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Abstract

:

Water resource allocation systems typically involve multi-level decision-making, with each level having distinct goals and interests, while being influenced by various factors such as social, economic, environmental, and policy planning. The decision-making in water resource allocation systems is characterized by complex uncertainty factors and dynamic changes. In light of this, this study integrates stochastic chance-constrained programming, dynamic programming, bi-level programming, goal programming, and water rights trading to construct a bi-level objective programming model of water resource uncertainty based on water rights trading. The model not only effectively represents the random uncertainty, dynamic characteristics, interests of decision-making levels, and planning requirements of policies in water resource allocation systems but also utilizes market mechanisms to enable compensated transfer of water rights, fully leveraging the role of water rights marketization in water resource allocation. Taking the Yehe River Irrigation District in Hebei Province of China as an illustrative case study, the specific allocation scheme of each stage under the guaranteed rate of 50% in 2025 and the water rights trading results of each sub-region are obtained. Compared with the bi-level objective programming model of water resources uncertainty without water rights trading, the results show that the water consumption per CNY ten thousand GDP(WG)of the irrigation district decreased by 3.42%, and the economic benefits of Luquan District, Jingxing County, Pingshan County, and Yuanshi County in each sub-region increased by 19.17%, 7.19%, 15.11%, and 4.94%, respectively. This improves regional water use efficiency and economic benefits and provides a scientific basis for regional water resource allocation.
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1. Introduction


Water resources serve as fundamental support for the development of human society and the economy. Due to climate change, increasing water demand, and the limited availability of water supply, some regions are facing a crisis of water scarcity. Therefore, scientifically rational allocation strategies and efficient utilization are crucial for ensuring the sustainable development of regional economies and societies [1,2,3]. According to a comparative analysis by the Development Research Center of China’s Ministry of Water Resources, in 2020, China’s macro water use efficiency (WG) was slightly higher than the average level of 60 countries but lagged behind their average improvement rate and still had a significant gap compared with high-income countries [4]. In the current tense water resource context, how to achieve optimal allocation of limited water resources and ensure fair and equitable access to water while improving water use efficiency has become an urgent issue that needs to be addressed. When formulating reasonable strategies for water resource allocation, decision-makers face multiple challenges: (a) how to accurately describe hierarchical relationships and deal with multiple concerns involved in the decision-making process; (b) how to address uncertainties caused by subjective or objective factors affecting system parameters; (c) how to balance market mechanisms under total control objectives and fully leverage market guidance role in water resource allocation; and (d) how regional policy goals play a key role in optimizing water resource allocation. Therefore, there is a need to establish a comprehensive planning model that addresses uncertainties, hierarchies, and policy regulation impacts involved in water resource distribution.



Aiming at the problem of water resources management in the region with complex multiple water sources and multiple water-using sectors, scholars have carried out many research studies [5,6,7,8], such as the construction of the regional multi-objective optimal allocation model with social, economic, and ecological objectives [9,10]. However, the aforementioned studies focus on individual decision-making processes, whereas the allocation of water resources involves multi-level decision-making. In recent years, scholars have applied bi-level programming to address the multi-level and multi-agent characteristics of regional water resource allocation systems [11,12]. The bi-level programming model is capable of addressing hierarchical decision-making problems; however, it encounters challenges in dealing with the uncertainty inherent in water resource systems. Consequently, scholars have incorporated various uncertainty methods such as fuzzy programming [13], interval parameter programming [14], and stochastic programming [15] into bi-level programming models to tackle optimization allocation problems within multiple uncertain environments [6,16,17,18]. For instance, Yue et al. [19] constructed a type-2 fuzzy mixed integer bi-level programming model to comprehensively analyze water resource allocation schemes related to future climate change in an uncertain water resources planning model. Additionally, Xiao et al. [20] developed an integrated modeling framework that combines bi-level multi-objective programming, bilateral stochastic chance-constrained programming, and interval parameter technology to establish a double-stochastic double-layer interval multi-objective programming model. This framework aids two-tier decision-makers in formulating scientifically reasonable water resource allocation plans under multiple uncertainties. Although these aforementioned models effectively address the multilevel issues and uncertainties present in regional water resource allocation systems while ensuring some level of effectiveness in allocations, they are not entirely efficient. The water rights in the water market possess tradability, thus enabling efficient regulation of water resource allocation. Water rights trading guides decision-making processes regarding whether to use or sell water for users while promoting efficiency improvements among them by establishing an incentive mechanism for efficient utilization of water [21]. However, research on integrating a water rights trading mechanism with its application in allocating scarce freshwater resources remains insufficient at present.



Water rights trading is one of the important means of water resource management, and many studies have confirmed that implementing a tradable water rights system can improve the efficiency of water resource allocation [22,23,24,25]. With the gradual improvement of the theoretical system of water rights and the vigorous development of the water market, scholars have studied the water rights trading model in order to further improve the utilization rate of regional water resources and optimize its redistribution [26,27,28]. However, most of the studies are mostly on the same level to optimize the objectives for decision-making, without considering the relationship between different levels in an integrated manner, such as the influence of interactive decision-making between regional management and water-use units, and there are few studies on the water rights trading model under the multi-layer perspective.



Therefore, this study takes the Yehe Irrigation District of Hebei Province as an illustrative case study, comprehensively considers the uncertainty of incoming water, the stage change characteristics of water supply and demand, the interest demands of different decision-makers, and the planning orientation of policies and integrates stochastic chance constrained programming, dynamic programming, bi-level programming, goal programming, and water rights trading to establish a bi-level goal programming model of water resources uncertainty based on water rights trading. This study has made significant innovations in the following aspects: (1) Considering the important role of market mechanism in water resource allocation, this study incorporates water rights trading into the water resources planning process, studies the water rights trading mode from a multi-level perspective, realizes the organic combination of market mechanism and government macro-control, and solves the problem of traditional water resource allocation ignoring the use of market rules to regulate water resources under government macro-control. It makes the allocation of water resources more rational and efficient. (2) Considering the key role of regional policy target regulation in the optimal allocation of water resources, this study couples policy-oriented goal programming and introduces deviation variables in the model construction to represent the gap between the actual allocation and the policy target, so as to make the allocation of water resources more in line with the actual demand. It effectively makes up for the limitation of the traditional research on the insufficient consideration of policy factors, thus improving the accuracy and reliability of regional water resource allocation.




2. Methodology


2.1. Bi-Level Programming


Bi-level programming (BP) represents a mathematical optimization model with a hierarchical two-level structure that can address the multi-level problems within water management systems [29,30,31]. It emphasizes the relationship between different levels, comprising an upper level and a lower level, often possessing distinct optimization objectives. The decision-making process at the lower level is founded upon the decisions made at the upper level, and it is subject to the influence and constraints imposed by the upper level. Its form is as follows:


     U    min  x  F ( x , y )      L    min  y  f ( x , y )     s . t . g ( x , y ) ≤ 0    



(1)




where   ( U )   represents upper-level planning.   F ( x , y )   is the upper-level objective function,  x  is the upper-level decision variable,   ( L )   represents lower-level planning,   f ( x , y )   is the lower-level objective function,  y  is the lower-level decision variable, and   g ( x , y )   is the constraint condition.




2.2. Dynamic Programming


Dynamic programming (DP) constitutes a methodology for tackling multi-stage decision-making challenges, emphasizing the sequential nature of decision-making across various stages [32,33,34], By dividing the stages, determining the states and transfer equations, complex problems are decomposed into multiple sub-problems and solved step-by-step to ensure optimal decision-making at each stage, thus obtaining the global optimal solution. The most crucial part of this approach is the state transition equation, which reflects the transition pattern from stage   j − 1   to stage  j . The formula is shown below.


   Q j  = T    Q  j − 1   ,  x  j − 1   , j − 1     j = 1 , 2 , … m  



(2)




where    Q j    is the state variable for stage  j , and there are a total of  m  stages;    x j    is the decision variable for stage  j ;   T    Q  j − 1   ,  x  j − 1   , j − 1     is the transition function.




2.3. Chance-Constrained Goal Programming


Chance-constrained goal programming (CCGP) is a robust approach for addressing multi-objective decision-making problems in uncertain environments. It effectively manages uncertainty and violation risks by achieving a moderate compromise between optimizing the objective function and satisfying the constraint conditions at a given confidence level [35]. Moreover, CCGP facilitates the prioritization and satisfaction balance among different objectives, leading to a comprehensive decision solution. The process commences with establishing priorities for each objective using goal programming theory. Subsequently, expected values are assigned to each objective based on predetermined priority order and desired outcomes. The primary aim is to minimize the discrepancy between obtained actual target values and predetermined expected values as much as possible. To address a multi-objective planning problem with chance constraints, it can be simplified to a single-objective formulation using vector distance and then solved via chance-constrained programming theory. The model of chance-constrained goal programming is as follows [36]:


    min Z =   ∑  l = 1  L    P l      ∑  h = 1  H   (  d h −  +  d h +  )       s . t .      F i  +  d h −  −  d h +  =  F i ∗    i = 1 , 2 , … h       Pr    w j  (  x 1  ,  x 2  , …  x n  ) ≤  Q j      ≥ β   j = 1 , 2 , … m        d h −  ,  d h +  ≥ 0   h = 1 , 2 , … l          



(3)




where    d h +    and    d h −    respectively represent the positive and negative deviation variables from the target expected value of    F i ∗   ;    P l    is the  l th priority; and  β  is the confidence level.




2.4. Stochastic Chance Constrained Bi-Level Objective Programming


The stochastic chance-constrained bi-level goal programming model integrates stochastic chance-constrained programming, dynamic programming, bi-level programming, and goal programming into a comprehensive system framework. The framework characterizes the parameter uncertainty in the system with probability distribution. Incorporating dynamic programming, starting from the overall consideration, the optimal strategy of each stage is obtained; it can simultaneously analyze the goals of two different levels in the decision-making process, coupling goal programming and minimizing the gap between the expected target value. Therefore, the coupled integrated framework is closer to the actual situation, and its specific model is as follows:


      ( U ) min Z =   ∑  l = 1  L    P l      ∑  h = 1  H   (  d h −  +  d h +  )         ( L ) min f = f ( x , y )       s . t      F i  +  d h −  −  d h +  =  F i ∗    i = 1 , 2 , … h     Pr    ω j  (  x 1  ,  x 2  , …  x n  ) ≤  Q j    ≥ β   j = 1 , 2 , … m      Q j  = T    Q  j − 1   ,  x  j − 1   , j − 1     j = 1 , 2 , … m      Q 0  = 0          d h −  ,  d h +  ≥ 0   h = 1 , 2 … l     g ( x , y ) ≤ 0            



(4)




where   Z ( x , y )   represents the upper-level objective function;   f ( x , y )   represents the lower-level objective function;    Q j    is a random variable; and    Q 0    is the initial state.




2.5. Solution Methods


Particle Swarm Optimization (PSO) mimics social behavior to find optimal solutions. Particles move in a search space, updating their positions based on their own best and the group’s best until a satisfactory solution is reached. Particle swarm algorithms are simple in structure, have fewer control parameters, and have been widely used in function optimization as well as in different areas of water resources [37,38,39].



The model is solved by bi-level programming particle swarm iterative algorithm [40]. The specific solving steps are as follows:



Step 1. Initialize the population that satisfies the constraints and randomly generate the initial solution of the lower-level programming that satisfies the constraints.



Step 2. Solve the upper-level programming, input the initial solution of the lower-level programming into the upper-level programming, solve the upper-level problem by particle swarm optimization to obtain the optimal solution, and record the corresponding optimal value.



Step 3. Solve the lower-level programming, input the optimal solution of the upper-level model into the lower-level programming, solve the lower-level problem by particle swarm optimization to obtain the optimal solution, and record the corresponding optimal value.



Step 4. Feedback the optimal solution obtained by the lower-level programming model to the upper-level programming model as the input of the upper-level programming optimization solution in the next iteration, and continue to optimize the solution.



Step 5. After each iteration, judge whether the convergence condition is satisfied; if not, re-update the particle position and velocity and turn to Step 2. When the algorithm fulfills the termination criteria, which is either when the error has reached an acceptably low level or the set maximum number of iterations has been achieved, the iterative process will cease, and the currently identified optimal solution of the model will be outputted.





3. Case Study


3.1. Study Area


The Yehe Irrigation District is located in the south–central part of Hebei Province, China. It is situated in the western mountainous area of Shijiazhuang City, connected by hills and plains. The terrain slopes from west to east, ranging between 113°55′′ E and 114°30′′ E longitude and 37°53′′ N and 38°18′′ N latitude. The benefiting range covers four counties (districts), including Luquan, Jingxing, Pingshan, and Yuanshi, making it one of the larger-scale irrigation areas in Hebei Province. The climatic characteristics of the irrigation district belong to the temperate continental monsoon climate, with a multi-year average temperature of 12–14 °C, a multi-year average precipitation of 565.2 mm, and spatial and temporal unevenness of precipitation. The location address of the Yehe Irrigation District is shown in Figure 1.



Surface water is the main source of water supply in the Yehe Irrigation District, accounting for 71.81%. The principal aquifers of groundwater consist of porous water in unconsolidated rocks and karst fissure water in carbonates, with the primary recharge originating from atmospheric precipitation. The available water supply of groundwater is the recoverable amount provided by shallow groundwater [41,42,43]. The region is facing a serious problem of groundwater overexploitation. The annual groundwater supply is gradually decreasing, with a decrease of 61% between 2011 and 2020, and the amount of available water resources in the region is extremely limited. The demand for residential and industrial water continues to grow, with agricultural water accounting for a high proportion and its demand varying with seasons, resulting in significant uncertainty in the incoming water in the irrigation district. As a result, the supply–demand volume also exhibits dynamic changes, making it more complex to manage water resources decisions. The WG of the irrigation district in the current year is 64.13 m3, which is much higher than the average level of the city. There is a big gap between this and the goals set in the 14th Five-Year Plan for water security in Shijiazhuang [44]. According to the policy objectives, by 2025, the city’s WG will decrease by 15.7% compared with 2020. At the same time, there is an obvious hierarchical structure in the limited water resource allocation in the irrigation district. The upper decision-makers are mainly the water resources management department of the Yehe Irrigation District, paying more attention to the overall results, considering how to allocate water resources fairly, and improving the efficiency of regional water resources utilization. The lower level (each sub-region) decision-makers refer to the water use units of Jingxing County, Pingshan County, Luquan District, and Yuanshi County, respectively. The goal is to maximize the regional economic benefits. This hierarchical structure leads to conflicts of interest and coordination dilemmas in the decision-making process. Therefore, effective measures must be taken to improve the utilization efficiency of water resources in the irrigation district to meet the policy requirements and sustainable development needs.




3.2. Model Application


In response to the aforementioned issues in irrigation districts, this study establishes a bi-level objective programming model based on water rights trading for water resource uncertainty. This model considers two levels of decision-making entities: in the upper-level decision process, the water resources management department allocates initial water rights to different regions to achieve fairness in initial water rights allocation and maximize overall regional water resource utilization efficiency; in the lower-level decision process, each water user unit trades their initial water rights based on the allocation from the upper-level decision and their own degree of scarcity or abundance of water resources, further making decisions on withdrawal quantities for various sectors (i.e., industrial, domestic, and agricultural) to maximize their own economic benefits. The framework of the process for allocating water resources is shown in Figure 2.



Upper-level decision process: the fairness of initial water rights allocation in different sub-regions is assessed using the Gini coefficient, while water resource utilization efficiency is evaluated through the WG indicator. The upper-level decision variables comprise the initially allocated water rights to various sources and sub-regions, with expected target values determined as part of the upper-level objective function. Deviation variables are introduced to minimize disparities between these variables and their respective expected targets. Therefore, the overall objective aims at minimizing total deviation. The objective function is as follows:


  minF =   ∑ h 2   (  d h     −  +  d h     +  )    



(5)







Embodiment of fairness.



(Gini coefficient of initial water rights satisfaction in different sub-regions).


   1  2 n   ∑  k = 1  4       ∑  t = 1  4     ∑  i = 1  2   (  λ  i k  t  +  u k t   ε i  )         ∑  t = 1  4     ∑  j = 1  3    N  j k  t              ∑   k 1  = 1  4     ∑   k 2  = 1  4         ∑  t = 1  4     ∑  i = 1  2   (  λ  i  k 1   t  +  u   k 1   t   ε i  )         ∑  t = 1  4     ∑  j = 1  3    N  j  k 1   t        −     ∑  t = 1  4     ∑  i = 1  2   (  λ  i  k 2   t     + u     k 2   t   ε i  )         ∑  t = 1  4     ∑  j = 1  3    N  j  k 2   t              +  d 1     −  −  d 1     +  = A  



(6)







Embodiment of water use efficiency.



(WG).


      ∑  t = 1  4     ∑  i = 1  2     ∑  k = 1  4     ∑  j = 1  3    q  i j k  t   γ  i j k     +   ∑  t = 1  4    E t            G D P   +  d 2     −  −  d 2     +  = B  



(7)







Lower-level decision process: When deciding to participate in transactions, decision-makers in each sub-region must consider the interests of their own sub-region. If the actual water withdrawal in a sub-region exceeds its water rights, managers need to purchase water from the water market. Conversely, if the actual water withdrawal in a sub-region does not exceed its allocated water rights and the profits generated from trading water outweigh those from self-use, managers can sell additional water on the water market. In this process, buyers increase their output levels with the acquired water, thereby achieving economic gains; sellers obtain more economic benefits by selling their water rights. The lower-level objective is to maximize net benefits for each sub-region, which consists of net benefits generated from actual water withdrawals and additional income generated from selling (or purchasing) water rights. However, when water resources are endowed with a right, the right to groundwater and the right to surface water held by the water sector are not interchangeable. Water users cannot access groundwater resources based solely on surface-water extraction permits; similarly, having groundwater extraction permits does not grant access to surface-water resources either. Therefore, the net benefit for each sub-region is determined by both net benefits derived from actual surface-water withdrawals and additional income generated from selling (or purchasing) water rights as well as those derived from actual groundwater withdrawals and additional income generated from selling (or purchasing) water rights. This study’s model considers different variables at lower-level decisions, including actual withdrawal quantities for different sources of water across various zones and users. The objective function is as follows:


  max  f k  =   ∑  t = 1  4     ∑  i = 1  2       ∑  j = 1  3      b  i j k  t  −  c  i j k  t     q  i j k  t   γ  i j k     + (  λ  i k  t  +  u k t   ε i  −   ∑  j = 1  3    q  i j k  t   γ  i j k     )  p i t         



(8)







Model constraints.



Constraints of surface water supply capacity in each stage:


  Pr     ∑  k = 1  4   (  λ  i k  t    +  u k t   ε i  ) +  E t  ≤  Q i t    ≥ β    i = 1  



(9)







Constraints of groundwater supply capacity in each stage:


    ∑  k = 1  4    λ  i k  t    ≤  Q i t     i = 2  



(10)







Water balance constraints:


   Q i t  =  Q i  t − 1   + S  F i t  +   ∑  k = 1  4    μ k t   ε i    −   ∑  k = 1  4    λ  i k   t − 1   −  E  t − 1    ε i                i = 1 , 2  



(11)







The initial water rights constraints for the allocation of different sub-regions in each stage:


   G  i k min  t  ≤  λ  i k  t  +  u k t   ε i  ≤  G  i k max  t   



(12)







The actual allocation of water in different sub-sectors in each stage does not exceed the total allocation of water rights constraints:


    ∑  j = 1  3     ∑  k = 1  4    q  i j k  t   γ  i j k       ≤   ∑  k = 1  4   (   λ  i k  t   +  u k t   ε i  )  



(13)







Water demand constraints of different water sectors in each stage:


   D  i j k min  t  ≤  q  i j k  t   γ  i j k   ≤  D  i j k max  t   



(14)







Variable non-negative constraints:


   q  i j k  t  ≥ 0  



(15)






   d h     −  ≥ 0 ,  d h     +  ≥ 0  



(16)




where  i  is the water source ( i  = 1, surface water;  i  = 2, groundwater);  j  is the water-using sector ( j  = 1, domestic;  j  = 2, agriculture;  j  = 3, industry);  k  is the sub-region ( k  = 1, Luquan District;  k  = 2, Jingxing County;  k  = 3, Pingshan County; and  k  = 4, Yuanshi County);  t  is the stage (Stage 1: January–March, Stage 2: April–June, Stage 3: July–September);    N  j k  t    is the water demand of water sector  j  in sub-region  k  in stage  t  (104 m3);    λ  i k  t  +  μ k t   ε i    is the initial water right allocated to water source  i  sub-region  k  in stage  t  (104 m3), and    λ  i k  t    is the upper-decision variable;    u k t    is the amount of water diverted by the diversion project in the surface water of sub-region  k  in stage  t  (104 m3);    q  i j k  t    is the amount of water actually withdrawn from water source  i  sub-region  k  in stage  t  (104 m3), and is the lower decision variable;    γ  i j k     is the water distribution relationship from water source  i  to water use sector  j  in sub-region  k  (1 means water distribution, 0 means no water distribution);    E t    is the minimum ecological water demand of the region in stage  t  (104 m3);  A  is the expected target value of fairness according to the policy;  B  is the expected target value of water use efficiency according to the policy (m3);    d 1     −    and    d 1     +    represent the negative deviation variable and the positive deviation variable of the fairness goal deviating from the expected target value, respectively.    d 2     −    and    d 2     +    represent the negative deviation variable and the positive deviation variable of the water use efficiency target deviating from the expected target value, respectively;    Q i t    denotes the maximum amount of water that can be supplied by water source  i  in stage  t  (104 m3), and is a random variable;    G  i k min  t    and    G  i k max  t    are the upper and lower limits of the initial water right quota of water source  i  subzone  k  in stage  t  (104 m3);    p i t    is the transaction price of water right;    b  i j k  t    is the benefit coefficient of water sector  j  in sub-region  k  (CNY/m3);    c  i j k  t    is the cost price of water sector  j  in sub-region  k  (CNY/m3);    D  i j k min  t   ,    D  i j k max  t    are the upper and lower bounds of the actual water demand of water sector  j  in sub-region  k  of water source  i  in stage  t  (104 m3).




3.3. Model Parameters


For this study, 2020 has been selected as the benchmark reference year. Drawing upon the data compiled in the Shijiazhuang Statistical Yearbook [45], a standardized quota methodology has been implemented to forecast the anticipated water demand of various water utilization sectors across the subdivisions of the irrigation district, specifically targeting the planned year of 2025. Drawing upon the actual water usage data from historical reference years, a comprehensive analysis is conducted to assess the water demand requirements for different stages of the planned irrigation district. Among them, the stage water demand of the domestic water sector accounts for 24.50%, 29.80%, 25.60%, and 20.10%, respectively. The stage water demand of the agricultural water sector accounts for 10.00%, 40.00%, 30.00%, and 20.00%, respectively. The proportion of stage water demand in the industrial water sector is 23.60%, 26.40%, 25.20%, 24.80%, and the proportion of stage water demand in the ecological water sector is 21.20%, 52.30%, 19.80%, 6.60%. The specific forecast results of water demand are presented in Table 1.



The water sources for the Yehe Irrigation District comprise surface water and groundwater. The planned underground water supply volume for the year 2025 is based on the exploitable amount, taking into account relevant achievements from the Shijiazhuang City Water Resources Comprehensive Planning (2018–2035) [46] and actual development conditions in that planned year, which is determined to be 19,585.00 × 104 m3.



The available water volume of surface water has obvious frequency characteristics, represented by random variables. Based on the historical data of 2001–2020 for 20 years [47], an empirical frequency analysis method is used to classify the years into abundant, normal, and drought years. The historical data are insufficient to fully and adequately model the probability distributions under varying hydrological conditions. By using the random simulation Box–Muller method [48,49], the probability distribution of surface water inflow in the planned year 2025 at a guaranteed rate  p  = 50% is obtained, which follows a normal distribution, as presented in Figure 3. Taking into comprehensive consideration the existing water supply risks in the irrigation district, it is ensured that the decisions made adhere to the constraints within a specified confidence level. At present, the water supply of the counties in the irrigation district has not reached the design scale of water supply, and it is predicted that by 2025, the guaranteed rate  p  = 50%, and the external water transfer will reach 85% of the design scale of water supply [46]. The predicted availability of externally transferred water is presented in Table 2. Based on this calculation, the regional surface water supply capacity in 2025 is 37,988.00 × 104 m3. According to the sum of monthly runoff from Gangnan Reservoir and Huangbizhuang Reservoir, the water inflow at different stages in 2025 is determined to be 24.19%, 26.78%, 28.41%, and 20.63%, and the water inflow at different stages is obtained.



According to the analysis of water usage from 2013 to 2020 based on the Shijiazhuang Water Resources Bulletin [47], the relationship between water sources and water-consuming sectors is determined. The efficiency coefficient of domestic water consumption sectors varies significantly across different regions, making it difficult to determine accurate values. This study determines them based on relevant planning and similar types of water sources. The efficiency coefficients for industrial and agricultural water consumption are calculated using a method that allocates them according to the total output value. The cost coefficients are determined through field investigations in relevant districts and counties, with the assumption that the annual planned and current year’s water prices remain unchanged. For detailed values of efficiency coefficients and net water prices for different sectors within irrigation districts, please refer to Table 3.



The upper and lower limits for the initial water rights quota allocated by the upper-level irrigation district management department are determined by adding or subtracting two times the standard deviation from the mean water consumption in the historical reference year, respectively. The actual water withdrawal quotas for each water user unit in the lower-level irrigation district (Luquan District, Jingxing County, Pingshan County, and Yuanshi County) are obtained by adding or subtracting twice the standard deviation from the average water consumption in the historical reference year. The upper-level target value of the model is determined based on regional policy objectives. For the planned year 2025, the calculated water resource utilization efficiency indicator (WG) stands at 54.06 m3. The expected fairness indicator target value  A  (Gini coefficient) is estimated using historical data and adjusted according to regional development conditions to be 0.07. The market equilibrium price for water rights trading is determined as the average price offered by both sellers and buyers, with a final price of 2.4 CNY/m3. The confidence level is 95%. When accounting for the total output value GDP of the irrigation district in the planned year, taking into account the actual situation of each sub-district of the irrigation district and the future economic development [47], the annual growth rate method is adopted to predict the GDP of the irrigation district in the year of the planning level, and this prediction is used as a known parameter of the GDP in the objective function of the upper level of the model, and the specific prediction value is detailed in Table 4.





4. Results and Discussion


4.1. Result Analysis


In the planned year of 2025, under a guaranteed rate of 50%, the total deviation of fairness index (Gini coefficient) and water use efficiency (WG) in different sub-regions from the expected target values, as well as the net benefits of each sub-region, are shown in Table 5. As shown in Figure 4, in the planned year with a guaranteed rate of  p  = 50%, the WG in Yehe Irrigation District will reach 55.94 m3, which is a decrease of 12.77% compared to the current situation year and deviates slightly from the expected target value.



At a guaranteed rate of  p  = 50%, the initial water right allocation results of each water source allocation in each sub-region at different stages are illustrated in Figure 5. The total allocated water rights amount to 47,644.8 × 104 m3, with the first stage accounting for 19.21% of the total allocated water rights, the second stage accounting for 35.59%, the third stage accounting for 25.85%, and the fourth stage accounting for 19.31%.



The total actual water withdrawal of water-using sectors will be 46,002.32 × 104 m3, of which the actual proportion of water withdrawal of domestic, agricultural, and industrial water-using sectors is 13.76%, 56.41%, and 29.83%, respectively. Taking the 2020 water consumption as the benchmark, the proportion of water distribution for each water-consuming sector in Luquan District changed from 19.70%, 71.40%, and 9.20% to 20.66%, 56.70%, and 22.64%; the proportion of water distribution for each water-consuming sector in Jingxing County changes from 7.40%, 74.6%, and 18.00% to 9.87%, 55.40%, and 34.73%. In Yuanshi County, the proportion of water distribution for each water-consuming sector changes from 15.90%, 78.40%, and 5.70% to 18.67%, 65.80%, and 15.53%. The percentage of water withdrawal in all domestic water-consuming sectors increased, the percentage of water withdrawal in all agricultural water-consuming sectors decreased significantly, and the percentage of water withdrawal in all industrial water-consuming sectors increased significantly. Similarly, the proportion of water distribution in each water-consuming sector in Pingshan County changed from 12.90%, 64.10%, and 23.00% to 9.21%, 52.64%, and 38.15%, with a significant decrease in the amount of water withdrawn by the agricultural water-consuming sector and a significant increase in the proportion of water withdrawn by the industrial water-consuming sector. Detailed actual water withdrawals of different water-consuming sectors in each sub-region are illustrated in Table 6.



In the first stage, the actual amount of water withdrawn will be 9006.52 × 104 m3, accounting for 19.58% of the total actual amount of water withdrawn, and the proportions of the actual water withdrawn from the domestic, agricultural, and industrial water use sectors are 12.57%, 57.11%, and 30.31%, respectively. In the second stage, the actual amount of water withdrawn will be 16,459.70 × 104 m3, accounting for 35.78% of the total actual water withdrawal, which is the largest proportion; the actual proportion of water withdrawn from the domestic, agricultural, and industrial water use sectors are 14.31%, 55.23%, and 30.46%, respectively. In the third stage, the actual amount of water withdrawn will be 11,648.37 × 104 m3, accounting for 25.32% of the total actual amount of water withdrawn, and the proportions of the actual water withdrawn from the domestic, agricultural, and industrial water use sectors are 14.35%, 56.04%, and 29.61%, respectively. In the fourth stage, the actual amount of water withdrawn will be 8887.74 × 104 m3, accounting for 19.32% of the total actual amount of water withdrawn; the proportions of water actually withdrawn from the domestic, agricultural, and industrial water-use sectors are 13.17%, 58.38%, and 28.45%, respectively. The actual amounts of water withdrawn from the water-use sectors at different stages are shown in detail in Figure 6, Figure 7, Figure 8 and Figure 9 below.



In Table 7, the traded water rights in the water market are positive, which indicates that the sub-region sells water rights; otherwise, the sub-region purchases water rights. In the first stage of the planned year, Luquan District sells 12.39% of the surface water rights and 39.60% of the groundwater rights in the water market to maximize the economic benefits of the sub-region. In Jingxing County, 17.78% of the surface water rights are sold in the water market to maximize the economic benefits; Pingshan County and Yuanshi County need to buy surface-water rights and groundwater rights in the water market. In the second stage of the planned year, Luquan District sells 21.06% of the groundwater water rights in the water market; Jingxing County sells 32.28% of the surface water in the water market; Pingshan County needs to purchase surface water rights and groundwater rights, and the sub-region has a higher willingness to use water; Yuanshi County is more inclined to sell the excess water rights in the stage to meet its own guarantee needs and improve economic benefits. In the third stage of the planned year, Luquan District and Yuanshi County sell 9.32% and 41.63% of surface-water rights and 26.38% and 30.60% of groundwater rights in the water market, respectively. Jingxing County needs to purchase surface water and groundwater rights; Pingshan County needs to put 5.51% of surface water rights into the water market. In the fourth stage of the planned year, Luquan District will put 20.15% of the surface water rights and 33.71% of the groundwater rights into the water market; Pingshan County needs to purchase surface water rights and groundwater water rights; Jingxing County needs to put 4.32% of surface water rights into the water market; and Yuanshi County needs to put 2.58% of groundwater into the water market.



Water rights trading serves as an efficient allocation mechanism for reallocating water resources in combination with the water market. After the allocation of the overall view, the Yehe Irrigation District planning level year has a guaranteed rate of  p  = 50%, and water use efficiency indicator (WG) deviation from the policy sets the expected target value at 54.06 m3 or smaller. The proportions of domestic, agricultural, and industrial water withdrawals at different stages are 13% to 14%, 55 to 58%, and 28% to 30%, respectively. The increase in the amount of water withdrawn by the domestic and industrial sectors and the significant decrease in the actual amount of water withdrawn by the agricultural sector indicate that the use of market mechanisms to incentivize inefficient water users to consider the cost of water use, prompting them to conserve water and transfer their water rights to efficient water users, improves the efficiency of the use of water resources in the region and optimizes the efficiency of allocation.




4.2. Model Comparison


In a bid to robustly substantiate the superiority of the model constructed in this research, a comparative assessment is undertaken with the uncertainty bi-level objective programming model without water rights trading. The difference is that the latter model only has the net benefit generated by the actual water withdrawal in the lower planning objective function, and there is no partial benefit of selling (or purchasing) water rights. The fuzzy satisfaction algorithm [50,51] is employed as the solution method, and the model is transformed into a single level to obtain the allocation results. The comparison model is as follows:



The upper level (minimum total deviation):


  minF =   ∑ h 2   (  d h     −  +  d h     +  )    



(17)







The initial water rights satisfaction in different sub-regions (Gini coefficient):


   1  2 n   ∑  k = 1  4       ∑  t = 1  4     ∑  i = 1  2     ∑  j = 1  3    q  i j k  t   γ  i j k             ∑  t = 1  4     ∑  j = 1  3    N  j k  t              ∑   k 1  = 1  4     ∑   k 2  = 1  4         ∑  t = 1  4     ∑  i = 1  2     ∑  j = 1  3    q      i j  k 1     t   γ  i j  k 1              ∑  t = 1  4     ∑  j = 1  3    N  j  k 1   t        −     ∑  t = 1  4     ∑  i = 1  2     ∑  j = 1  3    q      i j  k 2     t   γ  i j  k 2              ∑  t = 1  4     ∑  j = 1  3    N  j  k 2   t              +  d 1     −  −  d 1     +  = A  



(18)







Water Use Efficiency (WG):


      ∑  t = 1  4     ∑  i = 1  2     ∑  k = 1  4     ∑  j = 1  3    q  i j k    γ  i j k     +   ∑  t = 1  4    E t            G D P   +  d 2     −  −  d 2     +  = B  



(19)







The lower level (economic benefits of each sub-region):


  max  f k  =   ∑  t = 1  4     ∑  i = 1  2       ∑  j = 1  3      b  i j k   −  c  i j k      q      i j k    t   γ  i j k            



(20)







Model constraints.



Constraints of surface water supply capacity in each stage:


  Pr     ∑  k = 1  4     ∑  j = 1  3    q  i j k  t       γ  i j k   +  E t  ≤  S i t    ≥ β    i = 1  



(21)







Water balance constraints:


   S i t  =  S i  t − 1   + S  F i t  +   ∑  k = 1  4    μ k t   ε i    −   ∑  j = 1  3     ∑  k = 1  4    q  i j k   t − 1    r  i j k       −  E  t − 1    ε i   



(22)







Constraints of groundwater supply capacity in each stage:


    ∑  k = 1  4     ∑  j = 1  3    q  i j k  t   γ  i j k       ≤  S i t          i = 2      



(23)







Water demand constraints of water sector in each stage:


   D  i j k min  t  ≤  q  i j k  t   γ  i j k   ≤  D  i j k max  t   



(24)







Non-negative constraints:


   q  i j k  t  ≥ 0  



(25)






   d h     −  ≥ 0 ,  d h     +  ≥ 0  



(26)




where    S i t    denotes the maximum water availability from water source  i  in stage  t  of the planned year (104 m3);    d 1     −   ,    d 1     +   ,    d 2     −   ,    d 2     +   ,    N  j k  t   ,  n ,    q  i j k  t   ,    E t   ,  G D P  ,  B ,  A ,   S  F i t   ,  β ,    μ k t   ,    r  i j k    ,    D  i j k min  t   , and    D  i j k max  t    have the same meaning as the parameters of the model (3.2).



Compared with the target values of the model solution results, when the planned annual guaranteed rate is P = 50%, the total deviation sum of the upper-layer objective function of the water resource allocation results based on water rights trading is 1.96, while the total deviation sum of the upper-layer objective function of the water resource allocation results without water rights trading is 4.18. After considering water rights trading, the WG of the region decreased by 1.98 m3. The economic benefits of each sub-region of the lower objective function have been improved to varying degrees, and the comparison of the economic benefits of each sub-region is depicted in Figure 10. Water rights trading allows water resources to flow from low-value uses to high-value uses, realizes the efficient use of water resources in each sub-region, and then improves the economic benefits of each sub-region.



Comparison of actual water withdrawals by different water use sectors in the irrigation planned year. From the analysis of the proportion of actual water withdrawal by water-use sectors in comparison with Figure 11, the consideration of water rights trading has prompted the agricultural water-use sector to save water and reduce the actual amount of water withdrawn, while the transfer of agricultural water rights to the domestic and industrial water-use sectors with high water-use efficiency has resulted in an increase in the actual amount of water withdrawn by the domestic and industrial water-use sectors.



The following is a comparison of the actual proportion of water withdrawal by each water-consuming sector in different sub-regions of the Yehe Irrigation District in the planned year. An analysis was conducted based on the solution outcomes of the comparative model, as presented in Table 8. The percentage of water withdrawal for each water-consuming sector in Luquan District was 17.58%, 67.12%, and 15.30%; the percentage of water withdrawal for each water-consuming sector in Jingxing County was 10.52%, 69.71%, and 19.77%; the percentage of water withdrawal for each water-consuming sector in Pingshan County was 9.28%, 62.27%, and 28.45%; and the percentage of water withdrawal for each water-consuming sector in Yuanshi County was 17.33%, 70.64%, and 12.02%. Compared with the comparison model, the results of model (3.2) show that the proportion of water withdrawals from the industrial water consumption sector in the four sub-regions will increase by 3.51% to 16.96%, and the proportion of water withdrawals from the agricultural water consumption sector will decrease by 4.84% to 14.31%.



The following is a comparison of the actual proportion of water withdrawal by water-consuming sectors at different stages of the planned year in the irrigation district. The results of the comparison model show that in the first stage of the planned year, the actual proportion of water withdrawal in the domestic, agricultural, and industrial water consumption sectors in the irrigation district is 12.65%, 68.19%, and 19.16%, respectively, compared with the comparison model, and the actual proportion of water withdrawal in the industrial water consumption sector in the model (3.2) increases by 11.15%, while the actual proportion of water withdrawal in the agricultural water-consuming sector decreases by 11.08%. In the second stage, the actual proportion of water withdrawal in the domestic, agricultural, and industrial water-consuming sectors in the irrigation district were 13.51%, 65.16%, and 21.33%, respectively, compared to the comparison model; the actual proportion of water withdrawal in the domestic and industrial water-consuming sectors in model (3.2) increased by 0.80% and 9.13%, respectively; while the actual proportion of water withdrawal in the agricultural water-consuming sector decreased by 9.93%. In the third stage, the actual proportion of water withdrawal in the domestic, agricultural, and industrial water-consuming sectors in the irrigation district is 13.61%, 64.93%, and 21.46%, respectively, compared with the comparison model; the actual proportion of water withdrawal in the domestic water-consuming sector and the industrial water-consuming sector in the model (3.2) increases by 0.74% and 8.15%, respectively; while the actual proportion of water withdrawal in the agricultural water-consuming sector decreases by 8.89%. In the fourth stage, the actual proportion of water withdrawal in the domestic, agricultural, and industrial water-consuming sectors in the irrigation district is 12.27%, 67.63%, and 20.11%, respectively, compared with the comparison model; the actual proportion of water withdrawal in the domestic water-consuming sector and the industrial water-consuming sector in the model (3.2) increases by 0.90% and 8.34%, respectively; while the actual proportion of water withdrawal in the agricultural water-consuming sector decreases by 9.25%.



After the above comparative analysis, compared with the water resources uncertainty bi-level objective programming model without water rights trading, the water resource allocation model combined with water rights trading makes the WG in the irrigation district decrease by 3.42%. The economic benefits of Luquan District, Jingxing County, Pingshan County, and Yuanshi County have all been improved to varying degrees. The actual withdrawal proportions of water consumption in irrigation districts for domestic use, agriculture, and industry have changed from 13.13%, 66.18%, and 20.70% to 13.76%, 56.41%, and 29.83%, respectively. The significant reduction in agricultural water withdrawals indicates that agricultural water rights are being transferred on a paid basis to more efficient domestic and industrial sectors, further validating the effectiveness of water rights trading in improving regional water resource utilization efficiency.





5. Conclusions


This study presents a comprehensive framework by integrating stochastic chance-constrained programming, dynamic programming, bi-level programming, goal programming, and water rights trading to establish a bi-level goal programming model of water resources uncertainty based on water rights trading. This model effectively addresses the uncertainty of incoming water in the water resources system, the dynamic changes in supply and demand of water at different stages, as well as the competition conflicts among decision-makers at different levels regarding water resources. Simultaneously, it fully considers policy planning orientation by introducing deviation variables to represent discrepancies between actual allocation and policy goals, thereby enhancing the accuracy and stability of regional water resource allocation. By incorporating water rights trading into the model, through the market mechanism, water rights holders with low water use efficiency are induced to consider the opportunity cost of water use to save water, and some water rights are transferred to water rights holders with high water use efficiency so as to promote the overall efficiency of social water use.



The model is applied to the case study of the Yehe Irrigation District in Hebei Province. The uncertainty of incoming water in the irrigation district is characterized by stochastic variables, and the changes in different stages of water supply and demand are reacted through dynamic planning. The upper level takes the fairness of water right allocation and water resource utilization efficiency as the goal, establishes the expected target of the objective function according to the policy planning requirements, and introduces the deviation variable to minimize the gap with the expected target value, while the lower level takes the economic benefits of each sub-region of the irrigation district as the goal. The model solution results show that the planned annual water consumption of CNY ten thousand GDP of the irrigation district reaches 55.94 m3, which is 12.77% lower than the current situation and deviates from the expected target value of 1.88 m3. At the same time, the economic benefit is 818.78 × 108 CNY, and the configuration results of different stages of the planned year are obtained.



Compared with the bi-level objective programming model of water resources uncertainty without water rights trading, the model constructed in this study improves the water resources use efficiency of the irrigation district by 3.42% and the economic efficiency by 13.07%, and the allocation effect is better. It is more suitable for solving the problems of uncertainty, dynamically changing characteristics, hierarchy, and the influence of policy regulation in the water resource allocation system, which can provide powerful support to achieve the scientific and rational allocation of water resources.



The research on the price function of water rights trading is currently facing challenges such as theoretical deficiencies, complex market mechanisms, and large price differences. It is necessary to deepen the research to construct a complete theoretical system of water rights trading price, support the healthy development of the water rights market, and optimize the allocation of water resources. In addition, in order to alleviate the decline of groundwater levels in the irrigation district, comprehensive measures such as reducing overexploitation, ecological water replenishment, promoting agricultural efficient water-saving technology, and adjusting planting structure should be implemented to restore and protect groundwater resources.
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Figure 1. Geographic location map of the Yehe Irrigation District. 
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Figure 2. Framework for water resource allocation. 
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Figure 3. The random distribution function of surface water inflow at a guaranteed rate of  p  = 50%. 
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Figure 4. Comparison chart of water consumption per CNY ten thousand GDP (m3). 
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Figure 5. Initial allocation outcomes of water rights. 
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Figure 6. Percentage of water withdrawals by water-using sector and actual water withdrawals by water-using sector in different sub-regions in Stage 1 (104 m3). 
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Figure 7. Percentage of water withdrawals by water-using sector and actual water withdrawals by water-using sector in different sub-regions in Stage 2 (104 m3). 
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Figure 8. Percentage of water withdrawals by water-using sector and actual water withdrawals by water-using sector in different sub-regions in Stage 3 (104 m3). 
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Figure 9. Percentage of water withdrawals by water-using sector and actual water withdrawals by water-using sector in different sub-regions in Stage 4 (104 m3). 
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Figure 10. Comparison of economic benefits of each sub-region of irrigation district in planned year. 
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Figure 11. Comparison of the share of water withdrawals by water use sector in the planned year. 
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Table 1. Water demand of different water-consuming sectors in planned year (104 m3).
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	Sub-Region
	Domestic
	Agriculture
	Industry





	Luquan
	2737.48
	8228.64
	1650.00



	Jingxing
	1042.00
	4641.48
	573.00



	Pingshan
	1701.01
	7040.23
	3459.00



	Yuanshi
	1568.26
	15,457.46
	530.00










 





Table 2. External water supply (104 m3).
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	Water-Receiving Counties
	Design Water Supply Target
	2020
	2025





	Luquan
	5878.00
	3526.80
	4996.00



	Yuanshi
	1744.00
	1046.40
	1482.00










 





Table 3. The benefit coefficient and net water price of different water use sectors in each sub-region in the planned year.
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Sub-Region

	
Benefit Coefficient (CNY/m3)

	
Net Water Price/(CNY/m3)




	
Domestic

	
Agriculture

	
Industry

	
Domestic

	
Agriculture

	
Industry






	
Luquan

	
450.0

	
11.6

	
370.0

	
3.3

	
0.5

	
4.0




	
Jingxing

	
450.0

	
13.7

	
370.0

	
3.3

	
0.5

	
4.0




	
Pingshan

	
450.0

	
9.8

	
370.0

	
3.3

	
0.5

	
4.0




	
Yuanshi

	
450.0

	
18.8

	
370.0

	
3.3

	
0.5

	
4.0











 





Table 4. Forecast results for the planned annual GDP of the irrigation district (108 CNY).
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Sub-Region

	
2020

	
Annual Growth Rate

	
2025




	
2013–2017

	
2018–2020

	
2021–2035






	
Luquan

	
303.42

	
5.54%

	
1.87%

	
3.50%

	
397.31




	
Jingxing

	
93.01

	
2.50%

	
0.86%

	
2.00%

	
109.93




	
Pingshan

	
235.64

	
2.76%

	
1.73%

	
1.50%

	
270.00




	
Yuanshi

	
157.94

	
3.35%

	
3.17%

	
3.00%

	
219.46




	
Total

	
790.01

	
3.54%

	
1.91%

	
2.50%

	
996.70











 





Table 5. The target value of the model is solved under the guaranteed rate  p  = 50% in 2025.
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Sub-Region

	
Total Deviation

	
Net Benefit of Each Sub-Region (108 CNY)






	
Luquan

	
1.96

	
212.08




	
Jingxing

	
133.76




	
Pingshan

	
348.38




	
Yuanshi

	
124.56











 





Table 6. Actual water withdrawals by water use sector in different sub-regions (104 m3).
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	Sub-Region
	Domestic
	Agriculture
	Industry





	Luquan
	2363.75
	6799.25
	2976.61



	Jingxing
	850.31
	4345.67
	2525.64



	Pingshan
	1768.30
	10,288.40
	6615.50



	Yuanshi
	1361.39
	5218.19
	1293.81










 





Table 7. The outcomes of water rights trading in diverse sub-regions at various stages (104 m3).
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Stage

	
Sub-Region

	
Water Rights Trading Volume




	
Surface Water

	
Groundwater






	
t = 1

	
Luquan

	
175.10

	
488.20




	
Jingxing

	
165.26

	
−168.13 *




	
Pingshan

	
−187.70 *

	
−74.30 *




	
Yuanshi

	
−152.35 *

	
−50.59 *




	
t = 2

	
Luquan

	
−332.30 *

	
480.50




	
Jingxing

	
629.20

	
−211.50 *




	
Pingshan

	
−405.40 *

	
−1234.40 *




	
Yuanshi

	
488.90

	
1080.80




	
t = 3

	
Luquan

	
175.60

	
382.00




	
Jingxing

	
−72.10 *

	
−310.20 *




	
Pingshan

	
209.40

	
−641.00 *




	
Yuanshi

	
244.68

	
697.76




	
t = 4

	
Luquan

	
348.60

	
395.70




	
Jingxing

	
41.74

	
−132.69 *




	
Pingshan

	
−78.60 *

	
−244.40 *




	
Yuanshi

	
−48.73 *

	
31.73








Note: * indicates the purchase of water rights.













 





Table 8. The results of the actual water withdrawal of the water sectors in each stage of the comparison model (104 m3).
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Stage

	
Sub-Region

	
Domestic

	
Agriculture

	
Industry




	
Surface Water

	
Groundwater

	
Surface Water

	
Groundwater

	
Surface Water

	
Groundwater






	
t = 1

	
Luquan

	
182.30

	
258.00

	
1198.30

	
1363.70

	
59.00

	
320.70




	
Jingxing

	
5.34

	
157.97

	
866.70

	
172.49

	
47.11

	
105.89




	
Pingshan

	
57.60

	
255.30

	
2197.70

	
0.00

	
700.00

	
422.90




	
Yuanshi

	
42.50

	
257.12

	
259.89

	
498.51

	
23.06

	
163.95




	
t = 2

	
Luquan

	
360.90

	
548.70

	
2300.70

	
1295.00

	
214.60

	
466.10




	
Jingxing

	
38.00

	
275.40

	
1410.40
