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The quantity and quality of water resources are of great importance in maintaining urban socio-economic development. Accordingly, substantial research has been conducted on the concept of the water resources carrying
capacity (WRCC). In this study, analytic hierarchy process (AHP) and system dynamics (SD) models were
combined to construct a multi-criteria evaluation system of the WRCC and a socio-economic/water resources SD
model for Xi'an. The developmental trends of the society, economy, water supply/demand, and wastewater
discharge were obtained from 2015 to 2020 using five scenarios designed for distinct purposes; these scenarios
and trends were comprehensively evaluated using a combination of qualitative and quantitative analyses. The
results indicated that the WRCC (0.32 in 2020) in Xi'an will shift from a normal to a poor state if the current
social development pattern is maintained; therefore, we conclude that the socio-economic development of Xi'an
is unsustainable. However, under a comprehensive scheme, the WRCC index (0.64 in 2020) will increase by 48%
compared with the WRCC index under a business-as-usual scenario. Further, some practical suggestions, including the promotion of industrial reforms and the improvement of water-use efficiency and recycling policies,
were provided for improving the regional WRCC.

1. Introduction
Water resources, which constitute an irreplaceable foundation of
social development, are one of the most important natural resources for
the survival of organisms (Walter et al., 2012). Coincident with the
rapid development of contemporary society, the discrepancies between
acute water shortages and increasing demands for water resources have
become more prominent (Cai et al., 2011a,b; Safavi et al., 2016). In
recent years, human activities have led to an enormous demand for
water resources accompanied by water resource shortages and water
quality degradation; these demands have led to water crises in many
regions, particularly in urban areas (Tan et al., 2013; Wu et al., 2014).
Nearly two-thirds of cities in China face different degrees of water
shortages, and the groundwater in some areas is overexploited (Shang
et al., 2016). Moreover, rapid urbanization has introduced many new
pollution-related challenges, such as the need to collect and treat increasing volumes of city sewage (Chen, 2007). Over the last two

decades, it has been estimated that more than 11,000 water qualityrelated emergencies have occurred. A recent example is the discovery of
severe water contamination in the Jialing River caused by the discharge
of wastewater from chemical plants containing high amounts of thallium (Han et al., 2016). Though cities represent a concentration of
water resource demands, urban development has caused serious threats
that have focused the public's attention on the importance of protecting
existing water resources (Bakker, 2010). In 2014, Chinese Premier Li
Keqiang publicly declared war on pollution in an economic overhaul,
and the Chinese Central Government has since issued a series of policies
in the field of pollution control and remediation (Han et al., 2016).
Thus, quantitative and qualitative evaluations of whether available
water resources can support socio-economic development are important for ensuring that the accessible water environment is not destroyed.
The carrying capacity (CC), originally a concept from the science of
ecology, is used to reflect the maximum number of individual species
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that a habitat can support (Kessler, 1994). The water resources carrying
capacity (WRCC), which represents the extended application of the CC
in the field of water resources, was first proposed by the Research Panel
of Water Resource Soft Science in Xinjiang, China (Feng et al., 2008).
Since its proposal, the concept of the WRCC has been researched
abroad. Some studies concluded that the WRCC is a concept that focuses on sustainable socio-economic development within a region or
basin (Clarke, 2002; Khanna et al., 1999), while others regarded it as
the maximum threshold of water resources that an environment is
capable of providing to maintain human activities (Zhu et al., 2002).
The definition of the WRCC used in this study is the maximum sustainable socio-economic scale based on the available water resources
and the maintenance of a healthy water environment (Song and Zhan,
2011). Currently, most studies combine the concept of the WRCC with
the theory of sustainable development instead of regarding it as a separate research topic (Long et al., 2004; Zhu et al., 2002). Therefore, in
this study, the WRCC is incorporated into a larger theoretical background of sustainable development and water management.
To date, many researchers have conducted extensive assessments of
the WRCC by adopting a variety of methods, such as the conventional
tendency method (Liu, 2012), the ecological footprint method (Wang
et al., 2017a), the multi-objective analysis method (Garfì et al., 2011;
Peng and Zhou, 2011), and the artificial neural network method (Iliadis
and Maris, 2007). Through statistical analysis and calculation, the
conventional tendency method selects indicators to characterize the
WRCC based on the supply-demand balance of water resources; however, due to the lack of systematic analyses on the coupled relationships
between different elements, an objective portrayal of the real situation
of the WRCC using the conventional tendency method is difficult to
achieve. The ecological footprint method describes the WRCC by establishing only the ecological footprint as a comprehensive index,
making it simpler than other methods; however, this highly generalized
conclusion is not appropriate for obtaining a specific and in-depth
evaluation. As a planning method, multi-objective analysis incorporates
the relationship between natural resources and the regional social
economy; furthermore, the development goals of different periods are
considered when researchers make decisions. However, the application
of multi-objective analysis is limited due to the lack of an appropriate
method for solving optimization problems. The artificial neural network method performs well in terms of nonlinear pattern recognition,
but it is difficult to quantify the evaluation results in practical applications while utilizing this technique. Notably, in addition to the
abovementioned limitations, these methods all adopt a static evaluation
approach, which neglects dynamic changes in the WRCC (Wang et al.,
2013). Multi-criteria decision-making (MCDM) methods have been
proposed to determine the most preferred alternative by classifying
those alternatives in a few categories and prioritizing them in a subjective order of preferences (Tzeng and Huang, 2011). Among the
various MCDM methods developed to solve real-world decision problems, the analytic hierarchy process (AHP) is a widely used and wellknown decision support tool. Therefore, to overcome the abovementioned deficiencies, we integrated evaluation and scenario simulations based on an AHP model and a system dynamics (SD) model, both
of which have been widely used in research on the WRCC. For example,
Xi and Poh (2015) proposed a novel integrated decision support tool
that synergizes SD and AHP models to diversify Singapore's water
supply sources and relieve the risks of urban flooding. Furthermore,
Zhang et al. (2014) assessed the maximum population and socio-economic scale that the water resource system of the Siping area can
support.
In this study, we focused on quantitatively evaluating the WRCC
and seeking optimal development scenarios based on a synthetic simulation of the socio-economic/water resources compound system.
With the aid of SD and AHP methods, both a WRCC evaluation index
system and an SD model were established. Moreover, five reasonable

scenarios, each of which contained a unique emphasis, were proposed
to improve the WRCC. Under these different scenarios, the development
trend of the WRCC in the study area was obtained. Through a comparative analysis, the optimal scenario was selected as a solution to
coordinate the development of both the regional socio-economy and the
water environment. Thus, this study provides a reliable reference for
improving the WRCC. The details of each chapter are organized as
follows: sections 2 and 3 introduce the case study area, the methods and
the acquisition of related data; section 4 establishes the multi-criteria
evaluation system and SD model for the WRCC in Xi'an, verifies the
model, performs a sensitivity analysis, and constructs various scenarios
based on specific parameters; section 5 provides and compares the simulation results under the different scenarios, discusses policy implications, and identifies future research opportunities and limitations;
finally, section 6 presents the main conclusions. Fig. 1 shows a flow
chart of the methodology proposed in this study.
2. Study area
The study area is Xi'an (107.4–109.49°E, 33.42–34.45°N), the capital of Shaanxi Province and the largest city in Northwest China
(Fig. 2). Xi'an, which is a major industrial city in Shaanxi Province that
acts as a major national trade center and manufacturing base (Wang
et al., 2013), is located in the center of the Guanzhong Plain to the
south of the Qinling Mountains, and it spans a total area of 10,108 km2.
In recent years, the average annual precipitation was 500–750 mm, and
the average annual evaporation was 800–1000 mm. The total volume of
water resources in the region is 22.48 × 108 m3, of which
18.74 × 108 m3 (83.4%) is surface water. The regional volume of water
resources per capita is only 270 m3, which is less than one-seventh of
the national average and one-quarter of the provincial average. Moreover, the per capita volume of water resources of Xi'an is well below the
critical value of 1000 m3, which is internationally recognized as the
standard for a region to maintain economic and social development
(Alcamo et al., 2007).
The economy of Xi'an has developed rapidly in recent years, and this
rapid development has had dramatic effects on the water environment.
According to reports in the Xi'an Statistical Yearbook (2015), approximately 4.26 × 106 t of industrial wastewater and 1.43 × 107 t of untreated domestic sewage are discharged annually into water bodies.
Accordingly, the deterioration of the aquatic environment is the result
of surface water pollution, and the excessive exploitation of groundwater has led to ground subsidence. Both the shortage of water resources and the deterioration of the water environment have severely
restricted sustainable social and economic development in Xi'an (Cheng
et al., 2009). In China, although the total volume of water resources is
vast, the average accessible amount of water resources is low and is
unevenly distributed in time and space (Xia and Chen, 2001). Thus,
both social and natural factors produce severe water shortages in Xi'an,
thereby posing an imminent problem for the government (Xue and Qiu,
2013).
3. Data sources and methods
3.1. Statistical data
Two major sources of data were employed for this paper, namely,
the Xi'an Statistical Yearbook (2005–2015) and the Shaanxi Province
Water Resources Bulletin (2005–2015), which are published by the
Xi'an Bureau of Statistics and the Shaanxi Province Department of
Water Resources, respectively. In addition, other information was collected from the industrial water-use quota of Shaanxi Province and the
official website of the Shaanxi Provincial Bureau of Statistics; these data
included information on the socio-economy, water resources, and
wastewater discharge and treatment. The socio-economic data included
222
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Fig. 1. Flowchart of the research methodology on the WRCC in Xi'an.

information regarding the population (rural and urban), per capita
annual income of urban residents and rural households, and gross domestic product in addition to other information, while the data on
water resources included the total volume of water resources, total
volume of surface water resources and total volume of groundwater

resources, and the data on wastewater discharge and treatment was
composed of the total volume of industrial water, the volume of wastewater discharge, and the total volume of domestic and industrial
sewage disposal.
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Fig. 2. Administrative map of Xi'an.

3.2. Analytic hierarchy process

combining qualitative data with quantitative data.
The key steps involved in the AHP method are as follows:

In this study, the impacts of different indexes on the WRCC vary;
hence, the index weights need to be determined. At present, two
methods are utilized to calculate such weights: subjective weighting
and objective weighting. In the former, the weight of each index is
determined by an expert evaluation (e.g., an AHP or expert investigation); in the latter, the weight of each index is calculated by a numerical
method, which does not depend on the subjective judgment of a researcher. Because the index selected for the evaluation index system
involves multiple systems and multiple factors, an AHP is applied to
determine the weight of each evaluation index. An AHP, a structured
multi-attribute decision method developed by Thomas L. Saaty in the
1970s, is applicable to multi-objective, multi-criterion, and multi-actor
decisions (Saaty, 1990). AHP models also address quantification problems by integrating the subjective judgments of researchers and by

(1) Clarify the scope of the problem, understand the factors involved in
the problem, and determine the relationships between the various
factors. Based on a preliminary analysis of the evaluation system,
the system structure is divided into a hierarchical tree structure,
which generally consists of three hierarchies: the top is the object
hierarchy, the middle is the rule hierarchy, and the bottom is the
index hierarchy.
(2) As the hierarchical model determines the subordinate relationships
between the upper and lower elements, each element is pair-wise
compared by a judgment matrix, as shown in Eq. (1), and the corresponding level is confirmed by assigning a numerical value
(Table 1).
224
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speed of the system's cumulative effect and the changes in level variables over time, thereby representing the speed of change in the system
or the amplitude of a decision; these variables are denoted with the
”. Auxiliary variables are intermediate variables that
symbol “
run through the decision-making process, while information arrows
indicate the existence of a certain relationship between two variables
linked by an arrow. In the SD model, the level equation constitutes the
core equation describing the dynamic behavior of the system. In other
words, the level equation seeks the integral expressed as the integral
form shown in Eq. (4):

Table 1
Scale of preference between two elements.
Numerical scale

Definition

1
3
5
7
9
2, 4, 6, 8
Reciprocals

Equal significance between the two elements
Slight significance of one element compared to the other
Strong significance of one element compared to the other
Dominance of one element over the other
Absolute dominance of one element over the other
Intermediate values between two neighboring levels
If index i has one of the above numbers assigned to it when
compared to index j, then j has the reciprocal value when
compared to i

t

L (t ) = L 0 +

(

Xi

0

A= (bij )n × n

(1)

(3) Calculate the maximum eigenvalue (λmax) of each judgment matrix
and its corresponding eigenvectors. The relative weights of the
elements in the index (bottom) hierarchy relative to the weights of
the elements in the object (top) hierarchy can be obtained by normalizing the eigenvectors, which correspond to the maximum eigenvalue. Then, the judgment matrix is tested based on the consistency ratio (CR). The CR and the consistency index (CI) are
calculated by Eq. (2) and Eq. (3), respectively.

CI = (

max

4. Establishing the evaluation index system and SD model for the
WRCC in Xi'an
4.1. Evaluation index system
Water resources constitute an enormous and complex system that is
influenced and restricted by numerous aspects, such as the water environment, water resources, society, and economy (Davies and
Simonovic, 2011; Henriques, 2007). Consequently, the application of a
single-criterion evaluation method to establish an evaluation index
system of the WRCC will inevitably lead to inaccurate results. Therefore, to better reflect the status of the WRCC, a multi-factor assessment
method should be employed. The selected evaluation indicators should
reflect the actual conditions of the study area, and the indicators should
also characterize both the changes in the water environment and the
impacts of socio-economic development on the WRCC (Liu et al., 2012).
For this purpose, we drew on both domestic and international research
achievements, consulted with selected experts, and considered the actual water resources situation in Xi'an as well as the availability of
statistical data. Eventually, an evaluation index system composed of a
total of 16 evaluation indexes for the WRCC in Xi'an was established
(Table 3); furthermore, the system was divided into four major components, i.e., economy subsystems, water resources subsystems, water
environment subsystems and society subsystems. The selected indicators are commonly utilized regulatory indicators of relevant management departments involved with the water resources status, water
consumption, economic development, wastewater discharge, and
sewage treatment; additionally, the selected indicators are in accordance with established principles of integrity, comparability, dynamics and practicability.

(2)

n)/(n

1)

(4)

where L (t ) is the value of the level variable L at a time t; L0 is the initial
value of L ; Xi is the input flow of L ; and Xo is the output flow of L . The
above equation indicates that the value of the level variable at the time
t is equal to its initial value plus the accumulation of the net inflow over
the time period [0, t]; this formula is denoted with the symbol “
”
in the flowchart. All of the abovementioned symbols can be found in
Fig. 3 through Fig. 8 in Appendix A.

where A is the judgment matrix; n is the number of factors for the
pair-wise comparison; and bij is the ratio of the factor Ui to the
importance of Uj relative to a criterion. In addition, Eq. (1) has the
following properties: bij = 1/bji , i≠j; i, j = 1, 2, 3, …, n; bij ≥0;
bii = 1; etc.

CR = CI/RI

Xo ) dt

(3)

where CI is the consistency index, and RI is the random consistency
index, which can be acquired from Table 2 in Appendix B.
(4) Integrate the judgments over the various hierarchies to obtain an
overall priority ranking for the alternatives. Complete the entire
process from the object hierarchy to the index hierarchy.
3.3. SD model
SD, which constitutes a subject of analytical information feedback
systems, was introduced by Jay Forrester in the 1960s and popularized
by the Club of Rome's Limits to Growth in the 1970s (Forrester and
Warfield, 1971). SD is a well-established system simulation method for
understanding, visualizing and analyzing complex dynamic feedback
systems that exhibit nonlinear, multi-feedback and time-varying properties. Compared with other commonly used methods, SD models can
be applied not only to simulations of microscale systems but also to
simulations of macroscale social systems to address systematic problems (Leal et al., 2006). In this study, SD was applied to simulate the
long-term behavior of a complex water resources system, to further
analyze both how a system evolves over time and how past and current
behaviors influence the future WRCC, and to investigate the interrelations between different subsystems of the system. The water resources
system and the coordination between the water supply and the water
demand in particular display long-term behavioral characteristics for
which the SD model is adequately suited; thus, the SD model was applied in Xi'an.
There are four basic types of variables in the SD model: a level
variable (L), a rate variable (R), an auxiliary variable (A) and an information arrow. Level variables describe the cumulative effect of the
system that reflects the accumulation of information over time; these
variables are denoted with the symbol
. Rate variables reflect the

4.2. SD model formulation
The SD model of the WRCC was employed to comprehensively simulate the socio-economic/water resources compound system involving the economy, society, water resources, water environment, land
resources and policy in Xi'an. The interactions among the population,
GDP, industrial structure, and other socio-economic factors were considered to highlight the feedback relationships between the water resources and various socio-economic factors (e.g., water consumption,
sewage discharge and investment in environmental protection).
Additionally, the SD model is based on detailed parameter estimations
and numerical equations, thereby reducing uncertainties and improving
the accuracy of the model. The WRCC is typically studied by using
225
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Table 3
The basic composition of the evaluation index system and the weight values of each evaluation index.
Object hierarchy

Rule hierarchy

Index hierarchy

Indicator description

Weighted value

WRCC in Xi'an

Subsystem index for water resources

Water consumption per 10,000 RMB of
GDP U1
Total available water resources U2

Reflects the regional water consumption

0.0576

Reflects the
resources
Reflects the
Reflects the
Reflects the
Reflects the
Reflects the

amount of total available water

0.0939

water consumption of regional industry
level of water supply capacity
level of urbanization
regional population
level of regional greening

0.0341
0.144
0.0786
0.0914
0.0108

Reflects the regional development of agriculture
Reflects the water consumption of regional industry
Reflects the water consumption of regional irrigation
Reflects the water consumption of regional irrigation
Reflects the level of regional economic development
Reflects the pollution status of the water
environment
Reflects the level of sewage treatment in the area
Reflects the pollution status of the water
environment
Reflects the investment in regional environmental
protection

0.0922
0.0514
0.0499
0.0356
0.1203
0.0311

Subsystem index for society

Subsystem index for the economy

Subsystem index for the water
environment

Recycling rate of industrial wastewater U3
Ratio of water supply to water demand U4
Urbanization rate U5
Total population U6
Coverage of green areas in developed areas
U7
Cultivated areas U8
Industrial water consumption U9
Irrigation water consumption U10
Urban domestic water demand U11
GDP U12
The amount of water pollution U13
Treatment rate for sewage U14
The volume of COD emissions U15
Investment in environmental protection
U16

0.027
0.034
0.0481

system and has a substantial impact on both the state of water resources
and the performances of other subsystems (Fig. 4 in Appendix A). According to the method of industrial classification, the internal structure
of the economic subsystem is divided into three parts: primary industry,
secondary industry and tertiary industry. Each industry is affected not
only by its growth rate but also by the available water resources. When
the water demand exceeds the water supply, the economic growth rate
slows down correspondingly. The behavior and characteristics of the
water resources system impact the economic industrial structure, and
various industries exhibit immense differences in their demand for
water resources, while different industrial structures of the economic
system form different water demand structures (Zhang et al., 2016).
The GDP constitutes the core indicator of economic accounting and
represents the regional level of socio-economic development (Ju et al.,
2013). Thus, the regional GDP is the most significant variable in the
economic subsystem, which consists of the combined value of agriculture, industry and tertiary industry. The function of the economic
subsystem mainly reflects the following aspects: the level of economic
development in Xi'an and the impacts of economic development on the
water resources and water quality in the study area. Economic development is constrained by limited water resources, while water resources ensure the stable development of the economy. In addition, the
relationships between the economic subsystem and other systems are
similar to those of the population industry.

computer-aided SD simulations. Thus, in this study, an SD model capable of engaging in complex decision-making processes and conducting
comprehensive research on the regional WRCC was established. In this
case, we used the administrative area of Xi'an as the model boundary.
The following development scenarios were relatively easy to implement; this was beneficial for the management units insomuch that
problems related to undefined responsibilities were avoided (Zhang
et al., 2014). Moreover, the WRCC is influenced by many factors defined by both connections and restrictions among them; therefore,
based on the WRCC evaluation index system described above, the actual social development state in Xi'an, and the effects of the social,
economic and water environments on the WRCC, the WRCC system was
divided into six subsystems. The main variables and the functions used
in this study (in Vensim language) are summarized in Table 4 in
Appendix B.
4.2.1. Population subsystem
Representing the integration of social groups, the population constitutes one of the leading factors in socio-economic development, and
thus, the population can have a significant impact on water resources
(Falkenmark and Widstrand, 1992; Sinding, 2009). The total population is determined by the birth population, death population, and net
migration population. The birth population is determined mainly by the
birth rate, while the water resources constrain the rate of population
growth (Yuan and Tol, 2004). In addition, the death population and net
migration population are determined by the death rate and net migration rate, respectively (Fig. 3 in Appendix A). When designing the
population subsystem, some auxiliary variables were introduced to
study the influences of these factors on the population. The population
subsystem is linked to the other subsystems that profoundly affect the
development of the socio-economy and influence the water environment. For instance, because non-agricultural populations and tertiary
industries are key population drivers (Chen and Shi, 2014; Su et al.,
2014), government policy factors were introduced to study the influences of these factors on the migration population. Furthermore, labor
migration behavior in China is significantly affected by the urban-rural
income gap; the greater the income gap between urban and rural residents, the more migrant laborers are drawn to cities. Thus, an income
factor was also introduced.

4.2.3. Water resource supply subsystem
The purpose of the water resource supply subsystem is to estimate
the supply capability of local water resources. This subsystem provides
the domestic water required by the population to meet the basic living
requirements; in addition, it also supplies the fundamental material
base for the economic subsystem and sustains the healthy development
of the water environment subsystem (Fig. 5 in Appendix A). However,
these three subsystems (i.e., the economic, water environment, and
population subsystems) also have negative effects on water resources.
For instance, excessive increases in the population, economic development and ecological water demand will aggravate the water supply
burden, thereby leading to an imbalance between the water supply and
water demand (Cai et al., 2016). In this study, the internal structure of
the water resource supply subsystem is divided into three parts: total
surface water resources, total underground water resources and recycled water resources. The total quantity of available water resources
signifies the total water resources actually provided to consumers,

4.2.2. Economy subsystem
The economic subsystem is an important component of the overall
226
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which is estimated based on the utilization rate of water resources.

is used to maintain a certain water level in an urban water area. Due to
the effects of evaporation, most artificial sources of water may shrink
without a supplementary source of water; in contrast, when local precipitation exceeds evaporation, there is no water demand of surface
evaporation. According to the official report released by the Water
Resources Bulletin of Shaanxi Province (2005–2015), the urban ecological water demand in Xi'an is mainly impacted by urban environmental sanitation, and the proportion of ecological water has gradually
increased over time. Due to the regional industrial scale and because
the proportion of the urban industrial structure greatly affects the industrial water demand (Dong, 2008; Yu et al., 2011), the portion of this
subsystem involving an industrial water demand consists of two components: industrial water consumption and tertiary industrial water
consumption.

4.2.4. Land resources subsystem
The relationship between water resources and land resources is
mainly reflected by the mutual influence of their utilization (Keeley and
Faulkner, 2008). The functions of the land resource subsystem in the
overall system determine two main aspects: the influences of changes in
the effective irrigation area on the water resource demand subsystem
and the effects of the WRCC at the city scale (Fig. 6 in Appendix A). The
land resource subsystem was classified into four types: cultivated areas,
constructed regions, land used for construction and land used for green
areas. Among these variables, cultivated areas exhibit the highest influence on the water resource demand subsystem; the agricultural
water demand varies markedly with changes in cultivated areas.
Moreover, the urban ecological water demand will grow as the areas of
green land and external transportation land increase.

4.3. Model verification and sensitivity analysis of the model

4.2.5. Water environment subsystem
The quality of the water environment is a reflection of the sustainability of urban development, and it directly affects the quality of
human life and the sustainable utilization of water resources (Kilkis,
2016). The urban water environment is closely related to the residential
environment in addition to industrial development and human health;
consequently, the degradation and destruction of the urban water environment will result in widespread economic losses and security risks.
The water environment subsystem (Fig. 7 in Appendix A) reflects the
pollution load in the study area, in this subsystem, the main evaluation
indexes are the volume of chemical oxygen demand (COD) emissions
and the amount of water pollution. The volume of COD emissions is
determined by the volume of COD production and the treatment rate of
sewage. To a certain extent, the treatment rate of sewage can be further
improved by increasing the amount of investment in sewage management projects. There are two sources for the volume of COD production:
the urban population and industry. In this study, however, the nonagricultural population and the secondary industry are utilized as
substitutes for the urban population and industry, respectively. The
amount of water pollution refers to the difference between the volume
of total sewage discharged and the volume of sewage disposal. The
sources of the volume of total sewage discharged are similar to those of
the volume of COD production. Specifically, the sewage discharged
from the tertiary industry is considered in the calculation of the volume
of total sewage discharged.

A simulation model is a system that abstracts the real world into an
information structure. Hence, the quality of a model simulation depends upon whether it can properly represent the real-world system
(Wang et al., 2017b). Therefore, testing the validity of such a model
through a historical examination and sensitivity analysis before running
the simulation is indispensable.
4.3.1. Error test
The historical data from 2005 to 2015 were fed into the model.
Then, the simulation results were compared with the actual values. The
accuracy of the model provided the basis for the corresponding judgment to verify the correlation between the simulated and actual values.
Due to the large number of parameters in the model, only several representative stock variables were selected for the test. Table 5 in
Appendix B shows that the error of each indicator in the model was no
more than 10%, which falls within the acceptable range. The simulation
results of the model matched well with the actual values, indicating
that the model effectively reflected the reality and provided a good
foundation for forecasting the development trend.
4.3.2. Sensitivity analysis
In this study, sensitivity tests were performed to control the optimization of the system and ascertain which parameter variations more
greatly influenced the behaviors of each subsystem. We examined the
sensitivities of seven variables (representing each subsystem) to
changes in 14 parameters. Each parameter was manually increased by
10% annually during the simulation period. The sensitivity of a variable
relative to a test parameter can be calculated using Eq. (5).

4.2.6. Water resource demand subsystem
The water resource demand subsystem forms the core component of
the entire system, and it includes five parts: domestic water demand,
industrial water demand, agricultural water demand, urban ecological
water demand and tertiary industrial water demand (Fig. 8 in Appendix
A). The domestic water demand reflects the quantity of water used in
the population's daily life; domestic water is also important in terms of
the consumption of water resources and the source of water pollution.
However, because the water quotas are different for urban and rural
residents, the urban domestic water demand and rural domestic water
demand are calculated separately. The agricultural water demand is the
water consumed for agricultural irrigation, animal husbandry, fishery,
forestry and fruit irrigation (Cai et al., 2015). The water demand of
animal husbandry consists of two sectors: large animals (e.g., pigs, cows
and goats) and poultry. Notably, agricultural water consumption accounts for the largest portion of water consumption in Xi'an. The urban
ecological water demand is the sum of the water demand of green areas,
environmental sanitation and surface evaporation, and thus, it is mainly
influenced by the area of green land, the whole water area, the area of
roads and the total annual precipitation (Altunkaynak et al., 2005; Wei
et al., 2015); the water demand of green areas and environmental sanitation will grow as the areas of roads and green land increase. The
water demand of surface evaporation refers to the amount of water that

St =

(Yt

Yt )

(Xt

Xt )

Yt
Xt

(5)

where St is the sensitivity of a variable relative to a test parameter at
time t ; Yt and Yt are the values of the variable before and after the
adjustment of the parameter at time t , respectively; Xt and Xt are the
values of the parameter before and after the adjustment at time t , respectively. If 0.15 St 0.1, the variable is more sensitive; if
0.1 St 0.05, the variable is less sensitive; if St 0.15 or St 0.05, the
variable is very sensitive or not sensitive, respectively.
The results of the analysis (Table 6 in Appendix B) reveal that the
sensitivities of the various parameters were quite different for each
subsystem. For instance, the rate of secondary industrial production
growth greatly influenced the total water demand but had little effect
on the total population. Therefore, the parameters were modified for
different purposes when the various scenarios were formulated. According to the results from the error test and sensitivity analysis, the SD
model was considered valid. Moreover, most of the parameters were
either less sensitive or not sensitive, indicating that the constructed
model was robust.
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4.4. Quantitative evaluation of the WRCC

and socio-economy and to improve the WRCC in Xi'an, five scenarios
were proposed. Detailed information on each of the schemes is shown
in Table 8 in Appendix B.

4.4.1. Data normalization
The calculation of the WRCC can be cumbersome if the units and
dimensions of the selected evaluation indicators are different. Hence,
all evaluation indicators must be normalized to quantify the WRCC
(Zhang et al., 2014). In this study, the various WRCC evaluation indicators were normalized to determine their individual scores. Some of
the indicators had positive impacts on the WRCC, and thus, these indicators (e.g., the total volume of available water resources and recycling rate of industrial wastewater) were termed as a development
index. In contrast, some of the indicators had negative impacts, and
thus, these indicators (e.g., the volume of water consumption per
10,000 RMB of the GDP and the volume of COD emissions) were termed
as a constraint index. The remaining indicators (e.g., the total population and urbanization rate) were termed as a coordination index. When
a coordination index is closer to the average value, it is regarded as
more beneficial for enhancing the WRCC.
Eq. (6) and Eq. (7) were used to normalize the data for the development and constraint indexes, respectively.

Sih =

4.5.2. High economic scheme
Owing to the relatively backward status of development in Shaanxi
Province and the pressure for future development, a high economic
scheme (HES) was employed to emphasize economic development in
Xi'an (Shi, 2008). In this scheme, economic development remains the
priority for the foreseeable future. To simulate this situation, the
feedback effects of the economic subsystem in the model were enhanced by appropriately amplifying the parameters related to economic
development (e.g., the rate of secondary industrial production growth
and the rate of tertiary industrial production growth) and by slightly
adjusting the others.

m

Vih

min Vih
h=1

m

max Vih
h=1

m

Sih =

4.5.1. Business as usual
To facilitate comparisons with the other scenarios, the business-asusual (BAU) condition was used to estimate the future trend of the
WRCC under the current social development pattern.

max Vih
h=1

m

max Vih
h=1

m

min Vih

(6)

h=1

4.5.3. Readjusted industrial structure scheme
In the readjusted industrial structure scheme (RISS), the development of the primary and secondary industries is slowed while the development of the tertiary industry is accelerated. The development of
the tertiary industry has become a hallmark for evaluating the level of
economic development in modern society. In comparison with other
industries, the tertiary industry in Xi'an has great advantages with regard to both its output value and its industrial structure (Yang and
Zheng, 2006). Xi'an's Thirteenth Five-Year Plan recently noted that the
rate of contribution of the tertiary industry to urban economic growth
had increased annually, and its development has been used to determine the trend of future economic development in Xi'an. However, a
rational industrial structure is conducive to the sustainable utilization
of water resources (Bao et al., 2006). As various industries differ in their
consumption of water resources, any adjustment of the industrial development pattern will change the regional water demand on a large
scale.

Vih
m

min Vih

(7)

h=1

For the coordination index, Eq. (8) was applied.

Sih =

1

Vih

m

max Vih
h=1

Vih

m

min Vih

(8)

h=1

where Sih is the score of the i-index in the h-scheme; Vih is the simulation
value of the i-index in the h-scheme; and Vih is the average value of Vih
in this study.
4.4.2. Calculation of the WRCC index
After normalizing the data, the scores of all indexes were weighted
and summed to reflect the overall performance of the WRCC in Xi'an.
The WRCC index was calculated by Eq. (9), which represents the
weighted summation of all indicators in the evaluation system.

4.5.4. Resource-environment protected scheme
The resource-environment protected scheme (REPS) emphasizes the
protection of water resources and the water environment with the
particular goal of conserving water and controlling pollution. For years,
water resource problems have dramatically influenced the socio-economic development of urban areas, and thus, effective remediation
strategies for reducing the emissions and background levels of pollution
in the environment are urgently needed (Chen et al., 2017). Major issues include the inefficient utilization of water resources, the irrational
water consumption structure and the implementation of unreasonable
management strategies. Water consumption by farming irrigation
dominates the total water demand in Xi'an, and thus, the REPS was
enacted to control the increase in the water demand by suitably reducing various water quotas and improving the water-use efficiency
(Xiong, 2006).

n

Rh =

Ui Sih

(9)

i=1

where Ui is the weighted value of the i-index determined by Table 3,
and Rh is constrained to be less than or equal to 1. Note that since each
scenario run started in 2016, the value of the WRCC index in 2015 is the
average value of the simulation results in 2016. According to the different scales of the WRCC, the WRCC index was divided into five types
(Table 7).
4.5. Scenario management
To promote the coordinated development of the water environment
Table 7
The status of the WRCC in Xi'an.
WRCC index

Carrying status

0.8–1.0
0.6–0.8
0.4–0.6
0.2–0.4
0–0.2

Excellent
Positive
Normal
Poor
Weak

4.5.5. Comprehensive scheme
The comprehensive scheme (CS) integrates the abovementioned
scenarios, i.e., focusing on the development of tertiary industry, readjusting the industrial structure, suitably reducing the water-use quotas
of different industries, and increasing investments in environmental
protection.
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preliminarily controlled. As shown in Fig. 9, the WRCC index steadily
recovered from a poor status and ascended to a normal carrying status
by 2016.
5.1.4. REPS scenario
According to Fig. 10d, in the REPS scenario, the growth trend in
industrial water consumption will level off. With additional investments dedicated to controlling pollution and advancements in science
and technology, the volume of COD emissions will have decreased from
6.7 × 104 t in 2015 to 5.5 × 104 t in 2020. Fig. 9 shows that the CC
status will become positive in 2020.
5.1.5. CS scenario
As shown in Fig. 10a and d, in the CS scenario, the GDP will have
increased from 627.4 billion yuan in 2015 to 941.9 billion yuan in
2020, and the industrial water consumption will have decreased from
3.96 × 108 t in 2015 to 3.85 × 108 t in 2020. By 2020, the WRCC index
will achieve a positive status in Xi'an.

Fig. 9. The dynamic trends of the WRCC index in different scenarios.

5. Results and discussion

5.2. Comparison of the scenarios

5.1. Simulation results under the different scenarios

The results from the BAU scenario implied that the conflict between
the supply and demand of urban water resources would continue to
increase, and the water environment situation was not optimistic. Given
these conditions, the existing development trend cannot meet the requirements necessary for sustainable socio-economic and water environment development in Xi'an.
In the HES scenario, economic growth was higher than that in BAU;
specifically, by 2020, the GDP value increased by 9% more than that in
the BAU scenario, though the water resource constraints and water
environmental pollution became more serious in the HES scenario.
Specifically, the volume of COD emissions exceeded 9.6 × 104 t, which
is 1.34 times higher than the volume of COD emissions in the BAU
scenario. The explanation for this is straightforward: excessive economic growth resulted in continuous increases in the cost of water resources and further environmental degradation. The HES scenario was
also inadequately suited for sustainable development conditions,
especially at a time when the Chinese government is strengthening the
construction of an ecological civilization. Thus, the industrial structure
had to be adjusted to maintain sustainable urban development.
Through adjustments to the industrial structure, the economic performance of Xi'an was better in the RISS scenario than that in the BAU
scenario, but the economic performance of Xi'an was slightly worse
than that in the HES scenario. In terms of improving the WRCC, the
results showed that the RISS scenario was more effective than the
abovementioned scenarios. As the development of the primary and
secondary industries slowed, the ratio of the water resources supply to
the water resources demand increased by an average of 17.6% compared with the BAU scenario. However, the integral improvement of the
WRCC was not significant, and the CC status was merely maintained at
a normal level (i.e., the WRCC index was kept below 0.47). This result
was observed because environmental and water resource management
policies were not considered in this scenario. Therefore, the improvement of the WRCC should be considered from multiple perspectives.
In the REPS scenario, the WRCC of the study area improved remarkably (i.e., the WRCC index increased to 0.61). By 2020, the
amount of water consumption decreased to 83% of the simulation results from the BAU scenario. However, one drawback in the REPS
scenario was the exclusion of socio-economic progress, which resulted
in a low economic growth performance compared with the other scenarios. Accordingly, a more comprehensive solution should be offered.
In the CS scenario, the WRCC index greatly improved. The GDP was
also higher in the CS scenario than it was in most other scenarios (except for the HES scenario). In summary, the CS scenario was effective in
all regards.

According to the descriptions provided above, the five scenarios
were simulated using the Vensim software, and we obtained the dynamic changes in the stock variables. After normalizing the data and
performing calculations, the trend of the WRCC in Xi'an from 2015 to
2020 was obtained (Fig. 9).
5.1.1. BAU scenario
To date, the WRCC index exhibited a downward annual trend.
Specifically, prior to 2015, the CC in the region shifted from a normal
status to a poor status; however, the CC has not recovered to its original
state. Moreover, the ratio of the water resources supply to the water
resources demand in the study area decreased from 1.41 to 0.91 during
the simulation period, and the GDP grew slowly to 877.96 billion yuan.
The industrial water consumption is predicted to rise to 4.77 × 108 t by
2020, and the water demand of farming irrigation will have decreased
from 9.0 × 108 t in 2005 to 5.9 × 108 t in 2020 (Fig. 10d and e).
5.1.2. HES scenario
As shown in Fig. 10a, the regional economy is predicted to exhibit
extensive development. By 2020, the GDP of Xi'an will reach 976.55
billion yuan. The per capita disposable income of urban households in
Xi'an will exceed 63,752 yuan. The above results suggest that the HES
scenario better promotes economic development; however, as a result,
the total water demand of the city will grow quickly. Fig. 10b shows
that the ratio of the water resources supply to the water resources demand will reach only 0.87 by 2020; additionally, the industrial water
consumption in Xi'an will increase rapidly from 3.96 × 105 t in 2015 to
4.77 × 105 t in 2020. These conditions will result in severe water
shortages in the city. In terms of the water environment, the volume of
COD emissions will dramatically increase from 7.3 × 104 t in 2015 to
9.6 × 104 t in 2020 (Fig. 10c). Furthermore, following this scheme,
Fig. 9 shows a sharp downward trend in the WRCC index of the study
area from poor to nearly weak.
5.1.3. RISS scenario
Based on the RISS simulation scenario, the GDP of the city is expected to reach 942.72 billion yuan, and the proportion of tertiary industrial in the GDP will increase to 68%. Remarkably, the ratio of the
water resources supply to the water resources demand will increase to
1.32. Fig. 10d shows that industrial water consumption will have decrease from 3.96 × 108 t in 2015 to 3.89 × 108 t in 2020; the continuous increasing trends observed in the BAU and HES scenarios were
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Fig. 10. Simulated development trends for the (a) GDP, (b) ratio of the water supply to the water demand, (c) volume of COD emissions, (d) industrial water
consumption and (e) water demand of farming irrigation.

5.3. Policy implications

advanced water-saving irrigation technologies are widely popularized
and applied, then the effective irrigation coefficient will reach 85–90%,
and agricultural water consumption will be further reduced. Though
the agricultural sector has reduced its irrigation water quota and has
introduced several water-saving policies in recent years, it remains in a
backward state. Thus, the local government should accelerate the development and implementation of advanced irrigation and water-saving
technologies. These proposals also cater to the requirements of Xi'an's
Thirteenth Five-Year Plan that promote agricultural modernization.
Based on the status quo in Xi'an, there is little room for exploiting
new water resources. In addition to some water diversion projects being
constructed, the local government has recently promoted a project
consisting of rainwater collection systems. Although rainwater utilization has made a relatively small contribution to the available amount of
water resources in Xi'an, this practice has the potential to represent an
important water supply source in the future. After years of construction,
the city already boasts a large capacity for treating circulating water.
However, the construction of infrastructure in Xi'an lacks reasonable
and scientific planning, which greatly limits the utilization of recycled
water. At present, the development and utilization of reclaimed water
in Xi'an is still in its infancy. The annual average percentage of industrial water recycled reached only 70%, and the ratio of water reused

The demand for water resources will increase as the economy and
population continue to grow. Under such conditions, more efficiently
monitoring the exploitation rate of water resources and appropriately
reducing the water quotas of various industries can effectively reduce
the overall water consumption. Specifically, the changes in the water
demand of farming irrigation present a markedly decreasing trend;
however, the main reason for this is that cultivated areas have been
shrinking on a yearly basis as a consequence of urban expansion rather
than increases in the effective irrigation coefficient. Moreover, simulation results show that the water demand of farming irrigation is still
the largest portion of the total water demand in Xi'an. Thus, the water
demand of farming irrigation needs to be restricted. Much of the agricultural irrigation infrastructure is outdated; this leads to a low irrigation efficiency. According to Xi'an's Thirteenth Five-Year Plan, the
effective irrigation coefficient reached 0.705 in 2015, which was a remarkable achievement compared with the coefficient value of 0.6 in
2010; however, there is still plenty of room for improvement. At present, agricultural development mainly depends on surface irrigation
and traditional sprinkler irrigation in areas throughout northern China
(Li et al., 2012). If micro-irrigation, micro-sprinkler irrigation or other
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Fig. 10. (continued)
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from other sources, such as water for residential and agricultural use, is
low. Because the coverage of the reclaimed water network is inadequate, most reclaimed water can be drained away only from the
canal. Therefore, strengthening the management of circulating water,
expanding the coverage of reclaimed water pipe networks and improving the repetitive utilization rate of water resources are good solutions for bridging the gap between the water supply and water demand in the study area.
Over recent decades, traditional industries, such as the chemical
industry, textile industry, and machinery industry, have become the
dominant drivers of economic growth in Xi'an. However, most of these
industries consume high volumes of water and produce considerable
amounts of pollution. Although Xi'an has diversified somewhat over the
last few years, its economic development model is still highly energyintensive and environmentally damaging. Because the output and
water-use efficiency of the tertiary industry are higher than those of
other industries, vigorously developing the tertiary industry would help
maintain rapid economic growth, and such development would avoid
excessive increases in the amount of water consumption. Consequently,
the blind pursuit of rapid economic growth is not desirable, and attempts to accelerate transformations in various industries are inevitable. Nevertheless, the experiences of many developed countries
indicate that water consumption will decrease even as the GDP grows
with the promotion of industrial reforms and improvements to water
efficiency and recycling policies.

development pattern in Xi'an cannot meet the requirements necessary
for sustainable urban development. The HES scenario highlighted the
promotion of economic development, but it exhibited a dismal performance with regard to improving the WRCC, which was certainly not a
suitable solution. In terms of economic development, the RISS scenario
was slightly inferior to the HES scenario; specifically, the improvement
of the WRCC was better than the abovementioned scenarios, yet the
improvement was still not sufficient. The REPS scenario focused only on
the protection of the water environment and the conservation of resources while ignoring economic growth. Combining the advantages of
the above scenarios, the CS scenario significantly improved the WRCC
in Xi'an, and the WRCC index achieved a positive carrying status.
Second, agricultural water consumption currently accounts for an excessive proportion of the total water demand. The key to changing this
situation is improving the irrigation efficiency and increasing the
amount of investment in the agricultural irrigation infrastructure.
Third, an adjustment of the industrial structure in Xi'an is urgently
needed; accordingly, the government should not emphasize economic
growth. In contrast, accelerating the development of the tertiary industry is a feasible solution for reducing urban water consumption.
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5.4. Limitations and future research directions
Furthermore, the following limitations exist in this research:
(1) The WRCC is a complex, multi-factor system. Though this research
involves various elements, the socio-economic/water resources
compound model constructed herein is still a simplified model.
During the modeling process, some factors and some relationships
among the subsystems are oversimplified or are not considered;
these include changes in the water price, interactions between the
socio-economy and water environment, and impacts of climate
change on water resources (Cai et al., 2011a,b).
(2) The constructed model is limited because some of the data are
difficult to collect, especially data on wastewater discharge.
Therefore, the relevant simulation results are difficult to verify. In
addition, because of the different statistical standards of each department, the uncertainty of the SD model was exacerbated.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jenvman.2018.09.085.
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