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ABSTRACT

Water resources carrying capacity (WRCC) is one of hot topics in China, especially in the urbanizing areas.
This paper analyzes the impact of urbanization on water cycle, social economy, ecological environment, and
discusses the connotation and the characteristic of water resources carrying capacity of urbanizing area
(WRCCUA). A model based on the objective analysis and grey association appraisal is developed to assess
the WRCCUA. In the model construction, sustainability is used as one of the control objectives and water
cycle in “natural- social” system as the key. This model has been applied in Tongzhou District, Beijing City.
Results show that there is a great gap between WRCC and the goal in Tongzhou District. Water shortage
restricts urbanization and sustainability seriously. Three scenarios have been designed for increasing WRCC
and scenario analysis shows that promoting water saving is the most feasible solution for Tongzhou District
to mitigate the water shortage stress before the South-North Water Transfer project is completed.
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1. INTRODUCTION

Urbanization is an inevitable outcome of the human society development. According to United
Nations statistics, in the world the urbanization level was 28% in 1950, and exceeded 50% in 2000,
moreover, it will be expected to reach more than 60% in 2020(Li and Song, 2003). In China, with the
promotion of reforms and open policies in the early 1980s, urban development expanded rapidly. By
the end of 2005, the level has reached 43%, and it will be over 50% in 2020 (Wang et al., 2006).

Rapid urbanization resulted in a series of problems consequentially such as resources shortage,
pollution, degradation of ecological environment, etc. (Zhao, 2004; M. Lin, 2004). Water as vital
natural resources, its security issue has been the key for a region to keep social economy sustainable
development. Ministry of Water Resources P.R. China's statistical data demonstrated that, in 669 cities
these are 400 cites lack of water, 110 of which seriously lack of water at present. The total quantity of
water shortage is about 60 billion m’.

Beijing is a serious water shortage area. Currently, the per capita water resource is less than 300m’,
which is lower than the international safety line (1000 m’). The contradictory between water supply
and demand is extremely incisive. Groundwater was overdraft and water polluted seriously. The
ecology and environment are in a poor condition. Along with the rapid development, what’s the water
resources carrying capacity (WRCC) in Beijing? It is urgent to be answered for policy makers and
water resources managers at present. In this paper, the objectives are: 1) a water resources carrying
capacity computation model for urbanizing areas (WRCCUA) is developed. 2) To quantify the current
WRCC for typical District of Beijing and provide some countermeasures. 3) To supply the significant
consultations for some important events happened in Beijing during “the eleventh five-year”(2006-
2010), such as the constitution of Beijing city development plan, agricultural water-saving strategy
implement in the suburb, and so on. Tongzhou District is selected as the representative area of Beijing
city for case study according to the significant position, the urbanizing process available data and state
of water shortage, etc.
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2. WRCCUA RESEARCH

The research of carrying capacity comes from ecology (Park and Burgess 1921). Subsequently it
has been expanded in the different domain, and appeared the population carrying capacity, the
resources carrying capacity, the land resource carrying capacity, the water resources carrying capacity,
the ecology and environment carrying capacity, and so on. WRCC was brought forward in China in
1980s and there are two different standpoints for quantifying it, which are: (1) the maximal capacity
water resources can carry the society economy, ecology and environment which was advanced by
Zhang (2001); Cheng (2002), and so on. The capacity was usually a no-dimension quantity, which
could be obtained through contrasting the complete indices that affect WRCC with the carrying
capacity basic criterion. (2) The greatest scale water resources can carry the society economy, ecology
and environment which are advanced by Shi (1992); Xia (2002), Wang (2003); and so on. The scale
was usually obtained through analyzing the development quality of society, economy, ecology and
environment and distributing the production-living-ecology water rationally. In this paper, the water
resources carrying capacity in urbanizing area (WRCCUA) prefers to the second definition.

The WRCCUA research covers the interaction theory between urbanization and "social economy-
water resources-ecological environment" complicated system, water cycle theory under changing
environment, and sustainable development theory, involves the water transformation process, the
water resources optimization disposition, the social economy development forecast, the water
requirements of eco-environment, the social economy water demand forecast, and so on. All the
research should base on the relationship among the "social economy-water resources-ecological
environment" and analyze the effort of urbanization on the relationship.

2.1 The effort of urbanization on water cycle, society, economy, ecological environment

In the urbanized area, the human activities have already changed the natural water cycle
characteristic (ZUO et al., 2005). And have given birth to “diversion —consumption —treatment - reuse
- discharge" social water cycle, and formed "natural - social" water cycle (Figure 1). Researching on
the water cycle in the urbanized area, finding out the rules of water resources formed and transformed
in the changing environment and the action that the water resources played in each link are the water
resources carrying capacity research foundation.
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Fig.1 The diagram of water cycle in urbanized area

The impact of urbanization on the compound system of “social economy-water resources-

ecological environment” is shown in Fig. 2.
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2.2 The WRCCUA computation model

Based on the analysis, a WRCCUA model is developed. The model includes six modules, namely:
the module of object generalized analysis, the module for water resources circulation and
transformation, the social economy forecasting module, the interaction module of "social economy -
water resources — ecological environment", the sustainable development appraisal module, and the
judgment module. In the model integration, the objective analysis and grey association appraisal
methods were employed (Xia, 1995). The model is shown detailedly in Xia et al. (2006).
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Fig.2 The impact of urbanization on the compound system of “social economy-water resources-ecological environment”

(1) The object function Based on the comprehension of WRCCUA, population is chosen as the
objective function (Zuo et al. 2005).

Pop = f(a,,B,,u,UL,p,K--)—) Max
Where Pop is the total population of the region; «, S, u,UL,p,K--- are some important
parameters in the model which will be elaborated in the following text.

(2) The total water balance equation and the available water quantity equation
AVgraundwater + Al/surﬁzcewater :( P + Qtrans/ér + Qin )_( E + VVlass + Qout )

Qavail = al ’ Qself-generation + az ’ Qin + a3 ’ Qgrmmdwater + Qreuse + Qtransfer
Where AV AV

groundwater surfacewater

are the variation of groundwater storage and surface water storage,

respectively; P is the precipitation; £ is the evaporation; O, ,0O, ., O are the

self-generation ° Q groundwater

inflow, outflow, runoff and groundwater of the region, respectively; Q is the available water

avail

resource of the region; Q is the available quantity of reuse water; O, is the water transferred

reuse
from other regions; ¢, , «,, a; are the exploitation rate of runoff, inflow and groundwater,

respectively.

(3) The social economy forecasting module
Pop(t) = Pop(t—1)-(1+ K

GDP = f(Yindustry‘ A

pop) f)urban = f)urban

-UL

industry > K industry™ K agriculture )
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Where K K

pop > industry >

K

the rate of agriculture irrigation area respectively; UL is the urbanization level; Y, ,...,

are the population growth rate, the rate of total industrial growth and

A

industry

agriculture
are the

industrial output and the irrigation area, respectively.

(4) The interaction module of “social economy - water resources — ecological environment”
1) The relation between social economy and water resources is to seek the support action of water
resources to production and living.

VVindustry = )]industry ’ IO industry Wagriculture = Aagriculture : p agriculture
I/Vlife = f)urban : p urbanlife + f)rural ' p rurallife soc—consumption = I/I/industry + Wagriculture + VVli e
Where W, ousumpiion » Wagricuttare > Winausiry @r€ the social economy water consumption, the industry

water consumption and the agricultural water consumption, respectively ; 0. > Pagricutiure »

Prbaniife »» Pruranife 3¢ the water ration of industrial output , irrigation , urban life and rural life,

respectively.

2) The relation between social economies —ecological environment is to seek the effort of the
urbanization and the development of social economy to ecological environment. In the region, it
contains two aspects, viz. the sewage discharge estimation equations and the equations for
groundwater development.

deustry = (1 - Z industry )inndustry Qlife = (1 - Z urban )Wurban + (1 - Z rural )Wmml
Qsewage = deustry + Qlife erwage = ﬂ Ctreat Qsewage + (1 - ﬂ )Cuntreat Qsewage
ch ’ Ccs = (1 - k) : (Ql ’ Cl + W?ewage)
Wover drau,
—_ - ght
Wover—dmught - Wconsumption - Qavail AH = /,l . F

Where ¥y » Xurban » Xt @€ the consumption coefficient for industry, urban life and rural life,
respectively; Q. , O, denote the quantity of control section and upriver inflow, respectively; C_,
C, denote the pollutant’s concentration in control section and upriver inflow, respectively; k& denotes
the pollutant’s degradation coefficient ; W is the total quantity of pollutants; Q.

sewage sewage
and Cun treat

is the sewage

amount; [ is the sewage treatment ratio; C denote the treated and untreated

treat

concentration of the pollutant, respectively; AH is the decline range of groundwater; 4 is specific

yield in the region; F' is the region area.

3) The relation between ecological environment and water resources is to quantify the minimum
water requirements of ecological environment.

environment VVvlake—river + Wgruundwuter recharge + Wdilution water
Wdilution water ch Ccs / Cgoal - Qout Wgroundwater recharge = (0(3 goal — aS p) ’ Qgroundwater

Where a;, , @, denote the present exploitation level and the upper limit of groundwater

resources, respectively; C 0a 18 the critical concentration of target pollutant denoted by COD.

(5)The sustainable development appraisal module
DD(T) = S(T)" -W(T)" - E(T)"
Where S(T), W(T), E(T) are the development quality of social economy, water resources and eco-
environment, respectively; f,,0,,55 are the weight factors, takes 1/3 respectively; T is the time interval,
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using one year generally. S(7), E(T), W(T) the value is between 0 and 1. S(7), W(T) and E(T) were
appraised by grey association analysis(Xia, et al. 2004).

(6)The supportable judgement module of WRCCUA.
In the model, the supportable judgement is that the water resources supportability, the benign
development of ecological environment and the sustainable development of the composite system.

w, ion FW., y
I = soc—consumption environment < 1
Qavail
S(T) > 0.6 DD(T) < DD(T +1)
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Integrating the module (1) ~ (6),
the WRCCUA computation model
is formed. Fig.3 shows the
resolution process of this model.
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3. CASE STUDY
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Beijing (Fig.4). The total area is
907km?. There are 13 rivers in the
District, which belong to the canal
water system and the Chaobai river
water systems, respectively.

The sustainable
development degree

The ecological Carrying population
environment quality and GDP

Up to 2004, the total population
of Tongzhou District was 620,000,
the urbanization level reached 41%,
and agricultural areas were 36671
hectare. The gross value of agricultural output and industrial output were $396 million and $2,578
million respectively, the gross domestic product (GDP) were $1,569 million. The sewage treatment
rate was 58%. The current industrial structure is 10:48:42 (primary industry: secondary industry:
tertiary industry).

Fig.3 The resolution process diagram and structure of WRCCUA

In the District, the annual mean precipitation is 591mm and the evaporation is 1164mm. Water
resource is abundant and the total quantity is
1,101 million m® in which surface water is
888 million m® and groundwater is 213
million m’. But most of the surface water is
the reusable water discharged from Beijing
and the rivers polluted seriously. The
groundwater was overdraft severely. By
2004, the groundwater table has fallen to
7.61m from 2.80m at the end of 1980, and
serious overdraft area is 29% of the entire
area.
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Fig.4 Location of Tongzhou District in Beijing City
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Tongzhou’s available water resources include runoff, reusable water and groundwater. The annual
mean runoff is about 73 million m’, and the exploitation rate is only about 4%. The reusable water
exploitation rate is only about 6%, and is about 50 million m®. Groundwater resources are about 213
million m®. To sum up, the annual mean available water resources is 267 million m’.

3.2 Model application

The synthetic analysis index system of Tongzhou District is constructed to assess the development
of soc-economy S(T), water resources W(T) and eco-environment E(T). The evaluation criterion is
divided to five levels (Table 2). For example, the world water resources research institute proposed
that there are four grades for the average per person water resources quantity. <1000m® means lack of
water seriously; 1,000-5,000m’, means lack of water; 5,000 - 10,000m’, means no lack of water; >
10,000 m3 means abundance of water. In the world, there is another standard which fixes 1,700 m® as
the warning line of the annual average per person water resources quantity (Xu, 2000). According to
the standard above, the average per person water resources in Tongzhou District is that: 10,000 m’ is
suggested as level I; 5,000 m’ as level II; 1,700 m’ as level III; 1,000 m® as level IV and 500 m® as
level V.

Table2. The index system and grades for development quality evaluation of “social economy-
water resources- ecological environment” in Tongzhou District

Subsystem Index unit I(1) 11(0.8) o.6) 1vV0.4) V(0.2)
PeT person waler I[ESourees 3/ conita 10000 5000 1700 1000 500
quantity
Water per hectare water resources 5/, 39895 30000 1770 26550 3765
resources quantity
Water resources carrying 0.8 0.9 10 11 12
degree
per person average GDP B 401700 o600 897 513 128
capita
per cubie meter water g 1540 2.8 7.7 5.1 1.3
Soci average GDP
ecgﬁfg per person cultivated area ha./capita  0.10 0.083 0.067 0.05 0.033
Y per GDP pollutant quantity ~ ton/dollar  0.008  0.031 0.047 0.078 0.234
Urbanization level % 60 50 40 30 15
Sewage treatment rate!”! % 85 70 60 50 40
COD concentration" mg/L 20 30 40 50 60
Ecological- P croentage of forest % 30 25 20 15 10
environment and grass cover
Groundwater exploitation 0.0 0.90 1.00 1.10 1.20

rate

Note:[1] the research of world water resources research institute.[2]based on per person agricultural area in the world and in
Haihe Basin.[3]based on the world development report in 1999.[4]based on “Beijing mayor government work report” in
2005.[5]based on “Surface Water Environment Quality Standard” (GB3838-88)

At present, the industrial water ration is 7,800m’/ million dollars and agricultural water ration is
4,275m’/ ha., water ration of urban life, rural life is 320 L/capita, 120 L/capita, respectively. In order
to control water quality up to the standard([COD]<40mg/L) and the groundwater exploitation rate
decline to 90%, There are 575 million m® water resources needed including 260 million m® water
consumption of eco-environment restoration and the current WRCC is gain (Table 4).

Considering in the near future, it is no water transferred in. Based on the current water resources,

three scenarios have been drawn to analyze the change of WRCC during “the eleventh five-year”
(2006-2010).

12-14 September 2007, UNESCO Paris



International Symposium on New Directions in Urban Water Management

Scenario one: The water ration is the same with 2005 without regard to saving water. This scenario
is the baseline case scenario, which inspects the actual WRCC in the future.

Scenario two: Reducing water ration of production and increasing the sewage treatment rate. This
scenario searches into the influence of saving water and increasing the sewage treatment rate on the
WRCC. Referring to the water ration of developed countries, there are some potentialities only in
water saving irrigation currently. Supposing: in 2010, water ration of industrial output holds the line
viz. 7,800m’/ million dollar, and water ration of agricultural irrigation falls to 3765 m’/ hectare, the
sewage treatment rate achieves 90%; In 2020, water ration of industrial output falls to the 4680 m’/
million dollar, water ration of agricultural irrigation falls to 3300m’/ ha., agriculture water saving
comes to reality in the entire district, and the sewage treatment rate achieves 100%(Table 2).

Scenario three: Raising the urbanization level and promoting the industrial structure. This scenario
considers the influence of urbanization process speeding up and the industrial structure adjustment on
WRCC. According to the plan of “the eleventh five-year” (2006-2010), the industrial structures will be
7:42:51, and the urbanization level will be 70% in 2010. The proportion will be 4:37:59, and the
urbanization level will be 80%.

3.3 Results and Discussion

Based on the model, WRCC of the short-term (2010) of the eleventh five-year plan and long-term
(2020) are shown in Table 4. According to table 3, 4, contrasting three different typical year’s carrying
capacity with the plan, we can draw the following conclusion:

(1) The soc-economy development S(T) According to forecasting, up to 2020, the population will
be nearly twice larger than 2005°s and GDP in the District will reach 12.8 billion dollars. S(T)
increases from 0.62 to 0.80. It shows that the soc-economy development of Tongzhou District will be
in a high speed development phase and the social economy will increase on a large scale during the
eleventh five-year.

(2) The water resources condition W(T) The rapid development of soc-economy results in water
shortage, water pollution and the continuous decline of groundwater table in Tongzhou District
unavoidably. Water demand including water consumption of production, living and eco-environment
restoration is more than water supply. The water resources condition is always overloaded. The water
resources carrying degree (1) is larger than 1.0 every year and W(T) is only 0.25 in 2005, will drop to
0.18 in 2020.

Table3. The plan of the “eleventh five-year” in Tongzhou District

Typical . GDP
year Population (billion dollar) I W(T) S(T) E(T) DD(T)
2005 660,000 1.9 2.1 0.25 0.62 0.23 0.33
2010%* 900,000 3.9 1.8 0.22 0.79 0.26 0.35
2020% 1,190,000 12.8 1.5 0.18 0.80 0.42 0.39

Note: * from the “the eleventh five-year” plan of Tongzhou District

(3) The eco-environment development E(T) Because of all the serious eco- environment
problems mentioned above, the eco-environment development quality E(T) will be low, only 0.23 in
2005. Furthermore, all of E(T) are less than 0.6 by far. That is to say, the eco-environment is very
fragile and the social economy development in Tongzhou District will sacrifice the ecological water
use. In order to restore the water eco-environment, the water requirements will account for a high
percentage of water demand during the eleventh five-year. In 2005, the ecological water use is nearly
260 million m>.
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(4) The sustainable development DD(T) DD(T) keeps in an extremely low level, which is only
0.33 in 2005, 0.35 in 2010, and 0.39 in 2020. Obviously, the development of Tongzhou District is not
harmonious. The soc-economy development keeps in a high speed development while the eco-
environment development and the water resources condition are very week.

(5) WRCC of Tongzhou District There is a large gap between WRCC and the plan. During the
eleventh five-year, science and technology progress can reduce water ration of production, enhance the
sewage treatment rate, etc. Therefore WRCC can increase (scenario two), but the effect is not obvious.
It means that there is some potential in saving water but it is not the crucial way to resolve water
resources shortage, ecology and environment problems in Tongzhou District. Adjusting the
urbanization level and optimizing the industrial structure can allocate water resources reasonably,
restrict the social economic development properly and improve WRCC consequently. But it still
cannot reach the plan (scenario three). As a result, only saving water in the region by many ways
cannot resolve water problems in Tongzhou District. In order to realize the sustainable development, it
is advisable to seek new water sources or transfer water from other regions except for water saving,
controlling pollution in the district.

Table4. The WRCC under different scenarios in Tongzhou District

. Carrying capacit
Scenario Typical . SRS GD};) W(T) S(T) E(T) DD(T)
year — population o dollar)
. 2005 350,000 1.0 048 055  0.62 0.55
Sczﬁ";“o 2010 510,000 2.2 047 072  0.65 0.61
2020 630,000 6.8 046 081  0.75 0.65
. 2005 350,000 1.0 048 061  0.63 0.57
Sctevrf)“" 2010 620,000 2.7 046 094  0.67 0.66
2020 790,000 8.5 037 098  0.80 0.66
. 2005 350,000 1.0 048 061  0.63 0.57
Scﬂelrr‘:;lo 2010 630,000 2.7 046 094  0.67 0.66
2020 690,000 9.6 040 098  0.79 0.68

4 . SUMMARIES AND CONCLUSIONS

The quantitative research on water resources carrying capacity in the urbanizing area is a complex
multi-objective analysis and forecast process involving too many kinds of factors, like society,
economy, water cycle, water resources, ecology, environment, and so on. In the study, based on
“natural-social” water cycle and under the principle of sustainable development, WRCCUA model is
proposed. It has been applied to Tongzhou District, Beijing City, and has been shown to be the capable
for drawing up the appropriate social economy development scale for the regional sustainable
development and providing a certain theory basis for instructing the urbanization process. The
research results show that saving water only in the district cannot meet the water demand. There will
be a large gap between WRCC and the eleventh five-year plan. It’s an advisable way to transfer water
from other regions except for saving water, controlling pollution in the region in order to relieve the
water crisis and realize the sustainable development in this district.
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