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Abstract

:

The security of water resources is the core content and ultimate goal of urban water resource management agencies. The management of water resources is directly related to the needs of urban residents’ lives and the area’s socio-economic development. How to determine the effective evaluation indicators and methods is an important prerequisite to solving the water resource security problem. This study took Luoyang City as the research area and constructed a water resource security evaluation index system based on pressure-state-response framework. An analytic hierarchy process and entropy weight method were used to determine the index weight. A set pair analysis model was then introduced to evaluate the security of water resources in Luoyang from 2006 to 2016. The results of this study show that the standard of water resource security generally improved in Luoyang in the latter years of the study period. From 2006 to 2008, Luoyang was graded at the Insecurity Level. This compares to a slightly improved grading of Critical Security Level from 2009 to 2016 (except for 2013). However, the overall grade is still low. The pressure on the Luoyang water resource system mainly comes from the development of the urban socio-economy, which in turn has caused problems for both the quantity and quality of water resources. Therefore, a series of countermeasures have been introduced as a means of improving the water resource security of Luoyang, and these measures have achieved certain results. However, further improvements to the efficiency of water resource utilization and strengthening the management and protection of water resources remain necessary.
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1. Introduction


Water security is an important component of regional economic development and sustainable development. Water security is also a natural component of comprehensive water resource management [1,2]. Water is widely regarded as the most essential natural resource and a valuable strategic resource. However, water shortages and pollution have exerted a significant negative impact on food security, ecological environmental security and the economic security of various countries around the world [3]. Over the past decade, more than 80 percent of the world’s population has been seriously threatened by a lack of water resources [4]. With population growth, urbanization and public demand for higher living standards, sustainable development around the world is continuously under threat [5]. In this context, research into the issue of water security has gradually become a focal point for governments and non-governmental organizations around the world [6].



Water resource security is an important component of water security [7]. The concept of water resource security was first proposed in the late 20th century. The term generally refers to the harmful contradiction between water supply and demand and the negative impact on social and economic development and human living environment [8]. Water resource security risks mainly arise from the characteristics of regional water resources, such as finiteness, time-space heterogeneity, vulnerability and irreplaceability [9]. In addition, evidence exists that the problems related to water quality are increasing, mainly due to sewage treatment emissions and industrial outfalls [10]. Improving water management is an effective way to solve this problem [11]. Therefore, a timely adjustment of water use strategies is needed to accommodate the increasing complexities in the water resources management system [12]. Researchers commonly believe that it is necessary to ensure both the quality and quantity of water resources. This must be done to meet the needs of human survival and social development, particularly at a certain stage of social and economic development. This means that water resource security is not only an ecological and environmental issue, but also an issue involving social and economic factors [13,14].



At present, academic research of water resource security assessments mainly involves the vulnerability of water resources [15], water poverty indexes [16,17], and water resource carrying capacity [8]. The construction of evaluation indexes has gradually changed from the traditional viewpoint of “water shortages” to the more comprehensive evaluation of water resource security [18,19]. For example, Lautze and Manthrithilake considered five dimensionalities (i.e., basic demand, agricultural production, environment, risk management and independence) in the evaluation of water security in the Asia-Pacific region [20]. Vörösmarty proposed 23 assessment indexes, including watershed disturbance, water resource development, pollution and biotic factors [4]. Wang constructed an evaluation index system from two aspects, namely water resource subsystems and socio-economic subsystems [21]. As for the methods used to evaluate water resource security, the most common evaluation models include the fuzzy multi-attribute decision analysis approach [22], the cluster analysis method [23], the water security status indicators assessment method [24], and the system dynamics model [25].



Existing research provides a certain reference for the evaluation of urban water resource security, but there are also several problems and shortcomings to take into account. Some studies tend to confuse the concepts of water resource security and water security. The evaluation methods are too subjective, and the evaluation indicators ignore the coupling of people, the economy and the environment. In order to solve these problems, we propose a practical method to evaluate water resource security. The main contributions of this paper are as follows: Firstly, based on the pressure-state-response (PSR) model, a water resource security evaluation index system is constructed. Secondly, an analytic hierarchy process (AHP) and an entropy weight method are used to determine the index comprehensive weight. Finally, the water resource security of Luoyang City, from 2006 to 2016, was evaluated by using the principle of set pair analysis (SPA). The advantages of this method are: (1) the structural relationship of the system can be clearly explained; (2) The method is suitable for complex systems with more than three characteristics; (3) The method can effectively analyze and process uncertain information [26]. The SPA method regards an evaluation index and evaluation standard as a set pair and analyzes the “identity, discrepancy and contrary” features of both. The method converts the multi-index evaluation problem of water resource security into an overall measure of water resource security level in a comprehensive index, which in turn is used to evaluate the water security level in Luoyang City.




2. Materials and Methods


The PSR framework was used to establish the “pressure-state-response” water resource security evaluation index system, which covers 21 indicators to reflect the condition of water resource security in Luoyang City from 2006 to 2016.



2.1. The PSR Framework


The PSR framework was first proposed by the Organization for Economic Co-operation and Development (OECD) and United Nations Environment Programme (UNEP) at the end of the last century and has been widely applied in research of environmental sustainable development [27,28]. The PSR model considers the interactions and constraints of three aspects that include pressure, state and response [29]. It adequately illustrates the pressures on water resources caused by socioeconomic development, the maintained state of the water resources system, the dynamic response of human society, and the effects on the relationship between the structure and dimensions of the water resource security system [30]. Here, the water resource security pressure subsystem reflects the pressure and negative influence caused by growth in both the economy and the population, as well as the resource consumption and environmental damage to a water system in a certain period of time. The state subsystem is a comprehensive reflection of the overall situation of water resources under the pressure imposed by human activities. The response subsystem mainly refers to a series of protection and management measures taken by human society against water resources pressure, in order to promote the sustainable utilization of water resources. From this point of view, pressure, state and response are three subsystems which are independent and interrelated to each other. The PSR water resource security evaluation framework structure is shown in Figure 1.



The selection of evaluation indicators should be based on the same criteria and principles. Indicators should also have certain connectivity and relevance, so as to divide indicators into a unified framework. The water resource security evaluation index system of Luoyang City is shown in Table 1. The factor layer is mainly composed of pressure subsystem (B1), state subsystem (B2) and response subsystem (B3). The indicators (C1 to C21) were determined after full consideration of the current socio-economic situation and the status of the water resources system in Luoyang. Moreover, the determination of the security standard for the evaluation index was an essential step in creating the full water resource security assessment system. In this work, the threshold value of water resource security was determined by historical reference data, along with related research results [31,32,33], as shown in Table 2.




2.2. Description of Study Area


Luoyang is located in middle reaches of the Yellow River, in Henan province. It covers a total area of 15,230 square kilometers and lies between E 112°16′–112°37′ and N 34°32′–34°45′ (Figure 2). Luoyang had a total population of 7.05 million, an urbanization rate of 54.35%and a forest coverage rate of 49.20% in 2016 [34]. The annual average water resources totaled 2.809 billion m3, with less than 450 m3 per capita, roughly the same as the provincial average, is about 1/5 of the national average [35]. Especially in recent years, the water resources in Luoyang City have been greatly reduced. Therefore, the security problem of water resources, especially the gap between water supply and demand, has seriously affected eco-development and economic-social development in Luoyang City.




2.3. Data Source


Considering the data availability, the research period we selected was from 2006 to 2016. The data used in this paper are all from the Luoyang Statistical Yearbook (2007–2017) published by the Luoyang Statistics Bureau [34], the Henan Water Resources Bulletin (2006–2016) published by the Water Resources Department of Henan Province [35].




2.4. Methods


A comprehensive weights method was used to determine the weight of each indicator, and a SPA model was used to determine the security grade of water resources in Luoyang City. The modeling procedure is described in the following section.



2.4.1. Comprehensive Weights


Currently, there are many methods that can be used to evaluate the weight of indicators. According to the different sources of original data and the calculation process, these methods can be roughly divided into two categories. One category is the subjective assignment method, and the other is the objective assignment method.



The subjective assignment method is a method whereby decision analysts or experts assign values representing their assessment of the state of each attribute. The most widely used version of this method is the AHP method [36]. To a certain extent, this method can effectively determine the order of the weight coefficient given by each index according to the degree of importance. However, this method has much discretionary subjectivity. In view of the fact that AHP is widely used in weight determination (as is significantly detailed in many studies), we do not list the specific calculation formulae in this paper. It is assumed that in the assessment of water resource security, the weight of each evaluation index is    w  l 1     by using AHP.



The objective assignment method refers to the method of determining the weight simply by using the objective information of the attributes. Here, the entropy weight method is more useful [37,38]. The results of this method are objective, but they cannot reflect the knowledge and experience of experts or the opinions of decision makers. Entropy can be used to measure the information contained in the index data and determine the weight of each index. It is assumed that in the evaluation of water resource security, the weight of each evaluation index is    w  l 2     when using the entropy weight method. The main steps are as follows:




	(1)

	
Construct the judgment matrix. With n evaluation objects of sample set x, each sample has r indexes, which are composed of the original data matrix. The expression is:


   R =    (   x  l k    )    r n    (  l = 1 , 2 , … r ; k = 1 , 2 , … , n  )    



(1)








	(2)

	
Standardize the original data matrix. Due to the fact that the contestant indexes have different properties and dimensions, before evaluation, the dimensionless treatment of the positive index (Equation (2)) and negative index (Equation (3)) is carried out, in order to ensure that the actual value of each index becomes the standard value on the interval [0, 1].


    d  l k   =  (   x  l k   − m i n  x  l k    )  /  (  m a x  x  l k   − m i n  x  l k    )    



(2)






    d  l k   =  (  m a x  x  l k   −  x  l k    )  /  (  m a x  x  l k   − m i n  x  l k    )    



(3)




where   m a x  x  l k     is the survey maximum value,   m i n  x  l k     is the survey minimum value.




	(3)

	
Calculate the entropy and weight of the indicator. When the system is in r different states, the probability of each state is    p l   (  l = 1 , 2 … r  )   , and the entropy of the system is E (Equation (4)). When    d  l k   /  d l   (  k = 1 , 2 … , n  )    is equal, the conditional entropy is the largest (extremum property), namely    E  m a x   = ln n  , then, the entropy (Equation (5)) and weight (Equation (6)) of the evaluation index to the evaluation object can be determined.


   E = −   ∑   l = 1  m   p l  ln  p l    



(4)






   e  (   d l   )  = −  1  ln n     ∑   k = 1  n     d  l k      d l    ln    d  l k      d l      



(5)






    w  l 2   =  1  m −  E e     [  1 − e  (   d l   )   ]    



(6)




where   0 ≤  p l  ≤ 1  ,     ∑   l = 1  m   p l    = 1,    E e  =   ∑   l = 1  m  e  (   d l   )   ,    d l  =   ∑   k = 1  n   d  l k    ,   0 ≤  w l  ≤ 1   and     ∑   l = 1  m   w l  = 1  . Simultaneously assume that when      d  l k      d l    = 0  ,      d  l k      d l    ln    d  l k      d l    = 0  .



We combine the advantages of the AHP and entropy weight methods and compute the comprehensive weights (the average of the AHP and entropy weights) as:


    w l  =    w  l 1   +  w  l 2    2    



(7)














2.4.2. SPA Model


The SPA theory was first proposed in 1989. After nearly 30 years of development, this theory has been combined with other theories and widely used in the field of hydrology and water resources [39,40,41,42]. The central idea of the theory is to analyze and deal with the relationship between the certainty and uncertainty of objective things as a certain and uncertain system. Let Set A and relative Set B be a set pair H = (A, B) which has N properties, where S features are common to A and B in set pair H, and P features are opposites. The other features of F = N − S − P are neither opposites nor common. The ratios of S/N, F/N and P/N are the identity degree (a), the discrepancy degree (b) and the contrary degree (c) of these two sets, respectively, and the connection degree is defined as:


   μ = a +  b m   i m  + c j   



(8)




where  μ  is the connection degree that meets   a +  b m  + c = 1  ,  m  is the difference grade value,  i  and  j  are the mark and coefficient of the discrepancy degree and the contrary degree. Where   i ∈  [  − 1 , 1  ]   , the value of  i  depends on different conditions, and  j  generally takes the value of −1 [43]. The application steps are as follows.




	(1)

	
The construction of the set pair: When the SPA method is applied to the evaluation of water resource security, it is to form a set pair (H) comprised of urban water resource security evaluation index set (A) and evaluation standard set (B). By comparing the value of each index in set A with the evaluation standard value in set B, we can evaluate regional water resource security. As a whole system, the water resources system is divided into the following security levels: Security (Grade 1), Moderate Security (Grade 2), Critical Security (Grade 3), Insecurity (Grade 4), and Absolute Insecurity (Grade 5).




	(2)

	
Calculate the connection degree. Since the standard boundary has fuzziness, the connection degree (   μ l   ) is calculated using the fuzzy analysis method. The expression is:


    μ l  =  a l  +  b  l , 1    i 1  +  b  l , 2    i 2  + ⋯ +  b  l , k − 2    i  k − 2   +  c l   (  k > 3  )    



(9)







For the positive index, the connection degree between    x l    and its first-grade standard is:


   μ l  =  {      1 + 0  i 1  + 0  i 2  + ⋯ + 0  i  k − 2   + 0 j    x l  ≥  s 1          2  x l  −  s 1  −  s 2     s 1  −  s 2    +   2  s 1  − 2  x l     s 1  −  s 2     i 1  + 0  i 2  + ⋯ + 0  i  k − 2   + 0 j      s 1  +  s 2   2  ≤  x l  <  s 1        0 +   2  x l  −  s 2  −  s 3     s 1  −  s 3     i 1  +    s 1  +  s 2  − 2  x l     s 1  −  s 3       i 2  + ⋯ + 0  i  k − 2   + 0 j      s 2  +  s 3   2  ≤  x l  <    s 1  +  s 2   2        ⋮       0 + 0  i 1  + ⋯ +   2  x l  − 2  s  k − 1      s  k − 2   −  s  k − 1      i  k − 2   +    s  k − 2   +  s  k − 1   − 2  x l     s  k − 2   −  s  k − 1     j    s  k − 1   ≤  x l  <    s  k − 2   +  s  k − 1    2        0 + 0  i 1  + 0  i 2  + ⋯ + 0  i  k − 2   + 1 j    x l  <  s  k − 1        }   



(10)




where    s 1  ≫  s 2  ≫ ⋯ ≫  s  k − 1    .



For the negative index, the connection degree between    x l    and its first-grade standard is:


   μ l  =  {      1 + 0  i 1  + 0  i 2  + ⋯ + 0  i  k − 2   + 0 j    x l  ≤  s 1           s 1  +  s 2  − 2  x l     s 2  −  s 1    +   2  x l  − 2  s 1     s 2  −  s 1     i 1  + 0  i 2  + ⋯ + 0  i  k − 2   + 0 j    s 1  <  x l  ≤    s 1  +  s 2   2        0 +    s 2  +  s 3  − 2  x l     s 3  −  s 1     i 1  +   2  x l  −  s 1  −  s 2     s 3  −  s 1     i 2  + ⋯ + 0  i  k − 2   + 0 j      s 1  +  s 2   2  <  x l  ≪      s 2  +  s 3   2       ⋮      0 + 0  i 1  + ⋯ +   2  s  k − 1   − 2  x l     s  k − 1   −  s  k − 2      i  k − 2   +   2  x l  −  s  k − 2   −  s  k − 1      s  k − 1   −  s  k − 2     j      s  k − 2   +  s  k − 1    2  <  x l  ≪  s  k − 1         0 + 0  i 1  + 0  i 2  + ⋯ + 0  i  k − 2   + 1 j    x l  >  s  k − 1        }   



(11)




where    s 1  ≪  s 2  ≪ ⋯ ≪  s  k − 1    .




	(3)

	
Calculate the total connection degree and determine the security grade.









Since we divide water resource security into five grades, the total connection degree  μ  of set pair H(A, B) can be determined.


   μ =  μ  A − B   =   ∑   l = 1  n   w l   μ l  =  f 1  +  f 2   i 1  +  f 3   i 2  +  f 4   i 3  +  f 5  j   



(12)




where    f 1  =   ∑   l = 1  n   w l   a l   ;    f 2  =   ∑   l = 1  n   w l   b  l , 1    ;    f 3  =   ∑   l = 1  n   w l   b  l , 2    ;    f 4  =   ∑   l = 1  n   w l   b  l , 3    ;    f 5  =   ∑   l = 1  n   w l   c l   .



In order to avoid the problem of the value of the difference uncertainty coefficient   i  , the confidence criterion was adopted to evaluate the water resource security level. The expression is:


   h k  =  (   f 1  +  f 2  + ⋯ +  f k   )  > λ   k = 1 , 2 , 3 , 4 , 5  



(13)




where,    h k    is the cumulative connection degree,  λ  is the confidence degree. In general, the value of  λ  ranges from 0.5 to 0.7. [33]. The higher the value of  λ , the more conservative is the evaluation result. This study takes the value of  λ  as 0.6. The evaluation grade of regional water resource security can be determined by Formula (13), which means that the sample belongs to   k  , corresponding to    h k   .






3. Results and Discussion


We collected evaluation index data from 2006 to 2016, for Luoyang. After analysis and arrangement, we used the comprehensive weights and SPA methods to evaluate the security status of water resources in Luoyang. The specific results are detailed in the following section.



3.1. Results of Comprehensive Weights


According to the relative importance of the index from C1 to C21, the weight value of each index as determined by AHP is obtained. The results are shown in the    w 1    part of Table 3. In Equations (1)–(6), the weight of each index is calculated using the entropy weight method, and the results are shown in the    w 2    part of Table 3. In Equation (7), the comprehensive weight of each index is obtained, as shown in the  w  part of Table 3. Also, the weights of the pressure, state, and response subsystems are shown in the factor part of Table 3.



The results show that the response subsystem has the largest weight, reaching 0.4112. This indicates that the response subsystem is a key influencing factor in water resource security and a direct and effective measure that can be used to improve the level of urban water resource security. The weight of the pressure subsystem is 0.3519, which is a direct cause of the hidden dangers in the water resource system. The state subsystem has the smallest weight, which is 0.2368. This subsystem is the basis for improving the security grade of urban water resources, and therefore, we should also pay attention to this subsystem.




3.2. Comprehensive Evaluation of Water Resource Security in Luoyang


According to Equations (8)–(12), the total connection degree  f  can be obtained. On this basis, according to Equation (13), the cumulative connection degree  h  can be obtained. Also, the security grade is determined by the  h  index that is greater than the specified lambda (in this case 0.6), as shown in Table 4 and Figure 3. We can see that the security grade in Luoyang from 2006 to 2008 was Grade 4, and that this increased to Grade 3 between 2009 and 2016 (except in 2013).




3.3. Evaluation of Every Subsystem


Consistent with the calculation process of a comprehensive assessment of water resources security, the total connection and security grade values  h  of PSR subsystems are shown in Table 5.



3.3.1. Evaluation of Pressure Subsystem


The trends of the cumulative connection degree in the pressure subsystem of water resource security evaluation are shown in Figure 4. As can be seen, the security rating remained at Grade 2 before 2011, and reached its optimum value in 2011, when the security state changed from Grade 2 to Grade 1. However, after this, the security state of this subsystem reverted back to Grade 2 again, and then reduced to the thresholds of Security and Moderate Security in 2013 and 2016, respectively. As a whole, the security state of the pressure subsystem is good, but a downward trend has been evident since 2011. This means that the pressure on water resource security in Luoyang will likely increase in the near future.



The negative changes of indicators in the pressure subsystem are shown in Figure 5. The main reason for this is that the urbanization percentage in the area, one of the indicators in the pressure subsystem, increased to 54.4% from 2006 to 2016, and that increase is beyond the scope of Critical Security. Meanwhile, the population density increased from 424.16 in 2006, to 462.97 in 2016, showing a trend of continuous growth. In the same period, the changes in the development degree of surface water have been volatile, but they show an overall increasing trend. The lowest rate was 17.92% in 2010, and the highest rate was 85.42% in 2013, or 4.8 times the former rate. The index value in 2016 was 2.1 times higher than the value in 2006, thereby far exceeding water security standards. Although the degree of the development of groundwater has fluctuated very little in the last decade, the index values in 2006 and 2016 are basically identical. However, the values are still in the critical state of water resource security. This is consistent with previous research related to water security in China, which found that the increases in urbanization, population and the development degree of water resource are the main reasons for the increase in water resource pressure [44]. Furthermore, by 2040, the urban area of Northern China will be 1.5 times that of the current level [45], and the up to 90% utilization of water resources in northern China may increase the negative impact on the environment [46]. Therefore, in the urbanization development process in Luoyang City, more effective water management measures are needed, in order to alleviate the pressure on water resources.



The positive changes of indicators in the pressure subsystem are shown in Figure 6. The indicators for GDP growth rate, water consumption per 10,000 Yuan of GDP, water consumption per 10,000 Yuan of industrial output and wastewater quantity per 10,000 Yuan of industrial output have shown a significant and continued rate of reduction. The GDP growth rate dropped from 15.7% in 2006 to 8.6% in 2016, while the security grade changed from Absolute Insecurity to Insecurity during the same period. The water consumption per 10,000 Yuan of industrial output dropped from 86.66 cubic meters in 2006 to 34.55 cubic meters in 2016, and the security grade changed from Critical Security to Moderate Security. In the same period, the water consumption per 10,000 Yuan of GDP reduced by 62%, and the wastewater quantity per 10,000 Yuan of industrial output reduced by 81%. These two indicators have been in Security grade since 2007. In addition, another indicator of water consumption per 10,000 Yuan of agricultural output, remained at a grade of Security from 2006 to 2016. These indicators reflect the relationship between economic development and water use. Economic development is an important factor affecting water resource security, so we need to ensure the coordinated and sustainable development of urban water resources and economic growth [47,48]. Min and Cheng believe that if water use efficiency is not improved, China’s water resources cannot meet the needs of economic development [49]. Fortunately, over the past decade, the negative impact of Luoyang’s economic development on water consumption and water environment has eased, and the city’s water resource security level may continue to increase.




3.3.2. Evaluation of State Subsystem


The trends of the cumulative connection degree in the state subsystem of water resource security evaluation are shown in Figure 7. As can be seen, the state subsystem was ranked as having a grade of Absolute Insecurity in all years. From the perspective of the connection degree of each security grade (Table 5), the proportion of Grade 1’s connection degree continued to decrease and remained at 0 from 2013 to 2016, the proportion of Grade 5’s connection degree continued to increase, exceeding 50% in 2012. The trend of  h  showed that the water resource security state continued to decline after 2010. This means that the water resource security state in Luoyang may become worse in the next few years.



The main reasons for the deterioration in the state subsystem of water resource security in Luoyang City are shown in Figure 8. The indicators for annual runoff, water resources amount per capita, water resources amount per unit area, and water production coefficient showed a consistent trend and large fluctuations. All of these indicators are directly affected by the total amount of surface water resources and groundwater resources, and indirectly affected by rainfall. Their value reached the maximum level in 2011, due to the fact that 2011 was a high-flow year in Luoyang. These indicators also experienced an obvious change because of the abundant rainfall. After that, annual runoff, water resources amount per capita, and water resources amount per unit area reached their minimum values in 2013. This is also the main reason that the water resource security of Luoyang City was ranked at Grade 4 in 2013. The water production coefficient reached the minimum value in 2016, which was one-third the maximum value. During the same stage, the change in water supply amount per capita fluctuated less and was relatively stable. It can be seen that water shortage is an important factor the healthy development of the water resources system in Luoyang City, and the water challenge is primarily driven by the climate and pollution [50]. Unfortunately, unless measures are taken to reduce demand and augment supply, the total water shortage for the Yellow-Hai-Huai area in northern China is projected to reach 56.5 billion m3 by 2050 [46]. Therefore, in order to cope with the increasingly serious water shortage in Luoyang City, it is necessary to raise awareness of the importance of water conservation.




3.3.3. Evaluation of Response Subsystem


The trends of the cumulative connection degree in the response subsystem of water resource security evaluation are shown in Figure 9. As can be seen, the security grade of the response subsystem varied greatly, ranked as being at Absolute Insecurity from 2006 to 2008, before rising to Critical Security from 2009 to 2014, and finally maintaining a state of Moderate Security from 2015 onwards. As can be seen from the connection degree of each security grade (Table 5), the proportion of Grade 1’s connection degree was generally on the rise before 2013, eventually exceeding 50% in 2012. The proportion of Grade 5’s connection degree continued to decrease and then remained at 0 from 2015 onwards. This indicates that the response subsystem is trending in a more secure direction.



Since the implementation of the ecological strategy in Luoyang City, each index of the response subsystem has increased to different degrees. The rate of wastewater up to discharge standard for urban areas has reached 100% since 2010. The other indicators’ changes are shown in Figure 10. The forest coverage rate was ranked as Security in all years and has been steadily increasing. The sewage treatment rate increased to 99.4% between 2006 and 2016, which changed from an Insecurity state to a Security state. The rate of standard river length fluctuated to some extent, but has also experienced a generally rising trend. This indicates that the supervision and management of outlets into the river in Luoyang City have achieved certain positive effects. Meanwhile, in line with urban development, the allocation of water resources should not undermine the sustainable development of ecosystems [51]. The indicator for the eco-environment water consumption ratio went up from 2.33% in 2006 to 7.82% in 2016, which has been in a Security state since 2013. Moreover, poor water resources management and prominent water environment problems seriously affect the state of water security [52]. In both aspects, the rate of water resource management investment to GDP reached 1.13% in Luoyang City, an increase of 6.7 times the rate in 2006. The rate of environmental protection investment to GDP reached 41%, an increase of 4.6 times. As we can see, the response measures are gradually starting to take effect, but there is still room for improvement.






4. Conclusions


The reasonable development and utilization of water resources provides an effective water supply for social-economic development. In addition, social-economic development has provided the necessary funds and conditions for implementing a strategy relating to the rational exploitation and utilization of water resources, both in terms of support and restrictions. The comprehensive evaluation of water resource security and the evaluation analysis of each subsystem are consistent with the actual situation. This offers a certain degree of feasibility and reference significance. The main conclusions of our study are as follows:




	(1)

	
In general, the water resource security situation in Luoyang has improved. From 2006 to 2008, Luoyang was graded at the Insecurity level, and the ranking was very close to being Critical Security for most of the years. This compares to a slightly improved grading of Critical Security level from 2009 to 2016 (except for 2013). However, the overall level of water resource security is still low.




	(2)

	
From the evaluation results of each subsystem, we found that the response subsystem has the largest weight and develops in a safer direction. The pressure subsystem ranks second in weight. The pressure of water resource security increases because of urbanization and its negative influence on the development and utilization of water resources. Also, this pressure increases gradually. The state subsystem has the smallest weight. The state subsystem is mainly affected by climate change and tends to worsen.




	(3)

	
From the perspective of the changes in various indexes, the social and economic development of Luoyang has gradually reduced the pressure on water resource consumption. Water quality and ecological protection have both improved significantly. However, the problem of shortages in terms of the quantity of water resources still poses a certain threat to water resource security.




	(4)

	
The SPA method provides a new idea for the quantitative expression of the uncertain system and is not limited by the number of evaluation indicators. When combining the SPA method with the comprehensive weight method and the PSR model, the evaluation results reflect the sources of pressure on water resources and the efficiency of response measures. These methods can also be applied to water quality assessment, environmental assessment, disaster assessment, water cycle health assessment, etc., and have valuable application prospects.









Therefore, in the process of urbanization in Luoyang, we need to continue to improve the degree of efficiency in the utilization of water resources. We also need to intensify efforts to improve the efficiency of water resources management and strengthen environmental protection. Thus, we can achieve sustainable water resource and social-economic development in Luoyang City.
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Figure 1. PSR Framework. 
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Figure 2. Administrative divisions of Henan Province. 
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Figure 3. Cumulative connection degree trends from 2006 to 2016 in Luoyang. 
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Figure 4. Cumulative connection degree trends for the pressure subsystem from 2006 to 2016. 
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Figure 5. Negative changes of indexes in pressure subsystem from 2006 to 2016. 
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Figure 6. Positive changes of indexes in pressure subsystem from 2006 to 2016. 
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Figure 7. Cumulative connection degree trends for the state subsystem from 2006 to 2016. 
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Figure 8. Change of indexes in state subsystem from 2006 to 2016. 
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Figure 9. Cumulative connection degree trends for the response subsystem from 2006 to 2016. 
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Figure 10. Change of indexes in response subsystem from 2006 to 2016. 
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Table 1. Evaluation index system of water resource security.
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Factor

	
Indicators

	
Unit

	
Indicator Meaning

	
Type






	
Pressure (B1)

	
GDP Growth Rate (C1)

	
%

	
Reflect the economic development and population consumption pressures on water resources

	
−




	
Population Density (C2)

	
Pop. km−2

	
Reflects population growth pressures on water resources

	
−




	
Urbanization percentage in the area (C3)

	
%

	
Reflects water pressures from regional development

	
−




	
Water consumption per 10,000 Yuan of GDP (C4)

	
m3·10−4 Yuan

	
Reflects the intensity of economic development pressures on water resources

	
−




	
Water consumption per 10,000 Yuan of industrial output (C5)

	
m3·10−4 Yuan

	
Reflects the intensity of industrial development pressures on water resources

	
−




	
Water consumption per 10,000 Yuan of agricultural output (C6)

	
m3·10−4 Yuan

	
Reflects the intensity of agricultural development pressures on water resources

	
−




	
Wastewater quantity per 10,000 Yuan of industrial output (C7)

	
t·10−4 Yuan

	
Reflects the water quality pressures from industrial production

	
−




	
Development degree of surface water (C8)

	
%

	
Reflects the development and utilization pressures on surface water resources

	
−




	
Development degree of groundwater (C9)

	
%

	
Reflects the development and utilization pressures on groundwater resources

	
−




	
State (B2)

	
Annual runoff (C10)

	
mm

	
Reflects the amount of water resources

	
+




	
Water resources amount per capita (C11)

	
m3/person

	
Reflects the per capita state of water resources

	
+




	
Water resources amount per unit area (C12)

	
104 m3·km−2

	
Reflects the per unit area state of water resources

	
+




	
Water supply amount per capita (C13)

	
m3/person

	
Reflects the intensity of water supply

	
+




	
Water production coefficient (C14)

	

	
Reflects the amount of precipitation

	
+




	
Response (B3)

	
Sewage treatment rate (C15)

	
%

	
Reflects the response to quality of water resources

	
+




	
Forest coverage rate (C16)

	
%

	
Reflects the response to quantity of water resources

	
+




	
Rate of wastewater up to discharge standard for urban (C17)

	
%

	
Reflects the response to quality of water resources

	
+




	
Rate of standard river length (C18)

	
%

	
Reflects the response to quality of water resources

	
+




	
Eco-environment water consumption ratio (C19)

	
%

	
Reflects the response to eco-environment water security condition

	
+




	
Rate of water resources management investment to GDP (C20)

	
%

	
Reflects the capacity of investment to aid in ecological management and reduce pressure on water resources

	
+




	
Rate of environmental protection investment to GDP (C21)

	
%

	
Reflects the capacity of investment to aid in ecological management and reduce pressure on water resources

	
+








Note: In this table, “−” means the negative index and “+” means the positive index.
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Table 2. Grade classification of water resource security.
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Factor

	
Indicators

	
Unit

	
Security

	
Moderate Security

	
Critical Security

	
Insecurity

	
Absolute Insecurity






	
Pressure (B1)

	
GDP Growth Rate (C1)

	
%

	
≤3

	
3–5

	
5–8

	
8–10

	
≥10




	
Population Density (C2)

	
Pop. km−2

	
≤400

	
400–800

	
800–2000

	
2000–5000

	
≥5000




	
Urbanization percentage in the area (C3)

	
%

	
≤30

	
30–40

	
40–50

	
50–60

	
≥60




	
Water consumption per 10,000 Yuan of GDP (C4)

	
m3·10−4 Yuan

	
≤100

	
100–200

	
200–300

	
300–400

	
≥400




	
Water consumption per 10,000 Yuan of industrial output (C5)

	
m3·10−4 Yuan

	
≤30

	
30–60

	
60–90

	
90–120

	
≥120




	
Water consumption per 10,000 Yuan of agricultural output (C6)

	
m3·10−4 Yuan

	
≤500

	
500–1000

	
1000–1500

	
1500–2000

	
≥2000




	
Wastewater quantity per 10,000 Yuan of industrial output (C7)

	
t·10−4 Yuan

	
≤10

	
10–20

	
20–30

	
30–40

	
≥40




	
Development degree of surface water (C8)

	
%

	
≤30

	
30–50

	
50–70

	
70–90

	
≥90




	
Development degree of groundwater (C9)

	
%

	
≤30

	
30–50

	
50–70

	
70–90

	
≥90




	
State (B2)

	
Annual runoff (C10)

	
mm

	
≥130

	
90–130

	
50–90

	
10–50

	
≤10




	
Water resources amount per capita (C11)

	
m3/person

	
≥1000

	
750–1000

	
500–750

	
250–500

	
≤250




	
Water resources amount per unit area (C12)

	
104 m3·km−2

	
≥200

	
150–200

	
100–150

	
50–100

	
≤50




	
Water supply amount per capita (C13)

	
m3/person

	
≥800

	
600–800

	
400–600

	
200–400

	
≤200




	
Water production coefficient (C14)

	

	
≥0.3

	
0.24–0.3

	
0.18–0.24

	
0.12–0.18

	
≤0.12




	
Response (B3)

	
Sewage treatment rate (C15)

	
%

	
≥80

	
70–80

	
60–70

	
45–60

	
≤45




	
Forest coverage rate (C16)

	
%

	
≥40

	
30–40

	
20–30

	
10–20

	
≤10




	
Rate of wastewater up to discharge standard for urban (C17)

	
%

	
≥95

	
85–95

	
75–85

	
60–75

	
≤60




	
Rate of standard river length (C18)

	
%

	
≥90

	
80–90

	
70–80

	
60–70

	
≤60




	
Eco-environment water consumption ratio (C19)

	
%

	
≥3.6

	
2.7–3.6

	
1.8–2.7

	
0.9–1.8

	
≤0.9




	
Rate of water resources management investment to GDP (C20)

	
%

	
≥1.5

	
1–1.5

	
0.6–1

	
0.3–0.6

	
≤0.3




	
Rate of environmental protection investment to GDP(C21)

	
%

	
≥1

	
0.8–1

	
0.5–0.8

	
0.3–0.5

	
≤0.3








Note: the threshold value of water resource security is derived from references 31 to 33.
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Table 3. The weights of evaluation indicators for water resource security.
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Factor

	
Indicators

	
    AHP   Weights    w 1     

	
    Entropy   Weights    w 2     

	
   w   






	
Pressure (0.3519)

	
C1

	
0.0168

	
0.0476

	
0.0322




	
C2

	
0.0135

	
0.0503

	
0.0319




	
C3

	
0.0098

	
0.0453

	
0.0275




	
C4

	
0.0629

	
0.0407

	
0.0518




	
C5

	
0.0575

	
0.0423

	
0.0499




	
C6

	
0.0334

	
0.0402

	
0.0368




	
C7

	
0.0629

	
0.0390

	
0.0510




	
C8

	
0.0270

	
0.0433

	
0.0351




	
C9

	
0.0270

	
0.0444

	
0.0357




	
State (0.2368)

	
C10

	
0.0137

	
0.0634

	
0.0385




	
C11

	
0.0643

	
0.0592

	
0.0617




	
C12

	
0.0353

	
0.0602

	
0.0478




	
C13

	
0.0643

	
0.0443

	
0.0543




	
C14

	
0.0183

	
0.0508

	
0.0345




	
Response (0.4112)

	
C15

	
0.0453

	
0.0467

	
0.0460




	
C16

	
0.0562

	
0.0471

	
0.0516




	
C17

	
0.0372

	
0.0393

	
0.0383




	
C18

	
0.0372

	
0.0402

	
0.0387




	
C19

	
0.0610

	
0.0568

	
0.0589




	
C20

	
0.1283

	
0.0487

	
0.0885




	
C21

	
0.1283

	
0.0503

	
0.0893
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Table 4. Total connection degree and cumulative connection degree of comprehensive evaluation of water resources security.
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	Year
	     f 1     
	     f 2     
	     f 3     
	     f 4     
	     f 5     
	     h 1     
	     h 2     
	     h 3     
	     h 4     
	     h 5     
	Security Grade





	2006
	0.1891
	0.1570
	0.1712
	0.1112
	0.3716
	0.1891
	0.3460
	0.5172
	0.6284
	1
	Grade 4



	2007
	0.2662
	0.1498
	0.1638
	0.0767
	0.3435
	0.2662
	0.4160
	0.5798
	0.6565
	1
	Grade 4



	2008
	0.2951
	0.1029
	0.1812
	0.0535
	0.3673
	0.2951
	0.3980
	0.5792
	0.6327
	1
	Grade 4



	2009
	0.3119
	0.1470
	0.1680
	0.1733
	0.1997
	0.3119
	0.4589
	0.6269
	0.8003
	1
	Grade 3



	2010
	0.4134
	0.1369
	0.1744
	0.0582
	0.2171
	0.4134
	0.5503
	0.7247
	0.7829
	1
	Grade 3



	2011
	0.4455
	0.1344
	0.1461
	0.0564
	0.2176
	0.4455
	0.5800
	0.7261
	0.7824
	1
	Grade 3



	2012
	0.4124
	0.1579
	0.0746
	0.1110
	0.2441
	0.4124
	0.5703
	0.6449
	0.7559
	1
	Grade 3



	2013
	0.3959
	0.0523
	0.1363
	0.1577
	0.2578
	0.3959
	0.4482
	0.5845
	0.7422
	1
	Grade 4



	2014
	0.4151
	0.0748
	0.1283
	0.1380
	0.2437
	0.4151
	0.4900
	0.6182
	0.7563
	1
	Grade 3



	2015
	0.4270
	0.0783
	0.1625
	0.1663
	0.1660
	0.4270
	0.5053
	0.6677
	0.8340
	1
	Grade 3



	2016
	0.4293
	0.0906
	0.1128
	0.1923
	0.1751
	0.4293
	0.5199
	0.6326
	0.8249
	1
	Grade 3
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Table 5. Total connection degree and cumulative connection degree of PSR subsystems of water resources security.
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PSR

	
Year

	
     f 1     

	
     f 2     

	
     f 3     

	
     f 4     

	
     f 5     

	
     h 1     

	
     h 2     

	
     h 3     

	
     h 4     

	
     h 5     






	
Pressure

	
2006

	
0.3514

	
0.2527

	
0.2365

	
0.0680

	
0.0914

	
0.3514

	
0.6041

	
0.8406

	
0.9086

	
1




	
2007

	
0.4866

	
0.1811

	
0.2409

	
0.0000

	
0.0914

	
0.4866

	
0.6677

	
0.9086

	
0.9086

	
1




	
2008

	
0.4738

	
0.1402

	
0.2946

	
0.0000

	
0.0914

	
0.4738

	
0.6140

	
0.9086

	
0.9086

	
1




	
2009

	
0.4729

	
0.1987

	
0.2370

	
0.0000

	
0.0914

	
0.4729

	
0.6716

	
0.9086

	
0.9086

	
1




	
2010

	
0.5658

	
0.1720

	
0.1708

	
0.0000

	
0.0914

	
0.5658

	
0.7378

	
0.9086

	
0.9086

	
1




	
2011

	
0.6073

	
0.1894

	
0.1031

	
0.0088

	
0.0914

	
0.6073

	
0.7966

	
0.8997

	
0.9086

	
1




	
2012

	
0.4637

	
0.2872

	
0.1348

	
0.0229

	
0.0914

	
0.4637

	
0.7509

	
0.8857

	
0.9086

	
1




	
2013

	
0.4626

	
0.1486

	
0.1791

	
0.1556

	
0.0541

	
0.4626

	
0.6112

	
0.7903

	
0.9459

	
1




	
2014

	
0.5171

	
0.1373

	
0.1938

	
0.1518

	
0.0000

	
0.5171

	
0.6544

	
0.8482

	
1.0000

	
1




	
2015

	
0.5507

	
0.1272

	
0.1708

	
0.1421

	
0.0091

	
0.5507

	
0.6779

	
0.8487

	
0.9909

	
1




	
2016

	
0.5575

	
0.0716

	
0.1360

	
0.2349

	
0.0000

	
0.5575

	
0.6290

	
0.7651

	
1.0000

	
1




	
State

	
2006

	
0.0055

	
0.1572

	
0.1457

	
0.1811

	
0.5105

	
0.0055

	
0.1627

	
0.3084

	
0.4895

	
1




	
2007

	
0.0222

	
0.1891

	
0.0971

	
0.1351

	
0.5565

	
0.0222

	
0.2113

	
0.3084

	
0.4435

	
1




	
2008

	
0.0000

	
0.0346

	
0.1766

	
0.1265

	
0.6623

	
0.0000

	
0.0346

	
0.2113

	
0.3377

	
1




	
2009

	
0.0000

	
0.1498

	
0.0857

	
0.2156

	
0.5489

	
0.0000

	
0.1498

	
0.2355

	
0.4511

	
1




	
2010

	
0.3084

	
0.0573

	
0.2033

	
0.0285

	
0.4024

	
0.3084

	
0.3657

	
0.5691

	
0.5976

	
1




	
2011

	
0.3084

	
0.0000

	
0.2324

	
0.0546

	
0.4045

	
0.3084

	
0.3084

	
0.5408

	
0.5955

	
1




	
2012

	
0.1627

	
0.1457

	
0.0000

	
0.1748

	
0.5168

	
0.1627

	
0.3084

	
0.3084

	
0.4832

	
1




	
2013

	
0.0000

	
0.0000

	
0.2020

	
0.1681

	
0.6299

	
0.0000

	
0.0000

	
0.2020

	
0.3701

	
1




	
2014

	
0.0000

	
0.1122

	
0.0991

	
0.1377

	
0.6510

	
0.0000

	
0.1122

	
0.2113

	
0.3490

	
1




	
2015

	
0.0000

	
0.0816

	
0.1054

	
0.1252

	
0.6878

	
0.0000

	
0.0816

	
0.1870

	
0.3122

	
1




	
2016

	
0.0000

	
0.0000

	
0.1600

	
0.1002

	
0.7398

	
0.0000

	
0.0000

	
0.1600

	
0.2602

	
1




	
Response

	
2006

	
0.1562

	
0.0752

	
0.1303

	
0.1081

	
0.5302

	
0.1562

	
0.2314

	
0.3617

	
0.4698

	
1




	
2007

	
0.2185

	
0.1007

	
0.1366

	
0.1089

	
0.4353

	
0.2185

	
0.3192

	
0.4558

	
0.5647

	
1




	
2008

	
0.3126

	
0.1105

	
0.0873

	
0.0573

	
0.4324

	
0.3126

	
0.4231

	
0.5104

	
0.5676

	
1




	
2009

	
0.3542

	
0.1016

	
0.1565

	
0.2965

	
0.0913

	
0.3542

	
0.4558

	
0.6123

	
0.9087

	
1




	
2010

	
0.3442

	
0.1530

	
0.1609

	
0.1248

	
0.2171

	
0.3442

	
0.4972

	
0.6581

	
0.7829

	
1




	
2011

	
0.3869

	
0.1651

	
0.1330

	
0.0978

	
0.2171

	
0.3869

	
0.5520

	
0.6850

	
0.7829

	
1




	
2012

	
0.5129

	
0.0547

	
0.0660

	
0.1492

	
0.2171

	
0.5129

	
0.5676

	
0.6336

	
0.7829

	
1




	
2013

	
0.5676

	
0.0000

	
0.0619

	
0.1533

	
0.2171

	
0.5676

	
0.5676

	
0.6296

	
0.7829

	
1




	
2014

	
0.5676

	
0.0000

	
0.0890

	
0.1262

	
0.2171

	
0.5676

	
0.5676

	
0.6566

	
0.7829

	
1




	
2015

	
0.5676

	
0.0346

	
0.1879

	
0.2099

	
0.0000

	
0.5676

	
0.6022

	
0.7901

	
1.0000

	
1




	
2016

	
0.5676

	
0.1586

	
0.0656

	
0.2082

	
0.0000

	
0.5676

	
0.7262

	
0.7918

	
1.0000

	
1
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