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Abstract

:

Being one of the most important sources of water in the Jilin Province in China, the Yinma River Basin (YRB) is facing problems of water scarcity in low economic areas and low utilization in richer areas mainly caused by the irrational allocation of water, excessive pursuit of economic benefits, and neglect of environmental problems. Restricting watershed development involves potential decision-making risks. Some scholars have used the interval two-stage stochastic planning method to adjust water resource allocation in the Drinking Horse River Basin, but the method uses historical statistics for projection and does not take into account the ambiguity and uncertainty in real planning situations. Therefore, this study addresses the problems prevalent in the allocation of water resources in the YRB through optimization using stochastic programming methods, interval and two-stage, and introduces the fuzzy mathematical programming method, with the aim of coordinating the water balance of various water-consuming sectors in the YRB, so as to reconfigure the water allocation. The goal is to solve the existing problems of irrational water allocation, reduce system risks posed by excessive economic development, mitigate water shortages in the water-consuming sectors, and alleviate potential decision-making risks and vague uncertainties associated with the allocation of water resources. Additionally, optimization of the pollution-holding capacity improvement project was carried out. The interval fuzzy two-stage model simulation developed in this study shows that the distribution of water across the different administrative regions can be reduced by up to 30% compared with the original model, effectively reducing the problem of water wastage. Post-optimization, the impact of water shortage in the water resources allocation scheme is alleviated to a significant degree, and there is no water shortage in some areas. At the same time, the eco-environmental sector has gradually taken the leading role in the distribution of water reuse among the different water-consuming sectors. The pollution-holding capacity has been enhanced, and the discharge and river entry chemical oxygen demand (COD) and ammonia nitrogen, two typical pollutants, have been reduced. The membership interval in the interval fuzzy two-stage model reflects the relationship between the possible level of the target value and the risk level. This study provides a guideline for decision makers for balancing the relationship between benefits and risks and proposes a planning scheme that is more conducive to the development of the river basin.
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1. Introduction


Water resources are vital to the survival of animals, plants, and microorganisms and are also equally important for human life and social development [1,2,3,4,5,6,7]. Over the past few decades, the demand for water in society has increased significantly due to rapid population growth and the rapid development of various industries [8,9,10]. As we all know, Earth has abundant water resources, but only about 2.5% of them are freshwater [11]; most of them exist in the form of glaciers or deep groundwater, and only 0.26% of the world’s freshwater resources are distributed in lakes, reservoirs, and rivers [12]. The survival, as well as social and economic development, of mankind depends mainly on this relatively readily available 0.26% freshwater resource for its water needs. Rivers are widely distributed on land and are the most important sources of water for humans [13,14,15,16,17]. Due to the exponential growth of the population, existing freshwater resources are being rapidly depleted. In the 20th century, in particular, the global population quadrupled, and, simultaneously, water withdrawals from natural freshwater systems increased eightfold. As a result, water scarcity exists both in economically developed countries and regions, as well as in the sparsely populated Himalayas [18,19,20]. The Middle East has long been recognized by experts as a semi-arid-to-arid region, with millions of people facing a lack of access to water for domestic use and water depletion becoming a serious and deteriorating ecological problem in the region [21,22,23,24,25,26]. In Africa, more than 785 million people live in conditions of extreme water scarcity [27,28,29,30,31]. Water resources are also becoming increasingly scarce in some European countries, with a negative impact on local economic development [32,33,34]. Although China is rich in water resources, it has a large population, accounting for 22% of the total population of the world, and only 8% of the world’s freshwater resources, which are unevenly distributed spatially and temporally, with more than 80% of its water resources concentrated in coastal areas of the southeast [35], leading to severe drought and water shortages in northern China [36,37,38,39,40].



In areas where water resources are scarce, rivers are centrally controlled to ensure the supply of water to urban, industrial, and agricultural sectors [41]. Faced with this increasingly tense water situation, nations around the world have taken steps to adopt the strategies necessary for the sustainable management of water withdrawals from rivers and other water sources [42]. Studies have shown that adjusting the allocation of water resources in a basin and balancing the relationship between water supply and water demand is an effective means of alleviating water shortages in a basin [43,44,45,46]. Jodar-Abellan et al. [47] developed a conceptual model to mitigate drought in southeastern Spain by analyzing the relationship between the sources of water resources and the demand for water. The model balances the water needs of various end users and offers a new approach to water allocation in the context of water scarcity and increasing water demand. Schlüter et al. [44] used the EPIC modelling system to build a water management model for the Amudaria River and its delta, taking into account the changing demands of the water use sectors and responding to the changing priorities of the water use sectors, providing water on demand and mitigating the environmental degradation caused by water scarcity in the area. Degefu et al. [48] provide a framework for addressing water allocation in transboundary rivers under shared water resources in water scarcity situations, taking into account the water allocation challenges that exist in transboundary rivers facing water scarcity situations, which can provide water allocation results that are easier to implement and enforce under water scarcity conditions. China was one of the first countries to develop and use watershed resources, and the tension between the supply and demand of water resources in the basin is also extremely high [49,50], seriously hampering the sustainable economic and ecological development of the basin. The imbalance between supply and demand of water resources in the basin must be addressed. Many scholars have already conducted studies on water resource management in China. Yao et al. [51] developed a multi-objective, multistage Starkelberg–Nash–Kurnow model to optimize water allocation based on water rights allocation and overcome water allocation problems caused by uneven annual inflows in response to the poor sustainability of water allocation in the Min River Basin in China. Zhang et al. [52] constructed a general equilibrium model embedded in the IO table of soil and water resources to address the imbalance between economic and ecological benefits in the Heihe River Basin, providing a theoretical solution to achieve the redistribution of water resources while maintaining economic and ecosystem stability in the dryland basin. Yang et al. [53] proposed a holistic basin-scale approach to determine the ecological water demand of the Yellow River Basin and to allocate water resources according to the natures of the water-using sectors.



There are various water allocation models, including typical water evaluation and planning (WEAP) models [54,55], irrigation water allocation models [56,57], and traditional water allocation models [58]. However, these models are often modeled using statistical data collected over the years to optimize and forecast future changes. However, reality is fraught with uncertainty, and statistical planning using mathematical methods alone cannot withstand the risks posed by uncertain events. The Songhua River is a major water system in northeast China [59,60]. As a secondary tributary of the Songhua River, the Yinma River is a key target for control in Jilin Province. Studies have already focused on water allocation in the Yinma River Basin using planning methods. As a secondary tributary of the Songhua River, the Yinma River is a priority for control in Jilin province. Studies have been carried out using planning methods to focus on the allocation of water resources in the Yinma River Basin. This has seriously hindered ecological protection and economic improvement; therefore, the prevalent contradictions between water use and supply and demand need to be solved urgently. Meng et al. [61] constructed an interval two-stage optimization approach based on water allocation in the Yinma River Basin to improve system gains when water resources are allocated. However, Meng et al. [61] overallocate water resources to sectors with low discharge or high water use benefits, while the scope for optimization is too broad, and there are ambiguities and uncertainties about the amount of water to be reused, along with ecological issues, leading to wastage of water resources in areas with low discharge or high water use benefits in the Yinma River Basin. Therefore, a more scientific approach to optimizing the allocation of water resources in the Yinma River Basin is urgently needed.



In view of the discussion above, this study introduces a fuzzy programming method based on the YRB water resource distribution model using the two-stage interval model developed by Meng et al. [61]. The main focus of this study is to develop an optimal water distribution model for the YRB by interval fuzzy two-stage stochastic programming (IFTSP), with comprehensive economic effects as an objective function. The study aims to optimize the allocation of water in various regions and sectors of the YRB to ensure effective use of water while simultaneously considering the state of pollution discharge in the watershed and to formulate plans that are conducive to the comprehensive evolution of economic and ecological use of water resources in the YRB.




2. Study Area


The Yinma River Basin, located in the middle of Jilin Province, originated from Hulanling, Yima Town, Panshi City, Jilin Province; the basin flows through seven areas, including Changchun City, Nongan County, Dehui city, Jiutai District, Yongji County, Panshi City, Yitong Manchu Autonomous County, and Xiadian District of Siping City, and is injected into the Second Songhua River about 15 km north of Jishantun Village of Nongan County [62]. A distribution map of the Yinma River Basin is shown in Figure 1. As can be seen in the Geography of Jilin Province, the Drinking Horse River Basin has a diagonal rectangular shape in a bird’s eye view from above, with a relatively simple type of topography, the eastern part being mainly a transition area between the mountains and the Songliao Plain, the southern part being mainly low mountainous hills, the northwestern part being mainly extensive plains, and the central part being a plain terrace with a high southeast and low northwest topography, with most of the rivers flowing from north to south.




3. Model Development


3.1. Interval Fuzzy Two-Stage Model


The fuzzy programming method transforms the fuzzy mathematical problem into the general linear programming method and presents the fuzzy parameters in the form of fuzzy random variables. The expression of the interval fuzzy two-stage stochastic programming method is as follows [63,64,65].


  max    λ ±   



(1)







Constraints:


   C ±   X ±  −   ∑  h = 1  k    p h    q    y h    ±  ,  ω h    ±    ≥  f +  − ( 1 −  λ ±  ) (  f +  −  f −  )  



(2)






   A ±   X ±  ≤  b −  + ( 1 −  λ ±  ) (  b +  −  b −  )  



(3)






   X ±  ≥ 0  



(4)






  0 ≤  λ ±  ≤ 1  



(5)




where    λ ±    represents the fuzzy membership interval of the model and    f +    and    f −    represent the upper and lower limits of the objective function of the interval two-stage stochastic programming model, respectively. Using an interactive algorithm, the model is divided into two sub-models considering the upper and lower bounds to solve the problem. The solutions are    λ  o p t  ±  = [  λ  o p t  −  ,  λ  o p t  +  ]   and    X  o p t  ±  = [  X  o p t  −  ,  X  o p t  +  ]  , and the optimized value is    f  o p t     ±  =  C ±   X ±  −   ∑  h = 1  k    p h    q    y h    ±  ,  ω h    ±     .




3.2. Water Allocation Model Based on the IFTSP Approach


The present study introduces a fuzzy mathematical planning approach on account of an interval two-stage stochastic planning model and constructs the interval fuzzy two-stage stochastic programming method of water resource allocation model to reallocate water resources in the YRB, solving the problem of wastage of water resources caused by their imbalance and ensuring the maximization of economic benefits so as to achieve an efficient allocation of water resources in the basin [63,66].



In this approach, the minimum and maximum water consumption quotas of every water-consuming k-sector in the j-region of the YRB during the t-period are set as fuzzy variables, and the objective functions of the IFTSP model are constructed as follows:


  max    λ ±   



(6)




where    λ ±    denotes the affiliation interval of the model.



Constraints:




	(1)

	
Constraints on the maximization of water resource income:











   f 1 ±  −  f 2 ±  −  f 3 ±  −  f 4 ±  −  f 5 ±  ≥  f  +  − ( 1 −  λ ±  ) ⋅ (  f  +  −  f −  )  



(7)






   f ±  =  f 1 ±  −  f 2 ±  −  f 3 ±  −  f 4 ±  −  f 5 ±   



(8)






     f 1 ±  =   ∑  j = 1  8     ∑  k = 1  4     ∑  t = 1  3    L t  ⋅ U N  B  j k t  ±  ⋅   I A  W  j k t  ±  + R  W  j k t  ±              −   ∑  j = 1  8     ∑  k = 1  4     ∑  t = 1  3     ∑  h = 1  3    L t  ⋅  p h  ⋅ P N  B  j k t  ±  ⋅ D  W  j k t h  ±             



(9)






     f 2 ±  =     ∑  j = 1  8     ∑  k = 1  4     ∑  t = 1  3    L t  ⋅   I A  W  j k t  ±  −   ∑  h = 1  3    p h  ⋅ D  W  j k t h  ±      ⋅ C  W  j k t  ±             +   ∑  j = 1  8     ∑  k = 1  4     ∑  t = 1  3    L t  ⋅ R  W  j k t  ±  ⋅ C R  W  j k t  ±           



(10)






     f 3 ±  =     ∑  j = 1  8     ∑  k = 1  4     ∑  t = 1  3    L t  ⋅     I A  W  j k t  ±  −   ∑  h = 1  3    p h  ⋅ D  W  j k t h  ±        + R  W  j k t  ±            ⋅  α  j k t  ±  ⋅ C W  W  j k t  ±       +   ∑  j = 1  8     ∑  k = 1  4     ∑  t = 1  3    L t  ⋅ R  W  j k t  ±  ⋅ C R W  T  j k t  ±           



(11)






   f 4 ±  =   ∑  i = 1   11      ∑  l = 1  7     ∑  t = 1  3   E  R  i l t  ±  ⋅  Y  i l t  ±  ⋅ C E  R  i l t  ±         



(12)






   f 5 ±  =   ∑  j = 1  8     ∑  k = 1  4     ∑  t = 1  3     ∑  h = 1  3    L t  ⋅  p h  ⋅ P N  B  j k t  ±  ⋅ D  W  j k t h  ±           



(13)




where    f ±    represents the water resources income,    f 1 ±    represents the water use revenue,    f 2 ±    represents the water use cost,    f 3 ±    represents the wastewater treatment cost,    f 4 ±    represents the capacity enhancement project cost, and    f 5 ±    represents the water scarcity penalties.




	(2)

	
Constraint on available water resources [61]:











     ∑  k = 1  4     I A  W  j k t  ±  − D  W  j k t h  ±      ≤ A W  Q  t h  ±  ;   ∀ t , h   



(14)






   D  W  j k t h  ±  ≤ I A  W  j k t  ±  ;   ∀ j , k , t , h   



(15)







The amount of water resources used by k-sector in j-region in t-period should not exceed the amount of water allocated by the department.




	(3)

	
Constraints on sectoral water demand:











   I A  W  j k t  ±  − D  W  j k t h  ±  + R  W  j k t  ±  ≥   W  D  min j k t  ±  − ( 1 −  λ ±  ) ⋅ ( W  D  min j k t  +  − W  D  min j k t  −  )   ;   ∀ j , k , t , h   



(16)






   I A  W  j k t  ±  − D  W  j k t h  ±  + R  W  j k t  ±  ≤   W  D  max j k t  ±  − ( 1 −  λ ±  ) ⋅ ( W  D  max j k t  +  − W  D  max j k t  −  )   ;   ∀ j , t , h , k ≠ 3   



(17)






   0 ≤ λ ≤ 1   



(18)







The available water resources of k-sector in j-region in t-period should not exceed the water consumption limit of the department.   W  D  min j k t  ±  , W  D  max j k t  ±    are fuzzy variables.




	(4)

	
Constraints on sewage treatment capacity [61]:











     ∑  k = 1  2     I A  W  j k t  ±  − D  W  j k t h  ±  + R  W  j k t  ±      ⋅  α  j k t  ±  ≤ A T  W  j k t  ±  , ∀ j , k , t , h   



(19)







The amount of sewage discharged by k-sector in j-region in t-period cannot exceed the sewage treatment capacity of the department.




	(5)

	
Constraints on reuse water treating capacity [61]:











     ∑  k = 1  2     I A  W  j k t  ±  − D  W  j k t h  ±  + R  W  j k t  ±    ⋅  α  j k t  ±  ⋅  ξ  j k t     ≥   ∑  k = 1  4   R  W  j k t  ±    , ∀ j , t   



(20)







The recycled water used by k-sector in j-region in t-period should not exceed the recycled water used by the department.




	(6)

	
Constraints on total pollutant control [61]:











     ∑  k = 1  4     I A  W  j k t  ±  − D  W  j k t h  ±  + R  W  j k t  ±    ⋅  α  j k t  ±  ⋅  β  j k t  ±  ⋅ E  C  k r t  ±    ≤ T E  D  j r t  ±  , ∀ j , r , t , h   



(21)







The discharge of pollutants in j-region during t-period shall not exceed the pollutant control capacity of the area.




	(7)

	
Constraints on sewage carrying capacity of the basin [61]











       ∑  j = 1  8     ∑  k = 1  4       I A  W  j k t  ±  − D  W  j k t h  ±      + R  W  j k t  ±      ⋅  α  j k t  ±  ⋅  β  j k t  ±  ⋅ E  C  k r t  ±  ⋅ I D  R  k r t   ⋅  X  i j           −   ∑  l = 1  7   E E  R  i l r t  ±  ⋅ E  R  i l t  ±  ⋅  Y  i l t  ±    ≤ A L  D  i r t h  ±  , ∀ i , r , t , h     



(22)







The pollutant absorbing capacity of each monitored section in t-period should not exceed its sewage carrying capacity.




	(8)

	
Non-negative constraints [61]:











   D  W  j k t h  ±  , R  W  j k t  ±  , E  R  i l t  ±  ≥ 0   



(23)







i represents the 11 water environment monitoring sections in the YRB;



j = 1 to 8 represent the eight regions in the YRB, respectively;



k represents the water sector, and k = 1 to 4 represent the industrial sector, municipal living sector, ecological–environmental sector, and agricultural sector, respectively;



t represents the planning period, and t = 1 to 3 represent the three five-year-planning periods from 2015 to 2020, 2020 to 2025, and 2025 to 2030, respectively;



h represents water resource availability levels of the YRB; h = 1, 2, and 3, respectively, represent low, medium, and high flow levels;



r represents typical pollutant control index types, r = 1 represents COD and r = 2 represents ammonia nitrogen;



l represents the type of pollution carrying capacity improvement project, l = 1 represents wetland, l = 2 represents floating bed, l = 3 represents corridor, l = 4 represents pre-storage, l = 5 represents conservation forest, l = 6 represents silt removal, and l = 7 represents aeration;



   L t    represents the time length of each planning period, which is 5 years in the present case, as stated earlier;



   P h    represents the probability that the water resource availability in the basin is h;



  L A  W  j k t  ±    represents the amount of water resource preferentially allocated to the k-sector in the j-region during the t-period (104 m3/year);



  R  W  j k t  ±    represents the water reuse allocated to the k-sector in the j-region during the t-period (104 m3/year);



  D  W  j k t h  ±    represents the missing water amount of a sector due to imbalanced demand and supply of water sources in the k-sector in the j-region at the h-level of availability of water resources during the t-period (104 m3/year);



  W  D  min j k t  ±  , W  D  max j k t  ±   , respectively, represent the minimum and maximum water consumption limits of the k-sector in the j-region of the YRB during the t-period (104 m3/year);



  A W  Q  t h  ±    represents the available water amount in the basin during the t-period at the h-level (104 m3/year);



  U N  B  jkt  ±    represents the water revenue generated by unit water resources of the k-sector in the j-region of the YRB during the t-period (104 yuan/104 m3);



  P N  B  jkt  ±    represents the loss caused by water shortage arising from the imbalanced demand and supply of water sources in the k-sector in the j-region during the t-period 104 yuan/104 m3);



  C  W  jkt  ±    represents the cost of water use for every k-sector in the j-region during the t-period (104 yuan/104 m3);



  C R  W  jkt  ±    represents the cost of recycling water of every k-sector in the j-region during the t-period (104 yuan/104 m3);



  C W  W  jkt  ±    represents the cost of sewage treatment for the k-sector in the j-region during the t-period (104 yuan/104 m3);



  C R W  T  jkt  ±    represents the cost of recycling water allocated by the k-sector in the j-region during the t-period (104 yuan/104 m3);



   α  j k t  ±    represents the pollution production coefficient of the k-sector in the j-region during the t-period;



   β  j k t  ±    represents the effluent discharge factor of the k-sector in the j-region during the t-period;



   ζ  j k t     represents the recycling rate of the k-sector in the j-region during the t-period;



  A T  W  jkt  ±    denotes the treatment capacity for the discharged sewage water by the k-sector in the j-region during the t-period (104 tons/year);



  E  C  krt  ±    denotes the effluent pollutants concentration post centralized treatment of wastewater generated by each water-utilization activity of the k-sector in the j-region during the t-period (tons/104 m3);



  T E  D  jrt  ±    denotes the degree of control of pollutants in the j-region during the t-period (tons/year);



  I D  R  k r t     represents the pollutants emission influx coefficient from each water utilization activity of the k-sector during the t-period;



   X  i j     denotes the emission factor of the j-region to water–environmental control unit i;



  A L  D  irth  ±    denotes the pollution intake at h-level during the t-period (tons/year);



  E E  R  irth  ±    represents the improvement rate of post-treatment pollutant efficiency of pollutant absorbing capacity enhancement works implemented by the control unit i during the t-period (tons/year);



  E  R  ilt  ±    represents the specific engineering quantity of pollution absorbing capacity enhancement works of the control unit i during the t-period;



   Y  ilt  ±    represents a 0–1 planning parameter, where 0 and 1 represent whether the project is implemented or not, respectively;



  C E  R  ilt  ±    represents the engineering cost generated by implementing the pollution absorbing capacity enhancement works of type l in the control unit i during the t-period.




3.3. Model Solving


In this paper, LINGO 18.0 software (LINDO, Chicago, IL, USA) was used to con-struct the water resource allocation model of the Yinma River Basin based on the IFTSP optimization method. Parameter data were acquired from Research on Water Quality Target Management Techniques and Water Pollution Management Strategies in the Yinma River Basin, which is a China Water Pollution Prevention and Control Science and Tech-nology Major Project. The flowchart for the model construction is shown in Figure 2.





4. Results and Discussion


In order to solve the Yinma River Basin’s water resource allocation model based on the IFTSP method, the objective functions    f +    and    f −    [63] of the IFTSP model were obtained first and then substituted into the IFTSP model as constraint conditions. Based on the interactive algorithm, the IFTSP model can be transformed into two groups of deterministic submodels [67,68] to solve the upper and lower bounds of the objective function, respectively. Lingo 11 software was used in this study to solve the developed IFTSP model, and the fuzzy membership degree interval was obtained as [0.32, 0.99]. The level of fuzzy membership indicates the balance between risk and decision making: the low level of fuzzy membership indicates the low risk and income of the scheme, and the decision maker is less likely to adopt the scheme. The high degree of fuzzy membership indicates that the scheme has high risk and high income, and the decision maker is more likely to adopt the scheme.



4.1. Change Analysis of the YRB Water Resources Allocation Based on the IFTSP Method


4.1.1. Water Resources Allocation Scheme in the YRB Based on the IFTSP Method


The IFTSP model has the ability to solve the problem of uncertainty associated with the distribution of water resources so as to realize the maximization of the expected benefit with the available water resources of the river basin. However, under the influence of the limiting factors of sewage recycling, the planned water resources model automatically allocates water resources to the areas with higher water benefits or lower sewage output, whereas the areas with lower water benefits or higher sewage output are allocated less water than the target value, resulting in inequality in water allocation and, consequently, in wastage of water resources. Therefore, the initial scheme of water resources allocation was adjusted by the method of IFTSP so as to realize a reasonable allocation and effective utilization of water resources and subsequently solve the real problem. The unreasonable distribution of water and soil resources and the uneven spatial and temporal distribution of rainfall are important factors in inter-basin water transfer projects [69,70,71]. Table 1 shows the YRB water resources allocation schemes in different planning periods under optimal allocation.



It can be seen in Table 1 that with the advance of the planning period, the water consumption of various departments in different planning areas has increased year by year, indicating that the water demands of various departments in the Yinma River Basin have been increasing with economic development, and the economic development of the Yinma River Basin has shown a good upward trend. The proportion of agricultural water use outside the jurisdiction of Changchun City is the largest among all allocations of water resources, indicating that the Yinma River Basin prioritizes agricultural water use. For example, the lower and upper limits of the proportion of agricultural water use in the three planning periods of water resource allocation in the Nong’an area are [96.00%, 95.00%], [95.00%, 94.70%], and [94.50%, 94.00%], respectively. Comparing the water resources allocation under different scenarios, it can be found that the water consumption of each sector gradually decreased within the same planning period, and the water resources allocation is more reasonable, indicating that the IFTSP model constructed in this study can effectively optimize and adjust the water resources allocation scheme. In all the scenarios, water resources can be fully utilized to avoid the wastage of water resources.



In the Dehui area, the lower and the upper limits of water resources allocation in the first planning period of the industrial and the municipal life sectors are [4475.00, 4732.00] × 104 m3/year and [1026.40, 1283.00] × 104 m3/year, respectively, decreasing [0%, 16.70%] compared to those without adjustment. Similarly, the lower and the upper limits of water resources allocation are [6144.00, 6144.00] × 104 m3/year and [1032.00, 1290.00] × 104 m3/year, respectively, decreasing [0%, 26.40%] and [20%, 19.00%] compared with those without adjustment in the second planning period; and the lower and the upper limits of water resources allocation are [8432.00, 8432.00] × 104 m3/year and [1036.80, 1296.00] × 104 m3/year, respectively, decreasing [0%, 30.00%] and [20%, 20%] compared to those without adjustment in the third planning period. This shows that in the past, water resources were wasted and that the utilization efficiency of water resources was low. After model adjustment, the distribution range of water resources was more scientific and reasonable, the utilization efficiency of water resources was improved, and the shortage of water resources in the Yinma River Basin was alleviated.



It can be seen in Figure 3, Figure 4 and Figure 5 that the lower and the upper limits of the ecological and environmental sector of the water resources allocation scheme did not change. This indicates that the water resources allocation of the ecological sector should reach the optimal state; the lower limits of the agricultural sector of the water resources allocation scheme in different planning periods are consistent with the original data, but the upper limits dropped by 20%, 21%, and 22% compared with the original allocation during the three planning periods, respectively. This shows that after fuzzy optimization, the phenomenon of high water resources allocation can be reduced while ensuring basic water use, and the risks and benefits can be balanced. The changes in water resource allocation in the other districts are also similar to those in the Dehui district. In general, the allocation of water resources in various regions in different sectors shows a downward trend compared with the original allocations within the same planning period. The optimized allocations could fulfill the water demands of different sectors in various regions as well as potentially improve the benefits of water use by saving water resources and avoiding wastage of water. Wastage of water resources was also prevented in areas or sectors with high profits or low emissions, avoiding the wastage of water resources in various regions or departments caused by the excessive allocation of water resources.




4.1.2. Analysis of Water Reuse by Different Sectors in the YRB Based on the IFTSP Method


In the era of climate change, the requirements for sustainable wastewater management and the concept of water reuse are becoming more and more important. Water reuse is considered a key technology for overcoming potential regional and sectoral water shortages [72,73,74]. Table 2 shows the reuse of water during the three planning periods in the YRB based on the optimal allocation scheme of the IFTSP model. As shown in Table 2, the amount of water reused in each sector of the YRB has gradually increased during the three planning periods, and the ecological and environmental sectors dominate in terms of the amount of water reused, while the agricultural sector accounts for zero water reuse. This indicates that the water reuse facilities in the ecological sector are sound and perfect but that there are great problems with water reuse in the agricultural sector, to which government departments need to pay special attention. For example, in the Yitong region of Siping City, the water wastage figures for the ecological sector for the three periods based on the original and optimal allocations are [124.10, 124.10] × 104 m3/year, [75.40, 146.20] × 104 m3/year, and [92.10, 166.00] × 104 m3/year, respectively, and the corresponding reuse volumes for the three periods account for [100%, 100%], [100%, 73%], and [100%, 75%] of the total allocation of water reuse for the region, respectively. This is because, in the Yitong area of Siping City, the industrial sector does not occupy a dominant position and the proportion of water reused by the industrial sector is small. However, in the Changchun and Panshi regions, the distribution of water reuse in industrial sectors is greater than that in other regions based on optimal allocation. The distribution of industrial water reuse in the Changchun region during the three planning periods is [0, 184.40] × 104 m3/year, [0, 784.90] × 104 m3/year, and [0, 320.20] × 104 m3/year, respectively, while in the Panshi region it is [0, 1317.80] × 104 m3/year, [481.60, 481.60] × 104 m3/year, and [404.96, 2243.60] × 104 m3/year, respectively. As a key industrial city, Changchun has many industrial companies, dominated by the industrial sector, with a large demand for industrial water. However, in the water resource allocation process, due to water shortage or inability to allocate water resources to meet department requirements, to alleviate the water shortage problem in the environmental department, the environmental department continues to increase the amount of reused water and alleviate the problem of water shortage through water reuse [75,76,77]. At the same time, it improves the efficiency of water resource utilization. The optimal allocation model of water resources in the basin is derived from the pursuit of high economic benefits of water use while taking into account ecological issues to enhance sustainable ecological development and maintain the stability of the ecological function of the Yinma River Basin. Therefore, the constructed basin water resource allocation model increases the allocations to the ecological and environmental sectors in order to maximize the economic benefits of water use while also considering ecological issues to improve ecological sustainability and maintain the stability of ecological functions in the YRB [78,79].



The IFTSP approach aims to avoid the wastage of water resources in the YRB, which can significantly improve the uneven distribution of recycled water. While considering the environmental benefits of the YRB, this approach also considers the stability and sustainability of ecological functions, as stated above [80], which further aids in overcoming water resource wastage.




4.1.3. Analysis of Water Shortage Variation in the YRB Based on the IFTSP Method


The difference between water demand and supply due to an inadequate water supply is called water shortage [80,81]. The incorporation of the IFTSP method in the optimization of the water resources allocation scheme can considerably alleviate the supply–demand mismatch and consequently increase the stability of water resources in the YRB. The changes in water shortage with respect to three water use sectors in different regions of the YRB during the different planning periods are presented in Tables S1–S3 in the Supplementary Materials.



As shown in Tables S1–S3, with the gradual increase in available water flow levels in the YRB, water shortage decreases significantly. For example, under the three levels of available water resources (low, medium, and high) in the first planning period, the water shortage for the industrial sector in the Dehui region is [656.98, 1938.10] × 104 m3/year, [656.98, 1938.10] × 104 m3/year, and [656.98, 1938.10] × 104 m3/year, respectively. The corresponding water deficits in the region for the second planning period are [656.98, 2334.00] × 104 m3/year, [656.98, 1768.50] × 104 m3/year, and [656.98, 1175.28] × 104 m3/year, respectively; and those for the third planning period are [656.98, 3421.49] × 104 m3/year, [656.98, 2773.49] × 104 m3/year, and [656.98, 2177.93] × 104 m3/year, respectively. This is mainly due to the fact that water demand is increasing and therefore water shortages are also increasing due to improvement in the economic levels and living standards of the region with the advancement of each planning period. The water deficits in the agricultural sector in the Dehui region for the first planning period at low, medium, and high water flow levels are [13745.70, 16867.60] × 104 m3/year, [13745.70, 16867.60] × 104 m3/year, and [12542.70, 16867.60] × 104 m3/year, respectively; similarly, the corresponding water deficits are [6062.65 16953.00] × 104 m3/year, [6062.65, 16953.00] × 104 m3/year, and [6062.65, 16953.00] × 104 m3/year, respectively, for the second planning period, and the corresponding deficit values for the third planning period are [8673.13, 13531.82] × 104 m3/year, [8673.13, 13531.82] × 104 m3/year, and [8673.13, 13531.82] × 104 m3/year, respectively. The water deficits in the industrial sector in the Yitong region for the first planning period are [94.94, 94.94] × 104 m3/year, [94.94, 94.94] × 104 m3/year, and [94.94, 94.94] × 104 m3/year, respectively, corresponding to low, medium, and high water availability levels. Similarly, for the second planning period, at low, medium, and high available water resource levels, the water deficits of the industrial sector in this region are [108.71, 131.50] × 104 m3/year, [108.71, 131.50] × 104 m3/year, and [108.71, 131.50] × 104 m3/year, respectively. The water deficits for the third planning period are [41.18, 148.00] × 104 m3/year, [41.18, 148.00] × 104 m3/year, and [41.18, 148.00] × 104 m3/year, respectively, corresponding to the three levels of water resource availability. The water deficits of the industrial sector under Changchun’s jurisdiction at the three levels of available water resources are [1132.20, 2053.00] × 104 m3/year, [0, 786.20] × 104 m3/year, and [0, 0] × 104 m3/year for the first planning period and [0, 4768.69] × 104 m3/year, [0 3309.00] × 104 m3/year, and [0, 1777.00] × 104 m3/year for the second planning period, respectively. The water deficits in the municipal sector in the Changchun region for the first two planning periods at the three available water flow levels are [0, 40.83] × 104 m3/year, [0, 40.83] × 104 m3/year, and [0, 40.83] × 104 m3/year; and [0, 41.34] × 104 m3/year, [0, 41.34] × 104 m3/year, and [0, 41.34] × 104 m3/year, respectively. The water deficits in the agricultural sector under Changchun’s jurisdiction for the first two planning periods at the three levels of available water resources are [3381.60, 4149.61] × 104 m3/year, [3381.60, 4149.61] × 104 m3/year, and [3381.60, 4149.61] × 104 m3/year; and [0, 4170.60] × 104 m3/year, [0, 4170.60] × 104 m3/year, and [0, 4170.60] × 104 m3/year, respectively. Furthermore, all other areas have zero water shortages at the three levels of available water resources in all the planning periods, with the exception of the industrial sector in Nongan County and the agricultural sector, which had water shortages at different levels of available water resources in all three planning periods, indicating that the allocation of water resources to different sectors in all areas met water demand at the three levels of available water resources. At the same time, there is a certain relationship between the amount of water shortage in each department and the amount of water reused in each department. There are certain problems associated with the use of recycled water in the agricultural sector and there is no reuse of water. Therefore, in terms of water shortage, the amount of water shortage in the agricultural sector is higher than that of the agricultural sector. On the contrary, the amount of water reused in the ecological sector is very large, so the water shortage in the ecological sector is always 0.00 m3/year, indicating that water reuse can effectively alleviate the water shortage problem in various sectors of the basin. Based on the IFTSP method, the water shortage of various water sectors in each planning area decreases gradually with the increase in available water resources in three different planning periods, indicating that water resource allocation based on the IFTSP model is more reasonable. The IFTSP-based optimized water resources allocation scheme not only magnifies the profits from water consumption but also enhances water resource stability in the YRB.





4.2. Economic Efficiency and Pollutant Emissions before and after Using Fuzzy Approaches with IFTSP Models


4.2.1. Analysis of the Effect of Basin Water Allocation on the System’s Economic Efficiency


The rationality of water resource allocation is conducive to improving the economic benefits of water resources, reducing water shortages in different regions, and focusing on ecological and environmental benefits, while also improving the economic benefits of the system [82,83,84,85,86]. The IFTSP model developed in this work not only addresses rational water resource allocation, reduces water shortage in various locations, and emphasizes ecological and environmental advantages, but also enhances the system’s economic returns. The system’s economic advantages vary depending on the amount of water available in the basin. For example, for h = 2, in the ITSP approach-based water resources allocation model for the YRB, the economic benefits of the system are CNY [19331.25, 22109.34] × 104, whereas those based on the IFTSP approach model are CNY [19330.15, 22104.46] × 104; for h = 3, the economic advantages of the system based on the ITSP method are CNY [21263.04, 22490.41] × 104 due to the high amount of accessible water resources. The optimal allocation model of water resources in the river basin developed in this study not only considers the rational allocation of water resources but also focuses on the ecological and environmental benefits of the YRB, thereby narrowing the decision space for decision makers and mitigating decision risks at the cost of some of the system’s economic benefits; therefore, the economic benefits of the YRB system under the derived optimal water allocation scheme are slightly lower than those warranted by the ITSP method of water allocation. As a result, when compared with the ITSP model, the IFTSP model ensures a more rational allocation of water resources in the YRB and improves decision-making efficiency.




4.2.2. Analysis of Changes in COD Levels from the YRB during the First Planning Period


COD (Chemical Oxygen Demand) is an important organic pollution parameter that can be measured quickly in the research fields of river pollution and industrial wastewater properties [87,88,89,90]. The variation in COD levels in the YRB before and after the application of the coupled fuzzy method is examined in this research, with the first planning period being used as an example. Table 3 illustrates COD emissions from various water-consuming industries in various planning areas at low water resource levels (h = 1) as predicted by the ITSP and IFTSP of YRB water allocation models during the first planning period. The ITSP-based COD levels were much lower than those from the IFTSP water resources allocation model for the YRB. COD levels for the ecological sector were zero in all the eight regions in both the ITSP and IFTSP model-derived water allocation schemes, which is consistent with the ecological sector’s management requirements. Furthermore, the agricultural sector in each region accounts for most of the COD, owing to fertilizer application; but this scenario is significantly improved by the IFTSP-based water allocation in the YRB due to the fact that the IFTSP model not only considers the system’s benefits but also takes the YRB’s ecological state into account. The IFTSP has resulted in a huge reduction in the amount of water discharged from the YRB, thereby avoiding ecosystem risks and improving the stability of the river basin’s water resources, while also boosting the river basin’s water resource security.






5. Conclusions


In this paper, coupled with the fuzzy method, a water resource allocation model of the Yinma River Basin based on the interval fuzzy two-stage stochastic programming method has been constructed. While ensuring the optimization of the economic benefits of the system, the water resources of the Yinma River Basin are reasonably allocated, and various water-using departments are optimized; and while avoiding unreasonable allocations of water resources, the water demands among various departments are balanced, avoiding insufficient water use or the waste of water resources caused by low or high allocation of water resources. The results of the model simulation were further reduced and made accurate by the fuzzy method to provide a more reasonable decision space. In addition, the model considers the pollutant discharge of various water-consuming departments in the basin in the form of constraints, optimizes the discharge of water resources while optimizing the allocation of water resources, and relieves the pressure of pollutants in the Yinma River Basin. In this study, the current situation in the Yinma River Basin has not been fully considered. For a more complex environment, the model can be further adjusted by adopting methods such as robust optimization. The Yinma River Basin water resources allocation model was constructed based on the interval fuzzy two-stage stochastic programming method with fuzzy intervals of two stages, which provides a reference for governments and departments in the Yinma River Basin to manage the basin. The method allows for the constructed basin water resource allocation model to be adapted to a wider range of scenarios and provide new ideas for model construction. The model can also be applied to the optimal management of other watersheds, providing decision makers with a theoretical scientific planning scheme.
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Figure 1. Geographical location of the study area. 
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Figure 2. The flowchart for the model construction. 
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Figure 3. Optimal allocation of water resources in the YRB in the first planning period. (a) Upper limit of water resource. (b) Lower limit of water resource. 
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Figure 4. Optimal allocation of water resources in the YRB in the second planning period. (a) Upper limit of water resource. (b) Lower limit of water resource. 
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Figure 5. Optimal allocation of water resources in the YRB in the third planning period. (a) Upper limit of water resource. (b) Lower limit of water resource. 
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Table 1. Optimal allocation of YRB’s water resources during different planning periods (×104 m3/year).
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Region

	
Department

	
Planning Period




	
t = 1

	
t = 2

	
t = 3






	
Panshi

	
Industry

	
[573.60, 758.00]

	
[768.80, 1089]

	
[1047.37, 1047.37]




	
Municipal

	
[1380.00, 1736.00]

	
[1387.20, 1754.00]

	
[1393.60, 1771.00]




	
Ecology

	
[396.00, 498.00]

	
[435.00, 572.40]

	
[479.00, 657.60]




	
Agriculture

	
[20,727.00, 21,945.00]

	
[20,748.00, 22,250.00]

	
[21,301.00, 23,461.00]




	
Yongji

	
Industry

	
[222.00, 222.00]

	
[311.00, 311.00]

	
[287.20, 427.00]




	
Municipal

	
[1110.97, 1341.00]

	
[1062.40, 1362.00]

	
[1066.40, 1333.00]




	
Ecology

	
[304.00, 382.80]

	
[334.00, 439.20]

	
[368.00, 505.20]




	
Agriculture

	
[8939.00, 9465.00]

	
[8949.00, 9597.00]

	
[9187.00, 9609.27]




	
Shuangyang

	
Industry

	
[772.00, 772.00]

	
[1244.00, 1244.00]

	
[1961.00, 1961.00]




	
Municipal

	
[641.60, 815.00]

	
[649.60, 836.00]

	
[658.40, 857.00]




	
Ecology

	
[182.00, 229.20]

	
[200.00, 264.00]

	
[221.00, 303.60]




	
Agriculture

	
[9116.00, 9487.00]

	
[9074.00, 9481.00]

	
[9430.00, 9980.00]




	
Jiutai

	
Industry

	
[1738.09, 1806.00]

	
[2551.82, 2654.00]

	
[3651.80, 3800.00]




	
Municipal

	
[1121.60, 1416.00]

	
[1130.40, 1437.00]

	
[1138.40, 1459.00]




	
Ecology

	
[326.00, 410.40]

	
[366.00, 480.00]

	
[410.00, 561.60]




	
Agriculture

	
[26,298.00, 27,523.00]

	
[26,431.00, 27,905.00]

	
[27734.00, 29,801.00]




	
Dehui

	
Industry

	
[4475.00, 4732.00]

	
[6144.00, 6144.00]

	
[8432.00, 8432.00]




	
Municipal

	
[1026.40, 1283.00]

	
[1032.00, 1290.00]

	
[1036.80, 1296.00]




	
Ecology

	
[300.00, 376.80]

	
[336.00, 440.40]

	
[376.00, 516.00]




	
Agriculture

	
[45,819.00, 45819.00]

	
[46,051.00, 46,051.00]

	
[48,321.00, 48,321.00]




	
Yitong

	
Industry

	
[538.00, 538.00]

	
[610.00, 610.00]

	
[689.00, 689.00]




	
Municipal

	
[641.45, 553.00]

	
[440.80, 559.00]

	
[442.40, 564.00]




	
Ecology

	
[126.00, 157.20]

	
[138.00, 180.00]

	
[152.00, 204.00]




	
Agriculture

	
[12,696.00, 13,536.00]

	
[12,566.00, 13,921.00]

	
[12,792.00, 14,725.00]




	
Changchun

	
Industry

	
[11,248.14, 12,033.00]

	
[17,995.92, 18,062.16]

	
[24,922.75, 28,075.39]




	
Municipal

	
[16,685.10, 18,539.00]

	
[16,894.80, 19,295.00]

	
[17,107.20, 19,782.00]




	
Ecology

	
[5081.05, 5523.60]

	
[5072.00, 6628.80]

	
[5833.00, 7953.60]




	
Agriculture

	
[11,272.00, 11,272.00]

	
[11,329.00, 11,961.00]

	
[11,887.00, 12,774.00]




	
Nong’an

	
Industry

	
[1172.73, 1291.00]

	
[1680.37, 1727.00]

	
[2269.00, 2200.93]




	
Municipal

	
[1109.60, 1387.00]

	
[1128.80, 1451.00]

	
[1148.80, 1495.00]




	
Ecology

	
[319.00, 400.80]

	
[357.00, 469.20]

	
[400.00, 548.40]




	
Agriculture

	
[61,958.00, 61,958.00]

	
[62,271.00, 65,744.00]

	
[65,342.00, 70,211.00]











[image: Table] 





Table 2. Water reuse allocation options for the YRB for several planning periods (× 104 m3/year).
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Region

	
Department

	
Reused Water




	
t = 1

	
t = 2

	
t = 3






	
Panshi

	
Industrial

	
[0.00, 184.40]

	
[0.00, 320.20]

	
[481.64, 481.64]




	
Municipal

	
[0.00, 168.70]

	
[0.00, 129.88]

	
[0.00, 170.36]




	
Ecological

	
[194.90, 407.58]

	
[214.19, 393.04]

	
[295.07, 527.05]




	
Agricultural

	
[0.00, 0.00]

	
[0.00, 0.00]

	
[0.00, 0.00]




	
Yongji

	
Industrial

	
[0.00, 0.00]

	
[0.00, 0.00]

	
[0.00, 139.80]




	
Municipal

	
[0.00, 76.82]

	
[0.00, 79.40]

	
[0.00, 130.36]




	
Ecological

	
[220.44, 335.60]

	
[132.77, 243.33]

	
[110.60, 424.11]




	
Agricultural

	
[0.00, 0.00]

	
[0.00, 0.00]

	
[0.00, 0.00]




	
Shuangyang

	
Industrial

	
[0.00, 0.00]

	
[0.00, 102.18]

	
[0.00, 0.00]




	
Municipal

	
[0.00, 78.43]

	
[0.00, 138.19]

	
[0.00, 80.49]




	
Ecological

	
[105.48, 208.17]

	
[231.05, 418.25]

	
[155.96, 274.24]




	
Agricultural

	
[0.00, 0.00]

	
[0.00, 0.00]

	
[0.00, 0.00]




	
Jiutai

	
Industrial

	
[0.00, 67.91]

	
[0.00, 0.00]

	
[0.00, 148.20]




	
Municipal

	
[0.00, 137.11]

	
[0.00, 126.16]

	
[0.00, 139.17]




	
Ecological

	
[184.39, 361.67]

	
[210.93, 375.47]

	
[269.65, 466.88]




	
Agricultural

	
[0.00, 0.00]

	
[0.00, 0.00]

	
[0.00, 0.00]




	
Dehui

	
Industrial

	
[0.00, 0.00]

	
[0.00, 0.00]

	
[0.00, 0.00]




	
Municipal

	
[0.00, 125.47]

	
[0.00, 126.16]

	
[0.00, 126.75]




	
Ecological

	
[168.74, 327.70]

	
[210.93, 375.47]

	
[245.59, 414.72]




	
Agricultural

	
[0.00, 0.00]

	
[0.00, 0.00]

	
[0.00, 0.00]




	
Yitong

	
Industrial

	
[0.00, 0.00]

	
[0.00, 0.00]

	
[0.00, 0.00]




	
Municipal

	
[0.00, 0.00]

	
[0.00, 53.89]

	
[0.00, 54.08]




	
Ecological

	
[124.09, 124.09]

	
[75.45, 146.15]

	
[92.08, 166.04]




	
Agricultural

	
[0.00, 0.00]

	
[0.00, 0.00]

	
[0.00, 0.00]




	
Changcuhn

	
Industrial

	
[0.00, 784.86]

	
[0.00, 1317.84]

	
[404.96, 2243.61]




	
Municipal

	
[0.00, 0.00]

	
[0.00, 0.00]

	
[0.00, 0.00]




	
Ecological

	
[4251.28, 4735.23]

	
[4954.918, 5672.73]

	
[5474.30, 6330.24]




	
Agricultural

	
[0.00, 0.00]

	
[0.00, 0.00]

	
[0.00, 0.00]




	
Nongan

	
Industrial

	
[0.00, 13.81]

	
[0.00, 46.63]

	
[0.00, 68.07]




	
Municipal

	
[0.00, 135.65]

	
[0.00, 137.99]

	
[0.00, 140.44]




	
Ecological

	
[182.42, 354.27]

	
[234.44, 426.59]

	
[272.12, 478.40]




	
Agricultural

	
[0.00, 0.00]

	
[0.00, 0.00]

	
[0.00, 0.00]
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Table 3. COD levels of different water-consuming sectors at low water use levels in the first planning period (×104 m3/year).
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Regions

	
ITSP

	
IFTSP




	
Industrial

	
Municipal

	
Ecological

	
Agricultural

	
Industrial

	
Municipal

	
Ecological

	
Agricultural






	
Panshi

	
289.96

	
447.59

	
0.00

	
9875.25

	
286.96

	
399.30

	
0.00

	
9534.32




	
Yongji

	
408.48

	
330.52

	
0.00

	
4590.53

	
408.48

	
292.76

	
0.00

	
4469.50




	
Shuangyang

	
56.47

	
197.79

	
0.00

	
7779.34

	
56.47

	
174.75

	
0.00

	
7748.60




	
Jiutai

	
112.56

	
343.65

	
0.00

	
21,192.71

	
112.56

	
305.48

	
0.00

	
20,775.42




	
Dehui

	
5198.25

	
311.37

	
0.00

	
20,847.65

	
4474.39

	
279.55

	
0.00

	
19252.10




	
Yitong

	
985.71

	
144.02

	
0.00

	
3248.64

	
985.71

	
144.02

	
0.00

	
3135.91




	
Changchun

	
7581.73

	
4499.27

	
0.00

	
6627.94

	
6941.50

	
4039.43

	
0.00

	
6125.25




	
Nongan

	
694.12

	
336.61

	
0.00

	
18,649.36

	
599.53

	
302.21

	
0.00

	
17,225.61
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