure. In this study, whether 
farmers have doubts about rainwater quality is the crucial point to cause 
plants to stop operations.    

The second rule states that if the groundwater sources are sufficient 
and the plant managers have no doubts about the collected rainwater 
quality, then the operation of the plant tends to be interrupted occasion-
ally. According to interviews, the operation of a plant could stop tempo-
rarily for non-technical reasons. The main reason causing this status is 
low motivation to operate the rainwater harvesting systems. For example, 
in plant 2, although farmers do not doubt water quality and there are no 
technical or financial problems, the operation of the plant could not con-
tinue. Sufficient groundwater resources and low barriers to obtain 
groundwater lessen the incentives of plant managers to operate rainwater 
harvesting. According to the interviews and the literature, the barrier to 
using groundwater in Beijing is still quite low (Wang and Wang 2005; 
Yang et al. 2003).                

The third rule states that if the groundwater sources are scarce, then 
the operation of the plant will continue. Since few plants in the empirical 
sample are in continuous operation, only one plant (P6) in the study is a 
successful case (see Table 6.4). At plant 6, there are no technological 
problems, the plant manager obtained higher subsidies on the initial in-
vestment and it is a privately owned plant. But these factors are not the 
reasons for the continuous operation of plant 6. The major reason for 
the continuing operation of the rainwater harvesting system is that there 
are insufficient groundwater resources at plant 6. The shortage of 
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groundwater resources raises the farmers’ incentive to search for and use 
other irrigation resources, which is often the situation in northwest 
China.  

6.6 Conclusions  

 
The chapter aims to identify the critical drivers of success or failure in 
the operation of rainwater harvesting plants in Beijing. An artificial intel-
ligence method: rough set analysis is applied in the study. First, a data 
matrix including information on ten factors and the operational status of 
ten plants is mapped out through the data coding with ‘1’, ‘2’ or ‘3’. Sec-
ond, based on the algorithm of data mining, the links between the condi-
tion and decision attributes are extracted from the codified data matrix 
and the decisive factors affecting the operation of rainwater harvesting 
plants are identified. Accordingly the conditional causal links of an ‘if…, 
then …’ nature (rules) could be derived. 

The results show that ‘Doubts about the rainwater quality’ and ‘Avail-
ability of groundwater' are two decisive factors determining the opera-
tion of the rainwater harvesting systems. Both factors are not techno-
logical reasons. The results of rules indicate three points. 1) As long as 
farmers have doubts about rainwater quality, the operation of the plant 
cannot continue. 2) Although farmers have no doubts about rainwater 
quality, they still could not operate the plant continually. The reason is 
that it is easy to get sufficient irrigation water. 3) If there is no groundwa-
ter, the rainwater harvesting systems could operate continually and suc-
cessfully.  

Generally the improvement in technology for rainwater harvesting is 
considered important, while little attention is paid to non technological 
factors by researchers. In this study, two critical factors were found: 
‘doubts about the rainwater quality’ and ‘availability of groundwater’, 
which are not technological factors but have significant effects on the 
operation of the rainwater harvesting systems in Beijing. 

In order to promote rainwater harvesting for agricultural irrigation in 
Beijing, the government subsidizes the rainwater harvesting systems and 
improves the technology to make it suitable to local situations. This may 
create a sound beginning, while it is not enough to promote rainwater 
harvesting, a new activity in Beijing, in a sustainable way. The status of 



 Decisive Factors Affecting the Operation of Rainwater Harvesting Plants 149 

operation of a rainwater harvesting plant depends on the confidence and 
motivation of using rainwater. Improving the confidence and motivation 
of using rainwater is the key to sustainable and successful operation of 
rainwater harvesting systems in Beijing. Removing doubts of rainwater 
quality in people’s minds is an important first step. Farmers would use 
rainwater only if they think rainwater is safe for irrigation. Tests of rain-
water quality should be carried out and the results should be shown and 
explained to the public. Raising barriers to obtain groundwater in areas 
with sufficient water is the second important step. All kinds of measures 
such as pricing ground water, prohibiting pumping new wells, and limit-
ing the quantity of ground water pumping may be required. The lessons 
drawn here may be applied in other Chinese areas or other countries. 
The evidence may also generate new hypotheses to be statistically tested 
in a broader review of experiences. 

Notes 
 

5 Chapter 6 is submitted to the journal, Water Resources Management, 2010, under 
review. 
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7 Conclusions 

 
 

7.1 Introduction  

 
The previous chapters introduced and explained how to use economics 
in sustainable urban water management through a study of the water sys-
tems in Beijing. This chapter synthesizes and draws conclusions from the 
study. Section 7.2 summarizes the contents and findings of the research. 
The conclusions are formulated in Section 7.3 and the contributions of 
the research are presented in Section 7.4.      

7.2 Summary of Contents and Findings   

 
Increasing urban population, climate change and deteriorated environ-
ment from pollution lead to the immense challenge to achieve sustain-
able urban water management. The constraints to sustainable water 
management sometimes come from non-technical problems. Financial 
and economic factors can be a significant barrier to the operation of  wa-
ter systems. 

The research tries to use economics to analyse water treatment sys-
tems, to discover out how and what economic analysis contributes to 
sustainable water management. The research uses the case of Beijing. 
Beijing is facing the same difficulties as other mega-cities: increasing 
population, limited water resources, dry weather and environmental pol-
lution, which causes serious water scarcity in Beijing. To solve the water 
scarcity in Beijing, two main measures are promoted: wastewater reuse 
and rainwater harvesting. A financial and economic analysis is carried out 
on wastewater reuse and rainwater harvesting systems.  
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The thesis can be divided into three parts: 1) background introduc-
tions and objective specification; 2) financial and economic analysis of 
wastewater reuse; 3) financial and economic analysis of rainwater har-
vesting. 

In Chapter 1 the main factors causing urban water crisis were intro-
duced, these include an increasing urban population, limited water avail-
ability, increased climate variability and environmental pollution. More-
over, it presents the realities of water scarcity in Beijing, which include 
increasing population, continuous droughts and depletion of groundwa-
ter stocks. Many new technologies and policies have been implemented 
to solve the urban water crisis. The thesis uses Beijing as an example, 
introducing technical measures, reform of governance structures, and 
water policies. These measures may physically help to release the stress 
of the water crisis, but they cannot ensure sustainable water management. 
It frequently occurs that newly constructed water systems do not operate 
continuously because of non-technical problems such as financial prob-
lems. The study of the economics of new systems may be an important 
part in sustainable urban water management.  

The research objective is to carry out an extensive and quantitative 
economic analysis of sustainable urban water management. The research 
focuses on wastewater reuse systems and rainwater harvesting systems. 
Cost benefit analysis is the main economic method in the thesis, so the 
economic theory of cost benefit analysis is discussed. Furthermore, the 
essence of the methodological framework presented in the research is a 
two-part analysis: financial and economic analysis. The financial analysis 
is from the point of view of project managers while the economic analy-
sis is from the point of view of society. The financial analysis assesses the 
benefits and costs of the operation of the systems. The economic analy-
sis evaluates the economic, environmental and social effects caused by 
the urban water systems. In addition to cost benefit analysis, the meth-
ods of linear programming and rough set analysis are used in the study. 

In Chapters 2 and 3, the wastewater reuse systems in Beijing are stud-
ied through cost benefit analysis. According to the evaluation framework 
of financial and economic analysis (Figure 1.17), the financial and eco-
nomic feasibility of the decentralized and centralized wastewater reuse 
systems are determined separately from private and public perspectives. 
Whether the wastewater reuse plants are profitable or not is evaluated in 
the financial analysis. After the determination of the financial and eco-
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nomic feasibility of the decentralized and centralized wastewater reuse 
systems, a comparative analysis is carried out between the decentralized 
and centralized systems.  

In Chapter 2, the results of the financial and economic analysis of the 
decentralized wastewater reuse systems show that decentralized wastewa-
ter reuse systems are economically but not financially feasible. The ratio 
of benefits to costs in the economic analysis is greater than 1 but the ra-
tio of benefits to costs in the financial analysis is less than 1. From the 
point of view of government, the decentralized wastewater reuse systems 
are positive to society, while from the point of view of project managers, 
the systems cannot operate in the long-term. Further analysis shows that 
low rate of reclaimed water is one important reason leading to decentral-
ized systems not being financially feasible. The current rate of reclaimed 
water is fixed by the government, which does not reflect the real cost of 
reclaiming grey water. 

In Chapter 3, the financial and economic analysis of the centralized 
wastewater reuse systems is carried out. The results show centralized 
wastewater reuse systems are both economically and financially feasible, 
because the ratios of benefits to costs in the financial and economic 
analysis are both greater than 1. There are no financial problems in the 
centralized systems. From both public and private perspectives, central-
ized wastewater reuse systems deserve to be promoted. 

Then there is a comparative analysis between the decentralized and 
centralized systems in Chapter 3. The comparative analysis is carried out 
from five aspects: 1) financial and economic feasibility; 2) environmental 
and social effects; 3) initial investment; 4) O&M cost; 5) cost recovery. 
The comparative analysis shows that from the perspective of financial 
feasibility, the centralized wastewater reuse systems are more competitive 
than the decentralized systems. But the centralized and decentralized 
wastewater reuse systems are both economically feasible.   

The comparative analysis also shows that decentralized and central-
ized wastewater reuse systems lead to different effects for environments 
and society. Decentralized systems are constructed on site, so a large 
amount of capital for pipe construction for the distribution of reclaimed 
water is saved. Because the decentralized plants are close to the users, 
noise and malodors generated during the wastewater treatment process 
could negatively affect surrounding users. However, the environmental 
benefits caused by decentralized plants are quantitatively larger than the 
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environmental cost. In contrast, the centralized wastewater reuse systems 
are usually built in suburban areas, which are far from the area having 
high population density, so the effects of noise and malodors for users 
are small. Due to high-energy consumption for water treatment, central-
ized water treatment plants lead to a high carbon dioxide emission caus-
ing environmental cost. Despite that centralized systems cause negative 
environmental effects, the monetary values of the environmental benefits 
are larger than the values of the environmental cost. Moreover, regarding 
the social effects, the centralized wastewater reuse systems benefit im-
proved employment in the region while the decentralized systems help to 
improve social awareness concerning water saving. But building a cen-
tralized system requires demolition of existing buildings and relocation 
of people, which leads to a large social cost. Moreover, the decentralized 
systems can cause the social cost of health risks. 

Furthermore, the comparative analysis indicates that the initial in-
vestments of the two systems are very different. The investments in 
plants and pipes construction of centralized wastewater reuse systems are 
high. On the contrary, investments in a decentralized wastewater reuse 
system are relatively low. In some cases, the cost of pipe construction of 
a centralized wastewater reuse plant could pay for about 25 decentralized 
plants. Additionally, building a centralized plant requires additional costs 
for demolition and relocation of buildings and residences, which are not 
included in investments of decentralized systems. Although there is a big 
difference in the initial investments between the two systems, the largest 
expense in the O&M budget is similar: energy cost.  

Because of the scale economy, the unit O&M cost of centralized 
wastewater reuse systems is lower than that of the decentralized systems. 
In the centralized water systems, the rate of reclaimed water is higher 
than the unit O&M cost while in the decentralized systems, the rate of 
reclaimed water is lower than the unit O&M cost. Hence the rate of 
O&M cost recovery of the centralized systems is much higher than the 
decentralized systems.   

In Chapters 4, 5 and 6, the rainwater harvesting plants are studied 
through the methods of cost benefit analysis, linear programming and 
rough set analysis. Groundwater is the major and traditional water re-
source, and rainwater is the alternative new water resource. 

In Chapter 4, the economic implications of using rainwater and 
groundwater are studied and compared. In the economic analysis, the 
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economic, environmental and social effects caused by rainwater harvest-
ing plants are identified and calculated by cost benefit analysis. In finan-
cial analysis, the net present values of using groundwater and rainwater 
are compared to determine if rainwater harvesting is financially feasible.  

The study finds that the rainwater harvesting systems are economi-
cally feasible. Rainwater harvesting systems help to save water and en-
ergy for pumping, raise social awareness and improve employment. 
However they consume resources for construction and may cause risks 
for agriculture. The values of the benefits caused by rainwater harvesting 
systems are higher than the values of the cost. This means rainwater har-
vesting systems have positive effects for society. From the point of view 
of the government, rainwater harvesting systems are worth being pro-
moted. However, the results of the financial analysis indicate that the 
financial feasibility of rainwater harvesting systems depends on the 
charge for groundwater and on the size of the rainwater harvesting sys-
tems. If groundwater is not charged, the rainwater harvesting systems are 
not financially feasible. If groundwater is charged at 2 Yuan/m3, only 
large size systems are financially feasible, while small and medium size 
systems are not financially feasible.  

If groundwater is charged at a high level, all scales of rainwater har-
vesting systems can become financially feasible. However, a higher 
groundwater charge discourages farming, as groundwater is the main 
source of water for agricultural irrigation. Hence a study of the relation 
between the charge for groundwater and the consumption of rainwater is 
carried out in Chapter 4 to discover how to increase rainwater consump-
tion by charging for groundwater; while not discouraging farming.  

There are two parts in Chapter 4: theoretical analysis and application 
of linear programming to this problem. The theoretical analysis studies 
the relationship between the cost of groundwater and the consumption 
of rainwater by analysing the elasticity of groundwater demand graphi-
cally. If the cost of groundwater is lower than the elasticity threshold, 
farmers lack incentives to use rainwater. If the cost of groundwater is 
higher than the threshold, the rainwater consumption increases. The 
theoretical analysis also shows that the elasticity threshold of groundwa-
ter can move down following a change in the characteristics of rainwater 
harvesting systems. The linear programming analysis indicates that in-
creasing subsidies and enlarging the size of rainwater harvesting systems 
can decrease the elasticity threshold of groundwater. In that case, low 
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cost groundwater could still increase consumption of rainwater. It illus-
trates that a realistic groundwater charge can be determined by taking 
into account the scale of rainwater harvesting and the subsidies on the 
initial investment for rainwater harvesting systems. Enlarging the scale of 
rainwater harvesting systems and increasing subsidies could effectively 
decrease the O&M cost of rainwater harvesting systems, which can help 
to achieve the balance of effectively improving the financial feasibility of 
rainwater harvesting while keeping an eye on farmers’ benefits.  

Both results of Chapters 4 and 5 indicate that enlarging the size and 
increasing subsidies are two important factors to improve the perform-
ance of rainwater harvesting systems. However, according to interviews 
with the plant manager, the operations of many rainwater harvesting 
plants are unsuccessful despite using scale and subsidy advantages. 
Hence a study to find the decisive factors that significantly affect the op-
eration of the rainwater harvesting plant is carried out in Chapter 6. 
Based on the literature and interviews with rainwater harvesting plant 
managers, ten impact factors, including technological and non-
technological factors were chosen. It is assumed that the operational 
status of a rainwater harvesting system can be affected by these ten fac-
tors. The methodology of rough set analysis is used in Chapter 6 to iden-
tify what are the decisive factors determining the operational success or 
failure of rainwater harvesting systems.  

The study identifying the decisive factors affecting the operation of 
rainwater harvesting systems concludes that the factors of ‘Doubts about 
the rainwater quality’ and ‘Availability of groundwater’ critically affect the 
performance of rainwater harvesting systems. This implies that as long as 
farmers have doubts of rainwater quality, they will not want to use rain-
water for agricultural irrigation. If the groundwater is sufficient for farm-
ers and a rainwater harvesting plant is available, farmers would prefer to 
use groundwater even when they have no doubts about rainwater quality. 
If there is a groundwater shortage, operation of the rainwater harvesting 
plant is successful. Therefore removing farmers’ doubts of rainwater 
quality and increasing the barrier of using groundwater could help to 
solve the poor performance of rainwater harvesting decisively. These 
two decisive factors are non-technological factors but have significant 
effects on the operation of rainwater harvesting systems.  
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7.3 Conclusions  

 
The research shows that alternative water treatment systems are eco-
nomically feasible. In Beijing, decentralized wastewater reuse systems 
save the cost of constructing pipes, increase water availability and raise 
social awareness about water saving despite that they bring noise pollu-
tion and health risks. Rainwater harvesting systems help to save water 
and energy, increase farmers’ income and raise social awareness although 
they lead to agricultural risks and consume natural resources for con-
struction. The positive effects on society from these alternative water 
systems are greater than the negative effects. So the alternative systems 
are economically feasible, which implies the alternative water systems 
deserve to be promoted. However, financial analysis shows that the al-
ternative water systems are not financially feasible. In the decentralized 
wastewater reuse systems, financial benefits cannot recover the financial 
cost. In rainwater harvesting systems, using rainwater is financially less 
attractive than using groundwater. Given this situation, the managers of 
these plants prefer not to operate the alternative systems continuously 

However, the research shows that the traditional water treatment sys-
tems are both economically and financially feasible. The values of posi-
tive effects on society caused by the traditional water systems are greater 
than the values of negative effects. It is profitable to invest in traditional 
water systems.  

Comparing economic and financial feasibility between traditional wa-
ter systems and alternative systems, traditional water systems are cur-
rently better than the alternative systems are. This means that the new 
water systems are not viable alternatives to traditional water systems be-
cause the new systems are not financially feasible yet.  

The research finds that there are three main reasons why alternative 
water systems are not financially feasible: low revenues, high unit O&M 
cost and low subsidies. First, low revenues. Because the charge for re-
claimed water is minimal, the revenue obtained from wastewater reuse 
systems is low. Second, high unit O&M cost. The new water systems 
usually are small scale so the unit O&M cost for the new water systems is 
relatively higher than traditional systems. Enlarging the scale of new sys-
tems could benefit to decrease the unit O&M cost. Third, subsidies are 
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insufficient. Studies of rainwater harvesting plants show that increasing 
subsidies can improve financial feasibility of the water systems.   

In addition to the financial problems, the research finds some social 
problems have negative influence on operation of alternative water sys-
tems. For instance, farmers doubt the rainwater quality and there is suffi-
cient groundwater for agricultural irrigation. So, farmers have no incen-
tive to use rainwater harvesting systems, which leads to limited or closed 
rainwater harvesting plants. 

Currently, it is rare that there are policies or regulations that aim to 
solve the financial and social problems in the new water systems or to 
improve the systems’ management. For example, there is no policy on 
raising the rate of reclaimed water, no policy on increasing the barriers 
for using groundwater, and no policy of efficiently providing subsidies. 
The existing measurements and polices mostly emphasize building alter-
native water treatment systems and improving the technology of water 
treatment. A large number of alternative water systems were constructed, 
and are expected to supplement water supply in the city. But, in reality, 
the objective of supplementing water supply has not been achieved be-
cause the rate of utilization of alternative water treatment systems in Bei-
jing is very low (Table 1.2). The financial and social problems are hinder-
ing operation of these alternative water systems.     

Moreover, the current governance structure does not really facilitate 
operation of the new water systems because some important stake-
holders do not function as expected. For example, the Beijing Water 
Saving Office is an important stakeholder involved in management of 
new water systems, and is supposed to provide assistance and supervi-
sion to the new systems related to water saving in Beijing. Even though 
the officials at the Beijing Water Saving Office have known that the new 
water systems have some financial problems and do not operate con-
tinually, they did not deal with these problems. 

Therefore more effective policies to solve financial and social prob-
lems in the new constructed water systems are required urgently. The 
strategy of urban water management should be changed from physical 
measurement of the performance to assuring sustainable operation of 
the systems.  
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7.4 Contributions of the Research 

 
The thesis demonstrates, through the case of Beijing how to use eco-
nomics in managing urban water systems. The thesis is the first to carry 
out an integrated and quantitative analysis of  the economic, environ-
mental and social effects caused by alternative water systems. This thesis 
evaluates the profitability of  investment in and the effects on environ-
ment and society of  alternative water systems. The economic, environ-
mental and social effects are all determined by monetary values, which is 
rare in the existing literature. 

The thesis shows that economics could benefit to identify the non-
technical problems in water systems and can help decision makers to 
make choices consistent with the long-term well being of the community. 
Three practical contributions of the research are: 

1) The use of economics to identify and quantify the effects of water 
treatment systems on economics, environment and society. In conven-
tional water management, the externalities of a project used to be ne-
glected so that the project causes negative environmental and social ef-
fects. This seriously hinders the operation of a water treatment system in 
the long-term. So it is very important to know what and how much in-
fluence the new activity has on environment and society. Economic 
study tries to evaluate the effects through quantitative methods and 
quantify the effects by monetary values. Although the calculated mone-
tary values do not present the real values, it provides a measurement for 
further comparative study. 

2) The use of economics to determine the factors that significantly 
hinder the plants operation in the long-term. Nowadays water manage-
ment has developed to a stage that the technology is advanced enough to 
deal with many physical problems. However, it still requires study and 
finding solutions to the non-technical problems. The problems of urban 
water management are not only physical but also financial and social. 
Through economic study, the non-technical factors that prevent water 
systems from sustainable development can be identified. 

3) The use of economic tools to learn the advantages and disadvan-
tages of different water systems from the point of view of economics. 
Each system has its own advantages and disadvantages. For instance, 
centralized wastewater reuse systems have sound cost recovery mecha-
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nisms while they require high initial investment. Stakeholders have to 
make the decisions in terms of their requirements and preferences. 
Learning and comparing the advantages and disadvantages within differ-
ent systems could help decision makers to choose the most suitable sys-
tem efficiently. Braden and Van Ierland (1999) also think that with the 
help of economics, one could choose the optimal solutions related to 
different institutional and technological options. 

The theoretical contribution of the research is that it proves the im-
portance of considering the viewpoints of different stakeholders in the 
cost benefit analysis. Researchers suggest that it is important to do cost 
benefit analysis of a project from different stakeholder perspectives 
(Campbell and Brown 2003, 2005; Dahmen 2000; Gittinger 1982). Dif-
ferent stakeholders may have conflicting goals or conflicting views on 
how the goals should be achieved. Doing cost benefit analysis from dif-
ferent stakeholder perspectives can provide complete and accurate in-
formation for helping decision makers to choose the suitable alternative. 
This research carries out cost benefit analysis of water systems separately 
from the public and private perspectives and hence finds that from the 
public perspective, alternative water systems are feasible while from pri-
vate perspective, the systems are not yet feasible. 
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 Appendix A 

 

 
Appendix A.1 Entrance to the Qingzhiyuan plant (studied in Chapter 2) 

Source: taken by author 

 

 
Appendix A.2 Oxygen tank at the Qingzhiyuan plant (studied in Chapter 2) 

Source: taken by author 
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Appendix A.3 Gaobeidian plant (studied in Chapter 3) 

Source: Beijing Water Authority 

 
 

 
 

Appendix A.4 Tank at the Gaobeidian plant (studied in Chapter 3) 

Source: Beijing Water Authority 
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Appendix A.5 Jiuxianqiao plant (studied in Chapter 3) 

Source: Beijing Water Authority 

 

 
 

Appendix A.6 Tank at the Jiuxianqiao plant (studied in Chapter 3) 

Source: Beijing Water Authority 
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 Appendix B 

 
 

 
 
Appendix B.1 A green house with the plastic cover (studied in Chapters 4, 5 

and 6) 

Source: taken by author 
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Appendix B.2 The ditch in front of the green house (studied in Chapters 4, 
5 and 6) 

Source: taken by author 

 

 
 

Appendix B.3 Storage tank under construction (studied in Chapters 4, 5 
and 6) 

Source: taken by author 
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Appendix B.4 The cover of the sediment tank, which is connected with the 
ditch (studied in Chapters 4, 5 and 6) 

Source: taken by author 

 

 
 

Appendix B.5 The pipes transferring collected rainwater from storage 
tank to plants 

(studied in Chapters 4, 5 and 6) 

Source: taken by author
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Rapid population growth, limited water availability, climate variability and 
environmental pollution together cause a significant challenge to provide sufficient 
water to urban residents in a sustainable and effective way. Advanced water treatment 
technology can contribute to the solution of problems physically, but it may not ensure 
sustainable operation of water systems. 

The obstacles to sustainable water supply and services often are from non-technical 
problems such as low cost recovery, lack of sound pricing systems and sustainable 
financing for increasing service coverage. The financial and economic factors could 
be a large barrier to the operation of water systems. Through the case of Beijing, the 
book demonstrates how to use economics in managing urban water systems. The 
research employs the methods of cost benefit analysis, linear programming and rough 
set analysis. An integrated and quantitative analysis of the economic, environmental and 
social effects of water systems considering the viewpoints of different stakeholders is 
carried out, which is rare in the existing literature. 

The research shows that economics contributes to identifying the non-technical 
problems in water systems and can help decision makers to make choices that are 
consistent with the long-term well being of the community. 


