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Abstract

:

The study of water resource carrying capacity (WRCC) is significant for rational water resource utilization and promotion of the coordinated development of a regional economy, society, and ecology, especially in arid regions. In this paper, using different scenarios, a fuzzy comprehensive evaluation model based on water resource allocation is constructed to obtain the WRCC in the middle reaches of the Heihe River. The results show that the current development of water resources has a certain scale, and the carrying capacity is relatively low. Compared with the current water resource scheme, various scenario schemes have higher evaluation indexes. Among the schemes, scheme 7 is the optimal plan for the recent planning year, and scheme 13 is the best for the long-term planning year. Based on a subsystems analysis, the social subsystem has the highest score, which is followed by the economic subsystem, water resource subsystem, and ecological subsystem, and the evaluation index of the economic subsystem shows the largest increase. The main factors affecting the WRCC are the water-saving level and crop irrigation quota. Therefore, the WRCC should be improved by raising the level of agricultural water use, restricting the irrigation area, and adjusting the local industrial structure.
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1. Introduction


Water plays an extremely important role in human survival and regional socioeconomic development, particularly in arid and semi-arid areas [1]. With rapid population growth and constant economic development, contradictions between the environment, population, and social development have become increasingly prominent [2]. Therefore, alleviating these contradictions has become a key, hot issue in water resource studies. Water resource carrying capacity (WRCC) is the ability of a water resource to bear the economic, social, and ecological environment [3], and a study of WRCC is the foundation of sustainable development and water security strategy [4,5].



In 1989, the concept of WRCC was first put forward by the Xinjiang Water Resources Soft Science Project Team [6]. Since the late 1990s, more thorough research has been conducted on the carrying capacity of water resources. However, due to the regionality and complexity of influencing factors, the concept of WRCC at home and abroad has not been expressed in a unified way [7]. Several studies explained WRCC from the perspective of the maximum supporting capacity of water resources [3,8]. Other studies have considered the WRCC to be the size of the population, economy, and environment that water resources could sustain and support [9]. In fact, the WRCC is not simply a concept that contains both natural and social attributes; the meaning of WRCC is more extensive [10]. Various calculation methods have emerged to quantify WRCC, such as the conventional trend method, which was first used by Shi and Qu (1992) to study the Urumqi River Basin WRCC, as well as the principal component analysis [11,12,13], ecological footprint method [14,15], system dynamics model [10,16], multi-objective computation model [17], artificial neural networks model [18], fuzzy comprehensive assessment model [19,20,21], entropy weight method [22,23], and the pressure-state-response framework of dynamic successive assessment [24]. Among these methods, the fuzzy comprehensive evaluation model is the most commonly used and can be used to evaluate and predict the future carrying capacity of water resources in the study area by analyzing influencing factors.



The northwest arid region is one of the greatest water shortage areas in China. The shortage of water resources and the destruction of the ecological environment caused by unreasonable use of water resources has become a bottleneck of sustainable development. Moreover, there is a problem of groundwater overload in arid areas with poor water resources, which will cause many problems [25]. Carrying out water resources management will help alleviate water conflicts and promote harmonious development of society [26,27]. Therefore, research on WRCC has important significance for the scientific and rational utilization of water resources in arid and semi-arid regions of northwestern China, directly influences the sustainable development of the local social economy [28], and provides a certain decision-making basis for water resources management in the Northwest. The Heihe River Basin is the second largest inland river in China and has many issues related to water resources and the ecological environment. The fundamental reason is that the WRCC cannot meet current socioeconomic development or the needs of the ecosystem protection target. Therefore, research on the WRCC based on the rational allocation of water resources is of great significance to the sustainable development of arid and semi-arid areas.



The Heihe River is the second largest inland river in China, and the water resources of this river have been extensively studied. Since the beginning of the 20th century, research on water resource allocation has focused on proposing a complete set of theories and methods for the deployment of water resources in the basin, and on this basis, a set of operational water resource allocation and management information systems were established for the Heihe River Basin [29,30], and some water-saving measures and ecological protection policies were proposed [31]. Many studies have concentrated on the Heihe River’s WRCC, the sustainable utilization of water resources [32,33,34], and the research on WRCC from the perspective of ecological economics [35]. However, few studies have considered the allocation of water resources and their impact on WRCC. In this paper, based on rational water resource allocation, a fuzzy comprehensive evaluation model of WRCC was built to compare WRCCs under different water resource allocation plans to provide the decision-making basis for future water development and utilization, social and economic development, and ecological environmental protection programs.




2. Materials and Methods


2.1. Study Area and Data Sources


2.1.1. Study Area


The Heihe River Basin originates in the northern foot of Qilian Mountain and flows through Qinghai, Gansu and Inner Mongolia. The total length of the main stream is 821 km, and the basin area is approximately 142,900 km2 [24,34]. The Heihe River Basin is divided into three major reaches: upstream, middle, and downstream. The upstream reach is the water source area and has relatively sufficient water resources. Conversely, water resources are scarce in the other two areas, especially downstream. The midstream is composed of broad, flat plains suitable for irrigated agriculture. In contrast, the downstream reaches mostly consist of deserts [36]. Economic activities are concentrated in the midstream, where water consumption for human living, economic output, and agricultural irrigation together account for over 90% of the total water consumption quantities for the entire basin [37].



The water supply in the middle reaches of the Heihe River Basin is mainly from the upstream runoff, local precipitation, and groundwater, and this water supply is principally used for residential life and economic development [38]. The unreasonable exploitation of water resources in the middle reaches has led to a series of ecological and environmental issues in the downstream reaches [39]. Thus, the State decided to implement unified management and dispatch of water resources in the Heihe River Basin. Through recent governance planning of the watershed, the efficiency of water utilization has been effectively improved, and the amount of water entering the downstream reaches has significantly increased. However, there is a gap between the discharge volume of the downstream Zhengyixia section and the requirements of the State Council’s water distribution plan, and the water consumption of the middle reaches is still high [40]. Therefore, the correct evaluation of the water carrying capacity under different deployment schemes is conducive to the subsequent rational allocation of water resources for the Heihe River.



Considering the availability of data, we select the status year (2012), the recent programming year (2020), and the long-term programming year (2030) to be evaluation years for analyzing the WRCC in the Heihe River Basin. Meanwhile, in this paper, three counties in Zhangye in the midstream reaches are chosen as the study area, including Ganzhou, Gaotai, and Linze (Figure 1), which are the main agricultural production regions. The study area is 1.14 × 104 m2, accounting for 7.98% of the Heihe River Basin. In addition, the data are derived from the results of the scheme set for water resource allocation.




2.1.2. Data Sources


The data used in this paper were collected from many reports such as Review of the Optimal Allocation of Surface Water and Groundwater in the Middle Reaches of the Heihe River, Compilation of Technical Plan for Optimal Allocation of Surface Water and Groundwater in the Middle Reaches of the Heihe River Basin. There are also some statistics, such as the Zhangye Statistical Yearbook 2012, which includes basic information about population, land area, average annual precipitation, total water resources, and so on. The values of evaluation factors were calculated from the original data. In addition, the indices of the gradation of each evaluation factor were determined by consulting other evaluation standards of water resources [37,38].





2.2. Water Resource Allocation Model and Scheme Set


2.2.1. Construction of the Model


The water resource system of the Heihe River Basin is complex and complete, consisting of surface water and ground water sources such as rivers, reservoirs, and spring water. Therefore, the water transformation characteristics of the Heihe River Basin middle reaches and water balance factors such as river course seepage, spring water discharge, phreatic water evaporation, and canal system field infiltration should be reflected in the Heihe River water resource allocation model to calculate the water balance under different inflow and water consumption scenarios. According to the long series years of the Yingluoxia section inflow on the Heihe River main stream and considering the actual water demand of the middle reaches irrigation area, the runoff process characteristics of the flood season from July to October are combined and several gate closed water transfer schemes of the Heihe River main stream are proposed. Subsequently, taking the water releases in the Zhengyixia section as the control condition and assuming a minimum water shortage in the middle reaches irrigation area, a reasonable water allocation scheme was determined via analysis of the multi-scheme simulation. The water allocation models on the Heihe River main stream primarily included the groundwater equilibrium model of the irrigation area in the Heihe River middle reaches, the water resource balance model between supply and demand and the water resource allocation model. The groundwater equilibrium model was mainly used to calculate groundwater replenishment in different water resource allocation schemes and the release balance. The water resource balance model between supply and demand and water resource allocation model were mainly used to analyze water demand, supply, and shortage in the irrigation area and to calculate water resources. The framework of the water resource model is shown in Figure 2.




2.2.2. Generalization of the Heihe River Water Resource System


The principle of water resource system generalization considers the water distribution unit to be the center and the Heihe River is the main line, which is based on the entire basin, different calculation units, administrative regions (inter-provincial, inter-county), and the water diversion (combined) entrance for each calculation unit. The Heihe River water control section was considered to be a water quantity control node. Traditionally, the Heihe River was divided into the upper, middle, and lower reach control sections by Yingluoxia and Zhengyixia, including tributaries (such as the Liyuan River) with hydraulic connections to the Heihe River surface water, and thus, areas can be assigned to water through several measures. Calculation units were divided according to administrative divisions, which will not break the irrigation divisions. In these calculation units, all kinds of water balances and unified deployment constraints are reflected in the reservoir, canal node, computing unit, and water balance equation between the two calculation units. Most of these units were mixed water supply units, and there was a pure surface water supply unit and groundwater supply unit. According to many years of actual operation of specific circumstances and administrative subordination relations, irrigation areas of the middle reaches, river trends of the lower reaches, and the national defense scientific research base and ecological oasis, the calculation units of the Heihe River water rational allocation are divided into 24 units. Thus, statistical results can be conveniently obtained according to each administrative region in the Heihe River. The corresponding relationships between the calculation units and administrative regions within the research area are shown in Table 1.



Based on the water resource rational allocation requirements, to reflect the internal relations among the main factors affecting the supply and demand analysis, the framework of the water resource system in the Heihe River Basin, which is shown in Figure 3, was abstractly simplified by calculating the spatial relationship and hydraulic connections among units, such as surface drainage, groundwater, and large and medium-sized key hydraulic engineering structures.




2.2.3. Model Verification


To examine the rationality of this model, the groundwater level of each irrigation area and stream flow of each river section for the period of 2005 to 2010 were simulated. Additionally, the equilibrium relationships among groundwater replenishment capacity, total water discharge, and groundwater storage variable for each irrigation area were analyzed. The simulation results of the irrigation area’s groundwater equilibrium and stream flow of the river cross-section are shown in Table 2 and Figure 4. According to the “Supplementary Details of Groundwater Resource Amount and Allowable Groundwater Withdrawal”, the absolute value of the relatively balanced error should be less than 10% for groundwater balance computational accuracy in a flat area. This model can efficiently fit the water balance in the irrigation area based on the verification table of the irrigation area water balance. According to the fitting chart of the main cross-section stream flow shown in Figure 4, the imitative effects of the cross-section stream flow were obviously better.




2.2.4. Setup of the Scheme Set


The water resource allocation system of the river basin includes two aspects: water supply and demand. The water supply aspect refers to the water source project and transport route, and the water demand aspect covers urban life, industrial production, agricultural irrigation, ecological maintenance, hydroelectric power generation, and so on.



According to the development situation in the current level year (2012), recent planning level year (2020), and long-term planning level year (2020), the water supply and demand states are determined. In accordance with the principle and basis for formulating the water resource allocation plan in the Heihe River Basin, 13 schemes were set up based on the following five aspects: water source project, irrigation area, irrigation water-saving level, socioeconomic development level, and ecological water demand level, as shown in Table 3.



(1) Current level year (2012)



In Scheme 1, the Huangzang Temple Reservoir regulates the water from the upper reaches of the Heihe River, and the plain reservoir takes the water supply task of the irrigation district; the Ying-Hong Cascade Reservoir adopts the short-term operation mode; the irrigated area maintains the current area of 282.38 × 104 mu, the irrigation water-saving intensity is the current level, and the irrigation water utilization coefficient is 0.53; Social and economic development is the status quo.



(2) Recent planning level year (2020)



In Schemes 2–7, there is the Huangzang Temple Reservoir to regulate the upstream water, the abandoned plain reservoir, and the Ying-Hong Cascade Reservoir uses the short-term operation mode.



Scheme 2: the irrigated area is restored to the 2000 level of 239.75 × 104 mu, and the irrigation water-saving intensity is low, and the irrigation water utilization coefficient is 0.58; the level of socioeconomic development is low.



Scheme 3: the irrigated area is restored to the 2000 level of 239.75 × 104 mu, and the irrigation water-saving intensity is medium, and the irrigation water utilization coefficient is 0.61; social and economic development is at a medium level.



Scheme 4: the irrigated area is restored to the 2000 level of 239.75 × 104 mu and the irrigation water-saving intensity is high, and the irrigation water utilization coefficient is 0.63; the socioeconomic development is at a high level.



Scheme 5: the irrigated area is restored to 219.48 × 104 mu as required by the Recent Management Plan, and the irrigation water-saving intensity is low, and the irrigation water utilization coefficient is 0.58; the level of socioeconomic development is low.



Scheme 6: the irrigated area is restored to 219.48 × 104 mu as required by the Recent Management Plan, and the irrigation water-saving intensity is medium, and the irrigation water utilization coefficient is 0.61; social and economic development is at a medium level.



Scheme 7: the irrigated area is restored to 219.48 × 104 mu as required by the Recent Management Plan, and the irrigation water-saving intensity is high, and the irrigation water utilization coefficient is 0.63; the socioeconomic development is at a high level.



(3) Long-term planning level year (2030)



In Scheme 8–13, there is the Huangzang Temple Reservoir to regulate the upstream water, the abandoned plain reservoir, and the Ying-Hong Cascade Reservoir uses the long-term operation mode.



Scheme 8: the irrigated area is restored to the 2000 level of 239.75 × 104 mu, and the irrigation water-saving intensity is low, and the irrigation water utilization coefficient is 0.58; the level of socioeconomic development is low.



Scheme 9: the irrigated area is restored to the 2000 level of 239.75 × 104 mu, and the irrigation water-saving intensity is medium, and the irrigation water utilization coefficient is 0.61; social and economic development is at a medium level.



Scheme 10: the irrigated area is restored to the 2000 level of 239.75 × 104 mu and the irrigation water-saving intensity is high, and the irrigation water utilization coefficient is 0.63; the socioeconomic development is at a high level.



Scheme 11: the irrigated area is restored to 219.48 × 104 mu as required by the Recent Management Plan, and the irrigation water-saving intensity is low, and the irrigation water utilization coefficient is 0.58; the level of socioeconomic development is low.



Scheme 12: the irrigated area is restored to 219.48 × 104 mu as required by the Recent Management Plan, and the irrigation water-saving intensity is medium, and the irrigation water utilization coefficient is 0.61; social and economic development is at a medium level.



Scheme 13: the irrigated area is restored to 219.48 × 104 mu as required by the Recent Management Plan, and the irrigation water-saving intensity is high, and the irrigation water utilization coefficient is 0.63; the socioeconomic development is at a high level.





2.3. Construction of WRCC Evaluation System and Gradation of Evaluation Factors


It is crucial to establish an evaluation index system for the WRCC. The carrying capacity of water resources in arid areas is affected by many factors, and there are different selection results according to various research objectives [19,20]. Under operable, regional, systematic, sufficient, and data availability principles, the index system can be selected by considering the characteristics of the water and water consumption in the Heihe River middle reaches. Thus, the WRCC system is divided into four subsystems of water resources, economy, society, and ecological environment. A total of 12 evaluation indexes are selected, and the WRCC evaluation system is constructed (Table 4).



In addition, based on relevant research results, the impact of the above WRCC evaluation factors are divided into three levels: v1, v2, and v3 [40,41,42], and the corresponding grading of each evaluation factor is formulated (Table 4). v1 represents a good situation, meaning the regional WRCC is at a relatively high level and the water supply amount is much higher than the water demand. v3 represents a bad situation, meaning the regional WRCC is low, and more water exploitation may easily lead to water shortages and restrict social and economic development. v2 is between v1 and v3, indicating that water resources have been used at a large scale, but there is still the potential for exploitation and utilization.




2.4. Evaluation of WRCC by Fuzzy Comprehensive Evaluation Model Based on Entropy Weight Method


2.4.1. Determination of the Weight Coefficient by Entropy Weight Method


The entropy method can be used to determine the weight based on the data dispersion, which avoids subjective human interference. The impacts of different evaluation factors on the water resource bearing capacity are different, where the greater the variation of an indicator in the evaluation process, the greater the impact on the WRCC. Therefore, to ensure objective and truthful evaluation results, the entropy method is used in this paper to determine the weight coefficient, and the specific steps of this method are as follows:



First, a data matrix M =      (  x  i j   )   m n     is constructed, which has m evaluation objects and n evaluation factors (i = 1, 2, …, n; j = 1, 2, …, m).



Second, non-negative processing is completed for each evaluation factor. The following processing is performed to avoid a meaningless logarithm of entropy:


     Z  i j   =    x  i j   − min  (   x  i j    )    max  (   x  i j    )  − min  (   x  i j    )    + 1    



(1)




where    Z  i j     is the data after non-negative;    x  i j     is the data of the j-th evaluation factor in the i-th scheme of the data matrix.



Third, the entropy of the j-th evaluation factor is calculated as follows:


     e j  =  [  −  1  ln  ( n )      ∑   i = 1  n   P  i j   ln  (   P  i j    )   ]     



(2)






     P  i j   =    Z  i j       ∑   i = 1  n   Z  i j        



(3)




where    e j    is the entropy of the j-th evaluation factor,    P  i j     is the proportion of the j-th evaluation factor in the i-th scheme accounts for the sum of j-th evaluation factor for all schemes.



Last, the weight of each factor in the subsystem (   w j   ) can be obtained from the following formula:


     w j  =   1 −  e j    m −   ∑   j = 1  m   e j    ( 0 ≤  w j  ≤ 1 :   ∑   j = 1  m   w j  = 1 )    



(4)




where    w j    is the entropy weight of the j-th evaluation factor.




2.4.2. Fuzzy Comprehensive Evaluation Model


The fuzzy comprehensive evaluation model can be used to evaluate the WRCC in a multi-level and multi-factor manner and more fully reflect the status of regional water resources. The basic principle is as follows: given two finite groups     U   =   { u  1    ,   u  2    , … ,   u  n  }  ,      V   =   { v  1    ,   v  2    , … ,   v  m  }  , U is the evaluation index set composed of all evaluation indexes; V is the review set; rij is the membership degree of the evaluation index ui to vj, and thus, the fuzzy relation matrix R is as follows [36] (Meng et al., 2009):


    R =  (       r  11        r  12      ⋯     r  1 m          r  21        r  22      ⋯     r  2 m        ⋮   ⋮   ⋮   ⋮       r  n 1        r  n 1      ⋯     r  nm        )     



(5)







Then, the fuzzy relation matrix is multiplied by the weight of each index, and the result will be an evaluation grade. Assuming the weight coefficient of each index is     W   =   { w  1  ,  w 2  , … ,  w n  }   (W is a fuzzy subset of U, 0 wi≤ 0 is     ∑  ​  w  i= 1), the comprehensive judgment matrix B is shown as follows:


     B = W ⋅   R = ( w  1  ,  w 2  , … ,  w n  )    (       r  11        r  12      ⋯     r  1 m          r  21        r  22      ⋯     r  2 m        ⋮   ⋮   ⋮   ⋮       r  n 1        r  n 1      ⋯     r  nm        )    = ( B  1  ,  B 2  , … ,  B n  )     



(6)








2.4.3. Determination of Membership Degree Stands.


The membership degree rij in fuzzy relation matrix R can be calculated by comparing the actual value of the evaluation factor with the classification index of the corresponding factor (Table 4). To eliminate the jump phenomenon caused by a slight difference between levels, the membership function must be established in a fuzzy method, allowing all grades to transit smoothly [43]. v2 is for the middle interval, and the membership degree of the interval midpoint is 1. The membership degree of the edge points on both sides is 0.5, and the value decrements linearly from the midpoint to both sides. For v1 and v3, the further away from the critical value, the greater the membership degree for both sides. The membership degree of the critical value on both edges is 0.5. According to the above assumptions, the formula for the membership function of each evaluation level can be constructed. The critical value of both v1 and v2 is k1, the critical value of both v2 and v3 is k3, and the value of v2 is k2, where k2 = (k1 + k3)/2.



For positive indicators u2, u3, u4, u7, u8, and u10, the equations of each membership function (   μ  v j   )   are denoted as follows:


     μ   v 1    =  {      0.5  (  1 +    k 1  −  u i     k 2  −  u i     )                     u i  ≥  k 1          0.5  (  1 −    u i    −    k 1     k 2    −  k 1     )         u i  ≤  u i  <  k 1            0                                                                        u i  ≤    K 2           



(7)






     μ   v 2    =  {      0.5  (  1 −    k 1    − u  i     k 2    − u  i     )                              u  i    ≥  k 1        0.5  (  1 +    u i    − k  1     k 2    − k  1     )                 k 2  ≤  u i  <  k 1        0.5  (  1 +    k 3    − u  i     k 3    − k  2     )               k 3  ≤  u i  <  k 2        0.5  (  1 −    k 3    − u  i     k 3    − u  i     )                           u i    ≤  k 3           



(8)






             μ   v 3    =  {      0.5  (  1 +    k 3    − u  i     k 2    − u  i    i     )                     u i    ≤  k 3              0.5  (  1 −    u i    − k  3     k 2    − k  3     )                 k 2  ≤  u i  <  k 3          0                                                                   u  i  ≤     k  2                 



(9)




where    μ   v 1     ,    μ   v 2     , and    μ   v 3      are the membership degrees of index value in each scheme to v1, v2, and v3, respectively. And    u i    is the value of the i factor in each scheme.



When calculating u1, u5, u6, u11 and u12, it is necessary to change “≥” into “≤” and “<” into “>” in Equations (7)–(9).



Through the above formulas, we can calculate the membership degree of each evaluation factor corresponding to each level, ri1 = μv1, ri2 = μv2, ri3 = μv3, that is, the fuzzy relation matrix R is obtained.




2.4.4. Calculate the Evaluation Index of Each Subsystem


Comprehensive judgment matrix B = W·R, where    b j  =   ∑   i   =   1  n   w i   r  i j    , (j = 1, 2, …, m), assignment of 3 levels in the review set (v1, v2, v3) is wj = {0.95, 0.5, 0.05}. According to the weighted average principle, the evaluation index of 4 subsystems (   u *   ) is calculated as follows:


     u *  =     ∑   j = 1  3     μ  v j    w j      ∑   j = 1  3     μ  v j        



(10)




where    V j    stands for the different evaluation levels and    w j     stands for the value of each level.




2.4.5. Calculate the Comprehensive Evaluation Index


The comprehensive evaluation index L of the WRCC is calculated by the weighted average principle according to Equation (10), and this index is a comprehensive evaluation of the subsystem evaluation index obtained in the previous step. Index L is a comprehensive indicator used to measure the WRCC. The higher the evaluation index, the better the WRCC, and the grading standard is given in Table 5.






3. Results and Discussion


According to the simulation results of water resource allocation, the values of 12 factors for all schemes during different years are calculated (Table 6), the weight coefficients of each index are calculated using Equations (1)–(4), and the weight vectors are W = (0.1443, 0.0705, 0.0711, 0.0998, 0.0561, 0.0827, 0.0783, 0.1352, 0.1046, 0.0516, 0.0402, and 0.0657). The fuzzy relation matrix R is calculated from Table 5 and Equations (7)–(9), and the WRCC evaluation result is obtained using Equations (6) and (10).



Based on Figure 5, compared with the current year level, the evaluation indexes of each subsystem in the 12 schemes show different degrees of improvement, and the rationality of water resource allocation is further explained.



The social subsystem has the highest evaluation indexes, all of which are greater than 0.7, indicating that the coordination degree of the water resources and social subsystem is good. However, an increasing trend is not apparent, this is attributable to the population density increase of 8.7%, and further advancement of the urbanization process in the planning level years, which leads to great pressure on water resource support. Even if water resources are properly dispatched, the water resource situations in arid and semi-arid areas cannot be completely changed, and the scale of social progress under limited water resources will also be restricted. Therefore, transformation of residential life patterns and reinforcement of water-saving awareness are profoundly significant.



In the economic subsystem, the evaluation index showed the largest increase, from 0.3902 to 0.6384, which was from an unbearable to bearable state. This increase indicates that it is helpful to improve the coordination of water resources and economic subsystems by adjusting the industrial structure, increasing the tertiary industry share, and improving the level of water-saving irrigation practices. The rising trend seen in the water resource subsystem indexes is primarily due to the completion of the Huangzang Temple Water Control Project and enhancement of water resource management capabilities in the Heihe River Basin.



In the water resource subsystem, the evaluation index has gradually increased, and the index of scheme 7 reaches a maximum of 0.4092. This shows that the water resources required for social and economic development are guaranteed and the region still has the potential for development and utilization. The evaluation indexes of water subsystems have declined at the long-term planning level, which is mainly because of the increase in water resource consumption resulting from rapid economic and social development.



In the ecological system, the current year evaluation index is 0.3043, which is a relatively low level. This is mainly because the midstream region was dominated by the agricultural economy, where more farmland led to ecological water occupation. The gradual increase in the evaluation indexes of the ecological subsystem occurred during the planning level year, which shows that the industrial structure adjustment, returning farmland to forest, and construction of forest and grass cover are meaningful for sound ecological environmental development in the Heihe River middle reaches.



The comprehensive evaluation results of the 13 schemes are all between 0.4 and 0.6. Additionally, all results are in a bearable state, indicating that the development and utilization of water resources in the middle reaches irrigation area has a certain scale and meets the socioeconomic development requirements. However, under current conditions, the evaluation index of scheme 1 is 0.4470, which is in a bearable state but not adequately stable, whereas the downstream water resource is required to maintain the ecological environment. Therefore, the reasonable allocation of water resources is particularly important. At the planning level, the comprehensive WRCC evaluation index is increasing, and the upward trend of the comprehensive index is similar to the rising tendencies of the water resources and economic subsystems. This shows that the main constraining factors affecting the WRCC are the water resources and economic systems.



In the recent planning year, the comprehensive WRCC indexes of Schemes 2–7 show few differences, which is due to various measures of socioeconomic development and ecological environmental protection being comprehensively considered in all schemes. Schemes 2–4 and 5–7 show upward trends, indicating that with an increase in water-saving irrigation and economic levels, the WRCC has continuously improved. Simultaneously, comparing the comprehensive indexes of Scheme 2 and Scheme 5, with the decrease of irrigated area, the comprehensive evaluation value increases, indicating that under the same conditions of water saving and socio-economic development, reducing agricultural water has a positive impact on the WRCC in the middle reaches. The results of comparison Scheme 3 and Scheme 6, Scheme 4 and Scheme 7 are similar. The largest comprehensive index is scheme 7, reaching 0.5561, it shows that the improvement of water resources carrying capacity is most effective in reducing irrigation area, increasing irrigation water saving level and social and economic development level.



In the long-term planning year, the WRCC of Schemes 8–10 and 11–13 present the same pattern as the recent planning schemes. Moreover, the evaluation indexes of the long-term planning schemes are higher than those of the recent planning level except for Schemes 8 and 11, which is likely due to population pressure, lower irrigation levels and water conservation. The comprehensive evaluation index of Scheme 13 is 0.5629; it is the largest in the long-term planning and also among all planning schemes, indicating that when adopting certain ecological environmental remediation measures, a plan with high level of water-saving irrigation, higher economic growth rates and irrigation area control can achieve the most comprehensive WRCC effect. This will also provide a more coordinated and balanced development of society, economy, and ecology.



As seen in Table 7, significantly more comprehensive index schemes are members of v2 than of v3 and v1, which is part of the bearing state. The membership degree of Scheme 1 to v2 is 0.5987, this shows that the utilization of water resources in the middle reaches irrigation area has reached a certain scale and can ensure regional development. Meanwhile, the membership degree of Schemes 2–13 to v2 are greater than 0.6, but the membership degree to v1 is greater than v3. This indicates that the development and utilization of water resources has a considerable scale during the planning level years, but there is still potential. Thus, focus should be placed on the coordinated development of water resource utilization and social, economic, and ecological environments. Simultaneously, the evaluation membership degree for v1 shows an increasing trend, while the membership degree of v3 is the opposite. This indicates that the WRCC is in good condition and the potential for development and utilization remain.




4. Conclusions


In this paper, the WRCC of the Heihe River middle reaches is obtained using the fuzzy comprehensive evaluation method, based on various allocation schemes of water resources in different years. The main conclusions are as follows:




	(1)

	
The evaluation indexes of the four subsystems have different degrees of upward trend. Among them, the evaluation index of the economic subsystem has the largest increase, followed by the water resources subsystem, and the ecological subsystem. The social subsystem has the smallest increase, but it has the highest score in the four subsystems.




	(2)

	
The evaluation index of the 12 water resource allocation plans in planning level years have increased compared with the current situation, and all values are above 0.45, this indicates that a reasonable allocation of water resources is of great significance to the improvement of the WRCC, and the development and utilization of water resources in the middle reaches acquires a certain scale and meets the socioeconomic development requirements.




	(3)

	
The comprehensive index of scheme 7 is the largest in the recent planning year at 0.5561, and the index of scheme 13 is the largest in the long-term planning level at 0.5629. This shows that the water-saving irrigation level, socioeconomic development level and irrigated area have a greater impact on WRCC.




	(4)

	
The membership degree of Schemes 2–13 to v2 are greater than 0.6, and the membership degree to v1 shows an increasing trend. This shows that the development and utilization of water resources has a considerable scale during the planning level years, but there is still potential.









Based on the above results, there are several suggestions for improving the WRCC in the middle reaches of the Heihe River:




	(1)

	
In pursuit of economic development, attention should be paid to the ecological environment in the middle reaches. The construction of a water-saving society should continue to be comprehensively promoted, more available water resources should be provided for the ecosystem, the coverage of forest and grass should be increased.




	(2)

	
While attaching importance to social and economic development, increasing the investment in agricultural irrigation facilities, changing the extensive irrigation model, improving the utilization rate of agricultural water, and restricting agricultural irrigation area are conducive to ensuring the sustainable development of water resources.




	(3)

	
In view of the developed agricultural economic advantages of Zhangye City, considering the development of light industry with agricultural products as raw materials, constantly adjusting the industrial structure, and strictly limiting the development of high-water-consuming industries and serious polluting industries to achieve sustainable use of water resources.
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Figure 1. Map of the study area location. 
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Figure 2. Framework of the water resource allocation model. 






Figure 2. Framework of the water resource allocation model.



[image: Water 10 01203 g002]







[image: Water 10 01203 g003 550] 





Figure 3. Framework of the water resource system in the Heihe River Basin. 
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Figure 4. Flow fitting figure in the mainstream of Zhengyixia section. 
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Figure 5. Evaluation indexes of various schemes. 
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Table 1. Corresponding relationships between computational units and districts.
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Position of Basin

	
Districts

	
Compute Units

	
Control Sections






	
upper

	

	

	
Yingluoxia




	
middle

	
Ganzhou

	
Daman, Shangsan, Xijun, Yingke

	
Gaoya




	
Linze

	
Pingchuan, Banqiao, Liaoquan, Yanuan, Shahe, Liyuanhe

	
Pingchuan




	
Gaotai

	
Youlian, Liuba, Luocheng

	
Zhengyixia




	
lower

	
Jinta

	
Dingxin

	
Shaomaying




	
Dongfengchang

	
Dongfeng Reservoir

	
Langxinshan




	
Ejina Qi

	
Upper and Middle of West River, Jianguoying, Zhongge Oasis, Upper of East River, Tiekuli Ecology, Dongdahe, East Juyanhai, Angcihe Ecology, Banbuerhe

	
Angcihe River turn-out Gate, Estuary of East Juyanhai
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Table 2. Verification table of the groundwater equilibrium in the irrigation area; unit: 104 m3.






Table 2. Verification table of the groundwater equilibrium in the irrigation area; unit: 104 m3.





















	Irrigation Area
	Shangsan
	Yingke
	Daman
	Xijun
	Shahe
	Liyuanhe
	Yanuan
	Banqiao
	Liaoquan
	Pingchuan
	Liuba
	Youlian
	Luocheng





	Replenishment
	
	
	
	
	
	
	
	
	
	
	
	
	



	Reservoir infiltration
	0
	0
	51
	0
	57
	56
	25
	34
	103
	35
	12
	365
	353



	Canal infiltration
	4557
	7411
	5556
	8426
	1172
	5202
	2149
	3979
	1982
	2425
	813
	7307
	1569



	Field infiltration
	413
	1481
	1146
	1369
	235
	1379
	266
	402
	333
	411
	317
	2068
	329



	Precipitation infiltration
	282
	948
	902
	1011
	164
	684
	236
	248
	224
	113
	65
	339
	116



	Lateral supplies
	175
	10,949
	3464
	2086
	3190
	13,544
	24,185
	12,086
	14,003
	7988
	5573
	11,688
	4009



	River replenishment
	186
	17,597
	6294
	10,891
	0
	0
	0
	0
	0
	0
	0
	0
	0



	Drainage
	
	
	
	
	
	
	
	
	
	
	
	
	



	Potential evaporation
	0
	0
	0
	6
	0
	6543
	593
	13
	668
	2759
	756
	1877
	1981



	Lateral outflow
	5185
	27,357
	10,927
	16,783
	3542
	6932
	25,779
	16,400
	14,660
	3803
	2237
	12,738
	2617



	Spring outflow
	0
	0
	0
	0
	0
	0
	29
	0
	275
	3477
	1921
	0
	719



	Mining of groundwater
	0
	7064
	5693
	4819
	812
	6745
	327
	0
	947
	1048
	1775
	10,106
	1050



	Lateral inflow
	0
	0
	0
	0
	0
	0
	15,519
	9375
	9969
	2541
	2237
	7394
	2617



	Leakage to watercourse
	20
	1895
	678
	1173
	0
	0
	0
	0
	0
	0
	0
	0
	0



	Total supplies
	5614
	38,386
	17,413
	23,782
	4819
	20,865
	26,862
	16,749
	16,646
	10,972
	6780
	21,768
	6377



	Total outflow
	5205
	36,317
	17,298
	22,781
	4354
	20,220
	26,728
	16,413
	16,550
	11,087
	6689
	24,721
	6367



	Initial water level
	1473
	1446
	1468
	1435
	1419
	1411
	1395
	1392
	1368
	1380
	1337
	1350
	1297



	Final water level
	1475
	1450
	1468
	1436
	1420
	1412
	1396
	1392
	1369
	1380
	1337
	1347
	1297



	Water storage variation
	514
	2147
	−214
	804
	328
	1238
	227
	200
	80
	269
	45
	−1808
	278



	Absolute equilibrium differential
	−106
	−77
	329
	197
	136
	−594
	−93
	136
	15
	−384
	46
	−1145
	−268



	Relative equilibrium differential (%)
	1.88
	0.20
	1.89
	0.83
	2.82
	2.84
	0.35
	0.81
	0.09
	3.50
	0.67
	5.26
	4.20
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Table 3. The scheme set for water resource allocation in the Heihe River Basin.
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Planning Level Year

	
Scheme

	
Water Supply

	
Water Demand




	
A

	
B

	
C

	
D

	
E

	
F

	
G




	
A1

	
A2

	
B1

	
B2

	
C1

	
C2

	
D1

	
D2

	
E1

	
E2

	
E3

	
F1

	
F2

	
F3






	
Current

	
1

	
★

	

	
★

	

	
★

	

	
Status

	
Status

	
Status

	
★




	
Recent

	
2

	

	
★

	

	
★

	
★

	

	
★

	

	
★

	

	

	
★

	

	

	
★




	
3

	

	
★

	

	
★

	
★

	

	
★

	

	

	
★

	

	

	
★

	

	
★




	
4

	

	
★

	

	
★

	
★

	

	
★

	

	

	

	
★

	

	

	
★

	
★




	
5

	

	
★

	

	
★

	
★

	

	

	
★

	
★

	

	

	
★

	

	

	
★




	
6

	

	
★

	

	
★

	
★

	

	

	
★

	

	
★

	

	

	
★

	

	
★




	
7

	

	
★

	

	
★

	
★

	

	

	
★

	

	

	
★

	

	

	
★

	
★




	
Long-term

	
8

	

	
★

	

	
★

	

	
★

	
★

	

	
★

	

	

	
★

	

	

	
★




	
9

	

	
★

	

	
★

	

	
★

	
★

	

	

	
★

	

	

	
★

	

	
★




	
10

	

	
★

	

	
★

	

	
★

	
★

	

	

	

	
★

	

	

	
★

	
★




	
11

	

	
★

	

	
★

	

	
★

	

	
★

	
★

	

	

	
★

	

	

	
★




	
12

	

	
★

	

	
★

	

	
★

	

	
★

	

	
★

	

	

	
★

	

	
★




	
13

	

	
★

	

	
★

	

	
★

	

	
★

	

	

	
★

	

	

	
★

	
★








Notes: A, B and C represent different water source projects. A stands for Plain Reservoir, where A1 and A2 represent use and discard, respectively; B stands for the upstream Huangzang Temple Water Control Project that will be completed in 2020, where B1 and B2, respectively represent uncompleted and commissioned; C stands for the Ying-Hong Cascade Reservoir in the middle reaches, where the operating modes are C1 (short-term), C2 (long-term); D represents the irrigated areas, D1 is the area of cultivated land restored to the level of 2000 and D2 is the area required for the Recent Management Plan of the Heihe River Basin; E and F represent the level of water-saving irrigation and socioeconomic development, respectively, which are divided into three levels: low, medium, and high. Scheme 1 indicates the status of the current year, so D, E, and F are all expressed by Status. G represents the level of ecological water demand in 2008. ★ represents different water source projects, irrigation areas, irrigation water saving levels, and socio-economic development levels for each scheme.
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Table 4. The evaluation system and grading standard of water resource carrying capacity (WRCC).






Table 4. The evaluation system and grading standard of water resource carrying capacity (WRCC).





	
Target Level

	
Guideline Layer

	

	
Index

	
Grading Standards




	
v1

	
v2

	
v3






	
Comprehensive evaluation index system of water resource

	
Water subsystem

	
u1

	
Per capita water resources (m3/PER)

	
>4000

	
4000~1700

	
<1700




	
u2

	
Water supply module (104 m3/km2)

	
<5

	
5~15

	
>15




	
u3

	
Groundwater multi-year average degree of exploitation

	
<0.5

	
0.5~1.2

	
>1.2




	
Economic subsystem

	
u4

	
Crop irrigation quota (m3/mu **)

	
<200

	
200~500

	
>500




	
u5

	
Irrigation water use factor

	
>0.65

	
0.65~0.5

	
<0.5




	
u6

	
Tertiary industry as a share of GDP (%)

	
>60

	
60~30

	
<30




	
u7

	
10,000 yuan industrial output value of water demand (104 m3)

	
<50

	
50~100

	
>100




	
Social subsystem

	
u8

	
Population density (104 PER/km2)

	
<100

	
100~150

	
>150




	
u9

	
Level of urbanization (%)

	
>70

	
70~20

	
<20




	
u10

	
Domestic water quota (L/PER·day)

	
<100

	
100~150

	
>150




	
Ecosystem subsystem

	
u11

	
Ecological water demand rate (%)

	
>40

	
40~20

	
<20




	
u12

	
Forest and grass coverage (%)

	
>60

	
60~15

	
<15




	

	
Scores

	
0.95

	
0.50

	
0.05








Note: ** 1 km2 = 1500 mu.
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Table 5. Evaluation index grading standard for the WRCC.
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	L
	State
	Description of State Meaning





	[0~0.4]
	Unbearable
	Contradiction between the water supply and demand is outstanding, and the water supply cannot meet production and life needs.



	[0.4~0.6]
	Bearable
	Contradiction between the supply and demand of water resources is eased, and regional water-saving measures are relatively complete. Water resources can meet the needs of production and living.



	[0.6~1.0]
	Ideal bearing
	Water resources become the dominant resource for regional development, which is coordinated with the ecology, economy and society.
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Table 6. Statistics of the evaluation factors based on the water resource allocation scheme set.
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Factor

	
Allocation Scheme Set




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13






	
u1

	
1892.64

	
1852.31

	
1852.31

	
1852.31

	
1852.31

	
1852.31

	
1852.31

	
1743.24

	
1743.24

	
1743.24

	
1743.24

	
1743.24

	
1743.24




	
u2

	
11.68

	
10.72

	
9.85

	
9.27

	
10.07

	
9.27

	
8.73

	
10.30

	
9.49

	
9.43

	
9.70

	
8.96

	
8.93




	
u3

	
1.52

	
1.18

	
1.00

	
0.98

	
1.07

	
1.00

	
0.93

	
1.04

	
0.98

	
1.00

	
0.99

	
0.96

	
0.99




	
u4

	
416.18

	
416.18

	
376.18

	
346.18

	
416.18

	
376.18

	
346.18

	
376.18

	
333.52

	
313.52

	
376.18

	
333.52

	
313.52




	
u5

	
0.53

	
0.58

	
0.61

	
0.63

	
0.58

	
0.61

	
0.63

	
0.61

	
0.66

	
0.68

	
0.61

	
0.66

	
0.68




	
u6

	
37.71

	
43.96

	
43.85

	
44.56

	
43.96

	
43.85

	
44.56

	
39.23

	
40.75

	
40.71

	
39.23

	
40.75

	
40.71




	
u7

	
86

	
58

	
39

	
30

	
58

	
39

	
30

	
35

	
23

	
18

	
35

	
23

	
18




	
u8

	
69

	
71

	
71

	
71

	
71

	
71

	
71

	
75

	
75

	
75

	
75

	
75

	
75




	
u9

	
39

	
42

	
42

	
42

	
42

	
42

	
42

	
48

	
48

	
48

	
48

	
48

	
48




	
u10

	
81

	
88

	
88

	
88

	
88

	
88

	
88

	
92

	
92

	
92

	
92

	
92

	
92




	
u11

	
21.35

	
27.34

	
28.38

	
28.80

	
27.59

	
28.66

	
29.10

	
29.56

	
30.76

	
29.66

	
29.90

	
31.11

	
29.96




	
u12

	
22.83

	
27.22

	
27.22

	
27.22

	
31.49

	
31.49

	
31.49

	
27.22

	
27.22

	
27.22

	
31.49

	
31.49

	
31.49
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Table 7. Comprehensive evaluation of WRCC in the middle reaches of Heihe River.
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	Scheme
	v1
	v2
	v3
	α





	1
	0.1418
	0.5987
	0.2595
	0.4470



	2
	0.1667
	0.6697
	0.1636
	0.5014



	3
	0.2035
	0.6705
	0.1260
	0.5349



	4
	0.2218
	0.6657
	0.1125
	0.5491



	5
	0.1667
	0.6918
	0.1415
	0.5114



	6
	0.2076
	0.6733
	0.1191
	0.5398



	7
	0.2256
	0.6735
	0.1009
	0.5561



	8
	0.2058
	0.6511
	0.1430
	0.5283



	9
	0.2388
	0.6405
	0.1207
	0.5531



	10
	0.2523
	0.6238
	0.1240
	0.5577



	11
	0.2080
	0.6627
	0.1293
	0.5354



	12
	0.2426
	0.6457
	0.1117
	0.5589



	13
	0.2558
	0.6281
	0.1161
	0.5629
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