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Abstract

:

According to the natural condition of water resources and the economic, social, and ecological environment status of Zhangye City, the water resources carrying capacity of Zhangye City is evaluated by using the water resources carrying capacity Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) model with combination assignment. The results show that: (1) From 2010 to 2020, the water resources carrying capacity of Zhangye City was generally stable at the macro level, ranking at grades III and IV. However, from the micro level, the water resources carrying capacity fluctuates to a certain extent and shows an increasing trend year by year. (2) The steady improvement of economic and social conditions is the main driving force for the improvement of the comprehensive water resources carrying capacity of Zhangye City, and the changes in the ecological environment are also important factors affecting the carrying capacity of water resources. The results provided a decision basis for future comprehensive development and utilization of water resources in Zhangye City and a reference for water resource carrying capacity and water resource security assessment in other arid and semi-arid areas in our country.
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1. Introduction


Water resources are important resources on which human society relies for survival and development, and are the most basic conditions for the sustainable development of human society. In recent years, the continuous development of local economies and the expansion of population scale have gradually increased the demand for water resources, and the corresponding carrying capacity of water resources has been affected to a certain extent [1]. Carrying capacity is a term that originated in physics and was later used in ecology to indicate the maximum population size of a given area and population within a certain period of time [2]. Water resource carrying capacity is used to indicate the phenomenon that water resources in a certain region cannot satisfy socio-economic development. It usually refers to the size of the economy, population, and land that can be carried by water resources if water supply and demand are at a critical level without constraining the sustainable development of the socio-economy and meeting the needs of various sectors [3].



In recent years, domestic and foreign researchers have conducted more studies on water resources carrying capacity, and the evaluation of water resources carrying capacity has changed from basic qualitative to quantitative evaluation. There are fruitful results, but some problems still exist [4,5]. Various scholars have defined the concept of water resources carrying capacity differently and analyzed it from different angles, and the conclusions about water resources carrying capacity derived from the research are not the same. The methods of water resources carrying capacity evaluation are diverse, and the common ones are the fuzzy comprehensive evaluation method [6], the system dynamics method [7], the gray correlation degree method [8], the principal component analysis method [9], and the TOPSIS model [10,11]. Overseas scholars combine water resource carrying capacity with sustainable development. Varis and Vakkilainen [12] studied the water resources of the Yangtze River Basin in China, outlined the current situation of water resources in the basin and the challenges it faces, and analyzed the relationship between socio-economic conditions and water resource carrying capacity. Koop and Van [13] set up an international standardized index system for integrated water resources management (IWRM) in cities and used gray correlation analysis to evaluate subjective and objective indicators as well as assess the impacts of water resources management on urban water resources. The relative performance of subjective and objective methods was evaluated by gray correlation analysis. Ferenc Bognár et al. [14] integrated AHP-PRISM with TOPSIS and applied it to the assessment of nuclear power plant logistics business processes, effectively proving that the method can be more widely applied to practical decision-making problems. Kuspilić et al. [15] defined water resources carrying capacity as the maximum sustainable human population size limited by water resource availability, put forward an analysis method based on uncertainty and sensitivity, and assessed the water resources carrying capacity of Cres Island by setting two precipitation scenarios. Marganingrum [16] applied the concept of sustainable development of carrying capacity to basin analysis and combined the concept of maximum equilibrium with system dynamics to conduct a comprehensive study on the water resource carrying capacity of the Bandung Basin. Kunu et al. [17] analyzed the water carrying capacity and environmental capacity levels of several cities in Maruji Province, Indonesia, using availability limits. In view of the water resources situation in China, scholars in China have conducted many studies on IWRM. Xu Youpeng [18] conducted a scientific study on the water resource carrying capacity of the Hetian River in Xinjiang by using a comprehensive evaluation model and analytical calculation methods. Zhao and Jin et al. [19] studied a water resources risk evaluation model based on the subjective-objective combination of the empowerment method and verified it with the example of the Han River Basin. Gang et al. [20] listed three coupled systems for the water resources carrying capacity of nine provinces and two cities in the Yangtze River Economic Belt, and, from this perspective, a comprehensive evaluation of them was carried out by using the variable weight TOPSIS model. Zuo and Zhang et al. [21] used a combined assignment including hierarchical analysis, the entropy weight method, and the TOPSIS model, constructed three guideline layers, evaluated the water resources carrying capacity for four years during 2002–2017 for the nine provinces and regions of the Yellow River Basin, and applied the obstacle degree model for diagnosis. Yuan and Sha et al. [22] used two weight calculation methods: combined gray correlation analysis and a fuzzy comprehensive evaluation model, and then applied them to the evaluation of water resource carrying capacity in Jiangyin City, Jiangsu Province.Deng and Ping et al. [23] used the combined weights-TOPSIS method to evaluate the water resource carrying capacity of Xinxiang City. Tian and Li et al. [24] used the TOPSIS evaluation method to evaluate the carrying capacity of water resources in the western mining area. The increase in carrying capacity of water resources in the study area was due to the construction of reservoirs in the mining area, which increased the storage capacity of reservoirs while slowing down the decline of groundwater levels and the pressure of water supply in the reservoir area. Li and Zhao et al. [11] used the TOPSIS model to comprehensively evaluate the water resource carrying capacity of Jiangsu Province and found that the water supply modulus and water consumption rate were the main factors restricting the water resource carrying capacity.



Zhangye City belongs to the temperate continental climate, arid climate, perennial rainfall, and the overall water resources shortage, facing the double pressure of resource-type water shortage and water-quality water shortage. In 2010, the State Council implemented the inter-provincial water scheduling of the Heihe River in Zhangye City, transferring water downstream of the Justice Gorge to the provinces, exacerbating the shortage of surface water resources in Zhangye City. The contradiction between the supply of water and demand is prominent. And due to climate change, the ecological problems of the upstream water sources of the Black River are serious, making it difficult to guarantee the amount of incoming water. Due to economic and technological constraints, the total amount of water used in agriculture is large and wasteful, and the ecological environment in the region is fragile. Therefore, determining whether water resources in Zhangye City can guarantee the sustainable development of the economy, society, and ecology requires a scientific evaluation of water resource carrying capacity. Currently, there are fewer studies related to the evaluation of water resource carrying capacity in Zhangye City. Wang Penglong [25] constructs evaluation indicators from the degree of carrying capacity and evaluates the water resources carrying capacity of four counties and districts in Zhangye City from 2015 to 2017. Wang Miaomiao [26] used the structural decomposition analysis method to evaluate the stage of water resources management in Zhangye City during 2002–2012. The research on the evaluation of water resources carrying capacity and the diagnosis of obstacle factors in Zhangye City in the last decade is lacking, and the water resources situation in Zhangye City needs to be studied and explored further. In this study, the hierarchical analysis method (AHP) and the entropy weight method are used for the combination assignment. The AHP method determines the weights of the indicators according to the relative importance between the indicators, and the assignment results are subjective; the entropy weight method determines the weights of the indicators based on the discrete degree of each indicator, and it is more objective compared to the AHP method. In the process of selecting indicators for a comprehensive evaluation of water resource carrying capacity in Zhangye City, the combination of the two weighting methods can solve the problems of subjective limitations and inconsistency with the actual situation. The TOPSIS model is more suitable for the carrying capacity assessment of water resource shortage areas compared with the evaluation methods of the fuzzy comprehensive judgment method and the principal component analysis method [27,28]. Therefore, the results of the study also provide a certain basis for improving the carrying capacity of water resources and play a positive role in formulating reasonable water resource management measures in Zhangye City.



Based on the above research background, this paper adopts combined weights and the TOPSIS model to study the water resource carrying capacity of Zhangye City from both subjective and objective aspects. The research results mainly analyzed the evaluation of water resources carrying capacity and sub-systems of water resources carrying capacity, which provided a decision-making basis for the future comprehensive development and utilization of water resources in Zhangye City and provided references for the evaluation of water resources carrying capacity and water resources security in other arid and semi-arid areas in China.




2. Application Example


2.1. Overview of the Study Area


Zhangye (97°20′ E~102°12′ E; 37°28′ N~39°57′ N), a provincial municipality in Gansu Province, is located in the central part of the Hexi Corridor and the northern part of the Tibetan Plateau, as shown in Figure 1. Zhangye has a continental climate with a large temperature difference, dryness, low rainfall, an uneven distribution of annual precipitation, and high evapotranspiration. The national modern agricultural demonstration area is the region, from east to west, divided into three major water systems: the Shule River, Black River, and Shiyang River. It has a series of resource advantages, from south to north, divided into three major topographic areas: the southern Qilian Mountains, the central oasis plains, and the northern mountainous terrain. This is the territory of the fertile land, where sunshine irradiation is sufficient [29]. Zhangye is an excellent tourist city in China, with a total area of 38,600 square kilometers, governing Ganzhou District, Shandan County, Gaotai County, Linze County, Sunan County, Minle County, one district, and five counties. For the year 2020 the city’s resident population is 1,129,900 people, with an urban population of 579,500 people, urbanization rate of 51.29%, the city’s Gross Domestic Product (GDP) of CNY 46,705 million, and a total annual water consumption of 1998 billion m3, of which the living water consumption of the city is CNY 1998 billion. The annual total water consumption is 1.998 billion m3. Among this water consumption, the domestic water consumption is 0.46 billion m3, the industrial water consumption is 0.19 billion m3, the agricultural water consumption is 1.775 billion m3, the ecological water consumption is 158 million m3, the annual average precipitation is 182.40 mm, decreasing from the southeast to the northwest, the Chemical Oxygen Demand (COD) is 2.90 million ton, and the ammonia nitrogen discharge is 0.12 million ton.




2.2. Data Sources


Data on surface and underground water resources and water consumption for irrigation, industry, and the ecological environment from 2010 to 2020 come from the Annual Report of Comprehensive Water Resources Statistics of the Zhangye Water Affairs Bureau and the Gansu Water Resources Bulletin of the Gansu Provincial Water Resources Department. Economic and social data such as regional population, regional GDP value, and ecological data such as chemical oxygen demand and ammonia nitrogen emissions are from the Zhangye City Statistical Yearbook and the Zhangye City National Economic and Social Development Statistical Bulletin.





3. Research Method


3.1. Construction of Water Resources Carrying Capacity Index System


Water resource carrying capacity is affected by many aspects, including water resource endowment, socio-economic development, and the state of the water ecosystem. Zhangye City, Gansu Province, is a serious resource-based water-scarce region, and due to the rapid development of the regional economy, the demand for water resources has increased dramatically, increasing the pressure on water resources, so the evaluation of water resource carrying capacity is imperative.



3.1.1. Construction of Water Resources Carrying Capacity Index System


In this study, the selection of evaluation indexes is carried out through two aspects. A large portion of the literature on water resources carrying capacity evaluation was consulted, and the indicators that were used more frequently were selected [30,31,32]. For the regional characteristics and water resources conditions and status quo of Zhangye City, and following the principles of scientificity, representativeness, reliability, and accessibility [33], the corresponding 12 indicators were selected.



Constructing 1 target layer A; 3 guideline layers B, i.e., water resource development and utilization; economic, social, and ecological environment; and 12 indicator layers C, which are combined to form a comprehensive evaluation index system. The polarity of indicators is divided into positive and negative. The larger the value of the positive indicator, the larger the carrying capacity of water resources; the larger the value of the negative indicator, the smaller the carrying capacity of water resources [34]. The indicator system is shown in Table 1.




3.1.2. Status Evaluation Level Is Determined


In order to more accurately evaluate the water resources carrying capacity, so that the results are more objective and in line with the actual situation, according to the water resources situation in Zhangye City and the country, taking into account the use of water resources, economic and social development, and other constraints, with reference to the relevant norms at home and abroad and the more widely recognized evaluation of water resources carrying capacity indicators grading standards [19,35,36], the evaluation indexes are divided into five levels: I for carrying capacity, II for weak carrying capacity, III for critical carrying capacity, IV for overloading, and V for serious overloading. Specific information is shown in Table 2.





3.2. Determination of Weights


The AHP method determines the weights with strong subjective judgment and field visits to the study area profile, starting from the actual situation and based on the experience of experts, to determine the degree of influence of the evaluation indicators on the evaluation results. The entropy weighting method [37] utilizes the degree of difference of each indicator, which can make the weighting results more objective [38].



3.2.1. AHP Method for Determining Weights


Zhangye City has a high proportion of agricultural water use; its water use efficiency is extremely low, and the per capita water resources are insufficient. Based on the characteristics of regional water resources and the experience of experts, when the AHP method is used to measure the relative importance of the 12 indicators of water resources in Zhangye City, the focus should be on the average acre-foot water use for agricultural irrigation and the per capita water resources possession, so as to make the results of the measurements more explanatory, and then to determine the subjective weights. The main steps are as follows:




	(1)

	
Construct a judgment matrix A containing 12 indicators     A = (     a   i j   )   m × n    .    a   i j     representing the factors       a   i     relative to the     a   j     importance values (i, j = 1, 2, ……, n), with values ranging from 1 to 9.




	(2)

	
Calculate the importance ranking. According to the judgment matrix, the weights are derived and normalized, and then sorted by the importance of each evaluation indicator according to the numerical value, i.e., the weights of each indicator     ω   j     utilize the formula   A   ω   j   =   λ   m a x     ω   j     to find the maximum characteristic root of A     λ   m a x    .




	(3)

	
Consistency test. In order to verify that the resulting weights are within the allowed range, the formula   C R =   C I  /  R I     Consistency test is performed. When CR < 0.1 or     λ   m a x   = n  , CI = 0, the consistency requirement is satisfied. Otherwise, the judgment matrix should be adjusted.










3.2.2. Entropy Weighting Method for Determining Weights


Select and organize the corresponding values of 12 kinds of indicators in Zhangye City from 2010 to 2020, and calculate the weights according to the steps. The steps of the entropy weight method are as follows [39]:




	(1)

	
Take j indicators in year i and form an initial data matrix   A = (     Z   i j   )   m × n     (i= 1, 2, …, m; j=1, 2, …, n), where     Z   i j     is the value of the jth indicator in the ith year; the raw data corresponding to the 12 indicators are organized to form the initial matrix.




	(2)

	
Normalization of the indicators to form a normalization matrix     R   i j    , according to Equations (1) and (2).



Positive indicators:


    R   i j   =     Z   i j   − m i n   (   Z   1 j   ,   Z   2 j   , …   Z   m j   )     max  ⁡      Z   1 j   ,   Z   2 j   , …   Z   m j     −   m i n     Z   1 j   ,   Z   2 j   , …   Z   m j       + 1  



(1)







Negative indicators:


    R   i j   =     min  ⁡      Z   1 j   ,   Z   2 j   , …   Z   m j       −   Z   i j       max  ⁡      Z   1 j   ,   Z   2 j   , …   Z   m j     −   m i n     Z   1 j   ,   Z   2 j   , …   Z   m j       + 1  



(2)








	(3)

	
Perform entropy value calculation according to Formula (3), where       B   j     is the entropy value of the jth evaluation index.


    B   j   = −   1   lnm     ∑  j = 1   m        R   i j       ∑  j = 1   m      R   i j        ln (      R   i j       ∑  j = 1   m      R   i j       )    



(3)













The weight calculation is carried out according to Equation (4), and     ω   j   ′     is the weight of the jth evaluation indicator


    ω   j   ′   =   1 −   B   j       ∑  j = 1   n    1 −   B   j        



(4)








3.2.3. Determination of Composite Weights


In response to the subjective and objective advantages of the two methods, the subjective and objective weights determined are used to determine the comprehensive weights of each evaluation index. The comprehensive weights can highlight the advantages of the AHP method and the entropy weight method and avoid their respective disadvantages. Its calculation formula is in accordance with Formula (5) [40]:


    ω   j   ″   =   α ω   j   +   1 − α     ω   j   ′                       0 ≤  ω  j   ″   ≤ 1  



(5)







Equation:     ω   j   ″     is the combined calculated weight;     ω   j     is the value of weights obtained via the hierarchical analysis method;     ω   j   ′     is the weight value calculated by entropy weight method;    α   is the decision-making correlation coefficient. Both weight calculation methods are equally important; therefore,   α   0.5 is taken.





3.3. Evaluation of Water Resource Carrying Capacity Based on TOPSIS Modeling


The TOPSIS model was proposed by Hwang, C.L., and Yoon, K.S., in 1981. This model calculates the Euclidean distance between the optimal solution and the selected evaluation object [41], the worst solution and the selected evaluation object, and the relative closeness of the selected evaluation object to the optimal solution [42] to select the object with the largest degree of closeness as the most ideal solution, and then gives a reasonable recommendation [43]. The TOPSIS method has authenticity and reliability, and it has been widely used in multiple-objective decision analysis problems. Its calculation steps are as follows:




	(1)

	
With N objects to be evaluated and M evaluation indicators, forming the original data matrix and processing matrix, we have the matrix     U  ,   U =   (   u   i j   )   n × m    .




	(2)

	
To normalize the matrix   U   Normalized according to Equation (6), we obtain the quantile normalized decision matrix     A  :


   A =   (   a   i j   )   n × m   ( m a t h . ) g e n u s    a s s u m e   o f f i c e     A   i j   =     u   i j        ∑  i = 1   n      u   i j   2          



(6)








	(3)

	
Determination of optimal and worst solutions [11,26,27].









The optimal solution is     A   +   =   ( max       A   11   ,       A   21   ,   … ,     A   n 1       ,     max       A   12   ,     A   22   ,     … ,     A   n 2       ,   … ,     max       A   1 m   ,       A   2 m   ,     … ,       A   n m       )  .



The worst solution for     A   −   = (   min       A   11   ,   A   21   ,   … ,       A   n 1       ,       min       A   12   ,       A   22   ,     … ,       A   n 2       ,     … ,     min       A   1 m   ,     A   2 m   ,   … ,   A   n m       )  .




	(4)

	
Calculate the distance of each evaluation object to the optimal solution according to Equations (7) and (8)       B   i   +     and the distance to the worst solution     B   i   −     and normalize to determine the relative closeness of each evaluation object to the optimal solution, i.e., the closeness degree     T   i    , the larger the value, the closer to the optimal solution. For     T   i    , the larger the value, the closer it is to the optimal solution. For     T   i    , the value is between 0 and 1, and the closer to 1, the closer the level is to the optimal solution, and vice versa.


    B   i   +   =    ∑  j = 1   m      [ ω   j   ″   (   A   j   +   −   A   i j     ) ]   2       



(7)






    B   i   −   =    ∑  j = 1   m      [ ω   j   ″   (   A   j   −   −   A   i j     ) ]   2       



(8)













According to Equation (9), to obtain the value of posting progress     T   i    ,


    T   i   =     B   i   −       B   i   −   +   B   i   +      



(9)








3.4. Calculation of Barrier Degree Factor


Calculating the closeness can reflect the overall water resources carrying capacity situation in Zhangye City, but it cannot clearly describe the important factors affecting water resources carrying capacity [44]. The use of the obstacle degree model can measure the obstacle factors and the obstacle degree of water resources carrying capacity and then derive the relevant factors that mainly affect the water resources carrying capacity. The handicap model calculates the contribution of the factors and the degree of deviation of the indicators based on the combination of the weights, and then calculates the product of the two as a proportion of the total number of indicators to obtain the handicap degree [45]. The relationship between the degree of obstacle and evaluation indicators is as follows: the greater the degree of obstacle of the water resources carrying capacity evaluation indicators, the stronger the obstacle of the indicator to the regional water resources carrying capacity, and vice versa. According to Formula (10), the obstacle degree of each evaluation indicator is calculated as [21,46]


    F   i j   =     D   j     E   i j       ∑  j = 1   n      D   j     E   j       × 100 %  



(10)




included among these,    D   j   =   ω   j   ″     ω   j   *         E   i j   = 1 −   u   i j    .



    F   i j     is the barrier degree;     D   j     is the factor contribution degree;     ω   j   *     is the weight of the criterion layer to which indicator j belongs;     ω   j   ″     is the combined calculated weight;     u   i j     is the value of the original data matrix after the normalization process;     E   i j     is the indicator deviation degree; i = 1, 2, …, m.




3.5. Water Resources Carrying Capacity Evaluation Flow Chart


The evaluation process of combined weights and TOPSIS models is shown in Figure 2. The evaluation process includes three main modules: weight calculation, evaluation of water resource carrying capacity, and diagnosis and analysis of obstacle degree. Firstly, the combination weight of the evaluation system is obtained by substituting subjective weight and objective weight into the combination weight formula. Secondly, the weighted measured data are substituted into the TOPSIS model to calculate the progress and obtain the evaluation grade of water resource carrying capacity. At last, the obstacle diagnosis method was used to evaluate the model, and the influence of each evaluation index on the evaluation result of regional water resource carrying capacity was explored.





4. Analysis of Results


4.1. Combination Weight


The hierarchical analysis method was used to determine the subjective weights, CR = 0.086 < 0.1, through the consistency test, proving that the assignment is reasonable; collect data to determine the objective weights using the entropy weighting method to obtain the results of the two kinds of weights, and calculate the composite weights as shown in Table 3.



Combinatorial weights are evaluated by combining AHP and entropy weights. It can be seen that the comprehensive weight of surface water resources per unit area is the largest, which is 0.161. Followed by per capita water consumption, groundwater resources per unit area, and urbanization rate, the comprehensive weight is 0.142, 0.106, and 0.092, respectively. The weight of average water consumption per m3 of farmland irrigation is the smallest, which is 0.036. In general, the comprehensive weight is closer to reality, which improves the shortcomings of the AHP and entropy weight methods so as to avoid the problem that the evaluation results are divorced from the actual situation.




4.2. Analysis of Evaluation Results of Each Subsystem of Water Resources Carrying Capacity


The grade criteria for water resource carrying capacity in Zhangye City are as follows: [0, 0.216) as grade V extreme level; [0.216, 0.403) as grade IV relatively poor level; [0.403, 0.607) as grade III medium level; [0.607, 0.821) as grade II. [0.821, 1] is a very high level of class I. Using the water resources carrying capacity TOPSIS model, the water resources carrying capacity closeness of the molecular system in Zhangye City from 2010 to 2020 was calculated Ti. The calculation results are shown in Figure 3.



4.2.1. Overall Analysis


From Figure 3, it can be seen that during the period of 2010–2020, the environmental carrying capacity of water resources in Zhangye City basically shows an upward trend. Specifically, the environmental carrying capacity of water resources in Zhangye City is in a decreasing trend from 2010 to 2014, and further analysis reveals that it is mainly due to the imbalance between supply and demand of water resources, such as the total water consumption increasing year by year, with the total water consumption rising from 2354 million m3 in 2010 to 2412 million m3 in 2014; the rapid development of industry and agriculture leads to the high water consumption level in agriculture and industry, such as industrial value added from CNY 5.540 billion in 2010 to CNY 8.523 billion in 2014, and the water consumption of agricultural irrigation has been at a high level from 2010 to 2014. It can be seen that the combined effect of the above reasons has a large impediment to the environmental carrying capacity of water resources, resulting in Zhangye City, where the environmental carrying capacity of water resources has shown a clear downward trend. The environmental carrying capacity of water resources has been gradually increasing since 2014, and the carrying capacity index in 2020 reached 0.615, which is more than double that in 2014. Analyzing the reasons in depth, the achievement is, on the one hand, due to the innovation of the water-saving technology model, which improves the utilization efficiency of agricultural water. For example, in 2010, the General Office of Gansu Provincial People’s Government issued the document “Gansu Provincial People’s Government on the Issuance of Gansu Provincial Hexi and Along the Yellow Main Irrigation Areas of High-efficient Farmland Water Saving Technology Promotion Support Measures and Gansu Provincial Hexi and Along the Yellow Main Irrigation Areas of High-efficient Farmland Water Saving Technology Promotion Three-Year Plan”; in 2013, Gansu Provincial Department of Agriculture and Animal Husbandry, and another four departments and offices jointly issued the document “On the issuance of the province’s 2013 high-efficiency farmland water-saving technology promotion plan notice”. Technology Promotion Plan” document, Zhangye City, provided a demonstration and promotion of membrane drip irrigation and another three high-efficiency farmland water-saving technologies, so that, in Zhangye City, the amount of water used for farmland irrigation can achieve a substantial reduction in the usage of water resources of Zhangye City, significantly improving the environmental carrying capacity of water resources in Zhangye City.




4.2.2. Analysis of Water Resources Development and Utilization Subsystems


From the view of the water resources development and utilization subsystem, the water resources carrying capacity indicators of surface water resources per unit area, underground water resources per unit area, per capita water resource possession, and average annual precipitation all showed a faster growth rate relative to each indicator in 2018 and reached a peak in 2019. The water resources development and utilization situation in Zhangye City from 2010 to 2020 is basically in a stable state, but the carrying capacity is basically at a poor and medium level because Zhangye is located in northwestern China and belongs to a resource-type water-scarce city (Wang Y et al., 2009) [47]. Zhangye has low precipitation, a dry climate, and an imbalance between supply and demand of water resources. Three of the four indicators of the water resources subsystem rank in the top six in terms of surface water resources per unit area, underground water resources per unit area, and water resources per capita, which also indicates that the main obstacle factor restricting the rise of water resources carrying capacity in Zhangye City is the exploitation and utilization of water resources. From the statistical data, the precipitation in 2014 was 218.85 mm, which was 18.18% higher than the 179.07 mm in 2013, and the amount of regional surface water resources was 3.057 billion m3, which was 5.72% higher than the 2.882 billion m3 in 2013, and the total amount of regional water resources increased from 3.042 billion m3 to 3.182 billion m3, and the amount of underground water resources was 125 million m3 (minus duplicates), a decrease of 0.35 billion m3 from 160 million m3 in 2013, a decrease of more than 20%. Although the problem of overexploitation of groundwater has been managed, the overall supply of water resources in the region is still in a disadvantageous position, which also reduces the amount of water resources in Zhangye City according to the Ministry of Water Resources’ “Heihe River Water Allocation Program” of Zhangye City’s discharged water volume. Four of the water resources development and utilization subsystems in 2019 indicators have all increased compared to the previous year, and the water resources carrying condition has significantly improved, indicating that the management measures formulated by Zhangye City in recent years in terms of water resources development and utilization have played a role.




4.2.3. Economic and Social Subsystem Analysis


From Figure 3, Zhangye’s economic development power rises from 0.431 in 2010 to 0.672 in 2020, indicating that economic development is steadily improving and also showing that Zhangye’s economic strength is increasing, providing more solid economic resources to the economic and social subsystems. In 2010, the city began to promote the construction of ten major projects, accelerating the construction of leading enterprises and experimental demonstration zones, developing the specialty tourism industry, and moving toward an urban and rural development integration that was close to the value of regional GDP, the urbanization rate, and other indicators of the value of the rapid increase year by year. The economic and social subsystem of Zhangye City shows a steady upward trend after 2014, and the economic and social conditions have been at a high level in the past four years. The GDP value of 2014 was CNY 3,125,400,000, and the GDP value of 2012 was CNY 2,495,300,000, with an increase of more than 20% in the two years. The urbanization rate increased from 34.84% in 2010 to 41.01% in 2014, and the degree of its obstacle basically shows an increasing trend, which indicates that the increase in water demand in agriculture, industry, and other economic aspects increases the demand for water resources and hinders the enhancement of the carrying capacity of water resources. From 2015 to 2020, per capita water consumption, water consumption of CNY 10,000 of value added in industry, water consumption in agriculture, and CNY 10,000 of GDP show a decreasing trend, in which the water consumption of CNY 10,000 of value added in industry decreases from 0.42 billion m3 in 2015 to 0.19 billion m3, which is attributed to the development of industry in Zhangye City and the commitment to promote agricultural and industrial water-saving measures to build a water-saving society in a comprehensive way, which is consistent with the conclusion of Wang Yan [47].




4.2.4. Ecological Subsystem Analysis


From the viewpoint of the ecological environment subsystem, the ecological environment condition of Zhangye City from 2010 to 2020 is still below the medium level, but it also shows that the effect of ecosystem management in Zhangye City is improving year by year. The ecological environment condition of Zhangye City dropped sharply from 2010 to 2011, and according to the statistical data, the chemical oxygen demand in 2011 was 37,400 tons, which is higher than that of 16,400 tons in 2013, which is a rise of 56.15%. This was affected by urban development in Zhangye City, which led to poor local water quality, resulting in a rapid decline in the carrying capacity of water resources. After 2011, there was a trend of steady improvement, decreasing year by year, which to a certain extent led to the improvement of the ecological environment, which in turn affected the water resource carrying capacity of Zhangye City. The ecological water use rate indicator is also an important influence factor; the ecological environment water use in 2010 was 146 million m3 to 158 million m3 in 2020, and the ecological water use rate average obstacle ranked sixth, which indicates that the ecological water use percentage still needs to be increased in order for the water resources carrying capacity to be further improved.





4.3. Obstacle Degree Analysis of Water Resources Carrying Capacity Evaluation Index


As can be seen from Table 4, the top 5 factors in terms of obstacle degree are surface water resources per unit area, per capita water consumption, per unit area groundwater resources, urbanization rate, and per capita water resource occupancy. These factors belong to the ecological environment and water resources subsystem and are the main obstacles to water resources carrying capacity. In different years, the first, second, and third places are basically surface water resources per unit area, groundwater resources per unit area, and per capita water consumption. Therefore, surface water resources and groundwater resources significantly affect the water resource carrying capacity of Zhangye City, followed by alternating per capita water consumption and urbanization rate. From the perspective of occurrence frequency, urbanization rate has a more significant impact on water resource carrying capacity. Four of the top five indicators come from the water resources subsystem, which indicates that water resources are the main obstacle factors, which significantly restricts the improvement of urban water resources carrying capacity. Therefore, in view of the factors with high environmental barriers, the following countermeasures are proposed in combination with the actual situation of the region: strengthen the supervision of water use processes and total water use control; accelerate the adjustment of industrial structure and research and development of water-saving technology; and further improve water use efficiency. In addition, it is necessary to grasp the evolution trend of water resources in time and accurately achieve the optimal allocation of water resources; strengthen the control of sewage discharge; effectively ensure ecological water use; and improve the water ecological environment.





5. Conclusions


In order to scientifically evaluate regional water resources carrying capacity, an improved TOPSIS model based on combined weights was constructed to evaluate the water resources carrying capacity of Zhangye City by taking advantage of the combined weights, which can be comprehensively determined by AHP and entropy weight methods. This model makes up for the defect of insufficient differentiation of evaluation results in the application of traditional TOPSIS methods for a comprehensive evaluation. Taking the evaluation of water resource carrying capacity in Zhangye City as an application example, the conclusions are as follows:




	(1)

	
The combinatorial weight method combines subjective cognition and objective laws of data, making combinatorial weights more scientific and reasonable.




	(2)

	
The evaluation results show that the water resources carrying capacity from 2010 to 2014 is generally stable on the macro level, but from the micro level, the water resources carrying capacity has a certain fluctuation and shows an increasing trend year by year. The closeness value of water resources carrying capacity in Zhangye City is between 0.273 and 0.561, and the grade of water resources carrying capacity is in grades III and IV. From 2014 to 2020 (except 2020), the water resources carrying capacity of Zhangye City showed an increasing trend year by year, and the closeness value of the water resources carrying capacity was between 0.297 and 0.615. The water resources carrying capacity level was still at grade III and grade IV, belonging to the medium or below medium level, indicating that the overall water resources carrying capacity of the region was weak and needed to be further improved.




	(3)

	
From 2010 to 2020, the carrying capacity of water resource development and utilization in Zhangye City fluctuates greatly; the carrying capacity of economic and social society is basically synchronized with the carrying capacity of water resources; and the carrying capacity of the ecological environment increases the most. The steady improvement of economic and social conditions is the main factor for the improvement of the comprehensive carrying capacity of water resources in Zhangye City, and the impact of the ecological environment is also an important factor influencing the carrying capacity of water resources in Zhangye City.




	(4)

	
The six indicators of per capita water consumption, surface water resources per unit area, per capita water resource possession, underground water resources per unit area, urbanization rate, and ecological water use rate are the main obstacles to the water resources carrying capacity of Zhangye City, of which the most influential are the indicators of surface water resources per unit area and per capita water consumption, and the main criterion layer of the water resources carrying capacity of Zhangye City is the water resources exploitation and utilization criterion layer.




	(5)

	
Zhangye City should strengthen water resources management, optimize the water use structure of various industries, vigorously promote the whole society to save water, implement precise policies, fine-tune the water use process, improve the water utilization rate, scientifically carry out ecological protection and restoration projects, rationally carry out ecological water replenishment, and gradually eliminate environmental risks so as to further improve the water resources carrying capacity of the region.
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Figure 1. The location of the study area. 
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Figure 2. Flow chart of water resources carrying capacity evaluation. 
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Figure 3. Temporal variation of water resources carrying capacity in Zhangye city from 2010 to 2020. 
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Table 1. Comprehensive evaluation index system of water resources carrying capacity status.
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Target Level

	
Standardized Layer

	
Indicator Layer

	
Unit (of Measure)

	
Formula

	
Indicator Polarity






	
Water carrying capacity (A)

	
Water Resources Development and Utilization (B1)

	
Surface water resources per unit area (C1)

	
million m3·km−2

	
Regional surface water resources/regional area

	
greater than zero




	
Groundwater resources per unit area (C2)

	
million m3·km−2

	
Volume of regional groundwater resources (net of duplicates)/area of region

	
greater than zero




	
Water resources per capita (C3)

	
m3/people

	
Regional water resources (net of duplicates)/total number of people living in the region

	
greater than zero




	
Precipitation (C4)

	
mm

	
Annual precipitation in the region

	
greater than zero




	
Economic and social (B2)

	
Urbanization rate (C5)

	
%

	
Urban resident population/total resident population of the area

	
turn one’s back on




	
Per capita water use (C6)

	
m3/person

	
Water consumption/total resident population of the region

	
turn one’s back on




	
Water consumption of GDP (C7)

	
m3/million

	
Total regional water use/regional GDP

	
turn one’s back on




	
Average acre-foot water use for agricultural irrigation (C8)

	
m3/mu

	
Agricultural irrigation water consumption/cultivated land area

	
turn one’s back on




	
Water consumption per CNY 10,000 of industrial added value (C9)

	
m3/million

	
Industrial water consumption/industrial value added

	
turn one’s back on




	
Ecology (B3)

	
Chemical Oxygen Demand (C10)

	
million t

	
statistical data

	
turn one’s back on




	
Ammonia emissions (C11)

	
million t

	
statistical data

	
turn one’s back on




	
Ecological water use rate (C12)

	
%

	
Ecosystem water use/total water resources

	
greater than zero











 





Table 2. Grading criteria for indicators for evaluating the state of water resources carrying capacity.
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	Rating
	Class I
	Class II
	Class III
	Class IV
	Class V





	C1: Surface water resources per unit area/(10,000 m3·km−2 )
	≥25
	[20, 25]
	[15, 20]
	[10, 15]
	<10



	C2: Groundwater resources per unit area/(10,000 m3·km−2)
	≥7
	[6, 7)
	[5, 6]
	[4, 5)
	<4



	C3: Per capita water availability/(m3/person)
	≥2000
	[1700, 2000]
	[1000, 1700]
	[500, 1000)
	<500



	C4: Average annual precipitation/(mm)
	≥800
	[600, 800]
	[400, 600]
	[200, 400]
	<200



	C5: Urbanization rate/(%)
	<40
	[40, 45]
	[45, 50]
	[50, 55]
	≥55



	C6: Per capita water consumption (m3/person)
	<200
	[200, 300]
	[300, 400]
	[400, 500]
	≥500



	C7: GDP water use (m3/million dollars)
	<200
	[200, 400]
	[400, 600]
	[600, 800]
	≥800



	C8: Average acreage water use for agricultural irrigation (m3/mu)
	<300
	[300, 400]
	[400, 500]
	[500, 600]
	≥600



	C9: Water consumption per CNY 10,000 of industrial added value (m3/10,000 CNY)
	<15
	[15, 50]
	[50, 100]
	[100, 200]
	≥200



	C10: Chemical Oxygen Demand (million tons)
	<1
	[1, 3)
	[3, 5)
	[5, 10]
	≥10



	C11: Ammonia nitrogen emissions (million tons)
	<0.1
	[0.1, 0.3)
	[0.3, 0.5)
	[0.5, 1)
	≥1



	C12: Ecological water use rate (%)
	≥5
	[3, 5)
	[2, 3)
	[1, 2)
	<1










 





Table 3. Results of weighting calculations.
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	Evaluation Indicators
	AHP Weighting
	Entropy Weight
	Portfolio Weighting





	C1
	0.232
	0.089
	0.161



	C6
	0.205
	0.08
	0.142



	C2
	0.115
	0.098
	0.106



	C5
	0.098
	0.086
	0.092



	C12
	0.083
	0.082
	0.083



	C10
	0.069
	0.076
	0.073



	C3
	0.055
	0.082
	0.068



	C11
	0.049
	0.086
	0.067



	C9
	0.034
	0.097
	0.066



	C7
	0.023
	0.098
	0.061



	C4
	0.023
	0.067
	0.045



	C8
	0.014
	0.059
	0.036










 





Table 4. Barrier degree of water resources carrying capacity evaluation indicators in Zhangye City, 2010–2020.
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	Vintages
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8
	C9
	C10
	C11
	C12





	2010
	18.09
	11.44
	7.71
	4.89
	6.39
	15.79
	8.45
	4.99
	9.14
	1.83
	3.37
	7.92



	2011
	16.77
	10.86
	7.12
	4.90
	5.96
	14.70
	6.63
	4.29
	7.03
	8.28
	6.97
	6.48



	2012
	16.52
	11.34
	7.16
	4.61
	6.57
	14.32
	6.20
	4.41
	6.94
	7.67
	7.69
	6.55



	2013
	16.93
	10.94
	7.16
	4.94
	7.16
	16.71
	5.68
	3.73
	6.26
	7.44
	7.17
	5.88



	2014
	16.24
	11.75
	6.89
	4.49
	7.63
	17.12
	5.45
	3.97
	6.17
	7.25
	6.40
	6.66



	2015
	16.36
	11.40
	6.90
	4.50
	8.47
	16.69
	5.39
	4.14
	5.69
	7.30
	6.19
	6.96



	2016
	15.92
	13.72
	6.78
	5.03
	9.35
	14.04
	5.19
	3.54
	5.66
	7.27
	6.17
	7.32



	2017
	16.73
	12.68
	7.06
	4.71
	10.75
	12.47
	5.36
	3.40
	5.68
	7.23
	5.97
	7.96



	2018
	19.46
	11.76
	8.12
	5.32
	11.27
	11.20
	4.99
	2.43
	5.58
	7.10
	5.45
	7.31



	2019
	19.41
	9.82
	7.99
	4.90
	12.64
	10.57
	5.09
	2.75
	5.55
	7.29
	5.89
	8.07



	2020
	20.84
	12.25
	8.65
	5.72
	13.15
	8.64
	4.87
	2.08
	4.94
	6.60
	5.30
	6.96



	average value
	17.57
	11.63
	7.41
	4.91
	9.03
	13.84
	5.75
	3.61
	6.24
	6.84
	6.05
	7.10
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