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Abstract: Based on the synergetic development of new industrialization, rapid urbanization and agri-
cultural modernization (IUAM), and from the viewpoint of interactive relationships between water
resources and regional population, eco-environment, economy and society, the concepts of water re-
sources intensity (WRI), water environment intensity (WEI), water resources relative efficiency
(WRRE) and water environment relative efficiency (WERE) are defined with reference to energy in-
tensity, resources efficiency and environment efficiency theory. On the basis of benchmarking theory,
the quantitative characterization and evaluation method of “Three Red Lines” (the upper limit of wa-
ter resources allocation, the baseline of utilization efficiency of water resources and the upper limit of
sewage discharge) is proposed. According to these concepts and models, an empirical analysis of the
Three Red Lines of water resources on the Chinese mainland between 2003 and 2012 was carried out.
The results showed that total water consumption in eastern, central and western parts of China pos-
sesses “club convergence” characteristics, which means these areas have similar internal conditions
appeared convergence in the development. Inter-provincial differences in water consumption continue
to decrease, but the north—south differentiation characteristics in the eastern and central regions were
still relatively obvious, while provincial differences in the eastern part were at a minimum and the
central region had the largest. Water Resources Efficiency (WRE) of all four sectors in the Southwest
rivers and Huaihe River basins were generally high. Industrial WRRE in the Songhua River, Yangtze
River and Pearl River basins, agricultural WRRE in the Songhua River, Yellow River and northwest-
ern river basins and domestic WRRE in the Liaohe River, Yangtze River and Pearl River basins were
all low. Eco-environmental WRRE in the southeastern rivers and Yangtze River basins were low but
showed an upward trend. Other river basins, except for the Northwestern rivers basin, had high
eco-environmental WRRE with a downward trend. Western China, especially the northwestern part,
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had a low relative intensity of the water environment (WERI) and high integrated water environment
management (IWEM) performance, but the relative intensities of the water resources (WRRI) were
fairly high, and the comprehensive performance of integrated water resources management (IWRM)
in these regions was low. In southern China, especially the southeastern part, the IWEM was fairly
high, but the overall IWRM was lower.

Keywords: resource sciences; integrated management; empirical analysis; Red Line; China

1 Introduction

With the rapid development of the global economy and of society in general, the overall
demand for water by humans is increasing. In the context of global climate change, the
multi-dimensional interactions between water resources shortage, water ecological degrada-
tion, water environmental pollution and regional eco-environmental protection, economic
growth and social development at different spatio-temporal scales and levels emphasize the
contradiction between the supply of and demand for local water resources and have become
the critical factors restricting socioeconomic and development (in the context of global cli-
mate change, the mutual coupling of water resources shortage at different spatial-temporal
scales, water ecological degradation, water environmental pollution and regional
eco-environmental protection, economic growth and social development had become the
critical factors which restricted economic and social development). Since the 1990s, the
concept of sustainable development has become widely accepted throughout the world.
Several western countries proposed that water resources should be managed as part of re-
gional sustainable development through the concept of Integrated Water Resources Man-
agement (IWRM). This practice which originated 20 years ago as a guiding theoretical
frame for national water affairs has developed into a management approach for regional
sustainable development based on unified management of river basins (Shokoohi and
Morovati, 2015; Nikolic et al., 2013), has evolved beyond the scope of simple water re-
sources management and has become closely related to the development and utilization of
basin natural resources, basin eco-environmental protection and basin socio-economic de-
velopment (Anzaldia et al., 2014; Ching and Mukherjee, 2015; Hemamalinia et al., 2015).
At present, China is in a critical period of synergistic and interactive industrialization,
rapid urbanization and agricultural modernization (IUAM). Rapid changes in urban and rural
population, land use types and scales of industrial and agricultural production lead to a con-
flict between supply and demand of water resources and to water resources pollution, with
consequent pressures on regional sustainable development (Wang et al., 2014; Yang and Liu,
2014). Sustainable utilization of water resources in some regions became critical (Ling et al.,
2012; Li et al., 2014; Bao and Chen, 2015). In such a changing environment, a resources
management scheme known as the Most Stringent Water Resources Management System
(MSWRMS) was proposed by Ministry of Water Resources on the foundation of China’s
basic water situation at the national conference on water conservancy held in 2009. At the
conference, a proposal was put forward to establish a red line system of water resources
management, and relevant departments were required to work out the “Three Red Lines”,
including control of the amount of water resources, control of utilization efficiency of water
resources and control of pollutants entering the water environment, to enhance IWRM. From
then on, in accordance with No. 1 Document of central government and the 18th CPC Na-
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tional Congress, the MSWRMS and the Three Red Lines were established as the critical
guiding ideology of China’s water conservancy for the next generation. Because uneven
spatial-temporal distribution of water resources and complex relationships between humans
and water resources create great difficulties for regional water resources management, some
domestic scholars have carried out studies on the ideas underlying the MSWRMS and “Red
Line Management of Water Resources”. Yang et al. (2012) summarized the concept of
IWRM as used in other countries and compared it with the MSWRMS used in China. They
concluded that the latter enriched and expanded the former. Huang and Geng (2011) dis-
cussed the innovative ideas of various water resources management systems, and then illus-
trated the general framework of water resources management systems on the basis of the
Three Red Lines by referencing the experiences of water resources management in other
countries. Chen and Huang (2011) analyzed the regional differences in the Three Red Lines
management from the viewpoint of the uneven distribution of water resources in China.
They proposed improved measures and approaches to eliminate the weak links in engineer-
ing construction and water resources management. Yang et al. (2013) proposed an evalua-
tion index system by using an analytic hierarchic process (AHP) according to the current
situation and characteristics of regional water resources management. This index system
comprised nine criteria and 27 indicators involving three fields of the Three Red Lines. Tao
et al. (2012) presented 27 control indicators based on the target of the MSWRMS and de-
termined reference criteria of the relative indicators according to laws and regulations, mar-
ket mechanism and the supply—demand conditions of water resources. Guan et al. (2013)
established an evaluation system of water resources management consisting of 12 indicators
on the basis of management contents of the Three Red Lines and completed grading evalua-
tion by the Optimal Distance method. In addition, Liang and Zuo (2013), Sun and Chen
(2011) and Liu et al. (2014) used Human—Water Harmony Theory, Comparative Analysis
Method and AHP, respectively, to complete empirical research into the Three Red Lines of
water resources management in the cities of Xinmi in Henan Province, Wuhan in Hubei
Province and Beijing. They discussed the integrated management plan of water resources
according to the local situation viewed from different aspects.

Following a reviewing of the literature, most studies were found to be based on the con-
cept, the management system of the MSWRMS and the Three Red Lines at the macro level.
There were far fewer quantitative evaluation studies. Among the latter, uncertainty of the
meaning made promoting and applying research results difficult. In addition, the studies of
water resources utilization efficiency (WUE) based on a single water sector (utilization effi-
ciency of industrial water, agricultural water or domestic water consumption) were more
common, and the isolated evaluation results could not fully support comprehensive deci-
sions.

Against the background of IUAM that China has actively promoted and using the con-
cepts of energy intensity, resources efficiency and environment efficiency as reference points,
this paper puts forward the characterization method known as the Three Red Lines (the up-
per limit of the funding allocation to water resources, the baseline of utilization efficiency on
water resources and the upper limit of sewage discharge) from the viewpoint of a compound
system composed of regional water resources, the local population, the eco-environment and
socioeconomic and development. Taking the water resources of the Chinese mainland as the
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input data, the Three Red Lines of water resources utilization between 2003 and 2012 at
different spatial scales were characterized and evaluated using the above-mentioned con-
cepts and models. The results of this empirical analysis provide a reference framework for
other countries to implement the Three Red Lines management policy and explore an inte-
grated management plan of regional water resources and water environment according to the
Chinese experience.

2 Concepts and methods

Energy intensity, i.e. the consumption intensity of energy (Zheng et al., 2014), is one of the
key indicators in measuring the relationship between economic development and energy
consumption of a country or a region, and is usually characterized by energy consumption
per GDP (tce/10,000 CNY). Linking energy and water usage is a challenge to achieving a
sustainable future (Hussey and Pittock, 2012; The Royal Society, 2012), water resources
consumption per GDP, which resembles to the concept of energy intensity, is an important
indicator for measuring the WUE in the production of the gross national product, meaning
the amount of water resources that were consumed to produce one unit of GDP. Higher con-
sumption of water resources per GDP indicates higher dependence of the economy on water
resources, whereas lower consumption indicates lower dependence.

2.1 Concept and method of characterization of WRI and WEI

Water is an important natural resource for production, domestic living and eco-environment
(PDE), which constitutes a large, complex PRED system (made up of the population sub-
system P, the water resources subsystem R, the eco-environment subsystem E and the de-
velopment subsystem D) with regional population, the environment and socio-economic
development. In order to more fully reflect the importance of water resources in sustaining
human activity, promoting economic development and protecting the eco-environment, this
paper defines the concept of intensity of water resources based on the concept of water re-
sources consumption per GDP: water resources consumption for unit scales of PDE. The
formula is given by
WRI, =WRA4, | 4
WRI{WRI, =WRA, | 4, (1)
WRI, =WRA, | A4,

where WRA |, WRA, and WRA; represent human water consumption in production, living and
eco-environmental conservation processes, respectively (m®). 4;, 4, and A4; represent the
water support sizes of production, living and the eco-environment, and they can be charac-
terized by the quantity of economic output, population and available ecological occupied
land area (10,000 CNY, person, hm?). By analogy, WRI;, WRI, and WRI; represent the WRI
of the corresponding water sectors (m*/10,000 CNY, m*/person and m* hm ?). The greater its
value, the more consumption of PDE there is, and vice versa. Due to the differences in the
process of water consumption, WRI can be further subdivided into industrial water con-
sumption intensity, agricultural water consumption intensity and services water consumption
intensity, urban residents living water consumption intensity and rural residents living water
consumption intensity, natural ecosystem water consumption intensity, artificial ecosystem
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water consumption intensity and natural-artificial ecosystem water consumption intensity
(limited by data constraints, industrial and agricultural consumption water, domestic con-
sumption water, urban green space consumption water represented to case study in the fol-
lowing article).

Under the conditions of a specific period and a certain productivity level, natural re-
sources utilization includes not only the low-entropy materials’ consumption (such as water,
plants and mineral resources) but also the production of high-entropy waste products (such
as exhaust gases, waste water and solid waste). Therefore, the demand by humans of PDE
water includes both quantity and quality. Only water meeting a certain quality standard can
satisfy the normal demands of PDE. Based on the pollutant discharge intensity in environ-
mental science, as well as on formula (1) and related concepts, a macro model of water en-
vironment intensity (WEI) (based on the sewage discharge of a unit of PDE) is proposed as
follows:

WEIL, =WEA, | 4
WEI<WEIL, =WEA, | 4, 2)
WEL, =WEA; | 4y

where WEI,, WEI, and WEI;, respectively, stand for the pollution intensity of the water en-
vironment of the corresponding sectors (i.e. WEIL, m® 10,000 CNY, m*/person or m? hm?).
WEA,, WEA, and WEA; represent the quantity of sewage produced in the process of obtain-
ing and utilizing PDE water by humans and that cannot be normally or directly utilized (m?).
A larger value of WEI shows the greater quantity of sewage accompanying PDE water per
unit scale, and vice versa (limited by data constraints, we shall analyze the WEI model in the
following case study from the perspective of industrial water and domestic water usage on
the Chinese mainland).

2.2 Method of characterization of WRRI and WERI

According to the definition and characterization given above, WRI and WEI are both char-
acterization values of resources efficiency and environment efficiency. For a particular area
or period, they are closely related to human productivity levels, customs in daily life,
eco-environmental conditions and the distribution of regional water resources. Thus WRI
and WEI are dynamic concepts that include the connotation of a relative limit (Long ef al.,
2004).

Benchmarking Management is a modern enterprise administration technique. As an im-
portant instrument to assess organizational performance, and to promote management reform,
the Benchmarking Management concept has recently spread to public service management
to enable the criteria of performance assessment to be determined (Lai ef al., 2011; Tsaga-
rakis, 2013). For easy comparison, relative intensity of the water resources (WRRI) and rela-
tive intensity of the water environment (WERI) models were put forward by referencing
Benchmarking Management theory:

WRRI, = WRI, | S,
WRRI{WRRI, = WRI, / Sc, 3)
WRRI, = WRI, / S,



402 Journal of Geographical Sciences

WERI, =WEI, / Sp,
WERI{WERI, = WEL, | S,, (4)
WERI, = WEL, | Sp,

where Sc1—Sc; represent the benchmark values of optimal WRI (the upper limit) for some
water sector in a certain period. WRRI|—WRRI; are the relative intensities of regional water
resources (WRRI, zero dimension). WRRI = 1 means that the WRI of the research region
was in the pole position; WRRI < 1 means the WRI was better than the benchmarking value
(the smaller the better), and vice versa. In the same way, the WERI was characterized by
formula (4): WERI denotes the relative distance between the real WERI and the upper limit
(Sp1—Sp3). A large value of WERI means a higher sewage discharge intensity of the region
being evaluated; WERI = 1 indicates that it is a relative benchmark position.

Resources efficiency and environmental efficiency are the indicators used to measure the
relationship between input and output. According to the definitions of WRI and WEI above,
it is obvious that WRI and WRE are inversely related, as are WEI and Water Environment
Efficiency (WEE). Thus, water resources consumption and water environmental pollutant
production is the input (cost) of survival and development, and the PDE scale supported by
them is the output. Therefore, relative efficiency models are proposed as follows, according
to the relationship between WRRI and WERI:

WRRE, =1/ WRRI,
WRRE{WRRE, =1/ WRRI, (5)
WRRE, =1/ WRRI,

WERE, =1/ WREI,
WERE{WERE, =1/ WREI, (6)
WERE, =1/ WREI,

where WRRE and WERE are, respectively, the relative efficiency of water resources and the
relative efficiency of the water environment (subscripts 1-3 in WRRE and WERE correspond
to the sectors and are dimensionless). WRRE or WERE > 1 denotes the WRRI or WERI of
the research area is above the reference standard (Benchmarking). That is to say, large val-
ues of WRRE or WERE mean high water resources relative efficiency or water environment
relative efficiency, while WRRE or WERE < 1 mean low water resources relative efficiency
or water environment relative efficiency.

2.3 Characterization and evaluation of Three Red Lines model on water resources

According to the concepts and characterization methods discussed above, combining the
management target of the Three Red Lines proposed at the National Water Resources Con-
ference in 2009 and the fuzzy recognition models I-III (Table 1), the measuring standard to
carry out Three Red Lines on IWRM is given in Table 1 (total control red line is indicated by
the ratio between actual consumption of the evaluated area’s water sector (WRA,— WRA3)
and its benchmark value; it was found that the value of the conversion by the formula is
equal to WRRI; — WRRI;, which is model I).
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Table 1 Recognition and measuring standard of the Three Red Lines on IWRM and IWEM

Serial Control

number Model objective Measuring standard
WRRI,=? WRRI,—WRRI; = 1 means consumption amount of water resources in the study area
1 WRRILL,=? WRA is exactly on the upper limit (red line) while WRRI,—-WRRI;< 1 or WRRI\—WRRI; > 1
WRRIL;=? is under or over the red line of amount control.
WRRE\=? WRRE\—~WRRE; = 1 means WUE in the study area is exactly on the upper limit (red
11 WRRE,=? WRE line) while WRRE\—WRRE; < 1 or WRRE\—WRRE5 > 1 under or over the red line of
WRRE;=? efficiency control.
WERE =7 WERE,—~WERE; = 1 means water environment relative efficiency in the study re-
1 WER El:r', WEE search area is exactly on the upper limit (red line) while WERE,—WERE; < 1 or
WER Ez—‘.’ WERE,—WERE; > 1 under or over the red line of water environment relative effi-
3=/

ciency.

As mentioned above, water resources and other elements that are coupled constitute a
water resources system with n subsystems. Similarly, water environment and other elements
that are coupled constitute a water environment system. With respect to PDE scales sup-
ported by water resources and water environment elements, they were divided into three
subsystems (i.e. the water resources/environment-population subsystem, the water re-
sources/environment-eco-environment subsystem and the water resources/environ-
ment-production subsystem). Each subsystem is formed of m elements. As mentioned above,
the water resources/environment-population subsystem includes both urban and rural popu-
lation, the water resources/environment-eco-environment subsystem includes the natural
environment, the artificial environment and the artificial-natural environment, and the water
resources/environment-production subsystem includes the agricultural, industrial and service
production. To measure the performance of regional IWRM and IWEM, two measurement
indicators are proposed using the comprehensive evaluation method:

IWRM =37 > (w; -WRRE) )
IWEM =3 " Z;’,’:l(w,.j -WERE;) (3)

where IWRM and IWEM stand for the integrated water resources management performance
index and the water environment management performance index, respectively; i and j rep-
resent each subsystem’s water sector of the PRED system; wj; is the normalized weight of
each subsystem and each water sector. Therefore, the value of comprehensive performance
ranges between 0 and 1 and is divided into four grades by the Delphi method. /WRM or
IWEME (0, 0.25] means low performance, IWRM or IWEM € (0.25, 0.5] means relatively
low performance, IWRM or IWEME (0.5, 0.75] means relatively high performance and
IWRM or IWEM € (0.75, 1.0) means high performance.

3 Empirical analysis

To fully reflect the utilization of water resources in different areas or basins, taking into ac-
count data availability, we evaluated the temporal evolution and spatial distribution of water
resources using the Three Red Lines management policy on the Chinese mainland (Figure 1.
Hong Kong, Macao, Taiwan and the South China Sea Islands were not included) between
2003 and 2012, taking the Chinese mainland average value of the investigation period as a
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relative optimum reference standard and benchmark (Table 2). The data for PDE water con-
sumption came from the Water Resources Bulletin (limited data: production water included
only industrial and agricultural water, water for living purposed did not distinguish between
urban and rural, ecological and environmental water were temporarily represented by the

artificial ecosystem water, and each weighting factor of these four water sectors was taken
as 0.25).

(a) East-west partition (b) North-south partition

South China
;' Sea Islan

.g'v /
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[ Eastern China # e [ Rb02 [ RbO6
[ Central China ’ ' ' | IRb03 [IRO7
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Note: Eastern China includes Liaoning, Hebei, Beijing, Tianjin, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian, Guang-
dong and Hainan Provinces; Central China consists of Heilongjiang, Jilin, Shanxi, Henan, Anhui, Hubei, Hunan and
Jiangxi Provinces; Western China includes Inner Mongolia, Gansu, Ningxia, Shaanxi, Xinjiang, Qinghai, Tibet, Sichuan,
Chongqing, Guizhou, Yunnan and Guangxi provincial units. Rb01-10 represent Songhua River basin, northwestern river
basins, Liaohe River basin, Haihe River basin, Yellow River basin, Huaihe River basin, Yangtze River basin, Southwest-
ern basin rivers, southeastern river basins and Pearl River basin, respectively.

Figure 1 Diagram of administrative division at provincial level and compartment of first-grade region of water
resources on the Chinese mainland

Table 2 Benchmarking of Chinese mainland integrated management target of water resources and water envi-

ronment

Year 2003 2004 2005 2006 2007 2008 2009 2010 2011

A (A+ ArtA;3) 53227 55475  5633.0 5795.0  5818.7  5910.0  5965.1 60219  6106.9
Scn 207.3 173.5 150.5 131.0 113.8 93.8 88.3 74.9 63.0

S Sciz 1998.7 1715.8 1556.3 1481.2 1260.2 1085.6 1056.8 910.1 788.9
Sea 48.8 50.1 51.6 52.8 53.8 54.9 56.1 57.1 58.6

Scs 67283  6196.5 6313.0 7039.3  6186.6  6876.1 5165.8 56114  4993.6

Spy 37.4 31.2 28.5 23.4 20.0 16.2 14.9 12.3 11.3

5 N 19.3 20.2 21.9 229 23.8 25.1 26.8 28.5 29.8

Note: A means total water consumption (100 million tons); Sci; (ton/10,000 CNY); Sciz (ton/10,000 CNY); Sc,
(ton/person); Sc; (ton/ha); Spy (ton/10,000 CNY); Sp, (ton/person).

Considering the differences in water consumption between different industries, the quan-
tities of industrial and agricultural water used in the production process were evaluated in-
dependently. With reference to the statistical data of the Water Resources Bulletin of China
(Ministry of Water Resources of China, 2004-2013), eco-environmental water included only
artificial supply to the environmental water of towns, as well as the recharge water of sev-
eral rivers, lakes and wetlands, without including Yangtze water for supplying the Taihu
River, environmental water in Zhejiang Province and recharge water for the Daxihaizi Tarim
River in Xinjiang, the Tarim River and the Altay area. In addition, the data for economic
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output (industrial and agricultural production) of each research unit, the population at end of
the year and the public green land area of each city were obtained from the China Statistical
Yearbook (NBSC, 2004-2013a) and the China City Statistical Yearbook (NBSC,
2004-2013b). The statistical data for each first-grade region of water resources were ana-
lyzed and calculated by referencing data on the National Guide Rule of Water Resources
Division and the Water Resources Bulletin for several basins. Some missing data were cal-
culated by linear interpolation.

3.1 Analysis of trend in temporal evolution of quantity of water resources and relative
utilization efficiency on Chinese mainland

3.1.1 Analysis of trend of temporal evolution of total quantity of water resources

Setting the target for the control of the quantity of water in each province as the benchmark
(control benchmarking of each province over each year was determined by the proportion of
total provincial allocation in 2015 proposed in Notification on Implementing the Assessment
Method of the Most Stringent Water Resources Management System published by the Gen-
eral Office of the State Council as the basis for referring to total water supply on the Chinese
mainland), the standard rates for the quantity of water resources for the 31 provinces be-
tween 2003 and 2011 and their standard deviations were calculated according to the models
in Table 1 and related data, as shown in Figures 2 and 3.

As mentioned already, we separated the total control target of the Chinese mainland
provinces and autonomous regions according to their proportion of the total amount of water
used on the Chinese mainland in the same period. Combined with the total consumption of
water resources for each province, the relative distance to the total control red line can be
decided (i.e. water resources relative intensity values, Figure 2). The results indicated that
total water consumption on the Chinese mainland is convergent on the whole and locally
difference in research period.

In eastern China, the total quantity of water consumed by Beijing and Tianjin and in
Liaoning and Shandong provinces was under the red line. Hebei exceeded the red line a few

1.34

=2003 =—2004 -—2005 -=—2006 -—2007 -——2008 2009 2010 2011
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Figure 2 Variation in consumption rate of water resources for provinces on the Chinese mainland
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0.15

& -0~ Eastern China times, but in recent years its con-
@ 0.141 —o— Central China .

~ 0131 —— Western China  Sumption has gradually reduced to
,g 0.12+ below the red line, as there is rela-
E, gi(l) tively less availability of water in the
= 0.09- northern basin (Figure 1). Over the
'g g'gg' entire study period, the total quantity
% 0,06 of water consumed in Shanghai, Ji-

2003 2004 2005 2006 2007 2008 2009 2010 2011 angsu and Guangdong provinces was

Year above the red line. We can see there-
fore that water resources played an
important role in the socioeconomic
development of these three provinces. The total amount of consumption water in Zhejiang,
Fujian and Hainan provinces were overweight in some years, which may be relative to the
situation that water resources are abundant in the southern basin. The standard deviations
(Figure 3) reflect the changing trend in the provincial differences. Figure 3 shows that the
variation in water consumption in the eastern region during the study period was at first
concave and then relatively flat, with values between 2003 and 2010 that were the lowest of
the three regions. Although there is an obvious north—south differentiation phenomenon,
there are relatively small internal differences between them, and the annual variability of the
provincial differences was also low.

In central China, in addition to Hubei Province, the total quantity of water consumed in
Anhui, Jiangxi and Hunan provinces located in the southern part of the basin was well above
the average in some years, while Shanxi and the other three provinces in the northern basin
were largely under the red line. Provincial differences in the central region were higher than
those of the eastern and western regions between 2003 and 2009 (Figure 3), which coincides
with the internal north—south variation phenomenon. The variations in water consumption
data of Figure 3 show that the central region shrank each year except for 2007 and 2008,
which were slightly higher than for 2006.

In western China, the total quantity of water in Inner Mongolia, Chongqing, Sichuan,
Guizhou, Yunnan, Shaanxi and Qinghai provinces, which all contain northern basin and
southern basin provinces, was under the red line. Guangxi, Gansu, Ningxia and Xinjiang

Figure 3 Variation in total water consumption of provinces on
the Chinese mainland

provinces were above the red line in all years. The total water consumption of Tibet crossed
the red line after 2008, but the north—south variation phenomenon is not particularly note-
worthy. These results suggest that the usability of water resources in the western region may
be made more complex by the coupling effect of water resources endowment and socioeco-
nomic development. The variation in provincial consumption of the western region was be-
tween that of the eastern and central regions, while the overall trend is downward in all three
regions, showing that total water consumption in China has “club convergence” features,
which means these areas had similar internal conditions and appeared convergence in the
development of total water consumption (Sun et al., 2014).

3.1.2 Analysis of the temporal evolution trend of WRRE

The WRRE on PDE water of ten first-grade regions on the Chinese mainland between 2003
and 2011 were calculated according to model II in Table 1, and the results are shown in
Figure 3.

Figure 4 shows that the WRRE in the Huaihe River and the southwestern river basins
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Figure 4 Variation of WRRE in all first-grade water resource regions on the Chinese mainland
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were relatively high (above the red line in all years), while the WRRE of related water sec-
tors in the other eight basins were below the water resource red line to some degree during
the study period.

Between 2003 and 2011, the WRRE in the basins of the Songhua River, the Yangtze River
and the Pearl River were below the red line, which was related to the high proportion of
older and heavy industries in the Songhua River basin and to abundant water resources in
the Yangtze River and Pearl River basins. Thus, the industrial WRRI of these three basins
was high and WRRE was low. The industrial WRRI in the river basins of southeast and
southwest was high but maintained an upward trend during the study period. In contrast, the
industrial WRRI in the other four regions of the north (Liaohe River, Yellow River, Haihe
River and the northwestern rivers) exceeded the red line, which indicated that the industrial
development mode is good for promoting industrial WUE in these regions with the continual
optimization of industrial distribution (Lu ef al., 2014).

The agricultural WRRE of the Songhua River, Yellow River and northwestern rivers were
under the red line, particularly the agricultural WRRE in the northwestern river basins which
was always abnormally low and closely related to the agricultural planting structure, climate
and land resources, and other factors (Li ef al., 2014). Thus, the relevant local government
departments should use the water demand and water consumption characteristics of main
grain crops to establish planting systems with efficient utilization of water resources in these
regions (Li and Huang, 2010). The Songhua River basin is one of the most important com-
modity grain bases in China. Although it does not lack for sufficient water resources, their
uneven distribution, decreasing from east to west and from north to south, led to a low agri-
cultural WRRE.

In summary, the agricultural WRRE in other regions were close to or above the red line.
However, considering the fundamental status of agriculture in China, and to ensure food
security, it would be difficult to improve the efficiency of agricultural use of water, which is
gradually increasing.

For the WRRE of residents’ domestic water use, the WRRE of the Liaohe, Yangtze and
Pearl River basins were below the red line. Large city belts, such as the central and southern
Liaoning, Beijing-Tianjin-Hebei, Yangtze River Delta and Pearl River Delta economic belts,
are located in these basins. The Yellow River, Huaihe River, northwestern and southwestern
river basins, which have large areas of agricultural population, had high domestic WRRE.
Domestic water consumption per capita in these regions was lower than the national average,
which was closely related to the eating and living habits of the local residents and to the
natural abundance and regional allocation of water resources. The WRRE were always close
to the red line in the Haihe River and Southeast rivers basins where the WRRE of residents’
domestic water usage were close to the national average.

As for the WRRE of eco-environmental water, during the research period the WRRE in
the Huaihe River, Pearl River and southwestern river basins were above the red line. In the
other four northern regions except for the northwestern river basins (Figure 1), the WRRE
were high at the beginning but then showed a significant downward trend toward the base-
line in recent years. The WRRE of the southeastern and Yangtze river basins were low in
some years but have shown an upward trend recently. The WRRE in the northwestern river
basins have been below the red line over the years as the condition of agricultural water re-
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sources consumption. Eco-environmental water resources in eco-fragile areas need to be
improved urgently, but an impracticable goal of full eco-environmental protection would
make reasonable utilization of regional water resources more complicated (Lu, 2009).
Therefore, in the Northwestern inland regions with relatively scarce water resources, eco-
logical planning should be scientifically determined by acknowledging regional realities,
and urban public green spaces should be developed by adjusting measures to local condi-
tions.

3.2 Analysis of spatial distribution of WRRE and WERE on the Chinese mainland

3.2.1 Analysis of spatial distribution features of WRRE and WERE

Using models II and III and relevant data, the WRRE and WERE of each water sector for
each of the provinces in 2012 were calculated, and their spatial distribution is shown in
Figures 5 and 6.
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Figure 5 Spatial distribution of WRRE in each province on the Chinese mainland

From an analysis of the WRRE of different water sectors, Figure 5a shows that the indus-
trial WRRE of 17 provinces on the Chinese mainland were below the red line in 2012. Ex-
cept for Jiangsu, Shanghai, Fujian and Hainan provinces located in eastern China, the other
13 provinces are located in central and western China. From a north—-south perspective, ex-
cept for Zhejiang, Jiangxi and Guangdong provinces, the other 11 provinces having high
industrial WRRE are located in the north, which is lacking in water resources. With the in-
dustrial WUE of these provinces tending to be stable (Lu et al., 2014), it will be crucial to
continually promote new industrialization and the improved industrial WUE can reduce wa-
ter consumption of industrial added value per 10,000 CNY in the northwestern, southwest-
ern and south central regions in the future. Eleven of the provinces had agricultural WRRE
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that were below the red line. Among them, Jiangsu, Shanghai, Fujian and Guangdong prov-
inces are located in eastern China, while the other seven provinces are located in central and
western China (Figure 5b). The WRRE of domestic water consumption showed a distribu-
tion with high values in the center and low values in the southeast and northwest regions.
There were 17 provinces above the red line while 14 provinces below the red line (Figure 5c¢).
Low WRRE on eco-environmental water consumption had the same distribution as that of
agricultural water, mainly located in central and western China. There were 18 provinces
with pros and 13 provinces with cons (Figure 5d).
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Figure 6 Spatial distribution of WERE in each province on the Chinese mainland

Figure 5 shows that in central and western China, especially in the western provinces that
are short of water, the WRREs are generally low. On WERI, the midwest fares better than
the east, and there were nine provinces with industrial WERI above the red line (WERE < 1)
in 2012. These were clustered in the Yangtze and Huaihe river basins, and their regional in-
dustrial WEE were low (WERI > 1). On domestic water, there were 12 provinces that had
high WERI. Except for Hebei and Shanghai provinces, nine of the 11 coastal provinces be-
long to this category. Their WERE on domestic water consumption were low, but the situa-
tion in the eastern region does not look favorable for the future (Figure 6b). A dense popula-
tion and a high urbanization rate in these regions (Beijing, Chongqing and Hubei included)
create great difficulties and uncertainties for improving environmental water quality (Huang
et al.,2015).

3.2.2 Analysis of spatial distribution features of WRRE and WERE integrated manage-
ment performance

To illustrate the spatial distribution of WRRE and WERE on the Chinese mainland, the
IWRM and IWEM of PDE water in 2012 were obtained from equations (7) and (8) and re-
lated data and are shown in Figure 7.

Figure 7a shows that low IWRMs (/WRM < 0.5) were found for Xinjiang, Qinghai, Tibet,
Inner Mongolia, Heilongjiang, Jiangxi and Guangxi provinces. Except for Heilongjiang and
Jiangxi provinces, the other seven provinces are located in western China, where there is a
shortage of water resources and economic development has fallen behind. Although these
regions had low WERI (Figure 6), considering the general state of sustainable utilization of
water resources in China, these provinces should follow the principle of water resources
utilization that employs comprehensive planning, regional balance and deployment en-
hancement (Lu, 2011) and establishes authoritative organization of unity management on
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basin water resources to strengthen demand and supply coordination of regional water re-
sources. From Figure 6b, we can see that compared with central and western China and the
north, the IWEM of 20 provinces located in the eastern coastal areas and the south was low
(IWEM=<:0.5). The distribution area was the same as that which had low WERE (WERE < 1)
in Figures 6a and 6b. The spatial distribution of IWRM and IWEM in China is similar to that
of some regions in other countries (XNA, 2010a, 2010b). WUE in these regions lacking wa-
ter resources is low and water environmental pollution in densely populated regions is heavy.
Thus, affected provinces should refer to the idea of IWRM in other countries and explore
sustainable utilization of regional water resources and coordinated development of PDE.
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Figure 7 Grade distributions of IWRM and IWEM for the Chinese mainland

The above results indicate that western China, especially the northwestern part, has high
WRRI and low WRRE. In the future, with the continuous development of agricultural mod-
ernization and rapid urbanization, and under the guidance of macro goals that ensure na-
tional food security, improved residents’ living standards and advanced ecological civil con-
struction, it will be an important and crucial task to increase regional WUE. On the other
hand, preventing the spread of contamination to less developed areas should be made more
effective (Miao et al., 2015) and continue to promote regional water environment to a posi-
tive cycle. In this regard, the executive meeting of the State Council in May 2014 proposed
the construction of 172 important hydraulic projects involved in step-by-step planning from
the end of the 12th to the start of the 13th Five-Year Plan (Xiong, 2014) to promote the con-
struction of inter-basin water transfer projects and water-saving irrigation projects in major
grain-producing and ecologically vulnerable areas to ensure the water security of important
economic regions and the livelihoods of both urban and rural residents. This is a critical
moment to improve WUE and ease the conflict between water resources and PDE develop-
ment in central and western China.

4 Conclusions and discussion

With reference to the concepts of energy intensity, resources efficiency and environmental
efficiency, we have proposed in this paper the concepts of WRI and WEI that combine the
concepts of annual water consumption per 10,000 CNY of industrial added value, annual
water consumption per capita, water consumption per hectare of eco-environment, waste-
water emissions per 10,000 CNY economic output and the pollution carrying capacity of the
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water environment. On the basis of these concepts, characterization models termed WRRI,
WRRE, WERI and WERE have been proposed. Furthermore, the dynamic characterization
and evaluation method of the upper limit of quantity allocation to water resources, the base-
line of utilization efficiency of water resources and the upper limit of sewage discharge to
the water environment were determined. By means of empirical analysis of data on the Chi-
nese mainland during the period 2003 to 2011, we have reached the following preliminary
conclusions:

(1) Between 2003 and 2011, the total water consumption on the Chinese mainland is con-
vergent on the whole and locally different in the research period, and the eastern, central and
western regions showed obvious “club convergence” features, while inter-provincial
differences in the consumption of water continue to decrease. In relative terms, the overall
inter-provincial differences in the total water consumption in the central region were the
largest and the north—south differentiation appeared the most obvious. Differences between
the eastern provinces were minimal, but also showed north—south differentiation characteris-
tics. The western regional variations were between those of the eastern and central regions
and displayed complex internal features.

(2) Between 2003 and 2011, the industrial WRE of the Songhua River, Yangtze River and
Pearl River basins were low. The agricultural WRE was also low in the Songhua River, Yel-
low River and northwestern river basins, and the domestic WRE in the Liaohe River, Yang-
tze River and Pearl River basins were also high. The eco-environmental WRE was low but
showed an upward trend in the southeastern and Yangtze river basins, while the
eco-environmental WRE in the other four northern regions were high but showed an obvious
downward trend. The WRE of all the water sectors in the Southwestern and Huaihe River
basins were high.

(3) In 2012, WEI in western China, especially in the northwestern part, was low and the
IWEM was high, while WRE and IWRM were both low. However, southern China, espe-
cially the southeastern part, showed high IWRM and low IWEM. In the Yangtze and Huaihe
River basins, industrial WEI was high. The sewage emissions of the coastal provinces were
higher than those of the non-coastal provinces.

Water resources in China are greater in the east than in the west and greater in the south
than in the north. Domestic scholars in recent years have proposed numerous ideas to tackle
this problem, such as water resources red lining and the establishment and implementation
of the MSWRMS. The water resources of all countries and regions are limited, and there are
numerous conflicts in the supply and demand of water resources among different regions,
different sectors, upstream and downstream of a basin, and human production, living and
eco-environment, so that management objectives related to the decomposition of different
spatial-temporal scales are still to be solved and require continuous optimization in order to
continue to improve this situation. This paper attempts to integrate management and evalua-
tion of regional water resources on the foundation of a baseline (upper limit). Compared
with previous research (Yang et al., 2013; Tao et al., 2012; Guan et al., 2013; Liang and Zuo,
2013, Sun and Chen, 2011), this paper proposes an upper limit of quantity allocation to wa-
ter resources, a baseline of utilization efficiency of water resources and an upper limit on the
amount of pollutant entering the water environment into INRM to propose a dynamic char-
acterization and evaluation plan. Through the strength of this concept, we hope to strengthen
peer emphasis on comprehensive evaluation of water resources, and we have accordingly
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proposed the Three Red Lines method of a dynamic water characterization and evaluation
model to make up for the deficiencies of qualitative research and to provide data to support
relevant research results. On the basis of benchmarking theory, this paper attempts to put
forward a water resources and water environment efficiency benchmark, which is both ab-
solute strict and dynamic flexible. The benchmark should be reasonable in theory and nec-
essary in practice so its implementation process can avoid the “one size fits all” problem.
Based on this, combining different spatial-temporal scales, time series evolution and spatial
patterns, and the quantity and quality of water resources, this paper discusses whether the
WRI exceed the red line of water resources and the degree of the excess on the Chinese
mainland between 2003 and 2012. The results show that the method is highly demonstrable
and operable and can be widely used at different spatial-temporal scales.

It should be pointed out that evaluation and management of water resources involves na-
tional or regional politics, socioeconomic development etc., and needs long-term research
and practice. As the current efficiency of water use in China and other relevant standards are
far from perfect, this paper temporarily takes the mean value of Chinese mainland water
resources as the benchmark for the model’s empirical analysis, and follow-up work will fur-
ther investigate and establish the different spatial and temporal scales of water resources and
water efficiency benchmarks. Based on integrated management objectives, we have at-
tempted to elaborate the idea that each one of PDE is as important, so that each water de-
partment takes equally weight. Other applications may need to consider precedence to pro-
tect the status of the water sector and other issues in the spatial-temporal scales, and this can
be determined by how flexible the actual situation is. Constrained as we are by data limita-
tions, this article does not propose an all-empirical model: the water required by urban and
rural residents for living is combined and not broken down into components, production
water does not cover tertiary industrial water, water for the eco-environment is only evalu-
ated for the artificial ecosystem system of water, and so on. More intensive work on these
aspects remains to be carried out.
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