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Abstract

Quantitative assessment of development sustainability could be a challenge to regional management and planning, especially 
for areas facing great risks of water shortage.  Surface-water decline and groundwater over-pumping have caused serious 
environmental problems and limited economic development in many regions all around the world.  In this paper, a framework 
for quantitatively evaluating development sustainability was established with water-related eco-environmental carrying 
capacity (EECC) as the core measure.  As a case study, the developed approach was applied to data of the Haihe River Basin, 
China, during 1998 through 2007.  The overall sustainable development degree (SDD) is determined to be 0.39, suggesting 
that this rate of development is not sustainable.  Results of scenario analysis revealed that overshoot, or resource over-
exploitation, of the Basin’s EECC is about 20% for both population and economy.  Based on conditions in the study area 
in 2007, in order to achieve sustainable development, i.e., SDD>0.70 in this study, the EECC could support a population of 
108 million and gross domestic product (GDP) of 2.72 trillion CNY.  The newly developed approach in quantifying eco-
environmental carrying capacity is anticipated to facilitate sustainable development oriented resource management in water-

.  

Key words: eco-environmental carrying capacity, development scenario, Haihe River Basin, sustainable development, water 
resources

INTRODUCTION

The Limits to Growth, a book published in 1972 
(Meadows 1972), predicted that the world would 
exceed its human carrying capacity, resulting in a 
sudden and uncontrollable decline in population 
and industrial capacity, unless the current trajectory 
of population and industrial growth was decreased.  

Based on th i r ty years of addi t ional da ta and 
refinements in computer modeling, the follow-up 
publication in 2004, Limits to Growth: The 30-Year 
Update, concluded that the world had already achieved 
a state of unsafe overloading (Meadows et al. 2004). 

The concept of carrying capacity originates from the 
-

ventionally defined as the maximum population size 
of a given species that an area can support without re-
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ducing its ability for the same species in the future.  In 
-

imum “load” (as product of population and per capita 
impact) that can safely and persistently be imposed 
on the environment by people (Food and Agricultural 
Organization of the United Nations 1985).  Carrying 
capacity is an essential component of sustainable de-
velopment theory, which relates eco-environmental 
integrity to socio-economic development in situations 
with limited resource and increased environmental pol-

the Brundtland Commission is “the development that 
meets the needs of the present without compromising 
the ability of future generations to meet their own 
needs” (Rees and Smith 1987; UN 1987).  Sustainable 
development is a pattern of resource use that aims to 
meet the needs of human being while to preserve the 
environment.  It takes the consideration of both the 
carrying capacity of natural systems and the social 
challenges in humanity.  

Since the concept of carrying capacity was intro-
duced into the field of human ecology in the popu-
lation theory of Thomas Malthus, many people have 
studied different aspects of this concept (Seidl and 
Tisdell 1999).  For example, Wetzel and Wetzel (1995) 
discussed the economic carrying capacity of the entire 
Earth.  Harris and Kennedy (1999) analyzed the carry-
ing capacity of agriculture at both global and regional 
scales.  Pimentel et al. (1994, 1998) advanced a popu-
lation-resource equation to identify the optimum pop-
ulation under the limited natural resources.  Xia and 
Shao (2008) developed a physically based model of 
soil water carrying capacity for vegetation.  However, 
most of these studies did not consider the relationships 
and interactions among input variables.

The water-related eco-environmental carrying 
capacity (EECC) has been introduced to represent 
the capacity of the macro eco-environment system, 
including water resources and water quality which 
serve as indicators for a regulating services (Zhu et al. 
2005).  EECC is usually expressed at population and 
economic scale, with the latter usually indicated by 
the gross domestic product (GDP).  EECC determines 
the sustainable development rate and scale of the so-
cio-economy of a given region.  According to our pre-
vious study (Zhu et al. 

maximum population and GDP that can be sustained 
in a particular region based on available water and oth-
er resources.  

In this study, the quantitative assessments for social, 
economic, and eco-environmental developments were 
incorporated into the EECC calculation based on the 

the dependence of sustainable development on the wa-
ter availability, especially for areas facing severe water 
crisis such as the Haihe River Basin (HRB) of China.  

-
velop an index system for evaluating the sustainability 
of the development; (2) to establish the method and 
framework for quantitative analysis of EECC; and (3)
to conduct a scenario analysis to determine sustainable 
population and economic scales based on current cir-
cumstances.  The developed approaches were applied 
in the HRB during 1998-2007 to assess the regional 
development and the associated EECC.  The concept 
of sustainable development was emerged at the Unit-
ed Nations Conference on the Human Environment, 
Stockholm, 1972.  The concept is usually presented 
as the intersection between society, economy and en-
vironment.  Although each entity can be viewed and 
assessed separately, it is essential to quantify all three 
aspects together.  In the developing stage of a region, 
the economy is often given the priority in policies and 
the environment is often viewed as apart from humans.  
However, the society, the economy, and the environ-
ment are interconnected.  The presented results in this 
study can provide information for policy makers to 
fully understand that the integration of these aspects 
leading to sustainable development.

RESULTS

Evaluation of the sustainable development in 
the Haihe River Basin

Social development  Table 1 lists the resultant 
scores of the input data and indicators in evaluating 
the sustainable development associated with social-
economic-ecological environment in the HRB.  From 
the social viewpoint alone, the development in the 
Basin has been in a good condition, as measured by 
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per capita GDP, per capita water use, and drinking 
water quality classes.  The total population increased 
by 10.6% for the study period, from 0.122 billion in 
1998 to 0.135 billion in 2007 (Table 2), while GDP 
steadily increased by 254%, from 0.96 trillion CNY 
in 1998 to 3.4 trillion CNY in 2007.  For per capita 
GDP, there was a 219% increase, from 7 900 CNY 
in 1998 to 25 200 CNY in 2007 (Table 2).  Scores of 
per capita GDP increased more than 3-fold, from 0.28 
in 1998 to 0.94 in 2007.  

Drinking water in the HRB was of “high” or “very 
high” quality, indicated by the score of 0.75 or higher 
(Table 1), despite more than 60% polluted rivers in 
the region.  However, due to the increased population 
and reduced precipitation, the amount of available 
water per capita decreased during the study period.  
Scores of per capita water use declined from 0.62 in 
1998 to 0.4 in 2007.  During the period of 1998 to 
2007, the indicator measuring social development 
(SDL) was generally stable with a slight increase for 
recent years (Table 1).  The per capita water use is less 
than 300 m3 yr-1, while that for the United States is  
1 550 m3 yr-1  and the worldwide average is 506 m3 yr-1 

(Food and Agricultural Organization of the United 
Nations 2011).  Per capita water use in this region 
was obviously the bottleneck which limits social 
development.  Therefore, one strategy to improve the 
quality of social development in this region would 
be to effectively raise average water use amount, 
by simultaneously increasing water resources while 
controlling population increase.  
Economic development  From the economic 
viewpoint, the development in the HRB has been 
improving, indicated by a substantial increase in the 
degree of economic development (EDL) from 0.12 
to 0.70 (Table 1).  Water use per unit GDP decreased 
from 441 m3/104 CNY in 1998 to 113 m3/104 CNY in 
2007.  Based on the critical values listed in Table 3, 
the water use efficiency increased from the category 
of “very poor” condition in 1998, to “moderate” in 
2003, and to “good” in 2007.  Irrigation water use per 
ha was 4 320 m3 in 1998 and 249 m3 in 2007, with a 
steady decrease.  The wastewater discharge per unit of 
GDP also decreased steadily from 58.4 ton/104 CNY 
(categorized as the “very poor” condition) in 1998 to 
14 ton/104 CNY (“good” condition) in 2007.  During 

Table 1  Assessment results on the sustainable development in the Haihe River Basin 
Item 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 Average
Per capita GDP 0.28 0.30 0.32 0.35 0.41 0.45 0.56 0.74 0.84 0.94 0.52
Per capita water use 0.62 0.61 0.53 0.5 0.51 0.41 0.36 0.41 0.45 0.40 0.48
Drinking water quality class 0.75 0.75 0.75 0.75 0.75 0.78 0.78 0.75 0.75 0.75 0.76
Social development level (SDL) 0.53 0.53 0.51 0.51 0.54 0.52 0.54 0.61 0.67 0.68 0.56
Water use per unit GDP 0 0 0 0 0 0.06 0.25 0.48 0.56 0.67 0.20
Irrigation water per ha 2.25 2.25 7.35 8.40 6.90 9.75 11.4 10.95 8.70 9.60 7.80
Waste water discharge per unit GDP 0.26 0.30 0.36 0.40 0.46 0.5 0.61 0.72 0.73 0.80 0.51
Economic development level (EDL) 0.12 0.13 0.25 0.29 0.27 0.37 0.51 0.62 0.61 0.70 0.39
Modulus of exploited groundwater 0.65 0 0.30 0 0 0.68 0.65 0.33 0 0.30 0.29
Water discharge to sea 0.62 0 0 0 0 0.3 0.08 0.1 0.13 0.18 0.14
River water quality class 0.38 0.4 0.33 0.40 0.40 0.38 0.4 0.38 0.35 0.35 0.38
Eco-environmental quality (EQ) 0.55 0.12 0.20 0.12 0.12 0.45 0.37 0.26 0.15 0.27 0.26
Sustainable development degree (SDD) 0.33 0.23 0.32 0.28 0.28 0.45 0.47 0.46 0.42 0.50 0.39

Table 2  Input data for assessing the eco-environmental carrying capacity in the Haihe River Basin
Item 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007
Population (million) 122.0 125.2 128.5 130.1 131.1 131.7 132.7 133.7 134.5 135.2
GDP (trillion CNY) 0.96 1.05 1.14 1.29 1.51 1.68 2.04 2.64 3.02 3.40
Per capita GDP (thousand CNY) 7.9 8.4 8.9 9.9 11.5 12.7 15.4 19.7 22.5 25.2
Per capita water use (m3) 348 345 312 301 305 286 277 285 292 284
Drinking water quality class 1.9 2.0 2.0 1.9 1.8 1.8 1.8 1.9 1.9 1.9
Water use per unit GDP (m3/104 CNY) 441 408 350 303 265 225 180 144 130 113
Irrigation water per ha (m3 ha-1) 4 320 4 320 3 915 3 825 3 945 3 720 3 570 3 630 3 810 3 735
Waste water discharge per unit GDP (ton/104 CNY) 58.4 53.6 47.5 41.8 35.5 30.5 23.5 17.0 16.0 14.0
Modulus of exploited groundwater 1.04 1.55 1.18 1.53 1.85 1.03 1.04 1.17 1.33 1.18
Water discharge to sea (billion m3) 4.4 0.45 0.41 0.08 0.18 2.18 1.30 2.48 0.50 1.71
River water quality class (dimensionless) 4.5 4.4 4.7 4.4 4.4 4.5 4.4 4.5 4.6 4.6
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the study period, the water use per unit GDP decreased 
76%.  During the similar period of 1990 to 2005, the 
economic productivity of water changed from 5.5 
to US$8.45, indicating a 35% decrease of per GDP 
water use (PACINST 2009).  However, due to the 
increase in GDP, the reduction of wastewater release 
was only about 15%.  The strategies to improve the 
quality of economic development in this region should 
focus on developing and applying techniques of water 
conservation and clean production.  This strategy 
has been adapted in many developed countries such 
as Israel and USA (SWSME 1999; U.S. Agency for 
International Development 2012).
Eco-environmental quality  The quality of the 
environmental ecosystem was relatively poor.  
Groundwater overdraft has been a serious problem.  
The long-term average of groundwater exploitation 
modulus was 1.29, and the average amount of 
groundwater in the HRB was about 1.1 trillion m3.  
During the drought years of 1999, 2001, and 2002, 
the modulus exceeded 1.5, meaning that groundwater 
use was 1.5 times of the local capacity of groundwater 
recharge.  The quality of surface water did not change 
much with an averaging score of 0.38.  Therefore, 
the strategies recommended to improve ecological 
environmental quali ty would include: strictly 
controlling groundwater over-pumping, increasing the 
amount of water in the watershed, and reducing river 
system pollution.  In California, USA, State Water 
Resources Control Board is in charge of enforcing the 
laws and policies to regulate the groundwater over 
pumping, water transfers and water quality controls.  
These regulations have been proved to be necessary to 
protect surface and ground waters in California (Moran 
et al. 2005).

Degree of sustainable development  Fig. 1 shows 
the evaluation results of sustainable development 
and its contributing components as social, economic, 
and eco-environmental indicators.  The sustainable 
development degrees in the HRB were relatively low, 
ranging from 0.33 in 1998 to 0.50 in 2007, indicating a 
situation of unsustainable development across all years.  
However, it is noteworthy that the score has increased 
in later years of the study period, ranging from 0.45 
in 2003 to 0.50 in 2007.  The observed increase in 
SDD was mainly attributed to the improvements in 
the quality of social and economic development 
(Table 1).  The indicator of eco-environmental quality 
(EQ) remained the limiting variable for the sustainable 

0.12 to 0.55 during the study period, and were highly 
correlated with the variations of the average annual 
rainfall.  For example, the drought years of 2001, 
2002, and 2006 each had relatively poor EQ values.  

Scenario analysis of EECC in the Haihe 
River Basin

Table 4 lists the 16 development scenarios with 
population and GDP pairs as input data, and the 
corresponding SDD results.  Of these 16 datasets, 
scenario D3 with relative changes of -20% for 
both population and GDP yielded an EECC with 
SDD=0.71, which is higher than the selected 
threshold value of SDD*=0.70.  This suggested that 
the population and economic scale of 2007 in the 
HRB exceeded the predicted EECC by 20%.  In other 
words, sustainable development could be established 
with a population of 108 million and GDP of 2.72 
trillion CNY based on the water resources available in 

Table 3  The index system and grades for development quality evaluation of “society, economy and eco-environment” system in the Haihe 
River Basin

Evaluation index system
Category criteria for quality levels

I (very high) II (high) III (moderate) IV (poor) V (very poor)
Social development level Per capita GDP (thousand CNY) 27 20 14 7 5

Per capita water use (m3) 600 400 300 260 200
Drinking water quality class (dimensionless) 1 2 2.3 2.7 3

Economic development level Water use per unit GDP (m3/104 CNY) 60 100 140 180 240
Irrigation water per ha (m3 ha-1) 3 000 3 600 3 900 4 200 4 500
Waste water discharge per unit GDP (ton/104 CNY) 10 15 30 60 100

Eco-environmental quality Modulus of exploited groundwater 0.8 1.0 1.1 1.2 1.3
Water discharge to sea (billion m3) 10 6 3 2 1
River water quality class 2 3 4 5 6
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2007.  This recommended GDP was comparable to the 
historical record of 2.64 trillion CNY in 2005.

To assess the EECC for the future, the impacts of 
water diversion and climate change should also be 
incorporated in analyzing sustainable development.  
To remedy the water crisis in the HRB, China aims 
to construct the “South-to-North Water Diversion 
Project” (SNWDP), which will funnel 44.8 billion m3 
of water annually from the southern river Basins to 
the northern China.  The annual total water diverted 
to the North China Plain (mainly in the HRB) 
would be 27.8 billion m3, comparable to total annual 
groundwater consumption in this area.  In addition, 
the precipitation in the HRB is expected to increase 
in the near future according to the intergovernmental 
panel on climate change (IPCC) models (Meehl 
et al. 2007).  The projected water diversion and 
climate change are favorable to achieving sustainable 

development while bringing prosperity to the HRB, 
China.  However, it’s also worthy to note that both 
the proposed water diversion and projected climate 
change are associated with great uncertainty.  For 
example, the planed water diversion of the central 
route in the SNWDP has been based on a period 
which was wetter than the last two decades.  This 
could lead to ecological problems in the headwater 
source areas (Liu et al. 2012).  In addition, the 
observed precipitation has been decreasing in the 
North China Plan in the past decades, inconsistent to 
the projected climate data (Wang et al. 2011).  The 

impacts on China’s strategies for improving the 
adaptive capacity especially for the agricultural 
sector.

DISCUSSION

Sustainable development

The dramatic increase of GDP indicated that 
living standards in the HRB also greatly increased.  
However, the per capita water supply was reduced 
due to the decreased rainfall and increased population.  
Lower SDD values were observed for early years of 
the study period.  For example, the SDD of 1998 was 
determined to be 0.33, consistent to the range of 0.16-
0.39 derived for various subBasins of the study area 
in the previous study (Zhu et al. 2010).  The reduced 
water use limited further development.  In addition, 
the degraded water quality certainly affects drinking 
water quality.  In the extreme drought years, degraded 
water quality may lead to the instability of the society.

Economically, the total revenue generated from the 
watershed exceeded 3.4 trillion CNY.  There was an 
increase for every economic measure.  Comparing the 
values in 2007 to 1998, water use per ten thousand 
CNY GDP declined by 74%, irrigation water use per 
ha declined to 13%, wastewater per ten thousand CNY 
GDP declined by 76%.  The economic values in the 
watershed illustrated fast development.  Ecologically, 
however, the fast economic development did not 
improve the environment, but further degraded it.  
Although the use of water saving technologies has 
increased, total water use did not evidently decrease 

Table 4  The scenario analysis of the eco-environmental carrying 
capacity in the Haihe River Basin
Scenario Population change (%) GDP change (%) SDD in 2007
A0 0 0 0.50
A1 -10 0 0.35
A2 -15 0 0.39
A3 -20 0 0.41
B0 0 -10 0.43
B1 -10 -10 0.46
B2 -15 -10 0.48
B3 -20 -10 0.50
C0 0 -15 0.48
C1 -10 -15 0.50
C2 -15 -15 0.51
C3 -20 -15 0.53
D0 0 -20 0.51
D1 -10 -20 0.52
D2 -15 -20 0.53
D3 -20 -20 0.71

Fig. 1  Assessment results on the sustainable development in the 
Haihe River Basin.
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due to GDP over development.  The current pace 
of economic development is only achieved by 
groundwater overdraft and the exploitation of water 
use for ecological environment.  This is especially 
true in drought years.  In the last ten years, wastewater 
per ten thousand CNY GDP discharge decreased by 
76%.  However, the total reduction of wastewater 
discharge was only 15% in the watershed.  Because of 
a time lag and longer term accumulation of pollutants, 
the watershed is still heavily polluted.  It is predicted 
that the length of the polluted rivers will continue to 
increase.  The improvement of the environment in the 
HRB can be a long process.

E E C C o v e r s h o o t a n d m a n a g e m e n t 
implications

The integrated measures of social, economic, and 
ecological environment indicate an unbalanced system 
in the HRB.  It is obvious that the recent economic 
growth was achieved through the sacrifice of the 
environment.  Natural ecosystems are the foundation 
for sustainable economic development.  If the 
resources are over exploited, they become the limiting 
factors for further economic development.  The 
development trend in the HRB over the past ten years 
shows that the quality of ecological environment was 

example, the low quality of ecological environment 
appeared to be associated with the draught years of 
1999, 2001, 2002, and 2006 when annual rainfall was 
less than 440 mm.  Therefore, local environmental 
conditions were heavily affected by the climatic 
changes in the region.

Based on the data for the past ten years in the HRB, 
the region’s eco-environmental quality has been 
severely degraded, indicating a state of overshoot.  
This means that there is a lack of balance between 
several components: the extent of the development 
and population density under the current economic 
and technological levels, the resources, and the eco-
environment.  The exploitation and overuse of water 
resources led to heavy degradation of the environment.  
If these problems cannot be solved, the HRB will 
face huge challenges and water resource crises in the 
future.  

Chinese government is also paying more attention 
to ecological restoration and environmental pollution 
prevention.  The conservation of water use and 
production technologies is gradually improving.  
In addition to the implementation of water-saving 
technology, water diversion from outside of the HRB 
is considered as an important measure to mitigate the 
current water crisis.  These factors are favorable to 
achieving sustainable development while bringing 
prosperity to the HRB.

CONCLUSION

A computational framework was developed to 
quantitatively evaluate regional development and 
estimate the eco-environmental carrying capacity 
based on available water resources.  This approach 
incorporated the analyses of water balance and the 
eco-environmental quality into the assessment of 
sustainable development.  The concept of EECC 
incorporated major elements in evaluating the 
quality of social, economic, and eco-environmental 
development, and provided guidance for decision 
making in sustainable development.  By linking with 
Basin-scale water balance, the newly developed 
framework in this study extended traditional single-
indicator based approaches for EECC estimation.  A 
case study was conducted in the HRB of China where 
the eco-environmental system has been seriously 
degraded by rapid economic growth and water crises 
during the past decade.

The fast growth of per capita GDP and the decrease 
in per capita water use were observed during 1998-
2007 in the study area.  Therefore, the quality of social 
development was only slightly increased from 0.53 
to 0.68.  For the economic development, significant 
increases were observed for all individual variables 
of water use per unit GDP, wastewater discharge per 
unit GDP, and irrigation water use per unit farmland.  
Consequently, the quality of economic development 
was increased from 0.12 to 0.70 during 1998 through 
2007.  Eco-environmental quality was found to be 
sensitive to annual precipitation, and associated with a 
general decreasing trend for the study period.  With the 
exception of the wet years of 1998 and 2003, scores of 
eco-environmental quality were lower than 0.40.  The 
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results showed that the increases in total GDP and per 
capita GDP in the HRB might be associated with over-

environmental quality.
Based on the conditions in 2007, the overall 

sustainable development degree was 0.39, suggesting 
a status of unsustainable development.  Scenario 
analyses were conducted to estimate the appropriate 
EECC to bring the SDD to 0.70, the threshold used 
in this study indicating sustainable development.  
The results indicated that the overloading of the 
Basin’s EECC was about 20% in 2007.  In theory, 
sustainability could be achieved with a population 
of 108 million and GDP of 2.72 trillion CNY under 
available water resources of 2007.  The demonstrated 
approach and analysis in this study can provide useful 
information for sustainable development oriented 
resource management in the HRB and other water-

MATERIALS AND METHODS

The degree of development and EECC

Based on the definition of this study, the EECC could be 
determined under sustainable conditions.  In the previous 
studies (Xia and Zuo 2001; Zhu et al. 2010), we evaluated 
the development sustainabili ty based on economic 
development and eco-environmental quality.  In this 
study, a separate indicator of social development (SDL) 
is introduced, and the degree of sustainable development 
at time T, SDD(T), (calculated at yearly time interval) is 
quantitatively estimated as,

321 )()()()( TEQTEDLTSDLTSDD   (1)
   Where SDL is an indicator of social development level, 
EDL is an indicator of economic development level, EQ is 
an indicator of eco-environmental quality (Table 5), and ’s 
are the weights of corresponding variables.  The return-to-

unit weights ( ’s) reflect the relative importance of social, 
economic, and eco-environment development in a given study 
area and period.  Eq. (1) is designed by following the format 
of the Cobb-Douglas function, and the exponent for any input 
term represents the productivity elasticity of the input.  In 
this study, we first determine the weights by an analytical 
hierarchy process (AHP).  This approach is a structured 
technique for organizing and analyzing complex decisions 
(Saaty 2008), and has been widely used for eco-environmental 
quality evaluation (Stahl et al. 2002; Li et al. 2007b; Ying 
et al. 2007; Akhgari et al. 2011).  Expert opinions from local 
professionals were incorporated in the AHP.  

The values of the three indicators in eq. (1) are in the 
range of [0, 1], and the approaches for calculating them are 
described in the next section.  The SDD, also within [0, 
1], could be considered as a synthetic index to measure the 
degree of development in a given year.  For the descriptive 

SDD*, we conclude 
that the evaluated system is sustainable.  The relationship 
between the EECC and SDD can be expressed as,

SDD SDD* given GDP),,popolutionmax(EECC   (2)

Water balance and the indicators SDL, EDL, 
and EQ calculation

Linked by water, the components of society, economy, and 
eco-environment were integrated into a single system in this 

(1) Analysis of raw data on water amounts used by 
industry, agriculture, residents, and eco-environmental 
protection, and total use; 

(2) Estimation of total water supply based on local water 
resources and water diversion from outside of the watershed; 

(3) Calculation of overall water balance based on total 
water supply and demand.

The indicators for development evaluation, i.e., SDL, 
EDL, EQ, are determined based on statistical results derived 
from basic datasets, including population, GDP, water 
resources, and water quality measures.  The development of 
social system was evaluated by factors related to life quality 

Table 5
Indicator Variable Data needed
Social development level (SDL) Per capita GDP Population; GDP

Per capita water-use Population; domestic water use
Quality class of drinking water Drinking water quality

Economic development level (EDL) Water-use per unit GDP Productive water use; GDP
Irrigation water per unit farmland Agricultural water use; cultivated area
Wastewater discharge per unit GDP Wastewater discharge; GDP

Eco-environmental quality (EQ) Groundwater exploitation modulus Groundwater consumption and recharge
Total water resource; water use

Quality class of surface water Surface water quality
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and per capita resources, such as per capita GDP, per capita 
water resources and environmental conditions.  Based on 
literature review, various factors are used in quantifying the 
social development.  The corresponding index system should 
be developed based on the operable and quantitative factors 
which characterize the study areas.  Similarly, factors to 

unit use of water, emissions per unit GDP, and fraction of 
tertiary industry.  For eco-environmental system, its quality 
was assessed by selected factors reflecting ecological and 
environmental quality including forest coverage, wetland 
coverage, water volume discharge to sea, and in-stream 
water quality.  A set of category criteria was developed to 
normalize the input variables into values ranging from 0-1.  
The relation analysis approach developed in our previous 
study was utilized to construct these indices (Xia 1996; Xia 
and Wang 2001).

The quantification of EECC is an iterative process 
involving adjusting population and GDP for simultaneously 
satisfying the requirements of water balance and sustainable 
development (i.e., SDD>SDD*) (Fig. 2).  To simplify 
the computing process, we were using a “trial and error” 
method in this study to estimate the EECC.  Actual values of 
population and GDP in the evaluated years were relatively 
changed to generate scenarios with input datasets of paired 
population and GDP values (Fig. 2).  Requirements of water 
balance and sustainable development might be satisfied 

in multiple scenarios, among which the scenario with 
maximum population and GDP was reported as EECC.

Site description for case study

The HRB (35°-43°N, 112°-120°E) is an area of 318 200 km2 
located in the northern China (Fig. 3).  It discharges into the 
Bohai Sea, neighboring with the Yellow River on the south, 
and the Mongolia Plateau on the north.  The mountain and 
plateau region accounts for 60% of the total area, while the 
plain accounts for 40% of the total area.  Characterized by 
hot, wet summers and cold, dry winters, the HRB belongs to 
the semi-humid climate in the monsoon region of the East 
Asia warm temperate zone (Edmonds 1998; Domagalski  
et al. 2001).  From 1998-2007, the mean annual precipitation 
in the study area was 477 mm.  There has been a general 
decreasing trend of precipitation in the HRB, with the 
average of 568 mm during 1951-1979 dropping to an 
average of 504 during 1980-2008 (Wang et al. 2011).  

The mean local total water resources were 25.3 billion 
m3, which consisted of surface water of 11.5 billion m3 and 
groundwater of 13.8 billion m3.  Groundwater in the HRB 
includes “shallow” aquifer and “deep” aquifer which are 
hydraulically connected.  Since the 1960s, ever-increasing 

of groundwater in the area.  The maximum depths to water 
exceeded 65 and 110 m in the shallow and deep aquifers, 
respectively (National Research Council 2012).  The 
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EWU PWU LWU

LWR

Water balance ? NoYes

Yes

SDD model (eq. 1)

Print  SDD Print  GDPPrint  
population

IWR

Input data prepared based on 
given population and GDP

Water allocation based on given 
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Relation analysis approach

Change  
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and GDP

Change 
water 
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New 
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Fig. 2
social development level; EDL, indicator of economic development level; SDD, sustainable development degree; EWU, eco-environmental 
water use (including water stored in impoundments and released for environmental purposes); PWU, productive water use; LWU, domestic 
water use; LWR, local water resource; IWR, imported water resource; and GDP, gross domestic product.
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Fig. 3  The study area: Haihe River Basin of China.

consumption of groundwater for the 10-yr study period 
(1998-2007), 94.2 billion m3, exceeded that of the prior 41-
yr period (1958-1998) by 89.6 billion m3.  

The Basin includes Beijing and other metropolitan 
areas, and is recognized as the political, economic and 
cultural center of China.  In 2007, the total population in the 
Basin was 0.135 billion, accounting for 10.2% of the total 
population of China.  The Basin-wide GDP was 3.4 trillion 
CNY, or 13.5% of the nationwide GDP.  Per capita GDP in 
the Basin was 25 200 CNY, which is higher than the national 
average.  With the rapid growth of population and economic 
development, the HRB is one of the areas suffering severe 
water shortages and environmental pollution.  The per capita 
water resources are less than 300 m3 per year, 1/7 of the 
national average and 1/24 of the world average (Domagalski 
et al. 2001; Xia et al. 2006).  Insufficient surface water 
and groundwater over-exploitation have resulted in eco-
environmental degradation in this region (Li et al. 2007a).  
Therefore, determining EECC is very crucial to the planning 
for sustainable development of the economy, society and 
eco-environment in this region.

Input data and development scenarios

Required data for EECC calculation in the HRB, including 
data for hydrology, meteorology, eco-environment, 
society, and economy during 1998-2007, were retrieved 
from the Water Resources Bulletin published by the China 

Ministry of Water Resources (Chinese Ministry of Water 
Resources 2009).  Illustrated in Table 6 are annual averages 
of precipitation, surface water, ground water, total water, 
water discharge to sea, and reservoir storage over the Basin.  
Water balance is summarized in Table 7 and water quality 
and pollution discharge are shown in Table 8.  Data for 
social and economic development in Table 2 includes per 
capita GDP, per capita water resources, water use per unit 
GDP, and irrigation water per ha.  The GDP values for 
different years were adjusted to the constant prices of 1998, 

over time.
Each component (SDL, EDL, and EQ) of the regional 

sustainable development were assumed to have similar 
importance for the HRB.  Therefore, all weights ( ’s) in 
eq. (1) were set as 1/3 based on analytic hierarchy process 
(Appendix).  This implied equal importance of social 
development, economic development, and eco-environmental 
quality on the overall sustainability.  The same weighting 
factors were used in our pervious study for the assessment of 
water resources carrying capacity in urbanizing area in the 
HRB (Zhang et al. 2007).

the last year of the study period.  The development scenarios 
were constructed by changing the population and GDP data 
for 2007 by 0, -10, -15, and -20%.  The region-specific 
threshold of SDD (SDD*) was set as 0.7.  In our previous 
study, a threshold of 0.8 was used for this study area when 
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only economic and eco-environmental development levels 
were incorporated into the SDD calculation (Xia and Zuo 
2001).  Therefore, it is reasonable to have a slightly lower 
threshold with the inclusion of one more indicator of social 
development (SDL) in this study.

Index system for normalizing input variables

The developed index system normalized the input variables 
into numerical values in the range of 0-1.  Critical values 
were used to categorize each input variable into 5 quality 
levels with numerical scores, i.e., category I “very high” with 
score of 1.0, II “high” (0.75), III “moderate” (0.5), IV “poor” 
(0.25), or V “very poor” (0.0).  For the actual value of the 
input variable, linear interpolation was applied to specify 
its score, based on the two nearest critical values.  For the 
HRB, critical values were developed based on existing 

relevant national environmental standards, conventional 
international practice and consultation of experts in various 
relevant studies.  The index system is summarized in  
Table 3.  The input variables were normalized based on 
linear interpolation between two adjacent critical values,

 (3)xcx
xcxc
ycyc

y i
ij

ij -
-
-

) i(

    Where y is normalized value of the input x, xc and yc are 
the critical value of x and the corresponding normalized 
value, respectively, and i and j are two adjacent categories 
enclosing the value of x.  For example, the per capital GDP 
of 7.9 thousand CNY in 1998 (Table 2) can be normalized 
to 0.28, based on the critical values of 7 (category IV, poor) 
and 14 (category III, moderate) thousand CNY (Table 3).  
The implementation of sustainable development is dependent 
on the harmonious relationships among society, economy, 
and ecosystem.  The key for the evaluation of development 

Table 6  The water resources in the Haihe River Basin

Year
Precipitation

(mm)
Surface water
(billion m3)

Groundwater
(billion m3)

Total water resource
(billion m3)

Water discharge to sea
(billion m3)

Reservoir storage 
(billion m3)

1998 551 19.27 25.30 35.46 4.40 9.17
1999 385 9.20 17.23 19.38 0.45 7.02
2000 490 12.52 22.20 26.87 0.41 7.06
2001 416 8.97 17.46 20.01 0.08 6.34
2002 400 6.32 14.63 15.81 0.18 5.03
2003 582 13.08 25.29 32.02 2.18 6.11
2004 538 13.79 23.80 29.98 1.30 7.05
2005 487 12.19 21.55 26.75 2.48 7.85
2006 438 9.62 18.91 21.98 0.50 6.98
2007 483 10.18 21.19 24.79 1.71 6.72

Table 7  The water supply and water use in the Haihe River Basin
Item 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007
Total water supply (billion m3) 42.40 43.15 40.06 39.17 39.98 37.70 36.8 38.05 39.28 38.45
Surface water (%) 25.2 25.3 24.1 20.2 20.4 20.6 20.6 22.6 22.4 22.3
Ground water (%) 61.8 62.0 65.6 68.4 67.6 69.3 67.1 66.5 64.1 65.0
Imported water (%) 12.7 12.4 10.0 11.1 11.6 9.6 11.5 9.8 11.8 11.2
Other water supply (%) 0.3 0.3 0.3 0.3 0.4 0.5 0.8 1.1 1.7 1.5
Total water use (billion m3) 42.38 42.78 39.83 39.17 39.98 37.7 36.8 37.98 39.27 38.45
Agricultural water use (%) 72.5 72.0 70.0 71.0 71.6 69.5 69.6 69.5 70.0 70.1
Industrial water use (%) 15.9 16.0 17.0 15.8 15.5 15.8 15.4 14.9 14.5 13.5
Domestic water use (%) 11.6 12.0 13.0 13.2 12.9 14.2 14.3 14.6 14.4 14.7
Eco-environmental water use (%) 0 0 0 0 0 0.5 0.7 1.0 1.1 1.7

Table 8  The water quality and waste water discharge in the Haihe River Basin

Year Assessed stream length (km) Total wastewater discharge (billion ton)
% stream length by water quality class

I II III IV V Lower than V
1998 9 951 5.61 0.6 13.6 20.8 10.0 8.4 46.6
1999 9 229 5.62 0.2 16.2 19.3 9.8 8.4 46.1
2000 11 278 5.40 0.2 15.8 18.9 4.6 4.7 55.8
2001 10 076 5.40 0.7 15.3 23.3 7.9 6.7 46.1
2002 7 151 5.36 3.2 14.3 23.1 4.5 6.2 48.7
2003 7 918 5.11 3.1 17.3 18.2 6.1 2.8 52.5
2004 11 670 4.80 2.6 16.2 22.2 4.6 3.4 51.0
2005 11 808 4.49 1.8 20.8 17.6 3.7 2.5 53.6
2006 11 641 4.83 1.4 15.8 13.4 8.1 6.8 54.6
2007 11 819 4.75 1.2 14.1 12.0 12.4 2.9 57.4
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sustainability is to discover those relationships under the 
limiting factor of water resources.  Although literature 
provides useful assessment methods for development 
evaluations (Park and Burgess 1921; Pimentel et al. 1998; 
Domagalski et al. 2001), this index system including the 
aspects of social and economic development as well as 
environmental quality will be especially useful to quantify 
development sustainability.  More details in developing the 
index system are provided in the Appendix.
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