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Abstract

The security of water resources is of great importance to long-term sustainability. In order to better ensure the security
of water resources, a significant link is to conduct water resources security evaluation, which should be considered from
many perspectives as it involves natural reserves, social production, the efficiency of use, and environmental protection. In
this paper, a fuzzy analytic hierarchy process sort (AHPSort) II-entropy weight (EW) method for regional water resources
security evaluation is proposed based on the security of visible water and virtual water. Firstly, this paper takes into account
the criterion of efficiency of water use in addition to two other criteria of quantity of water resources, pressure on water
resources to establish a comprehensive water resources security evaluation system. Secondly, a combination method of
hesitant fuzzy language judgment and entropy weight is employed to obtain the weight of each indicator. Thirdly, AHPSort
IT is used to classify the security levels of the evaluated regions, in which the security levels of regional water resources
are divided into five levels. Furthermore, a case study on the cities of Hubei province, China, is conducted to show the
applicability of the proposed method, the effectiveness, and reliability of the method are then verified by being compared
with a subjective method and an objective method as well as sensitivity analysis. Finally, according to the comprehensive
evaluation results, specific management suggestions for improving the water resources security in the case are put forward.

Keywords Quantity of water resources - Pressure on water resources - Efficiency of water use -
Water resources security evaluation - Fuzzy AHPSort II-EW method

Introduction

Water resources are not only the source of life but
also important energy for social development. With the
development of science, technology, and society, the
security of water resources has been paid more and more
attention, and the factors affecting the security of water
resources have also become more and more. To be exact,
with the rapid growth of the world’s population, more and
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more countries are facing the problem of water quality and
security (2021). The insecurity of water resources will also
cause many problems, so ensuring the security of water
resources is the key to solve the problem at this time (2010).
Historically, water quantity has always been a problem
that water shortage areas want to solve, and water quality
is a problem that needs to be solved in water-rich areas.
In today’s society, the security of virtual water, that is,
improving water efficiency, has become a major challenge
facing the world. Nilsson et al. (2016) and Luo et al. (2020).

Vorosmarty et al. (2010) mentioned that 60 cities in
the world will face serious water shortages by 2020.
According to statistics, China’s average water resources
rank the sixth in the world to 2.81 x 102 m3, but
China’s per capita water resources are only one-quarter
of the world’s water resources. According to the United
Nations World Water Development Report 2019, global
water consumption increases by 1% every year. Given
industrial and economic development, it is expected that
by 2050 more than 2 billion people will live in countries
with severe water shortages. About 4 billion people will
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suffer from severe water shortages for at least one month a
year, and 22 countries will be at risk of severe water stress
(The United Nations World Water Development Report
2019). According to China’s 2015 State of the Environment
Report, approximately 35.5% of the state-controlled river
sections distributed in 10 large river basins across China
contained water graded class IV, V, or worse, and is deemed
unsafe for human consumption. Only 9.1% of groundwater
monitoring sites distributed in 202 cities had good water
quality, while 61.3% were deemed poor or worse Ministry
of Environmental Protection of China. Report on the State
of the Environment in China (2015). As shown by the above
data, it is not difficult to see that there is a shortage of
water resources and the pressure of pollution and use of
water resources. At the same time, the distribution of water
resources in many areas of China is unbalanced. Even in
the areas with abundant water resources, it is particularly
complicated to make the reasonable distribution of water
resources. Therefore, the spatial imbalance between water
supply and demand often occurs in China (Xu et al.
2020). As a large agricultural country, China has a lot
of water resources used in agricultural irrigation. China’s
water resources are scarce and unevenly distributed, and the
utilization efficiency of agricultural irrigation water is low.
The effective utilization coefficient of farmland irrigation
water in China is only 0.53, which is far lower than the
average level of 0.80 in developed countries. Due to the
increasing demand for water resources, the development
of people’s life and society and the security of water
resources have become more closely related. Therefore,
when evaluating the security of water resources, we often
need to evaluate from many aspects and need to take
indicators in different fields. In particular, countries are
paying more and more attention to the security of virtual
water, which is to materialize water resources in people’s
consumption and services (Xu et al. 2020). This paper
pays special attention to the efficiency of water use in
water resources security, especially in areas with abundant
water resource, to cope with the contradiction between rapid
economic growth and the challenge of water use (Fu et al.
2021).

In the evaluation of water resources security, There are
various methods of water resource security evaluation. For
example, de Melo et al. (2021) established failure mode and
impact analysis for water resources security analysis. Yin
et al. (2020) established a water resources security
evaluation model in the karst area according to fuzzy
mathematics theory and made a dynamic evaluation on
water resource security in the karst area on a certain
time scale. Wang et al. (2020) used a projection pursuit
model based on particle swarm optimization (PSO-PEE) to
evaluate the water security of five Central Asian countries.
Li et al. (2020) established a water resources security

evaluation model to evaluate the water resources security
situation in Guizhou Province. Ding et al. (2017) proposed
a fuzzy comprehensive evaluation method based on the
entropy weight method to evaluate the water environment
security of the Heshan drinking water source area.

At the same time, when evaluating the security of
regional water resources, it is necessary to classify the water
resources security levels of each region for analysis, which
is more convenient for decision-makers to make decisions.
In previous studies, most multi-criteria decision-making
methods (MCDM) have been developed for selection and
ranking problems where it can obtain the best alternatives
for decision problems or rank their results based on
indicators (Aguaron et al. 2019; Kang et al. 2019; Sun et al.
2020). Zhang et al. (2019) adopted TODIM (Portuguese
acronym for interactive multi-criteria decision-making)
method to evaluate water security. As a basic decision-
making method, AHP is widely used in various fields.
However, it has a defect that when a decision has a
large number of alternatives, it requires a large amount
of calculation (Miccoli and Ishizaka 2017), however, the
fuzzy AHPSort II-EW method can overcome this in the case
of large amount of data (Miccoli and Ishizaka 2017; Xu
et al. 2019). At the same time, comparison and sensitivity
analysis are introduced into the fuzzy AHPSort II-EW
method, which can improve the quality of decision results
(Ishizaka and Lopez 2018). It is a key step to get the weight
of each indicator in AHPSort II, and the traditional method
to calculate the weight is AHP (Sutadian et al. 2017).
This paper uses the combination of the objective weight
method and subjective weight method to obtain the weight
of each indicator, in which the objective method is the
entropy weight method and the subjective method is hesitant
fuzzy language judgment. In particular, in the subjective
method, an expert rating is required, so it is difficult to
reach a consistent conclusion due to the different working
experiences and educational background of each expert.
Therefore, we could use the fuzzy hesitation language
term set to represent the score of each expert (Li et al.
2018), and consider the maximum consensus and minimum
disagreement of all experts to build a model to obtain the
weight of each expert (Zhang et al. 2019). To sum up, the
results of the two weighting methods are combined and
weighted and then combined with AHPSort II to form the
fuzzy AHPSort II-EW method for regional water resources
security evaluation.

The general structure of this paper is shown as fol-
lows: Key problem statement is given in “Key problem
statement”. Evaluation methodology is mainly introduced
in “Evaluation methodology”, including the overall frame-
work, the introduction of various indicators, the introduction
of subjective and objective weighting methods, and finally
the introduction of AHPSort II. “Case study” is the case
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study, which includes data collection, data processing, cal-
culation, classification of each city in Hubei province, and
comparative analysis and sensitivity analysis of the results.
Finally, suggestions are put forward based on the results.
The content of “Conclusions and future research direction”
is the conclusion of this paper, including the evaluation of
the deficiencies of this paper and the outlook for the future.

Key problem statement

This section describes each indicator and the source of each
indicator in detail.

Water resources security

To put it bluntly, we can’t live without water. Therefore,
it is particularly important to ensure the security of water
resources. In the past, people in areas with abundant water
resource may ignore the importance of water resource
security. However, as people pay more and more attention
to the security of virtual water, water resource security in
water-rich areas has become the focus. This paper considers
the security of water resources based on visible water and
virtual water. Visible water is very simple, that is, water
resources that people can touch and see, and virtual water
refers to the amount of water resources needed in the
production of products and services, that is, the virtual water
condensed in products and services (Chen et al. 2021). In
other words, virtual water is an effective measure of water
demand from the perspective of water consumption, that is,
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the number of water consumed in the process of production
or service (Zhang et al. 2021).

Figure 1 shows the relationship between visible water
and virtual water (Sutadian et al. 2017). First of all, the
most direct sources of visible water are atmospheric water,
surface water, and groundwater. These three sources change
periodically and transform into each other. Society uses
precipitation and water diversion to form the relationship
between circulating water supply and water use. In this
process, water is also used to make different products,
mainly industrial products, agricultural products, and
energy products. Virtual water is also recycled to these
products for recycling and trading.

In this paper, in order to more fully consider the security
of water resources, we will consider from three aspects,
namely: quantity of water resources (Q) (Wang et al.
2020), pressure on water resources (P) (Tu et al. 2021)
and efficiency of water use (E) (Li et al. 2018; Song et al.
2017). Further explanations are as follows: Q means that
the amount of water resources is at a level that can enable
people’s normal life and production activities; P means
that water resources can withstand the pressure brought by
population growth and environmental pollution; E means
that water resources can be rationally used and distributed
in various fields. Ensuring the efficiency of water use is
also to ensure the security of virtual water resources. In
today’s world, more and more areas with abundant water
resource are facing the problem of low use efficiency of
water resources, and areas with abundant water resource
are increasingly becoming the focus of ensuring virtual
water security. The introduction of water resource efficiency
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indicator can more intuitively see the water resource risk
in areas with abundant water resource and better solve the
problem of water resource security. The reason why this
paper chooses these three indicators is because: If we only
consider the quantity and pressure on water resources, then
we will waste a lot of water resources because there is no
reasonable allocation of water resources; if we only start
from the quantity and efficiency of water use, then we will
also cause water pollution and ecological environment; if we
only consider the efficiency of water use and the pressure
on water resources, it will lead to a serious shortage of
water resources or reduce productivity, which will affect the
future of mankind. Therefore, in order to ensure the security
of water resources and our sustainable development, these
three criterions should be considered at the same time.
Based on this idea, the water resource evaluation system in
this paper is shown in Fig. 2.

It leads to
unreasonable
allocation of water
resources

Pollute

Fig.2 Regional water security evaluation system
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conditions
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Evaluation indicators

As mentioned above, this paper divides water resources
security into three criterions, and these three criterions
are respectively expressed by some indicators, in the
quantity of water resources including annual precipitation,
surface water resources, groundwater resources, and water
resources per capita, which are the key factors reflecting
water security. The pressure on water resources include:
density of population, wastewater emission, discharge into
the river, which are the key factors to reflect the quality and
security of water resources. The security indicators of water
resources efficiency include water consumption per 1450
USD (10,000 CNY) of GDP, water consumption per 1450
USD (10,000 CNY) of industrial output value, water loss,
and water consumption per hectare for farmland irrigation,
which are the key security factors of water resources
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efficiency. The list of water resource security indicators can
be seen in Table 1.

(D

2

3)

With the increasing development and utilization of
water resources, we represent the amount of natural
water resources from three aspects: atmosphere,
surface, and underground. And per capita water
represent the water holding capacity of the society.

At present, the pollution of water resources mainly
comes from the wastewater in life and industry.
Therefore, the pressure of water resources quality is
expressed as wastewater discharge and discharge into
the river, and the pressure of water resource use is
expressed as population density. It is worth noting that
population density can reflect the population and also
reflect the demand for water from one side. In this
paper, population density is included in the pressure
on water quality and water resources because the
greater the demand, the greater the pressure on water
resources, and the larger the population will also lead
to the aggravation of water pollution from another side.
So the pressure on water quality and water resources
are expressed by these four indicators.

Due to the low efficiency and uneven distribution of
water resources in more and more water rich areas in
the world, this paper considers the security of virtual
water, which is closely related to the efficiency of
water resources. The Water consumption per 1,450
USD GDP and Water consumption per 1450 USD
of industrial added value are common indicators to
evaluate the efficiency of water resources. China

Table 1 Water security evaluation indicators

as a large agricultural country, a large number of
virtual water commodities are represented by food
products. China’s grain output is increasing year
by year, largely because of the increasing irrigated
area. The efficiency of irrigation water delivery in
China is only 52%, far lower than 70%-80% in
developed countries (Kang et al. 2017). According to
the The Ministry of Water Resources releases 2019
China Water Resources Bulletin (2019), irrigation
water consumption accounted for 61.4 percent of the
total water consumption of the national economy in
2019. The problems of traditional agricultural water
resources, such as low irrigation water use coefficient,
and large regional differences in water production
efficiency, have not been fully solved. Therefore, it
is necessary to take irrigation water consumption per
hectare as an indicator to evaluate water resources
security. In today’s society, a large part of the water
is not renewable in daily production activities, and
reducing such loss is also a manifestation of improving
water use efficiency. Therefore, water loss is also an
indicator to evaluate water use efficiency.

Introduction of evaluation indicators

Water resources security itself is a broad concept, which
is related to its impact in various fields. In order to better
express water resources security, this paper divides water
resources security into three criterions, namely, quantity
of water resources, pressure on water resources, and the
efficiency of water use.

Criterion Indicators Index type Reference
Quantity of water resources Annual precipitation Cyg + Ding et al. (2017)
Surface water resources C|p + Mishra (2020)
Groundwater resources C;3 + de Graaf et al. (2019)
Water resources per capita Ca + Ding et al. (2017), Zhao et al. (2021)

Pressure on water resources Population density Cz;

*Efficiency of water use

Wastewater discharge C22

Discharge into river C»3

Water consumption per 1,450
USD of industrial added value
C3

Water loss Cs3

Average water consumption per
hectare for farmland irrigation
Csq

Acuna-Alonso (2021), Dou et al. (2021)
— Gusain et al. (2020)
- Abbott et al. (2019)

Water consumption per 1,450 USD of GDP Cj3; - Wang et al. (2020)

— Ding et al. (2017)

— Tu et al. (2021)
— Liu et al. (2021); Zhao et al. (2021)

Note: “+” means benefit indicator, and “—

”»

means cost indicator
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Quantity of water resources

Annual precipitation refers to the sum of precipitation in 12
months of a year, which can express the quantity of water
resources in an area and is denoted as Cqj.

Surface water resources refer to the dynamic water
quantity of rivers, lakes, and other surface water bodies, that
is, the runoff of natural rivers, which can be expressed as
C12. Itis also an important indicator of the richness of water
resources.

Groundwater resources (which can be expressed as C13)
refers to the dynamic amount of groundwater recharged by
precipitation and infiltration of surface water (river, lake,
and reservoir).

The amount of water resources per capita (expressed
as Cjp4) indicates the abundance degree of social water
resources. The total water resource is W7, and Ci4 can be
expressed as:

Wrr
PR

Ciy = (1

Pressure on water resources

In this paper, an indicator is used to express the pressure on
water resources use in a region. The indicator is population
density (which can be expressed as Cap), let S denote the
area of the region, the total population of the region is PR,
and C3 can be expressed as:

Co = 5 (2)

In this paper, two indicators are used to express the
pressure of water resources quality. One of them is the
wastewater discharge (C»), which refers to the amount
of water discharged by industrial (Wy), tertiary industry
(Wr) and urban residents (Wp), excluding the discharge
of thermal power once-through cooling water and mine
drainage.

Con=W;+Wr+ Wp 3

Discharge into river is a relatively direct way to pollute
water resources because people’s daily living water is
largely dependent on the use of the river, so the discharge
into river is also an important indicator of water pollution
(expressed by C»3).

Efficiency of water resources
Water resources and economic development is very close,

the efficiency of water use is an indispensable part of
water resources security, especially under the background

that people pay more and more attention to virtual water
security, water consumption of 1450 USD of GDP (Cz1)
and Water consumption per 1450 USD of industrial added
value (C32) can indirectly express the impact of water
resources on the economy and whether the distribution of
water resources is reasonable. Total water consumption is
expressed as W¢, 1450 USD GDP as G, total industrial
water consumption as Wy, and the industrial output value
of 1450 USD GDP as Oy, so C31 and C3; can be expressed
as:

Wc
Cs1 = -5 4
31 G )
Wic
Cip = —% 5
32 0 (5

Water loss (Cs3) is different from simple water con-
sumption. Ordinary water consumption refers to the total
amount of water used, while water consumption refers to the
amount of water consumed by transpiration, evaporation,
soil absorption, product taking away, residents and livestock
drinking in the process of water conveyance and water con-
sumption, that is, it can’t return to any link in the water
cycle. So this is an indicator of water use efficiency. Indus-
trial water consumption is expressed as I W, agricultural
water consumption is expressed as AW, and domestic water
consumption is expressed as SW, Cz3 can be expressed as:

Cy3=1IW+AW 4+ SW ©6)

Agricultural products are the main virtual water products.
In this paper, the average irrigation water consumption per
hectare C34 refers to the water consumption per hectare of
farmland under the condition of meeting the normal yield of
crops in the region. The smaller the water consumption is,
the higher the utilization rate of water is, and the better the
water distribution effect is. The total irrigation water volume
of farmland is A/, the total farmland area is AS, C34 can be
expressed as:

Ciy = Al + AS @)

Evaluation methodology

This section mainly introduces the framework of the
research method used in this paper.

Overall framework

The overall framework of this paper is as follows. There
are n evaluators, E,, is uth evaluator; there are k indicators,
Ay (k = 1,2,...,p) is kth indicator, the area to be
evaluated is represented by R, and R; (i = 1,2,...,r)
is ith area. In this study, hesitant fuzzy language term set
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is used to describe experts’ judgment on the importance
of indicators and the expert weight is calculated by a
model that maximizes the consensus and minimizes the
disagreement among experts. Then, by introducing the
weighted average operator parameter, the indicator weight
is calculated (which is the weight calculated by subjective
method), and then the subjective weight is combined with
the objective weight (entropy method) to get the weight
of each indicator. Finally, the AHPSort II method is used
to classify, and the final classification of each region is
obtained. The overall block diagram of the evaluation
method is shown in Fig. 3.

Weight determination

Since different indicators have different degrees of influ-
ence on water resource security, it is particularly important
to select the weight of each indicator. In this paper, a com-
bination of hesitant fuzzy language judgment (subjective
method) and entropy weight method (objective method) is
adopted to calculate the weight of each indicator.

Hesitant fuzzy language judgment description

Need to invite experts before we calculate subjective
weight of each indicator scores, because the expert scoring
is through language, this will lead to some inaccurate
information has certain fuzziness, such as some experts for
a can accurately know the evaluation indicator, and some
experts may have no idea about this metric will draw a
rough evaluation, Even some experts may never know this
indicator and may not make evaluation, so we use hesitant
fuzzy language term set to represent the scores of each
expert, and the language is represented by numbers, and this
method is more effective and more appropriate to people’s
real evaluation habits (Yan et al. 2016). Since each expert
has different work experience and educational background,
it is difficult for them to reach the same opinion (Li et al.
2015). Therefore, we need to minimize the differences
among experts and reach the maximum consensus.

The common hesitant fuzzy language term sets have
symmetrical terms of seven degrees and symmetrical
terms of nine degrees. Symmetry means 0, 0.17, 0.33,

/ Step 1. Determine the indicators

Experts

— Step 2. Experts assessment | ‘ ”V‘ 77777 '7777‘7'
Quanty | ) b 6 &b &0
o -z o\ \ | /| -————————Fj
<D S of O I M Establish fuzzy
_——_—— — language set
|_Cll_ C12_ CL i | —_— | Data collection and gradin | I_ T
1 Indicators of QPE -| lg
| Pﬁure P | ) | evaluation | Judge using hesitant
) o | > J Data Rank fuzzy language
a> ‘ % b L —— T~ — —
| Cy1 Cn Cys |
Efficiency | | '| r 1
Define the limiting profile of each class and determine the Judge the importance of
GDP  g~r % é 2 2
4 representative points indicators
i & Ty ¥ | presenatie 0o O
LG G GCa 634 3% - —— — —

@ Pairwise com) arlson_| Construct | lized | | Gathering @ \
p J onstruct sample normalize preferences Q l
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——— — s sk el
Rank - \
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| indicator \ contral '\‘ |
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analysis J analysis J <= P ;
i | Calculate the deviation degree | \ Hesitant degrees |
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—Determine the level of water ~—— I
~esources security in different — m \_ P _
~—_ areas —
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r _— = | xpert weig
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Fig.3 The general framework of the evaluation methodology
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/?\ Between very and slightly

/?\ Slightly good }?\ Between good and very good

|<— Fm3=(m73,m72,m71) _>| F"l,:(ml) szz(mz,m3)
I
Extremely Very Slightly Slightly Very Extremely
poor poor Poor poor Fair good Good good good
1 1 1 1 1 1 1 1 L 5
Sy S; S, S So Sy S, S3 S,
0.0 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1.0

5
Li Fy=(m_y,m,m,,m ,m) ——p

/(l?\ Less than fair

Fig.4 Examples of hesitant fuzzy numbers

0.5, 0.67, 0.83, 1 for the seventh degree method and 0.0,
0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1.0 for the
ninth degree method. This paper will use the language
set of nine degrees to express the experts’ evaluation,
which can be expressed in the following (Meng and
Tang 2019): m = {mylaa = —z,...,—1,0,1,...,z} =
{extremely poor, very poor, poor, slightly poor, fair,
slightly good, good, very good, extremely good}

Use the numbers from 0 to 1 to represent the 9
graduations{0.0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875,
1.0} (Meng and Tang 2019; Luo et al. 2020). Let
Fn(),I =1,2,...,5 is denoted as a fuzzy restric-
tion label. For example, five experts have evaluated
the “groundwater resource” and the results are as fol-
lows: Fy = {m_4,m_3,m_p,m_1,mo} = {0.0,0.125,
0.25,0.375,0.5}, Ft = {my,my, m3,ms} = {0.625,
0.75,0.875, 1.0}, F} = {m_3,m_a,m_1} = {0.125,0.25,
0.375}, F} = {m1} = {0.625}, F2 = {m2, m3} = {0.75,
0.875}, as shown in Fig. 4.

It is not difficult to see that each expert’s evaluation of
the same indicator is not completely consistent. Therefore,
in order to better process the data, we need to extend all
language sets to the same length, that is, to increase the
shorter language sets until all the language sets have the
same length. The extension value is h=pht+0—-wh-,
where © (0 < w < 1) is the degree of preference of
experts, which can be divided into positive, negative, and
neutral. Li et al. (2015) found that the weight of each
language set extended by positive, negative and neutral
attitude was almost the same, so this paper chose to extend

F: = (my,my,my,m,)

/9\ Better than slightly good

each language set by neutral attitude, which indicates u =
1/2, when experts are positive on elements, which indicates
uw = 1, when negative 4 = 0 , h™ and h~ are the
maximal and minimal values in F,(I), respectively. The
extension example of hesitant fuzzy language term set can
be seen in Table 2. In addition, if some experts have never
known about the indicator, the blank set will appear, and
then the evaluation results of other experts will be used to
supplement it to make it consistent with the length of the
hesitant fuzzy language term set of other experts.

Expert weight determination

In decision-making problems in daily life, we can judge
according to our own views on the problem. However,
in the multi-objective decision problem, the function of
this judgment is left to the experts to decide, and we
have mentioned above that it is more appropriate to use
the hesitant fuzzy language term set to represent the
evaluation of the experts. In this paper, a model will
be used to minimize the disagreement of each expert
and maximize the consensus of each expert to find the
best expert weight. The ambiguity of an indicator can be
expressed by the hesitation of experts, while the differences
between experts can be expressed by the Euclidean
distance.

First of all, as mentioned above, each expert uses hesitant
fuzzy language to evaluate the importance of each indicator.
The hesitant fuzzy language can be transformed into
corresponding hesitant fuzzy numbers, and each hesitant

Table 2 Extension example of
hesitant fuzzy language term

Original hesitant fuzzy language term set

Extension

set

F3 =1{0.0,0.125,0.25, 0.375, 0.5}

Fry =10.625,0.75,0.875, 1.0}
Fy ={0.125,0.25,0.375}

F,, = {0.625}

F2 ={0.75,0.875}

{0.0,0.125, 0.25, 0.375, 0.5}
{0.625,0.75, 0.8125, 0.875, 1.0}
{0.125,0.25,0.25,0.25, 0.375}
{0.625, 0.625, 0.625, 0.625, 0.625}
{0.75,0.8125, 0.8125, 0.8125, 0.875}
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fuzzy language term set can be extended to the same length
L, which can be expressed as the following formula:

yuk =l =1,2,...,L; u
=1,2,....nm; k=1,2,..., p} ®)

where L means the length of y,.

In order to get the maximum degree of consensus and the
minimum degree of disagreement among experts, we need
to find the best expert weight which can be noted as o (u =
1,2,...,n), so the sum of all fuzzy hesitation should be
the minimum, and the difference of all fuzzy evaluation
with expert weight should be the minimum. According to
the above analysis, an optimization model is established to
minimize the judgment deviation and hesitation between
evaluation results. This model is shown below:

P _
min ) [d(y) x f(¢)]

k=

—

X
yuk={y 1=1....,Lu=1,...,n,k=1,...p}
yxk:{yikllzl,...L,x:l,...,n,k:l, c Dy UFEX)
s.t. wa_l
u=1
wfzo,uzl, ,n
where  wf  represents the  weight of E,,

1 L ] l :
\/z Yt st Xt (@ Vg — @Fyy)? s the
weighted sum of FEuclidean distance between one
expert and another expert for indicator Ag, f(¢y) =

\/ZZ=1 szl’u#x (@yux — dyxx)? is the difference of hes-

itancy degree between the two experts for indicator Ay,
@ yuk 1s the hesitancy degree of hesitant fuzzy elements and
Yuk 1s the fuzzy hesitant element.

Because of the hesitation degree and Euclidean distance
of the average judgment score among experts in Eq. (9) are
the smallest, so it can solve the best wf u=12,...,n).

Indicators’ weights computation

According to “Expert weight determination”, each expert’s
hesitant fuzzy language term set has been extended to the
same length which has been extended to the same length
and the expert weight can be obtained. Next, the weight
of each indicator can be calculated according to the expert
weight. Therefore, we need to introduce the parameters

@ Springer

of the weighted average operator, which is shown as
follows:

n
)7k = Zy,ik (9)
u=1
G
Gk = Z—L_z(&3k+§3k+...+yjk‘l) (10)
u=1
_ n
k= Vi (11)
u=1

The triangular fuzzy number (y%, g:k, %) can be obtained
from Eqgs. (9)~(11), which are similar to the de-
fuzzification of an intuitionistic fuzzy numbers. The impor-
tance of the kth indicator can be calculated by using the
weighted average operator (Li et al. 2018).

- S Yk
Vi Ok X (?k+4:k)

(= (12)

2 [37" 8k x (fﬁ&k)]/

k=1

Through the above process, we can get the indicator
weight obtained by the hesitant fuzzy language judgment.

The above method is the hesitant fuzzy language
judgment, which has strong subjectivity and is influenced
by the background and knowledge of experts. The entropy
weight method is an objective method to calculate the
weight of indicators. Combining the entropy method
with the hesitant fuzzy language judgment can better
complement each other and improve the reliability of the
results. So this paper combines the two methods to get the
indicator weight. The following is the calculation process of
the entropy weight method (Liu et al. 2021):

Step 1. Assuming that the original data matrix X:

X = (Xit)rxp 13)

Step 2. Then data matrix X is converted into the
normalized matrix nor as follows:

(1) Normalized matrix of benefit indicators:

Xjx — min(x;k)

Uik = . ’

max (x;;) — min(x;x)
i=1,2,....,r; k=1,2,...,p (14)

(2) Normalized matrix of cost indicators:
max(xjr) — Xik

dik = - :

max(xjr) — min(x;g)
i=12....rk=1,2...,p (15)

Step 3. Calculate the entropy value of the kth indicator:

] r
ek=—m2ﬁiklnﬂik,k=l,2,...,p (16)
im



Environ Sci Pollut Res (2022) 29:25824-25847

25833

where, if Bjx = 0 then B;; In B;; = 0 and

Xik

Bik = —
D Xik
i=1

,i=12,...,rk=1,2,...,p a7

Step 4. Calculate the weight of the indicator as is as
below:

l—ek
o= =% k=12...p (18)
P— 2 &
k=1

Based on the results of the above two weight methods, they
are combined and weighted to obtain the final weight of the
kth indicator, which is expressed by the following formula:

of =1 =V)xof +Vxof k=1,2,...,p (19)

where, V represents the proportion of the weight of entropy
weight method in the total weight, and 1 — V represents the
proportion of the hesitant fuzzy language judgment in the
total weight. On the premise of generality, the value of V is
set to 0.5.

AHPSort lI-based aggregation method

AHPSort II is a modification based on AHPSort, which
uses AHP to calculate the weight. In this paper, the weight
of each indicator is the combined weight. In this way, the
combination of objective and subjective methods is more
reliable than the simple use of a subjective method, so it’s a
little bit different than it was originally, and some changes
are mainly reflected in the weight calculation, the steps are
as follows Miccoli and Ishizaka (2017) and Ishizaka and
Lopez (2018):

Step 1. Determine the objectives and problems to

be studied, the indicator A,k = 1,2,..., p, and the
alternative R;,i = 1,2,...,r.
Step 2. Define the classification Z,,, w = 1,2,..., W,

where W represents the number of categories, and such
categories have a certain order of good and bad. For
example, 1 corresponds to good, 2 corresponds to not bad,
etc.

Step 3. Determine the number of clusters in an indicator
and denote itby S;, j =1,2,..., M.

Step 4. Define the outline of each class. It can be
implemented with a local limit profile /pjx, which is the
minimum indicator required to represent each standard k
belonging to S; class. This feature is given by a typical
example based on the elements of §; class belonging to
standard k noted as S;x. We need a k(M — 1) constraint
profile to define each class.

Step 5. Using the method of calculating the weight
described above, the weight of the indicator is calculated,
which is expressed as wy.

Step 6. In each indicator k, the representative point
S}?k (o = 1,2,...,0) uniformly distributed in each
indicator is selected. The limiting profile in this paper are
selected by experts according to the original data after
normalization. Equations (20) and (21) are used for data
normalization Experts’ selection of representative points is
an important step in AHPSort II. Different representative
points will get different results, so the selection of
representative points needs to be cautious. Therefore, we use
the following method to select representative points:

First of all, we need to determine the number of
representative points (Ng) and the number of clusters (N,
which will be introduced in “Clustering method”) in an
indicator.

No

— =B>1 (20)
N

where B is a constant determined by the decision-maker.
The larger B is, the higher the accuracy is.

Because the data are standardized, so the minimum is O,
the maximum is 1. Therefore, each representative point can
be calculated by the following formula.

For the first cluster in each indicator, that is, the cluster
starting from O, the representative points are calculated by
the following formula:

xo—1,0=1,2,...,0 21

especially, S 11\/1 =0
The calculation method of representative points in the
cluster from the last to 1 is as follows:

1 —Ipik
SO =lIpyx + ————
1k Plk N

xo0,0=1,2,...,0 (22)
especially, S5, =1

The solution of the representative points in the middle
cluster (1 < j < M) is as follows:

Ipi—1k —Ipjk

S =1Ip;
k Pkt Ns +1

) xo0,0=12,...,0 (23)

Step 7. The representative points and limiting profiles
in two paired matrices are compared. In this process,
clustering can be used to reduce computation. Starting
from the comparison matrix, the local priority P, of
the representative point and the local priority Pj; of the
limiting profile can be obtained by the eigenvalue method in
Eq. (24).

axP=AxP (24)

where a is the comparison matrix; P is the priorities weight
vector; A is the maximal eigenvalue.

Step 8. If alternative R; is between two consecutive
representative points Sy and S,11x, we can get the local
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R;j must be greater than Ip;.; and
lower than /p; to belong to the class

A%QJN;

| Ip, Ip> Ips Ios Ips |
| | | | |
D e g i

Class1 Class2 Class3 Class4 Class5 Class6

Fig.5 Sorting with limiting profiles

priority Pj;, which can be expressed by the following
formula (Miccoli and Ishizaka 2017):
Po—Hk - P

k
X (T (Ri) — Sok) (25)
So+1k — Sok ' ?

Pix = Por +
where S,x and S,41x are two continuous representative
points on indicator k; P, and P, are the local priorities
of two continuous representative points on indicator k;
Ti (R;) is the score of the alternative R; on indicator k; Pji
is the local priority of R;.

Step 9. Adding the weighted local priorities is the global
priority P; of the alternative i. The global priority Ip; of the
limiting profile can be expressed by the following formula:

p
P = Z Pip x wi (26)
k=1
P
Ipj =) o x Pt 27
k=1

The comparison of P; and Ip; is used to assign
alternatives to class A ;.

If the limiting profile has been defined, alternative R; is
assigned to the class A; which has an Ip; just below the
global priority P; (Miccoli and Ishizaka 2017) (see Fig. 5).

P <lIpy —> R € Q1;lp1 < P; <lpy - R; € Q;
oo dlpy—1 < P <Ilpy — Ri € Oy (28)

First Cluster

Second Cluster

Step 10. Repeat Step 5 to Step 9 for each alternative that
needs to be classified.

Step 11. Because AHPSort II uses the linear approxi-
mation method, it is necessary to fine-tune the results and
check the selected scheme above and below the limiting
profile to obtain an accurate classification.

Clustering method

This clustering method is mainly used to reduce computa-
tion

Step 1. The representative points and limiting profile in
each indicator are selected.

Step 2. Representative points and limiting profiles are
divided into clusters. The last compared element becomes
the connection point of the two cluster boundaries can be
seen in Fig. 6. Assuming that the number of representative
points is 5, there are 3 limiting profile, and they are divided
into three clusters. The local priority is calculated from these
3 clusters.

Step 3. Compare the clustering elements in the matrix
and calculate the local priority of each cluster. The priorities
of the cluster are connected by a common element that is
also used to convert the indicator of the next cluster to the
indicator of the previous cluster, making it computable one
by one.

Case study

The water resources security evaluation method based on
fuzzy AHPSort II-EW method is applied here to Hubei
Province, including all municipal administrative units under
the jurisdiction of Hubei province.

Case description

Hubei is located in the middle reaches of the Yangtze
River and north of Dongting Lake in Central China. It is

Third Cluster

i Sik Sak @ Sk Sax

Ssi b, Sek Sk

First joining point

Fig.6 Example of clusters
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known as the “Province of a thousand lakes”. The volume of
surface water is the fourth largest in China. From the above
description, everyone will think that Hubei has developed
water system, dense water network, and numerous lakes.
It must be a province rich in water resources. However,
this is not the case. According to the statistics, Hubei
water resources account for 3.5% of the country, ranking
tenth, with an average per capita share of 1731 m?>, ranking
seventeenth, accounting for only 73% of the national per
capita share, close to the internationally recognized warning
line of 1700 m? of serious water shortage.

We can give an example about the pollution of water
resources in Hubei province. The East Lake in Wuhan is
the largest lake in Chinese cities, six times the size of the
West Lake (Hangzhou, China). Although the water pollution
control of the East Lake has spent a lot of money, the water
quality of the East Lake is very poor and is not suitable for
direct human contact. Therefore, the quality protection of
water resources is also an urgent problem to be solved.

In terms of water resources utilization, although the
overall water supply in Hubei province is sufficient, due
to the uneven distribution of water resources, coupled with
climate change and the growing demand for water, the
problem of water resources shortage in some areas of
Hubei province has become increasingly prominent in some
periods. When precipitation is concentrated, flood is the
main problem, and when precipitation is less, local drought
and water shortage. And the efficiency of agricultural water
use in Hubei province is also very low. In this case, it is
key to establish an appropriate water resources evaluation
system. It is also urgent to put forward some suggestions to
solve the efficiency of water resources use.

The above three problems just reflect the applicability of
the water resource security evaluation system in this paper.
Hubei province, as a typical province with abundant water
resources but low water use efficiency, can analyze some
deficiencies existing in various regions of Hubei province
by combining the security evaluation of visible water and
virtual water.

Data collection

The data of this paper are collected from the National
Bureau of Statistics, the water resources bulletin of Hubei
Province and the official websites of various cities (National
Bureau of statistics 2019; Hubei Water Resources Bulletin
in 2019). The collected indicators are annual precipita-
tion, surface water resources, groundwater resources, water
resources per capita, population density, wastewater dis-
charge, discharge into river, water consumption per 1450
USD of GDP, water consumption per 1450 USD of indus-
trial added value, water loss, water consumption per hectare
of farmland irrigation. The data corresponding to the above

indicators are the data of all cities in Hubei province in
2019. The selection of indicator data strictly follows the
principle of operability, and each indicator is added accord-
ing to other articles or practical problems.

Result interpretation

In this paper, the indicator data of water resources security
of cities in Hubei province are shown in Table 3 (all data are
in 2019), and the Normalized data are shown in Table 4. In
the process of calculating the indicator weight, a subjective
weight method and an objective weight method are used
to combine the weights, so the indicator weights of the
two methods are calculated separately. In the method of
subjective weight, it is necessary to ask experts to score
each indicator with fuzzy language. So five experts on water
resources security are invited to evaluate the importance of
the indicators in this paper. Each expert uses his past work
experience and background to score the indicators by using
fuzzy language. The scoring results are shown in Table 5.
Then, the scoring results of each expert are extended from
different to the same length, and Lingo software is used
to calculate Eq. (9) to get the weight of each expert, and
then the weight of each indicator (w,f ) is calculated by
Egs. (9)~(11). Next, the entropy weight method is used to
calculate the weight of each indicator to get the subjective
weight (w,f ), both a),f and a),f can be seen in Table 6. Finally,
the final weight of each indicator is obtained by combining
the weights calculated by the two methods, which are shown
in Table 7.

After calculating the weight of each indicator, we can
use the method of AHPSort II to classify, AHPSort II
is a method evolved from AHP, which is based on the
upgrade of AHP and reduces the computation to a great
extent. In this paper, the water resources security of Hubei
province is divided into five levels: low risk, medium-low
risk, medium risk, medium-high risk, and high risk which
are noted as I, II, III, IV, and V. Before classification, experts
select the limiting profiles for each indicator based on
normalized data, and then use Eqgs. (21)~(23) to calculate
the representative points. The limiting profiles can be seen
in Table &, then each indicator are divided into different
clusters, which is a vital step in AHPSort II. Table 9 shows
the representative points and limiting conditions of annual
precipitation. The annual precipitation is divided into two
clusters, and the eigenvalue method is used to calculate the
matrix. This matrix is established by inviting experts to use
the nine-level scale method, that is, experts evaluate the
importance of one factor to another by using the numbers 1-
9. Take A;; as an example to show the importance of A; to
A, 1 means that two factors are equally important, 3 means
that one factor is slightly important to another. 5 means that
one factor is significantly important to another, 7 means that
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Table 5 Expert fuzzy judgments to the importance of indicators

Indicator E; E; E3 Ey Es

Cn (0.5, 0.625) (0.375,0.5) (0.375, 0.5, 0625) (0.375) (0.25,0.375)

Cip 0.5) (0.375) (0.5, 0.625) (0.125,0.25,0.375, 0.5, 0.625) (0.5)

Ci3 (0.375,0.5) (0.125, 0.25,0.375, 0.5, 0.625) (0.375) (0.375, 0.5, 0.625) (0.375)

Ci4 (0.375,0.5) (0.5, 0.625) 0.5) (0.125,0.25,0.375, 0.5, 0.625) (0.5, 0.625)

Co (0.625) (0.375,0.5) 0.5) (0.375,0.5) (0.5, 0.625)

Cxp (0.25,0.375,0.5) 0.5) (0.375,0.5) (0.25,0.375,0.5) (0.375,0.5)

Cx3 (0.375,0.5,0.625) (0.5, 0.625) (0.875, 1) (0.875) (0.125, 0.25, 0.375)
C31 (0.75, 0.875) (0.875) (0.625,0.75,0.875, 1) (0.75,0.875) (0.625, 0.75, 0.875)
C3 (0.875) (0.625, 0.75, 0.875) (0.75) (0.625,0.75, 0.875) (0.75, 0.875)

C33 (0.625,0.75,0.875) (0.625) (0.75, 0.875) (0.75) (0.875)

C34 1) (0.625, 0.75, 0.875) (0.75) (0.875, 1) (0.625, 0.75)

one factor is strongly important to another, 9 means that one
factor is extremely important to another, and 2,4,6,8 is the
median of the above judgments. Conversely, a value of 1/3
indicates that one factor is slightly less important than the
other, and so on. Tables 10 and 11 show the weight of two
clusters of annual precipitation calculated by the eigenvalue
method. The two groups of weights are converted by the
joint point. multiplying them by the ratio of the scores
of joining point 0.4 in the two clusters: 0.3474/0.0337 =
10.3086. Normalized local priorities of the representative
points and the limiting profiles for the annual precipitation
can be seen in Table 12.

In the alternative, the local priority s of annual
precipitation in Yichang can be calculated by Eq. (25),
in which the annual precipitation in Yichang is Tx(R;) =
0.6997 (normalized data), Sp41x = 0.75, Sor = 0.5, Pot1k =
0.6336, Py = 0.3536.

b — 03536 06335 03536
k= 0.75—-05

x(0.6997 — 0.5) = 0.5772 (29)

In this step, the data of each city in Hubei province is
substituted into each indicator, which is also divided into
different levels. The global priority of each limiting profile
and each alternative are calculated through Egs. (26)~(27),
and then classified. In addition, AHPSort II reduces the
computation but there is still a slight margin of error.
Therefore, we used AHP and AHPSort II method to

Table 6 The weights of HFLJ and EWM

calculate the local priority of each alternative under each
indicator. Under the calculation of the two methods, the
orders of the alternatives were almost the same. Moreover,
the final classification result of the alternatives was
consistent based on two methods. In this paper, the ultimate
purpose of this paper is to classify. Based on these two
methods, each alternative will be still in the same grade, so
it has no influence on the classification result, so such error
is acceptable.

According to the weight method of the combination of
subjective and objective, combined with the classification of
AHPSort II, the water resources security level of each city in
Hubei province is obtained. Wuhan, Huangshi, Xiangyang,
Ezhou, Jingmen, Xiaogan, Jingzhou, Suizhou, Xiantao,
Qianjiang, and Tianmen are at high-risk; Huanggang,
Xianning are at medium-high-risk; Shiyan is at medium-
risk; Yichang and Shennongjia are at medium-low-risk;
Enshi is at low-risk. The study area and its classification are
shown in Fig. 7.

Comparison analysis

In order to verify the effectiveness of the method, this
paper will use the subjective weight method combined
with AHPSort II and the objective subjective method
combined with AHPSort II respectively, and compare with
the classification obtained by the subjective and objective
methods combined with AHPSort II. The comparison
results are shown in Table 13.

Weight Cu Ci2 Ci3 Cu Ca1 Cx» Cx C31 Cx C33 C3
HFLJ 0.065 0.070 0.059 0.072 0.080 0.063 0.095 0.124 0.123 0.121 0.129
EWM 0.117 0.15 0.139 0.331 0.02 0.024 0.024 0.067 0.02 0.054 0.053

Note: HFLJ hesitant fuzzy language judgment, EWM entropy weight method
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Table 7 Weight of each

indicator Indicator Weight
Annual precipitation (C11) 0.091
Surface water resources (C17) 0.110
Groundwater resources (C13) 0.099
Water resources per capita (Ci4) 0.201
Population density (Cz1) 0.050
Wastewater discharge (C22) 0.043
Discharge into river (C23) 0.059
Water consumption per 1,450 USD GDP (C3;) 0.096
Water consumption per 1,450 USD of industrial added value (C37) 0.071
Water loss (C33) 0.088
Average water consumption per hectare for farmland irrigation (C34) 0.091

From the data in the table, it can be seen that most of the
high-risk groups have no change. Among them, the safety
level of the results calculated by the objective method has
generally improved, mainly because the objective method
is calculated according to the objective data, and the
weight obtained from the objective data shows that the
main consideration is the indicators of water quantity and
pressure on water resource, and the water resource safety
in this paper is the water resource safety considering the
use efficiency of water resources; therefore, objective data
can not directly reflect the results we want. The subjective
method too much considers the use efficiency of water
resources and ignores other indicators. The result is that all
indicators are at a more dangerous level, which is obviously
inconsistent with the facts. However, the combination of
subjective and objective methods is the neutralization result
of the other two methods, which also shows that this method
is a fine adjustment of the results of the other two methods
and has better reliability. The following also talks about the
disadvantages of using only one weight method alone.

As far as the entropy weight method is concerned, it is a
typical objective weight calculation method. It also contains
some disadvantages of other objective weight methods. It
depends on enough sample data and actual problem domain.
Sometimes, the resulting weights will be very different
from the actual importance of the attribute. Therefore, it is
necessary to combine this method with experts’ evaluations.
For example, as far as precipitation is concerned, the
precipitation distribution in Hubei province is uneven. Some
cities have a lot of precipitation, while others don’t. In terms
of data, it may be that cities with more precipitation are
much better than those with less precipitation. But in fact,
experts may think that this indicator is not so important,
which will cause errors.

The expert scoring method is a subjective method, but
because each expert’s work experience and educational
background are not the same, It will lead to divergence
among each expert. Although, this paper uses a model to

make the consensus of each expert reach the highest and the
divergence reach the minimum, it is difficult for experts to
reach complete agreement, it would be better if there were
an objective method to supplement.

In a word, if only one subjective or objective method is
used to calculate the weight of indicators, it is unreliable,
and the combination of the two methods can get more
reliable results.

Sensitivity analysis

The weight method in this paper is based on the combination
of entropy weight method and hesitant fuzzy language
judgment. There is a parameter V in the formula of
combination weight, whose value is between 0 and 1.
Therefore, it is necessary to test the influence of different
values of V on the final weight result. When v=0, it means
that the only subjective method is used to get the weight,
and when V=1, it means the only objective method is used
to get the weight Weight. Fig. 8 shows that the weight of
each indicator changes with the change of parameter V. It
can be seen that there are criterions with great changes in
each indicator. Some indicators increase with the change of
V', while others decrease. C33 and C34 are almost the same
under the efficiency of water use, while C3; shows a great
decreasing trend. The change of indicator weight leads to
the change of global priority and global limiting profile, and
finally affects the security level of each alternative. Through
Fig. 9, it is not difficult to find that with the increasing
of V, the security level of some alternatives near each of
these global limiting profiles will change. It can be seen
from Table 14 that the final evaluation grade of many cities
does not change due to the change of V, but the overall
change is towards a safer grade with the increase of V. In
general, the whole data does not show a large span change
with the slight change of V, therefore, it is necessary to use
the subjective and objective methods to calculate the weight
at the same time, and the determination of parameters in
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Table 9 Representative points and limiting profiles of “annual precipitation”
Representative points 0 0.025 0.088 0.125 0.1625 0.3 0.45 0.75 1
Limiting profiles 0.05 0.2 0.4
Table 10 The first cluster “annual precipitation”
0 0.025 Ip1 (0.05) 0.088 0.125 0.1625 Ip2 (0.2) Local priority

0 1 172 1/5 1/3 172 173 /7 0.0403

0.025 2 1 173 1/3 173 173 1/3 0.0568
Ip; 0.05 5 3 1 172 172 1/4 1/4 0.0939

0.088 3 3 2 1 172 1/4 1/3 0.1036

0.125 2 3 2 2 1 173 1/4 0.1214

1625 3 3 4 4 3 1 1/3 0.2339
Ip> 0.2 7 3 4 3 4 3 1 0.3474
Table 11 The second cluster “annual precipitation”

Ip>2 (0.2) 0.3 Ip3 (0.4) 0.45 Ipa (0.5) 0.75 1 Local priority

Ip> 0.2 1 1/4 1/5 1/3 172 1/6 1/6 0.0337

0.3 4 1 173 1/4 1/3 173 1/4 0.0586
Ip3 0.4 5 3 1 172 172 1/4 172 0.0102

0.45 3 4 2 1 172 172 1/5 0.1147
Ips 0.5 2 3 2 2 1 173 1/4 0.1230

0.75 6 3 4 2 3 1 173 0.2204

1 6 4 2 5 3 1 0.3479

Table 12 Normalized local
priorities of the representative
points and the limiting profiles
for the “annual precipitation”

Representative point

Local priority with the first clus-

ter class as the standard

Normalized local priorities

Ip

Ip2

Ip3

Ip4

0.0000
0.0250
0.5000
0.0880
0.1250
0.1625
0.2000
0.3000
0.4000
0.4500
0.5000
0.7500
1.0000

0.0403
0.0568
0.0939
0.1036
0.1214
0.2339
0.3474
0.6041
1.0494
1.1824
1.2680
2.2720
3.5864

0.0112
0.0158
0.0262
0.0289
0.0339
0.0652
0.0969
0.1684
0.2926
0.3297
0.3536
0.6335
1.0000
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N
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“ Quantity

Fig.7 Study area

Table 13 Analysis results and comparative analysis

1
140 Miles

Hubei Province

Water Resources Security Grading in Hubei Province
High Risk

.| Medium-high Risk
|| Medium Risk
Medium-low Risk
Low Risk

Cities Fuzzy AHPSort II-EW method AHPSort II-EW method AHPSort II-fuzzy method
Ral Rank by Ral Ra2 Rank by Ra2 Ra3 Rank by Ra3
Wuhan 0.1944 v 0.2397 v 0.1492 v
Huangshi 0.0820 \Y% 0.0783 A\ 0.0858 v
Shiyan 0.3937 I 0.3593 II 0.4282 v
Yichang 0.4936 II 0.4856 1 0.5016 1
Xiangyang 0.0933 v 0.0834 v 0.1031 v
Ezhou 0.1477 \Y% 0.1954 A\ 0.0999 v
Jinmen 0.0724 A% 0.0792 \ 0.0656 v
Xiaogan 0.0754 v 0.0933 v 0.0574 v
Jinzhou 0.1890 v 0.1748 v 0.2031 v
Huanggang 0.2402 v 0.1619 I 0.3186 v
Xianning 0.2990 v 0.1905 I 0.4075 v
Suizhou 0.1604 v 0.2416 v 0.0791 v
Enshi 0.6924 I 0.6317 I 0.7530 1I
Xiantao 0.1043 v 0.1204 v 0.0882 v
Qianjiang 0.1322 v 0.1764 v 0.0880 v
Tianmen 0.1365 v 0.1947 v 0.0764 v
Shennongjia  0.4794 II 0.4734 I 0.4854 I
@ Springer
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V=0
A V=0.1

V=0.2

0
0.

V=0.3

V=0.4

Fig.8 The influence of V on indicators weight

this link needs to be careful, and the deviation caused by
parameter selection in practical problems also needs to be
considered.

Suggestions

It can be seen from Table 3 that the distribution of water
resources in various cities of Hubei province is very uneven.
In addition, Hubei province is also a strong provincial
capital province. As the provincial capital, Wuhan is the
largest city in the province, which has a big gap with the
second-ranked city. Therefore, it can be seen that Wuhan,
as the provincial capital, has a gap with other cities in
many indicators. It can be seen from Table 13 that most
of the cities in Hubei province are at a dangerous level.
As a province with many water systems, the security
of water resources in Hubei province is mainly the

V=0.9

V=0.8

V=07

pollution of water resources and the efficiency of water
use. At present, agricultural irrigation accounts for 67.16%,
industry accounts for 15.13% and rural life accounts for
20% of the total water consumption of the province
12%, forestry, animal husbandry and fishing accounted
for 5.13%, and urban life accounted for 2.16%. From the
perspective of water consumption structure, agricultural
irrigation accounts for the majority of water consumption,
and there is great potential for agricultural water saving.
In terms of farmland irrigation in Hubei province, flood
irrigation is still very common, and the utilization rate of
diversion canal is only 50%, that is, half of the water
is leaked and evaporated. In addition, the reuse rate of
industrial water in Hubei province is very low, about 50%
in Wuhan and only 20-40% in other cities; therefore, by
introducing the indicators of water resource use efficiency,
we can see that most cities in Hubei province are at a high
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V=0.1

) 0..87-

V=0.2

Fig.9 The influence of V on limiting profile

risk level, which is different from our previous cognition
of Hubei province and deserves our attention to water
resource security in areas with abundant water resource. By
introducing the index of water resource use efficiency, we
can see that most cities in Hubei province are at a high
risk level, which is different from our previous cognition
of Hubei province and deserves our attention to water
resource security in water-rich areas. And some cities in the
middle-risk and low-risk level are basically because they

Table 14 The influence of V on the security level

are sparsely populated, have a good ecological environment,
and have a low economy. There is little water consumption
in all aspects, such as Enshi. Yichang’s economy is at the
forefront of the province, and its population ranks sixth
among the 17 cities in the province, but the safety of water
resources is at low risk because the existence of the Three
Gorges Dam makes the use efficiency of water resources
very high. This paper proposes the following methods to
deal with this phenomenon:

(1) In agriculture, Hubei province still uses flood irri-
gation and has a low industrial water reuse rate. In
view of the above two points, the following improve-
ments can be made. In agriculture, water resource
fees and fees can be levied, quota allocation can be
implemented, and water-saving agricultural technol-
ogy irrigation can be promoted, especially in the dry
land areas of northern Hubei province. In the indus-
try, we can realize water quota allocation by collecting
water fees and water, the full implementation of social
water standard quota, and improve water quality, to
encourage water-saving and clean production, improve
the utilization rate of water and reduce water consump-
tion per unit product, in the city life water use should
gradually improve the sewage disposal, and improve
the public awareness of water through the publicity.

(2) About water pollution has always been the focus of
the water security problem, so the water quality of
the recovery will take various efforts, in the first
place to have a scientific and reasonable method to
control water pollution and secondly from the source

City V=0 V=0.1 V=0.2 V=03 V=04 V=0.5 V=0.6 V=0.7 V=0.8 V=0.9 V=1
Wauhan \Y% \% \Y \Y \% \Y \% v v v v
Huangshi v v \Y% \% v \% v \Y% v \Y% \%
Shiyan v 11 1 I 1 11 I \Y \% v v
Yichang I I 111 11 111 I I I I 1I I
Xiangyang \% v \Y% \% \Y% \Y% v \Y% v \Y% \%
Ezhou \Y \Y \Y \Y \Y \Y \% \Y \% \Y \Y
Jinmen \Y \Y% \Y \Y \Y \Y \% \Y \% \Y \Y
Xiaogan \% \% \Y% \% \Y% \% v \Y% v \Y% \%
Jinzhou \Y \Y \Y \Y \Y \Y \% v v v v
Huanggang v v v v v 11 I 111 I 111 111
Xianning \% \% v v v v 111 111 I 111 I
Suizhou \Y% \Y% v v \% A% \% \% \% \% \%
Enshi I I I I I I I I I I I
Xiantao \% \Y% \% \Y% \% \% \% \% \Y% \% \Y%
Qianjiang \% \% \% \Y% \% \% \% \% \% \% \%
Tianmen \Y% \Y% \Y% \Y% \% \% \% \% \% \% \%
Shennongjia 11 111 I 111 1 II I II I II I
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control water pollution is to reduce the emissions
of pollutants, the solution to water pollution cannot
be copied elsewhere, Because the levels of pollution
that each place faces and the causes of pollution are
different, it is necessary to identify the effects and
targets of the final effects during the planning process.

(3) Not only in Hubei province, but the efficiency of
water resources also use in the whole of China still
needs to be improved. Although water resources in
Hubei province are relatively abundant in China, due
to the uneven distribution, how to rationally use water
resources to improve the efficiency of water resources
use becomes particularly important. Virtual water
strategy is a new direction in water resources research,
and also a new practical direction in water resources
management. And this is certainly a good way to solve
the problem.

Conclusions and future research direction

This paper argues that water resources are indispensable
to human beings’ social production and life, and it is
particularly important to ensure the security of water
resources. Based on the above analysis, this paper proposes
a novel method to evaluate the security of regional water
resources.

Firstly, as a matter of fact, there are many provinces
in China with abundant water resources, however the
distribution of water resources is uneven and the use
efficiency of water resources is low. Therefore, in addition
to considering two criteria of quantity of water resources
and pressure on water resources, this paper emphatically
takes the criterion of efficiency of water use into account,
all these are based on previous related studies and practical
problems. This paper mainly explores a water resource
security evaluation system which is suitable for the regions
with abundant water resources but uneven distribution and
low water resource utilization efficiency. As virtual water
can better embody water efficiency utilization efficiency,
this paper introduces virtual water as well as visible water
to evaluate the security of water resources.

Secondly, this paper combines subjective weight and
objective weight to get indicators’ weights. For the
subjective method, hesitant fuzzy language term sets are
employed to describe the experts’ judgements, then the
model with the minimum disagreement and the maximum
consensus is applied to obtain the experts’ weights,
the indicators’ weights is calculated by introducing the
parameters of weighted average operator. For the objective
method, the entropy weight is utilized, which is adjusted
by the subjective method. Furthermore, the combined
indicators’ weights are substituted into fuzzy AHPSort

II-EW method to classify the alternatives, which improves
the fairness and reliability of the evaluation results.

Thirdly, the proposed method is applied to evaluate the
water security of 17 cities of Hubei province in 2019.
Hubei province, as a province with abundant water resource
but inefficient in the use of water resources and uneven
distribution of water resources. The water resources security
of Hubei province is divided into five levels with 11 cities
at high-risk level, 2 cites at medium-high-risk level, 1 city
at medium-risk level, 2 cities at medium-low-risk level, and
1 city at low-risk level.

Finally, the comparison of AHPSort II-EW method,
and AHPSort II-fuzzy method shows that the proposed
fuzzy AHPSort II-EW method method which considers
both subjective and objective weights is more reliable. In
addition, sensitivity analysis is also carried out on the
parameter V of combined weight, which demonstrates
the efficiency of the subjective/objective combined weight
method. Based on above analysis, some suggestions are
given. As Hubei province well-water resourced region,
the shocked result is a reminder of water resources use
efficiency that affect water security in areas with abundant
water resources.

The proposed method used in this paper can also be
applied to the evaluation of water resources security in other
provinces or regions, especially in areas with sufficient
water resources but low efficiency and uneven distribution
of water resources. The limitations of this paper and the
areas that can be further studied in the future include the
following aspects: This paper only uses an entropy weight
method as an objective weight calculation method. In the
future, the research direction of the method can choose the
weight calculation method according to the actual problems
of the research. This paper does not consider the flood
factor in determining water resources security. In the future,
the research direction of water resources security can add
research objects.
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