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Abstract: Increasing water scarcity has made it difficult to meet global water demands, so the
sustainable use of water resources is an important issue. In this study, the sustainable water
resource system (SWRS) operating mechanism is discussed, considering three components: dynamics,
resistance and coordination. According to the SWRS operating mechanism, a universal indicator
system with three layers, including goal, criterion, and index layers, is constructed for SWRS
evaluation. Additionally, considering the fuzziness of threshold values for grading standards,
an SWRS evaluation model is constructed based on the set pair analysis (SPA), analytic hierarchy
process (AHP) and attribute interval recognition methods. This model is conceptually simple and
convenient. An evaluation indicator system is constructed for the SWRS in Beijing, and evaluation
standards with five grades are established. The dynamics of the sustainability of the Beijing SWRS
and corresponding operating mechanism are analyzed using the SPA evaluation model. The results
suggest that the three components of the operating mechanism all have positive effects on the Beijing
SWRS state, but the SWRS state has not yet been fundamentally changed. Therefore, considerable
improvements can be achieved regarding the sustainability of the Beijing SWRS.
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1. Introduction

Economic growth, industrial development, human health, food security and ecosystems are
all water-dependent [1]. Since the 1980s, global water use has been growing by approximately 1%
yearly, and this trend has been mainly caused by population growth, socioeconomic development and
evolving consumption patterns [2,3]. The global water demand is forecasted to continue to increase
at a similar rate until 2050, accounting for an increase of 20 to 30% overall [4], mainly due to the
increases in demand of the industrial and domestic sectors [4–6]. The water stress level will continue
to increase as the demand for water growth, the uncertainty of the water supply and the effects of
climate change intensify. Therefore, sustainable development and the management of water resources
are very important and for human survival and development.

Studies on the sustainability of water development and management have been popular since the
concept of sustainable development was first proposed in a World Commission on the Environment
and Development report [7]. Sustainability is a concept that describes the dynamic conditions of
complex systems, in particular, the biosphere of the Earth and the socioeconomic systems within
it [8]. Initially, many studies focused on the sustainability of hydrological systems. Concepts such
as renewability and the carrying capacity of the hydrological cycle in a basin were adopted to
measure the relative sustainability of water resources for human appropriation [9–11]. Fresh water
in nature has become a resource associated with socioeconomic development. Water resources have
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not only natural value but also social, economic and ecological functions. Hence, a water resource
system is a complex system of coupled natural hydrological systems, ecosystems and socioeconomic
systems [12]. Scholars have studied this complex water resource system, defined the sustainability of
water resource system, and assessed the sustainability criteria, measured the extent to which systems
are sustainable, developed evaluation index systems and methods, and established management
policies and regulations. For example, Feng (1991) defined a water resource system as being composed
of a number of interrelated and interactive water resources components associated with different
management and technical units [13]. Loucks (1997) defined sustainable water resource systems
(SWRSs) as those that are designed and managed to contribute to societal objectives at present and at
the future while maintaining ecological, environmental and hydrological integrity [10]. In the book
“Sustainable Criteria for Water Resources Systems”, Loucks (1999) illustrated the economic, ecological
and environmental sustainability criteria related to water resource management and planning and
offered possible solutions for achieving sustainable development with respect to water resource
systems [14]. To assess the sustainability of water resources, a conceptual framework and practical
tools for integrated assessment have been outlined in some studies. Water sustainability indexes
(reliability, resilience and vulnerability) are used to assess the sustainability of a water resource system
and identify key factors for improving the sustainability of the system [15–18]. Koop and van Leeuwen
(2015) used the city blueprint indicators to assess the sustainability of the city water resources [19].
Zhang et al. (2018) proposed an assessment method based on relative entropy in information entropy
theory to accurately reflect the sustainability of regional water resources in various areas [20]. A system
dynamics approach was employed to simulate the sustainability of a water resource system to provide
a basis for management policy and decision-making [21,22]. Sun et al. (2016) established indicators to
evaluate the sustainability of water utilization based on the Drive–Pressure–Status–Impact–Response
(DPSIR) model [23]. Later, many scholars constructed indicator systems at different levels by using
multicriteria methods to evaluate the sustainability of water resource systems in many basins, regions
and cities [24–30]. Although these methods define a water resource system as a complex system
composed of different subsystems (e.g., the water subsystem, socioeconomic subsystem, and ecological
subsystem), these subsystems are treated independently in the construction of evaluation indicator
systems, thus lacking the interlinkages among different subsystems with different mechanisms.

The United Nations World Water Development Report 2019 indicated that more than 2 billion
people live in areas of high water stress [31]. Nearly all net population growth takes place in urban
areas and increasing urbanization has generated new and difficult challenges for city water resource
management. Currently, over half (54%) of the global population lives in cities and the global urban
population is expected to increase to two-thirds of the global population [32]. Sustainable water
development challenges will therefore continue in cities. In this context, the Beijing megacity is used
as an example, and the operating mechanisms and dynamics of the water resource system (SWRS),
are investigated. This study attempts to (1) analyze an SWRS and the corresponding operating
mechanism based on sustainability theory and system science perspectives, (2) establish an universal
evaluation indicator system for the SWRS based on the operating mechanism, (3) construct an
assessment model with an SWRS based on the set pair analysis (SPA) method and analytic hierarchy
process (AHP) method and (4) analyze the sustainability and dynamics of the SWRS in the Beijing
megacity. This study provides new insights into the operating mechanisms and sustainability of water
resource systems in megacities.

2. Study Area

Beijing is the capital of the People’s Republic of China and is one of the four province-level
municipalities in China. The Beijing municipality consists of 16 districts, which cover an area of
16,410.54 km2 (Figure 1). Nestled on the north of the North China Plain, Beijing borders Tianjin
Municipality to the east and Hebei Province in all other directions. Beijing, Tianjin and Hebei have
formed a new economic community called the Jing-Jin-Ji region (Figure 1). In 2019, Beijing’s GDP was
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greater than CNY 3500 billion, an increase of 6.1% over that in the previous year. Additionally, as of
2019, the permanent resident population of the city was 21.536 million, the urban population was
18.65 million and the rural population was 2.886 million. The urban population accounted for 86.6% of
the city’s permanent residents.
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Figure 1. The geographical location and administrative map of the Beijing megacity in China.

Beijing is high in the northwest and low in the southeast. The city is surrounded by mountains to
the west, north and northeast. To the southeast, the North China Plain gradually descends towards the
Bohai Sea. Mountain areas occupy approximately 62% of the municipality’s total area. Five major
waterways flow from west to east through the municipality: the Juma, Yongding, Beiyun, Chaobai and
Jiyun Rivers. Beijing has a temperate, continental monsoonal climate, characterized by short spring and
autumn seasons, hot and rainy summers, and cold and dry winters. The average annual temperature
is 11 to 14 ◦C. The average annual precipitation in the area is 585 mm, and the heaviest rainfall occurs
in June, July and August, accounting for approximately 80% of the total annual precipitation.

Although Beijing’s per capita GDP is very high, reaching approximately CNY 165,000/person
(or USD 24,000/person) in 2019, the per capita local water resources in Beijing are very low at only
~140 m3/person. Water resource shortages have become one of the critical factors hindering the
sustainable development of the Beijing megacity. Therefore, evaluations of water resources sustainability
in Beijing can be used to diagnose and understand SWRS conditions and dynamics in Beijing in terms
of the operating mechanisms.

3. Theory and Methods

3.1. Operating Mechanism of an SWRS

An SWRS is an open and complex megasystem involving natural water systems (e.g.,
the hydrological cycle subsystem and ecological subsystem), human social systems (e.g., the social
subsystem, economic subsystem, and hydraulic engineering subsystem) and management and service
systems (e.g., the water conservancy technology subsystem, evaluation and criterion subsystem,
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and management and regulation subsystem). Water sustainability has been defined as a dynamic state
of water supply and use that meets societal needs without compromising the long-term capacity of the
water system to meet the needs of future generations [33]. An SWRS is a complex coupled system with
a water resource system as the core; such a system integrates social, economic and eco-environment
subsystems that interact with each other and continuously evolve in time and space. An SWRS can
maintain an environmental balance, promote the integrity of hydrological processes and meets the
current and future needs of sustainable socioeconomic development by using hydraulic engineering,
technological and other measures to protect and allocate water resources in a way that establishes
harmony among humans, water and nature. An SWRS is controlled and affected by the water resource
system, social system, economic system and eco-environmental system (Figure 2).
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Figure 2. Relationships among subsystems in a sustainable water resource system (SWRS) (revised from
Du et al., 2015 [34]).

Mechanisms are the interactions and interlinkages among the specific elements (society, economy,
resources, and environment) and abstract elements (information, interests, rights, and goals) of a system
and they maintain order and coordination among subsystems [35]. Driving forces are necessary to
maintain the operation of a system. However, every coin has two sides, and there must be a resistance
factor to hinder the development of a system. For a system to overcome resistance factors and maintain
healthily and sustainably operations, a system must have coordinated functionality. Similarly, for a
sustainable water resource system to operate in a sustainable and healthy way, dynamic, resistant and
coordinated attributes are necessary: these factors represent the three major operating mechanisms of
an SWRS (Figure 3). The dynamic mechanism provides driving forces for the continuous development
of an SWRS. The resistance mechanism hinders the positive evolution of an SWRS via interference
or consumption. The coordination mechanism plays an important role in adjusting or correcting the
operating direction of an SWRS via feedback. These three mechanisms are mutually restricted and
coordinated, and all are important.

For an SWRS, the dynamic mechanism includes three components: the renewable dynamics
of water resources, the socioeconomic support dynamics and the dynamics of ecological services.
The resistance mechanism includes the resistances related to water scarcity, economic depression, social
instability and ecological degradation, and the coordination mechanism involves water system
restoration, socioeconomic adjustment and ecological restoration. These mechanisms together
determine the direction and modes of an SWRS.
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3.2. Indicator System of an SWRS

In the past, sustainable indexes (e.g., the carrying capacity, vulnerability and reliability) were
often used to measure the sustainability of water resource development and utilization [10,11,30,36].
However, these indexes can only be used to describe the state of an SWRS and fail to explain the
causes of SWRS changes in terms of the corresponding mechanism. This study attempts to construct a
universal indicator system according to the operation mechanism of an SWRS and its components.
The indicator system is divided into three layers: goal, criterion and index layers. The indicator in a
goal layer is the SWRS condition. The criterion layer contains indicators for the dynamic condition,
resistance condition and coordination condition, which correspond to the three major mechanisms of
the SWRS. The indicators in the index layer are generated according to the system dynamics, resistance
and coordination.

In Table 1, the indicators corresponding to each index in the criterion layer all involve the water
subsystem, social subsystem, economic subsystem and ecological subsystem, and they correspond
to the components of each mechanism of an SWRS. Indicators C1–C33 have physical meaning and
are available. Due to space limitations, the meaning of and measurement method for each indicator
are not explained individually here. This indicator system is applicable to SWRS evaluation in most
regions. However, an indicator system for a certain region needs to be modified considering the actual
situation in and features of the region.

According to the operation mechanism of an SWRS and the corresponding universal indicator
system, the evaluation indicator system of the Beijing SWRS was divided into three layers, namely,
the goal, criterion and index layers, as shown in Table 2. The goal layer only includes one indicator,
The Beijing SWRS condition (A), which is described by the goal connection degree calculated based
on the weighted connection degrees of indicators for the criterion layer. The criterion layer includes
three indicators, namely, the dynamic conditions (B1), resistance conditions (B2) and coordination
conditions (B3), which correspond to the dynamic, resistance and coordination components of the
operating mechanism of the Beijing SWRS.
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Table 1. Universal evaluation indicator system for an SWRS.

Goal Layer (A) Criterion Layer (B) Index Layer (C) Unit

SWRS conditions

B1. Dynamic conditions

C1. Drought index (-)
C2. Annual precipitation mm/year

C3. Runoff depth mm
C4. Runoff yield modulus m3/km2

C5. Groundwater modulus m3/km2

C6. Per capita water resources m3/person
C7. Population density person/km2

C8. Urbanization rate %
C9. Per capita gross domestic product (GDP) CNY/person

C10. Proportion of investment in water projects %
C11. Industrialization rate %

C12. Forest coverage %
C13. Stream connectivity (-)

B2. Resistance conditions

C14. Water resource development ratio %
C15. Per capita water use m3/person

C16. Proportion of agricultural water use %
C17. Proportion of industrial water use %
C18. Proportion of ecological water use %

C19. Leakage rate of municipal networks %
C20. Groundwater overexploitation ratio %

C21. Proportion of saltwater intrusion area %
C22. Proportion of soil erosion area %

C23. Desertification rate %
C24. Proportion of sewage discharge %

B3. Coordination conditions

C25. Water consumption in GDP per 10,000 CNY m3/CNY
C26. Irrigation water per unit area m3/hm2

C27. Wastewater treatment ratio %
C28. Groundwater recharge ratio %
C29. Proportion of water transfer %

C30. Proportion of rainwater utilization %
C31. Proportion of water supply by reclaimed water %

C32. Water price CNY/m3

C33. Investment ratio of ecological restoration %

Table 2. Evaluation indicator system for the Beijing SWRS.

Goal Layer (A) Criterion Layer (B) Index Layer (C) Unit Symbol

SWR
Cconditions

B1. Dynamic conditions

C11. Annual precipitation mm +

C12. Per capita local water resources m3/P +
C13. Per capita GDP CNY/P +

C14. Urbanization rate % +
C15. Forest coverage % +

B2. Resistance conditions

C21. Water resource development ratio % -
C22. Proportion of domestic water consumption % -

C23. Proportion of agricultural water use % -
C24. Proportion of industrial water use % -

C25. Proportion of water supply to eco-environment % +
C26. Proportion of sewage discharge % +

B3. Coordination conditions

C31. Proportion of water consumption in the GDP per 10,000
CNY m3/CNY -

C32. Per capita daily domestic water use L/(P·d) -
C33. Water use in Industry value added per 10,000 CNY m3/CNY -

C34. Irrigation water per unit area m3/hm2 -
C35. Wastewater treatment ratio % +

C36. Proportion of water supplied by water transfer projects % +
C37. Proportion of water supplied by reclaimed water % +

C38. Urban greenery coverage % +

Note: “+” means that the greater the indicator value is, the better the performance is, and “-” has the opposite meaning.

In the index layer, five indicators are used to describe the dynamic component of the operating
mechanism of the Beijing SWRS; annual precipitation (C11), the per capita local water resources (C12),
the per capita GDP (C13), the urbanization rate (C14) and forest coverage (C15). C11 reflects the
status and renewability of water resources in the Beijing region. C12 reflects the extent to which the
Beijing megacity has access to freshwater resources. C13 indicates the potential economic support for
the available water resources. C14 reflects the social development level, which affects the mode and
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efficiency of water resource utilization. C15 represents the positive support of ecological conditions for
water resource conservation in the Beijing region.

Six indicators that encompass the resistance mechanism are selected in the index layer and they
include the water resource development rate (C21), proportion of domestic water consumption (C22),
proportion of agricultural water use (C23), proportion of industrial water use (C24), proportion of
water supply to the eco-environment (C25), and proportion of sewage discharge (C26). C21 describes
the overall extent of water resources in the Beijing megacity. C22, C23 and C24 represent the extent of
water consumption and the increased pressure on the water subsystem caused by the socioeconomic
development in Beijing, respectively. C25 and C26 represent the eco-environmental pressure caused by
water resource exploitation and conservation activities.

Eight indicators are selected to evaluate the coordination performance of the Beijing SWRS.
The proportion of water consumption in the GDP per 10,000 CNY (C31) is a comprehensive indicator
that represents the socioeconomic outcome directly tied to water resources, and the overall efficiency
of water resource utilization increases with this indicator. C32, C33 C34 and C35 are indicators that
reflect the efficiency of water consumption for different industries. Because the water transferred to
Beijing and available rainwater resources increases, the pressure on the water supply system decreases.
Hence, proportions of the south to north water diversion project (C36) and reclaimed water (C37) are
considered to coordinate the contradiction between water consumption and the supply of the water
subsystem. C38 (urban greenery coverage) is selected to describe the contribution of urban ecological
conservation to water system restoration and a healthy living environment.

3.3. Set Pair Analysis Model of an SWRS

Generally, specific index values are used as grade standards to evaluate problems related to water
resources. For example, a water reuse rate of 90% is used as the dividing value of evaluation grades 1
and 2. If the measured water reuse is 91%, the evaluation is classified as grade 1. However, if the value
is 89%, the result is classified as grade 2. Obviously, the rigid evaluation standard fails to consider the
fuzzy problem of indicator values and ignores the identity, discrepancy and contradistinction relations
between two neighboring grades. This study adopts a new SPA method to the above issues; the SPA
method was originally proposed by Zhao (2000) [37].

The principle of SPA assumes that (i) the set pair for two relative sets in an uncertain system
is constructed; (ii) the properties of the two sets are expressed by the identity, discrepancy and
contradistinction; (iii) the connection degree of a set pair can be calculated. Set pair construction is the
basis of SPA, and the connection degree is the key results in this method [38].

Set A and relative set B form a set pair H = (A, B); n terms in A = (a1, a2, . . . , an) and in
B = (b1, b2, . . . , bn) are used to show the characteristics of set A and set B, respectively. s is the number
of identical terms for a given characteristic, p is the number of contradictory terms, and f = n-s-p is the
number of discrepant terms [37].

µA−B =
s
n
+

f
n

i +
p
n

j (1)

where µA−B ∈ [−1,1] is the connection degree of H = (A, B). Let a = s/n, b = f /n, and c = p/n, a, b, c ∈ [0, 1] are
the identity degree, discrepancy degree and contradistinction degree, respectively, where a + b + c = 1.
i is the uncertainty coefficient of the discrepancy, and this value ranges between −1 and 1. j is the
uncertainty coefficient of the contradistinction degree, which has a value of −1 or can be considered a
marker of contradistinction in some cases.

Equation (1) is the general expression of the three-element connection degree. A new expression
for an n-element connection degree can be obtained by expanding the discrepancy degree (b) in
Equation (1) to b1i1 + b2i2 + . . . + bn−2in−2. The n-element connection degree can be obtained as

µA−B = a + b1i1 + b2i2 + · · ·+ bn−2in−2 + cj (2)
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where a + b1 + b2 + . . . + bn−2 + c = 1 and b1, b2 . . . bn−2 are the components of the discrepancy degree
corresponding to different grades. i1, i2 . . . in−2 are the uncertainty variables and coefficients of the
discrepancy degree.

In this study, the indicator system is divided into three layers. Parameter A represents the indicator
(SWRS condition) in the goal layer. Bp represents the p-th indicator in the criterion layer. Cpq represents
the q-th evaluation index of the p-th criterion index. If the evaluation standard values for the indicator
system are classified into n grades, the n-element connection degree of each indicator can be calculated
using Equation (2). The specific expressions of connection degrees for each layer are detailed in
Appendix A. It should be noted that the weight of indicators should be considered for the criterion
layer and the goal layer. In this study, the indicator weights are determined by using the AHP method.

3.4. Indicator Weight Determination

The contributions and influences of different indicators to the SWRS are different. Hence,
each indicator needs to be assigned a weight to describe its role in the SWRS. This study adopts the
AHP method to determine the weights of indicators in the criterion layer and the index layer [39].
The steps of the method are (1) to determine the importance of the indicators to the overall objective by
pairwise comparison; (2) to estimate the relative weights of indicators using the “eigenvalue” method;
(3) to assess the consistency of the comparison matrix using the consistency index.

In this case, indicators C11–C15 in Table 2 are used as an example to illustrate the weight calculation.
First, a comparison matrix used to describe the relative importance of each indicator is constructed by
assigning an objective or subjective assignment of preference weights based on a pairwise comparison
scale (1–9) (Table 3). For example, if indicator C11 is moderately important compared to indicator
C12, the relative importance of C11 over C12 is valued at 5 and that of C12 over C11 is valued at 1/5.
The comparison matrix A = (aij) is obtained by a pairwise comparison of indicators C11–C15, as shown
in Table 4. The principal diagonal of the matrix contains entries of 1 because each factor is as important
as itself.

Table 3. The analytic hierarchy process (AHP) pairwise comparison scale.

Degree of Importance Definition

1 Both indicators equally important
3 Very slight importance of one indicator over the other
5 Moderate importance of one indicator over the other
7 Demonstrated importance of one indicator over the other
9 Extreme or absolute importance of one indicator over the other

2, 4, 6, and 8 Intermediate values between two adjacent judgments

Table 4. Pairwise comparisons of indicators C11–C15.

C11 C12 C13 C14 C15

C11 1 5 7 7 3
C12 1/5 1 5 5 2
C13 1/7 1/5 1 1 1/3
C14 1/7 1/5 1 1 1/3
C15 1/3 1/2 3 3 1

The next step is to calculate the maximum eigenvalue of the comparison matrix and the
corresponding eigenvector. The entries in each column of the matrix are summed (Aj =

∑
i(aij),

where i and j are the row and column labels, respectively). Each entry of a column is divided by that
sum, namely aij/Aj, and a new normalized matrix is obtained (A’ = (a’ij) = (aij/Aj), where i, j = 1, 2, 3,
4, and 5). The entries in each row of matrix A’ are summed to obtain a column vector (A’i =

∑
j(a’ij)).

The eigenvector ω of the comparison matrix A is calculated by dividing A’i by the sum of the entries
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of the normalized matrix (
∑

a’ij). The normalized matrix and the eigenvector are listed in Table 5.
According to A ω = λmax ω, the maximum eigenvalue (λmax) of the comparison matrix A is determined,
namely λmax = A ω/ω = 5.20.

Table 5. The normalized matrix and the eigenvector.

C11 C12 C13 C14 C15 ω

C11 0.55 0.72 0.41 0.41 0.45 0.51
C12 0.11 0.14 0.29 0.29 0.3 0.23
C13 0.08 0.03 0.06 0.06 0.05 0.06
C14 0.08 0.03 0.06 0.06 0.05 0.06
C15 0.18 0.07 0.18 0.18 0.15 0.15

Finally, the consistency index (CI) and consistency ratio (CR) are employed to assess the consistency
of the comparison matrix. The consistency index for an n × n matrix with maximum eigenvalue λmax is
CI = (λmax − n)/(n − 1). RI is the consistency index for a randomly generated n × n matrix. Using the CI
and RI, the consistency ratio is defined as CR = CI/RI. Values of CR ≤ 0.1 are desired. High CR values
imply unacceptable inconsistency, and respondents were asked to revise their pairwise comparison
ratings in such cases. In this example, the order (n) of matrix A is 5, and CI = (λmax − n)/(n−1) =

(5.20 − 5)/(5 − 1) = 0.05. The RI for 5 × 5 matrix A is 1.12, and CR = 0.05/1.12 = 0.046 < 0.1, which is
acceptable for the consistency test of the comparison matrix. Hence, the eigenvector corresponding to
λmax contains the weights of C11–C15, namely, ω = (0.51, 0.23, 0.06, 0.06, 0.15).

4. Results and Discussions

4.1. Evaluation Results for the Index Layer

The values of these indicators (C11–C38) in Table 2 are available from the Beijing Water Resources
Bulletin (2000–2018) [40], Beijing Water Statistical Yearbook (2016–2018) [41] and Beijing Statistical
Yearbook (2019) [42], as shown in Table 6.

The rationality of the indicator standards directly affects the accuracy of the Beijing SWRS
evaluation. For the principle of grading, a five-grade standard division is adopted based on the
relevant regulations of the state (Table 7). In general, the standards for these indicators are identified
with reference to (1) the oval global situation and (2) the overall situation in China. Here, only
indicators C11–C15 are used as an example to illustrate how the standards are determined. The annual
precipitation distribution in China varies from below 50 to above 3000 mm [43], and the standards of
C11 are determined to have five grades. According to the internationally recognized water shortage
standards (<3000 m3, mild; <2000 m3, moderate; <1000 m3, severe, and <500 m3, extreme) and the per
capita water resources in China (~2000 m3), the five grades of C12 are divided as shown in Table 7.
According to the global per capita water resources in the Word Bank dataset [44], the dividing point
values for the grades 1–5 for C13 are set as 300,000, 120,000, 40,000, 15,000, and 5000. The C14 and C15
standards are set based on the urbanization levels in developing and developed countries around the
world [32] and the forest coverage of the countries [44]. Due to space limitations, other indicators will
not be described in detail here. The grading standards are shown in Table 4.
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Table 6. The indicator values in the index layer of the indicator system of the Beijing SWRS.

Indicator 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

C11 (mm) 438 462 413 453 539 468 448 499 638 448 524 552 708 501 439 583 660 592 590
C12 (m3/P) 123.6 138.6 113.2 126.3 143.0 150.7 137.9 142.1 193.2 117.4 117.6 132.8 190.9 117.3 94.1 123.3 161.4 137.1 164.6

C13 (CNY/P) 24,518 27,430 31,307 35,450 41,809 47,127 52,964 61,470 66,098 68,406 75,573 83,547 89,778 97,178 102,869 109,603 118,198 128,994 140,211
C14 (%) 77.5 78.1 78.6 79.1 79.5 83.6 84.3 84.5 84.9 85.0 86.0 86.2 86.2 86.3 86.4 86.5 86.5 86.5 86.5
C15 (%) 29.0 30.5 31.6 33.1 34.5 35.3 35.9 36.5 36.5 36.7 37.0 37.6 38.6 40.1 41.0 41.6 42.3 43.0 43.5
C21 (%) 240.2 202.8 214.9 183.4 152.3 137.6 139.1 125.4 83.0 120.9 111.8 98.5 64.8 100.4 138.8 78.8 58.2 67.9 54.1
C22 (%) 32.1 31.0 31.3 36.3 37.0 38.8 39.9 39.9 41.9 41.4 41.8 43.3 44.6 44.8 45.3 45.8 45.9 46.3 46.8
C23 (%) 40.8 44.7 44.6 38.5 39.1 38.3 37.3 35.7 34.2 33.8 32.4 30.3 25.9 25.0 21.9 17.0 15.7 12.9 10.7
C24 (%) 26.0 23.6 21.8 23.5 22.2 19.7 18.1 16.5 14.8 14.6 14.5 13.9 13.6 14.0 13.6 9.9 9.8 8.9 8.4
C25 (%) 1.1 0.8 2.3 1.7 1.8 3.2 4.7 7.8 9.1 10.1 11.4 12.5 15.9 16.2 19.2 27.2 28.6 31.9 34.1
C26 (%) 57.7 64.2 74.4 61.3 62.6 56.0 64.8 66.1 66.3 68.6 71.6 70.6 72.7 72.6 73.1 77.0 78.7 85.9 94.0

C31 (m3/CNY) 125.7 103.3 78.8 70.1 56.0 48.3 41.3 34.6 30.8 28.6 24.4 21.7 19.6 17.9 17.1 16.1 15.1 14.1 13.0
C32 (L/(P·d)) 260.4 238.3 208.5 244.6 234.6 238.3 234.4 227.1 227.4 216.5 205.3 211.7 211.8 211.2 216.5 220.9 224.4 231.0 234.0

C33 (m3/CNY) 123.2 96.9 73.0 67.9 48.7 39.3 33.4 27.2 23.9 22.1 18.1 16.1 14.5 13.9 13.2 9.9 9.4 8.2 7.4
C34 (m3/hm2) 3632.2 4578.9 4611.9 4584.7 4440.8 4292.2 3993.8 4216.9 3726.7 3750.0 3593.2 3597.4 3286.2 3760.3 4100.8 3680.0 4039.7 4047.6 3962.3

C35 (%) 39.4 42 45 50.1 53.9 62.4 73.2 76.2 78.9 80.3 81 82 83 84.6 86.1 87.9 90 92.4 93.4
C36 (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 11.9 11.3 9.7 7.1 14.8 4.1 32.9 30.3 36.2 33.6
C37 (%) 0.0 0.0 0.0 11.1 9.6 10.3 16.4 20.8 17.5 29.8 29.5 26.5 19.0 32.3 42.8 35.4 28.6 35.3 30.4
C38 (%) 36.5 38.2 40.2 40.87 41.91 42 42.5 43 43.5 44.4 45 45.6 46.2 46.8 47.4 48 48.4 48.42 48.44
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Table 7. The grading standards for the indicators in the index layer for the Beijing SWRS.

Indicator Grade 1 (Very Poor) Grade 2 (Poor) Grade 3
(Medium)

Grade 4
(Good)

Grade 5
(Excellent)

C11 (mm) 200 400 800 1600 3000
C12 (m3/P) 500 1000 2000 3000 5000

C13 (CNY/P) 5000 15,000 40,000 120,000 300,000
C14 (%) 20 40 50 60 80
C15 (%) 10 20 35 50 60
C21 (%) 60 40 30 20 10
C22 (%) 50 40 25 15 8
C23 (%) 80 70 50 40 20
C24 (%) 30 25 20 15 10
C25 (%) 1 2 3.5 10 20
C26 (%) 20 30 50 70 90

C31 (m3/CNY) 300 150 60 40 20
C32 (L/(P·d)) 200 180 150 120 100

C33 (m3/CNY) 250 200 120 80 60
C34 (%) 6500 6000 5500 4500 3000

C35 (m3/hm2) 20 40 60 80 90
C36 (%) 10 20 30 40 60
C37 (%) 10 20 30 40 50
C38 (%) 10 20 30 50 70

According to the principle of SPA, the values of indicators for the index, criterion and goal layers
form set A, and the standard values of the five grades for these indicators form set B. These two sets
are combined to obtain the set pair H(A, B). The connection degrees of the set pair H(A, B) can be
calculated using Equations (2), (A1) and (A2). Since the connectivity degree ranges from −1 to 1,
a different grading scale is used to effectively depict the evaluation results. According to the SPA model,
the connection degrees approaching 1 indicate excellent evaluation results. In contrast, the evaluation
is poor when the connection degree is close to −1. Corresponding to the standard of the indicators
in the index system of the SWRS (five grades), the evaluation standard for the connection degrees of
the three layers is divided into five grades: very poor (grade 1), poor (grade 2), medium (grade 3),
good (grade 4), and excellent (grade 5). The connection degree values in the range of [−1,1] and the
corresponding evaluation layers are shown in Table 8.

Table 8. The grading of evaluation results corresponding to the connection degree.

Connection Degree [−1,−0.6] [−0.6,−0.2] [−0.2,0.2] [0.2,0.6] [0.6,1]

Evaluation grade 1 2 3 4 5
Evaluation level very poor poor medium good excellent

The connection degrees for the index layer are the basis of the evaluation of the goal and criterion
layers and the analysis of the operating mechanism of the Beijing SWRS. According to the indicator
values (Table 6) and the grading standards (Table 7), the identity, discrepancy and contradistinction
degrees (rpq1, rpq2, rpq3, rpq4, and rpq5) are determined using Equation (A4).

A value of −1 is set for the contradistinction degree, indicating that the indicator condition is
extremely poor. According to the principle of equal division, the discrepancy degree coefficients (i1, i2,
and i3) are determined based on the equally dividing the interval of [−1,1]. Specifically, i1 = 0.5, i2 = 0,
and i3 = −0.5. The variations in the connection degrees of indicators C11–C38 and the corresponding
grades are depicted in Figure 4.
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Figure 4. Variations in the connection degrees for indicators C11–C38 and their grades.

The top panel of Figure 4 shows the variations in the connection degree of the indicators related
to the dynamic component of the SWRS. C12 is the per capita local water resources in Beijing.
The connection degree was −1 from 2000 to 2018 (red circles), belonging to grade 1, reflecting a poor
performance. During this period, the per capita local water resources in Beijing varied between 90
and 165 m3/person, which is much lower than the international standard of severe water scarcity
(<500 m3/person). Such a high population pressure on the water subsystem of Beijing could severely
weaken the dynamics of the SWRS, negatively affect the sustainable utilization of water resources and
hinder the development of socioeconomic status of the Beijing megacity. However, C14 (urbanization
rate) displays an excellent performance. The urbanization rate of Beijing increased from 77.5 to
86.5%, reflecting rapid growth. The connection degree varied from 0.94 in 2000 to 1 in 2005 and
remained at grade 5 during this period (dark cyan circles in Figure 4). Therefore, rapid and high-level
urbanization has greatly promoted the socioeconomic development of Beijing and is very favorable to
the conservation, efficient utilization, and integrated management of water resources. The black circles
(Figure 4) indicate the variations in the connection degree of C11 (annual precipitation). Although the
connection degree lightly increases overall, it fluctuates near grade 2, which reflects a poor situation.
This result illustrates that the annual precipitation in Beijing, although relatively limited, has a stable
influence on the SWRS among all the dynamic indicators. For indicators C13 (per capita GDP) and C15
(forest coverage), the connection degrees exhibit a similar trend. From 2000 to 2018, the per capita GDP
of Beijing increased by a factor of nearly five, and the forest coverage increased by 50%. The connection
degree of C13 varied from −0.31 in 2000 to 0.56 in 2018, and the corresponding grade increased from 2
(poor) to 4 (good). The connection degree of C15 ranged from −0.20 in 2000 to 0.28 in 2018 and the
grade of this indicator changed from medium to good. Therefore, these two indicators were major
factors improving the dynamic conditions of the SWRS in Beijing.

The middle panel of Figure 4 depicts the variations in the connection degree of the indicators
related to the resistance component of the SWRS. Although the water resource development ratio
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(C21) in Beijing decreased from 204 to 54%, it is still very high. Therefore, the connection degree
(black squares) is still −1, and this indicator is at a very poor level. From 2000 to 2018, the proportion
of domestic water consumption (C22) in Beijing increased due to the increase in the population. As a
result, the connection degree decreased from grade 2 (poor) to grade 1 (very poor). The indicators
other than C21 and C22 exhibited a good performance, and their connection degrees increased
significantly. The change in the connection degree of C25 was the most significant, increasing from −1
to 1. The proportion of water supplied by the eco-environment in Beijing increased from 1.1% in 2000
to 34.1% in 2018, which fundamentally reversed the impact on the SWRS (i.e., shift from resistance
to a driving force). C23 (proportion of domestic water consumption) and C26 (proportion of sewage
discharge) also have a positive impact on the SWRS.

The final panel in Figure 4 shows the variations in the connection degrees of the indicator related
to the coordination component of the SWRS. One indicator, namely, per capita daily domestic water use
(C32), displays a very poor performance. The connection degree of C32 remained at −1 and is classified
as grade 1. The per capita daily domestic water use is between 205 and 260 m3/(person day), which is
far higher than the standard for urban residential use in China (85–140 L/(person day) in Beijing and
other cities). In the early period, the connection degree of indicators C36 and C37 was −1, reflecting the
very poor performance of the SWRS in Beijing. However, with the increase in water supply provided
by the South to North Project and reclaimed water, the connection degrees of these two indicators
increased significantly in the later period. The connection degree for C37 was excellent in 2014 and
those for C36 and C37 have been stable at medium and good levels in recent years. The proportion
of agriculture in Beijing is very small, and agricultural products have accounted for less than 1% of
the total GDP since 2007. Additionally, the agricultural water use efficiency in Beijing is very high at
between 3000 and ~4500 m3/hm−2. Hence, the connection degree of C34 is good to excellent (between
0.4 and 0.9). The connection degrees of other indicators (C31, C33, C35 and C38) have been increasing
and had positive coordination effects on the SWRS of Beijing.

4.2. Dynamic Analysis of the Operating Mechanism of the Beijing’s SWRS

According to the steps in the AHP method, the weights of C22–C26, C31–C38 and B1–B3 can be
determined. The weights of indicators in the index and criterion layers are shown in Table 9. Given the
weights in Table 9 and the identity, discrepancy or contradistinction degrees of indicators in the index
layer, the connection degrees of indicators in the criterion layer and the goal layer can be calculated
using Equations (A2) and (A3), and the results are depicted in Figure 5.

Table 9. The indicator weights for the criterion layer and the index layer.

Criterion
Layer (B)

Weight
(ωm)

Index
Layer (C)

Weight
(ωpq)

Index
Layer (C)

Weight
(ωpq)

Index
Layer (C)

Weight
(ωpq)

B1 0.581 C11 0.510 C21 0.405 C31 0.075
B2 0.110 C12 0.229 C22 0.150 C32 0.086
B3 0.309 C13 0.055 C23 0.055 C33 0.094

C14 0.055 C24 0.113 C34 0.045
C15 0.152 C25 0.154 C35 0.140

C26 0.123 C36 0.290
C37 0.170
C38 0.101
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Figure 5. Dynamics of the connection degree of the SWRS condition and its components.

As shown by the red solid dots and lines in Figure 5, the connection degree of the SWRS condition
in Beijing annually increased from −0.52 in 2000 to −0.03 in 2018. However, the corresponding indicator
grade only changed from grade 2 to grade 3, namely, from poor to medium. In addition, the connection
degree was negative until 2018. These results illustrate that the sustainability of the Beijing SWRS is
improving, but this improvement has not been very significant and the sustainability of the Beijing
SWRS has not yet fundamentally changed.

The dynamic conditions (B1), resistance conditions (B2) and coordination conditions (B3) are the
components of the goal layer (SWRS conditions (A)). The connection degrees of these three indicators
increased overall, indicating that these indicators all have a positive influence on improving the
sustainability of the Beijing SWRS. Figure 5 shows that the rates of change of the connection degrees
of these three indicators were relatively consistent in the former period (2000–2008) and began to
diverge after 2008, with the coordination indicator increasing fastest, the dynamic conditions indicator
increasing slowest and resistance conditions indicator increasing at a medium rate. Table 9 shows that
the indicator weight of the dynamic conditions indicators is 0.58, which is higher than those of the
other two indictors. Therefore, the variations in the dynamic conditions mainly determine the overall
trend of the SWRS conditions.

As shown by the blue half-filled dots and lines in Figure 5, the connection degree of the dynamic
conditions indicator slowly increases from −0.45 to −0.23, thus remaining at the grade 2 level (i.e., poor
level). This finding suggests that although the dynamic conditions of the Beijing SWRS are gradually
improving, this improvement is very slow and influences variations in the SWRS conditions. For the
resistance conditions indicator, the connection degree annually increased from −0.61 to −0.03, and the
indicator grade rose from grade 2 to 3 (i.e., from poor to medium). Thus, the negative influence of
the resistance factors on the Beijing SWRS decreased, and the positive effect increased. For the three
factors that influence the operating mechanism of the SWRS, the coordination conditions indicator
has the most positive effect; notably, the corresponding connection degree significantly increases from
−0.60 to 0.35, and the corresponding grade rises from 2 (poor) to 4 (good). This significant change from
negative to positive is fundamental to the overall improvement in sustainability. As the indicators
related to the coordination mechanism have improved, the effects of the coordination mechanism on
the SWRS have become increasingly important.

4.3. Discussion on the Grading Threshold of Indicators

The selection and grading of indicators are subjective in the comprehensive evaluation of water
resources, environment or disasters. This subjectivity has become a controversial issue that causes
the objectivity of the evaluation results and is also a question that is often asked. It is important to
look at this issue from two perspectives. On the one hand, this issue is influenced by many factors
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and is also very complex, which poses many difficulties and challenges to understanding and the
accurately quantitative evaluation. On the other hand, a comprehensive evaluation is a study that
involves the interdisciplinarity of social and natural sciences. It has its unique features, and requires a
novel horizon and novel thinking to answer the faced questions.

There are many factors that make the selection and grading of indicators subjective, such as
different geographical regions, different ecological protective objectives, different development stages
and changes in management policies, etc. The existence and influence of these factors are objective and
unavoidable. For example, the focus of an indicator system in selecting indicators is different in different
geographical regions for the evaluation of water resources sustainability. In regions with abundant
precipitation, water quality is a major factor influencing water shortages and indicators related to water
quality should be selected. However, in arid and semiarid regions, precipitation may be a critical factor
causing water shortage, so indicators related to precipitation are the focus of consideration. In addition,
the grading of the same indicator should be different in different regions. For example, vegetation
type and coverage degree in desert and rainforest regions are significantly different according to
the laws of zoning in physical geography—desert vegetation is sparse and rainforest vegetation is
dense. If the indicator grading of rainforest vegetation is employed to measure the vegetation in desert
regions, the evaluation result is definitely very bad, which is not realistic. Under national conditions,
desert vegetation should be sparse and is very healthy, which is determined by the local hydrothermal
conditions. Therefore, the grading of vegetation indicator in the two geographical regions should
be different and adapted based on the local conditions. The grading of indicators should vary with
different evaluation objectives for the same topic. For example, the proportion of agricultural areas
in a country may vary from 5 to 30% according to different nature protection goals [45]. In addition,
the allowable values of some indicators vary with different stages of socioeconomic development.
For example, generally, in the early stage of economic development for a country, sewage treatment
may not be the performance assess index of the local government. Environmental problems become
more and more serious with economic development, and the government will demand higher and
higher sewage treatment rates. In China, the urban sewage treatment rate has increased from 75.25%
in 2009 to 91.90% in 2015 [46]. If the sewage treatment rate of a city is 70% in China, ten years ago it
would have been evaluated as a very good environmental performance, but now it would be a very
poor rating. These subjectivity (or uncertainties), caused by the regions, objectives and development
stages, can be controlled or increased by constructing a causal or overall framework for the selection
and grading of indicators based on some general guidelines and they can be also corrected according
to practical experience.

The rationality or explanation of the grading thresholds of some indicators has been studied.
For example, a 20 and 40% annual water withdrawal to availability are generally categorized as the
accepted thresholds for medium and high water stress, respectively [47]. However, the rationale for
these two thresholds has not been fully explained. Hanasaki et al. [48] quantitatively investigated the
empirical water stress thresholds using a state-of-the-art global hydrological model and addressed
two well-known questions—(1) under what hydrological conditions do conventional water scarcity
indicators represent water stress; (2) are there alternative methods to set the thresholds to reflect
regional variations? In addition, more and more methods, such as a socio-ecohydrological thresholds
framework, spatial statistical method, geostatistics model, etc., are being employed to study or
determine the grading thresholds for some evaluation indicators [49,50]. Therefore, more and more
studies on the rationale of the grading thresholds of evaluation indictors will enhance the accuracy
and objectivity of the evaluation results.

5. Conclusions

To explore the sustainability of water resource development in megacities, according to the
definition of an SWRS, this paper analyzed the operation mechanism of an SWRS with dynamic,
resistance and coordination mechanisms. A universal indicator system for SWRS evaluation was
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constructed based on three major operating mechanisms. This universal indicator system was divided
into three layers: goal, criterion and index layers. The SWRS condition was the goal indicator.
The criterion layer contained three indicators for dynamic conditions, resistance conditions and
coordination conditions. The indicators of the index layer corresponding to each of the three criterion
indicators are related to the water subsystem, ecological subsystem, social subsystem and economic
subsystem. To solve the problem of the fuzziness of threshold values for the grading standards,
a model for SWRS evaluation was constructed based on the SPA method, the AHP method and the
attribute interval recognition method. This model is conceptually simple and convenient to apply.
Finally, as a case study, this paper constructed an evaluation indicator system of the Beijing SWRS and
evaluated the dynamics of the sustainability of this SWRS and the corresponding operating mechanism
during periods beginning in 2000 and 2008. The results show that the three operating mechanisms
all play a positive role improving the sustainability of water resource development in the Beijing
megacity, but their variations have generally been limited, except those for the coordination conditions.
Therefore, the sustainability of the Beijing SWRS can be considerably improved.
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Appendix A

Parameter A represents the indicator (SWRS condition) in the goal layer. Bp represents the p-th
indicator in the criterion layer. Cpq represents the q-th evaluation index of the p-th criterion index.

For the indicator Cp,q in the index layer, the n-element connection degree is written as

µpq = rpq1 + rpq2i1 + · · ·+ rpq(l−1)il + · · · rpq(n−1)in−2 + rpqn j (A1)

where µpq is the connection degree of the indicator values (xpq) relative to the standard values of the
nth grade. rpql ∈ [0, 1] (1 ≤ l ≤ n) represents the identity, discrepancy or contradistinction degrees,
which indicate the possibility of xpq belonging to the (l − 1)-th grade. Additionally, i1, i2 . . . in−2 are the
coefficients of the discrepancy degree between the indicators and the standards from grade 2 to grade
n − 1.

Similarly, the n-element connection degree of indicator xp in the criterion layer is written as

µp = rp1 + rp2i1 + · · ·+ rplil−1 + · · · rp(n−1)in−2 + rpn j (A2)

where µp is the connection degree of the indicator values (xp) in the criterion layer relative to the
standard values for the nth grade. rpl ∈ [0, 1] (1 ≤ l ≤ n) represents the identity, discrepancy or
contradistinction degrees, which indicate the possibility of xp belonging to the (l−1)-th grade. Moreover,
rpl = Σωpq rpql and Σrpl = 1. ωpq is the weight of indicator Cpq, which can be obtained using the AHP,
projection pursuit and entropy weight methods.

For indicator x in the goal layer, the n-element connection degree is obtained as follows

µ = r1 + r2i1 + · · ·+ rlil−1 + · · · rn−1in−2 + rn j (A3)

where µ is the connection degree of the indicator in the goal layer. rl ∈ [0, 1] is the identity, discrepancy
or contradistinction degree, respectively. rl = Σωmrml, and ωm is the weight of indicator Bp.

Because of the uncertainty and fuzziness of threshold values in the index-grading standard, a new
method calculating the connection degree µ is proposed according to the theoretical attribute interval
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recognition model [51]. The components (rpql) of the connection degree of the indicator (Cpq) in the
index layer are expressed as follows:

rpq1 = 1, rpql = 0(2 ≤ l ≤ n) a : x ≤ s1 b : x ≥ s1

rpq1 =
∣∣∣∣ s2−xpq

s2−s1

∣∣∣∣, rpq2 =
∣∣∣∣ xpq−s1

s2−s1

∣∣∣∣, rpql = 0(3 ≤ l ≤ n) a : s1 < x ≤ s2 b : s2 ≤ x < s1

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

rpql = 0(1 ≤ l ≤ n− 2), rpq(n−1) =
∣∣∣∣ sn−xpq
sn−sn−1

∣∣∣∣, rpqn =
∣∣∣∣ xpq−sn−1

sn−sn−1

∣∣∣∣ a : sn−1 < x ≤ sn b : sn ≤ x < sn−1

rpql = 0(1 ≤ l ≤ n− 1), rpqn = 1 a : x > sn b : x < sn
(A4)

where “a” represents the smaller grade l condition (l = 1, 2, . . . , n), the more superior the indicator x;
in this case s1 ≤ s2 ≤ · · · ≤ sn−1 ≤ sn. “b” represents the opposite condition, and sn ≤ sn−1 ≤ · · · ≤ s2 ≤ s1.

The identity, discrepancy and contradistinction degrees of indicator Cpq can be obtained according
to Equations (A1)–(A4). If the coefficients of the discrepancy degree (i1, i2 . . . in−2) and the coefficient of
the contradistinction degree (j) can be determined, the connection degree (µ) can be calculated. Given
i ∈ [−1, 1], the closer the indicator is to the superior grade, the closer i is to 1, and the closer it is to the
worst grade layer, the closer i is to −1. According to the principle of equal division, the interval [−1,1]
is divided into n − 1 equal intervals. The values for in−2, in−3, . . . , il, . . . , i2, i1 are taken at the division
points from −1 to 1; namely, il = 1 − 2l/(n − 1). The contradistinction degree indicates that the accuracy
of the indicator condition relative to the evaluation standard, and the corresponding coefficient (j) is −1
if the agreement is extremely poor. Hence, the n-element connection degrees of the indicators in each
layer can be determined. Given µ ∈ [−1, 1], the interval [−1, 1] is then divided into k equal subintervals
that correspond to grades 1 − k from right to left. In this way, the evaluation grade of the SWRS can be
calculated. If the value of µ is close to 1, the grade is good and if µ is close to −1, the grade is poor.
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