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Abstract

:

With population growth, climate volatility, and economic expansion, the conjunctive management of surface–groundwater (SGW) faces great challenges. In this study, a hybrid factorial optimization programming (HFOP) method is developed through integrating factorial analysis, interval linear programming, flexible fuzzy programming, and two-stage stochastic programming into a general framework. HFOP can effectively reflect the multiple uncertainties and quantitatively identify the effects of multiple factors. Then, a HFOP-SGW model is formulated for the middle reaches of the Amu Darya River Basin, where 125 scenarios are analyzed. Some of the major findings are: (i) the improvement of surface-water transport efficiency and the proper use of groundwater can effectively alleviate regional water shortage; (ii) agricultural users have a high risk of water scarcity for all states, especially under a low-flow level; (iii) uncertainties of water-flow levels and risk-reverse attitudes of decision makers have significant impacts on the system’s benefits and water-allocation scheme; and (iv) the surface-water-transmission loss rate and risk perceptions of decision makers are the main factors affecting the system’s benefit’s and water-allocation scheme. These findings can help decision makers obtain desired water-allocation strategies to respond to the variations in water availability.
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1. Introduction


The water-scarcity problem is a key factor restricting social and economic development. According to the United Nations World Water Development Report (2019), compared with 2015, the global water demand in 2050 will increase by 55%, and nearly 50% of the world’s population will face water shortage problems [1]. Severe regional water shortage problems have a serious impact on eco-environment, food security, human health, and economic development [2]. In particular, in Central Asia, the rapid expansion of agriculture caused more than 80% of the runoff to flow into farmland, leading the inflow from the Aral Sea decrease from 64.2 km3/a to 10.2 km3/a between 1960 to 2015 [3,4]. The shrinking of the Aral Sea caused a series of ecological problems, such as land salinization, biodiversity reduction, and the destruction of cultivated land [5]. The current single water-resource-allocation method causes a lot of waste of water resources, aggravates regional water-resource conflicts, and seriously restricts the healthy development of the region. The efficient coordinated management of surface and groundwater systems is urgently needed.



In recent decades, some optimization methods have been proposed for finding operating strategies in the surface–groundwater (SGW) system [6,7]. For example. Sepahvand et al. (2019) proposed a multi-objective optimization model based on the genetic programming method for achieving the optimal allocation patterns of surface water and groundwater [8]. Abbas A et al. (2020) proposed a cyclic storage system for a reliability-based optimum design of surface water and groundwater, based on the particle swarm optimization algorithm and linear programming method [9]. Qiao et al. (2021) developed an ecological stability-oriented double-layer model based on the large-scale system coordination method for optimizing the water-use structure in the Heihe River Basin, where a contradiction between agricultural water and ecological water obviously existed [10]. The above-mentioned research is effective in generating reasonable water-resource allocation strategies. However, the complexity and uncertainty of water-resource systems pose a major challenge for maintaining the stability of the SGW system. For example, the amount of water availability, which has random characteristics, is affected by natural processes (e.g., precipitation, evaporation, and climate change). The economic parameters are affected by social development and policy change, which present fuzzy nature. These inherent uncertainties would increase the difficulty of SGW system management and strongly influence the managers’ decision-making processes. More robust optimization methods are desired to tackle the uncertainties that exist in the SGW system.



Among the programming methods, two-stage stochastic programming (TSP), as a powerful optimization method, is effective for solving the uncertainty problems with known probabilities [11]. In addition, TSP can effectively balance the system’s benefits through introducing a recourse mechanism to ensure the robustness of the system [12,13]. Such a robust analytical approach can provide a comprehensive strategy for addressing regional water scarcity risks, especially in arid and semi-arid areas (i.e., Central Asia). In addition, SGW management may be affected by regional water-allocation rules and market policies (e.g., water-consumption restrictions and ecological protection mechanisms); the uncertainty of price parameters and engineering parameters are high, due to the lack of human subjective understanding and the complexity of water-resource systems [14]. The uncertainty of these issues is beyond the capabilities of TSP. Interval parameter programming (IPP) can handle uncertainty that can handle unknown deterministic probability distributions, expressed as interval parameters [15]; flexible fuzzy programming (FFP) can deal with a class of ambiguity problems caused by the limitations of the human cognitive level and social development, which exist in relaxed constraints [16]. Additionally, the complex correlations and interactions among the parameters exist in the SGW system and these complexities can significantly affect the system’s stability. Fortunately, factorial analysis is a useful method that can precisely obtain the full characteristic of the model parameter with less experimental design. Moreover, factorial analysis has a strong ability to reveal the main effects and potential interactions of the model’s parameters.



Therefore, in the present study, a hybrid factorial optimization programming (HFOP) method is developed through integrating factorial analysis technology, interval parameter programming (IPP), flexible fuzzy programming (FFP), and two-stage stochastic programming (TSP) into a general framework. An ensemble approach can significantly improve the trial performance of the HFOP in surface-water and groundwater management under multiple uncertainties. The innovations of this article can be summarized as follows: (i) HFOP can effectively tackle the uncertainties expressed as fuzzy sets, discrete intervals and probability distributions; (ii) HFOP can quantitatively identify the impact of the parameter’s main effects and interaction effects on the system’s benefits; and (iii) HFOP is applied to the SGW system for alleviating the contradiction between water supply and demand. The results obtained from the model hopefully generate desirable alternatives for the basin.




2. Methodology


2.1. General Framework of the HFOP


Obtaining the optimal water-resource allocation scheme in adaptation to climate change and water-shortage problems includes two components: uncertainty parameter processing and optimal scheme selection. The HFOP covers the two parts through integrating interval fuzzy two-stage stochastic programming (IFTSP) and factorial analysis into a general framework (as shown in Figure 1). Each subcomponent can enhance the capacity of HFOP in addressing the complex water-management problem. In detail, the interval fuzzy two-stage stochastic programming (IFTSP) can deal with uncertain problems in the optimal allocation of water resources, such as the volatility of the water-resource level, decision-making cognitive biases, and policy changes. Factorial analysis (FA) can effectively identify the interaction between factors and quantitatively characterize the contribution rate of the main factors. In general, HFOP can help decision makers identify the main factors in the water-resource system and obtain the optimal water-resource-allocation scheme.




2.2. Interval Fuzzy Two-Stage Stochastic Programming


The water-resources system is a complex and interrelated subject with multiple complexities and uncertainties (such as the uncertainty of policy information, fluctuations in market prices, climate change, and changes in water demand). Two-stage stochastic programming (TSP) is effective for handling these problems where an analysis of the policy scenario is desired and when the right-hand-side variables are random [17]. In TSP, the first-stage decision would be made before certain information is obtained; the second-stage decision is obtained by minimizing the “penalties” that may appear when the demand is not satisfied. A general TSP model can be formulated as follows:


  M a x   f =   ∑ i I   N  b i    W  h i  − E  [    ∑ i I   P  e i  W  l  i Q      ]   



(1)




subject to:


    ∑  i = 1  m    A i  ( W  h i  − W  l  i Q   )   ≤  B j    i = 1 , 2 ,   … , m ;   j = 1 , 2 ,   … , g  



(2)






    ∑  i = m + 1  I    A i  ( W  h i  − W  l  i Q   )   ≤  B j    i = m + 1 , m + 2 ,   … , I ;   j = g + 1 , g + 2 ,   … , n  



(3)






  W  h i  ≥ 0 , W  l  i Q   ≥ 0  



(4)




where   W  h i    is the first-stage decision variable when enough of certain information is not obtained;   N  b i  W  h i    is the net benefit of the first stage;   W  l  i Q     is the two-stage decision variable at each water flow (Q), which is the recourse for the event’s occurrence;   E  [    ∑ i I   P  e i  W  l  i Q      ]    is the penalty for the second-stage decision;   N  b i    is the coefficient of the first stage;   P  e i    is the coefficient of the second-stage decision; and    A i    and    B i    are the coefficients of the constrains. The distribution of Q could be approximated by a discrete distribution, allowing Q take the discrete values of Qr with probability levels of Pr (r = 1, 2, …, R, and    ∑   P r  = 1    ). Thus we have   E  [    ∑ i I   P  e i  W  l  i Q      ]  =   ∑ i I     ∑ r R    P r      P  e i  W  l  i r    . TSP model can efficiently deal with the problem with a known probability distribution. However, more parameters are presented as interval numbers due to the lack of useful information. Thus, through integrating the interval parameter programming into the TSP [18], the following interval two-stage stochastic programming (ITSP) can be formulated as:


  M a x    f ±  =   ∑ i I   N  b i ±    W  h i ±  −   ∑ i I     ∑ r R    P r ±      P  e i ±  W  l  i r  ±   



(5)




subject to:


    ∑  i = 1  m    A i ±  ( W  h i ±  − W  l  i r  ±  )   ≤  B j ±    i = 1 , 2 ,   … , m ;   j = 1 , 2 ,   … , g  



(6)






    ∑  i = m + 1  I    A i ±  ( W  h i ±  − W  l  i r  ±  )   ≤  B j ±    i = m + 1 , m + 2 ,   … , I ;   j = g + 1 , g + 2 ,   … , n  



(7)






  W  h i ±  ≥ 0 , W  l  i r  ±  ≥ 0  



(8)







Generally, although the ITSP approach is effective for handling the uncertainties expressed as interval and random, it cannot reflect the ambiguity and vagueness of the constraints due to the subjective experience and insufficient data. Flexible fuzzy programming (FFP) can be introduced into ITSP to tackle the above-mentioned uncertain problem [16]. Thus, an interval fuzzy two-stage stochastic programming (IFTSP) model is formulated as follows:


  M a x    f ±  =   ∑ i I   N  b i ±    W  h i ±  −   ∑ i I     ∑ r R    P r ±      P  e i ±  W  l  i r  ±   



(9)




subject to:


    ∑  i = 1  m    A i ±  ( W  h i ±  − W  l  i r  ±  )   ≤  B j ±  + (  τ ˜  ( 1 − γ ) )   i = 1 , 2 ,   … , m ;   j = 1 , 2 ,   … , g  



(10)






    ∑  i = m + 1  I    A i ±  ( W  h i ±  − W  l  i r  ±  )   ≤  B j ±    i = m + 1 , m + 2 ,   … , I ;   j = g + 1 , g + 2 ,   … , n  



(11)






  W  h i ±  ≥ 0 , W  l  i r  ±  ≥ 0  



(12)






  0 ≤ γ ≤ 1  



(13)




where  γ  is a satisfaction level of flexible constraints, which should be given by the regional decision maker.    τ ˜    is a triangular fuzzy number, which can be presented by its three prominent points (i.e.,    τ ˜    = (   τ  ( 1 )    ,    τ  ( 2 )    ,    τ  ( 3 )    )) with a membership function of:


   f A  ( τ ) =  {      τ −  τ  ( 1 )      τ  ( 2 )   −  τ  ( 1 )     =  f A L  ( τ ) ,    τ  ( 1 )   ≤ τ ≤  τ  ( 2 )          τ  ( 3 )   − τ    τ  ( 3 )   −  τ  ( 2 )     =  f A R  ( τ ) ,    τ  ( 2 )   ≤ τ ≤  τ  ( 3 )          0   o t h e r w i s e      



(14)







The fuzzy ranking can be obtained by the method [19],    τ ˜    can be defuzzied as


     ℜ A  =    ∫   τ  ( 1 )      τ  ( 2 )     τ  f A L  ( τ ) d τ +  ∫   τ  ( 2 )      τ  ( 3 )     τ  f A R  ( τ ) d τ    ∫   τ  ( 1 )      τ  ( 2 )      f A L  ( τ ) d τ +  ∫   τ  ( 2 )      τ  ( 3 )      f A R  ( τ ) d τ       =    ∫   τ  ( 1 )      τ  ( 2 )     τ   τ −  τ  ( 1 )      ϑ τ    d τ +  ∫   τ  ( 2 )      τ  ( 3 )     τ    τ  ( 3 )   − τ    ϑ τ ′    d τ    ∫   τ  ( 1 )      τ  ( 2 )       τ −  τ  ( 1 )      ϑ τ    d τ +  ∫   τ  ( 2 )      τ  ( 3 )        τ  ( 3 )   − τ    ϑ τ ′    d τ   =  τ  ( 2 )   +    ϑ τ  −  ϑ τ ′   3     



(15)







Thus, IFTSP model can be converted as:


  M a x    f ±  =   ∑ i I   N  b i ±    W  h i ±  −   ∑ i I     ∑ r R    P r ±      P  e i ±  W  l  i r  ±   



(16)




subject to:


    ∑  i = 1  m    A i ±  ( W  h i ±  − W  l  i r  ±  )   ≤  B j ±  + (  τ  ( 2 )   +    ϑ τ  −  ϑ τ ′   3  ) · ( 1 − γ )   i = 1 , 2 ,   … , m ;   j = 1 , 2 ,   … , g  



(17)






    ∑  i = m + 1  I    A i ±  ( W  h i ±  − W  l  i r  ±  )   ≤  B j ±    i = m + 1 , m + 2 ,   … , I ;   j = g + 1 , g + 2 ,   … , n  



(18)






  W  h i ±  ≥ 0 ,   W  l  i r  ±  ≥ 0  



(19)






  0 ≤ γ ≤ 1  



(20)







Based on the interactive algorithm [20], IFTSP model can be disassembled into two definite sub-models (the upper-bound and lower-bound models). The upper-bound model can be firstly reformulated as follows:


  M a x    f +  =   ∑ i I   N  b i +    ( W  h i −  +  θ i  Δ W  h i  ) −   ∑ i I     ∑ r R    P r −      P  e i −  W  l  i r  −   



(21)




subject to:


    ∑  i = 1  m    A i −  ( W  h i −  +  θ i  Δ W  h i  − W  l  i r  −  )   ≤  B j +  + (  τ  ( 2 )   +    ϑ τ  −  ϑ τ ′   3  ) · ( 1 − γ )   i = 1 , 2 ,   … , m ;   j = 1 , 2 ,   … , g  



(22)






    ∑  i = m + 1  I    A i −  ( W  h i −  +  θ i  Δ W  h i  − W  l  i r  −  )   ≤  B j +    i = m + 1 , m + 2 ,   … , I ;   j = g + 1 , g + 2 ,   … , n  



(23)






  W  h i −  +  θ i  Δ W  h i  ≥ 0 ,   W  l  i r  −  ≥ 0  



(24)






  0 ≤ γ ≤ 1  



(25)






  0 ≤  θ i  ≤ 1  



(26)







By solving upper-bound model,    θ i    can be obtained. The lower-bound model corresponding to    f −    can be formulated as:


  M a x    f −  =   ∑ i I   N  b i −    ( W  h i −  +  θ i  Δ W  h i  ) −   ∑ i I     ∑ r R    P r +      P  e i +  W  l  i r  +   



(27)




subject to:


    ∑  i = 1  m    A i +  ( W  h i −  +  θ i  Δ W  h i  − W  l  i r  −  )   ≤  B j −  + (  τ  ( 2 )   +    ϑ τ  −  ϑ τ ′   3  ) · ( 1 − γ )   i = 1 , 2 ,   … , m ;   j = 1 , 2 ,   … , g  



(28)






    ∑  i = m + 1  I    A i +  ( W  h i −  +  θ i  Δ W  h i  − W  l  i r  +  )   ≤  B j −    i = m + 1 , m + 2 ,   … , I ;   j = g + 1 , g + 2 ,   … , n  



(29)






  W  h i −  +  θ i  Δ W  h i  ≥ 0 ,   W  l i +  ≥ W  l  i r  −   



(30)






  0 ≤ γ ≤ 1  



(31)






  0 ≤  θ i  ≤ 1  



(32)







Thus, the optimal solutions of the interval fuzzy two-stage stochastic programming (IFTSP) model can be described as follows:


  W  h  i o p t   = W  h i −  +  θ i  Δ W  h i   



(33)






  W  l  i r o p t  +  = [ W  l  i r o p t  −  , W  l  i r o p t  +  ]  



(34)






   f  o p t  +  =  [   f  o p t  −  ,  f  o p t  +   ]   



(35)








2.3. Factorial Analysis


Multiple factors in the complex system are interrelated and affect the variation of the system’s response. The quantitative identification of main factor effects and interactions between factors can effectively identify key factors. Factorial analysis (FA), as a powerful statistical tool, is widely used for identifying the effects of multiple factors and their interactions through factorial design. For instance, a two-level factorial design contains a high level (H) and a low level (L) for each of the n factors, leading to 2n treatment combinations. Thus, the formulation of the sum of squares for individual factors can be described as follows:


  S  S A  =   N   ∑  n = 1  N     (   ∑  m = 1  M     ∑  l = 1  L    Y  n m l       )  2  − (   ∑  n = 1  N     ∑  m = 1  M     ∑  l = 1  L    Y  n m l            ) 2    N M L    



(36)






  S  S B  =   M   ∑  m = 1  M     (   ∑  n = 1  N     ∑  l = 1  L    Y  n m l       )  2  − (   ∑  n = 1  N     ∑  m = 1  M     ∑  l = 1  L    Y  n m l            ) 2    N M L    



(37)






  S  S C  =   L   ∑  l = 1  L     (   ∑  n = 1  N     ∑  m = 1  M    Y  n m l       )  2  − (   ∑  n = 1  N     ∑  m = 1  M     ∑  l = 1  L    Y  n m l            ) 2    N M L    



(38)




where the   S  S A   ,   S  S B    and   S  S C    denote the sums of squares of the selected factors (A, B and C);    Y  n m l     is the system response with different factor levels; and N, M and L, are the design levels for multiple factors (e.g., A, B and C). Thus, the contribution of each factor can be presented by calculating the factor proportion of the sums of squares in the total sum of the squares. The sum of squares of the interaction of multiple factors can be described as follows:


  S  S  A × B   =   N M   ∑  n = 1  N     ∑  m = 1  M     (   ∑  l = 1  L    Y  n m l     )  2      − N   ∑  n = 1  N     (   ∑  m = 1  M     ∑  l = 1  L    Y  n m l       )  2  − M   ∑  m = 1  M     (   ∑  n = 1  N     ∑  l = 1  L    Y  n m l       )  2  +   (   ∑  n = 1  N     ∑  m = 1  M     ∑  l = 1  L    Y  n m l         )  2        N M L    



(39)






  S  S  A × C   =   N L   ∑  n = 1  N     ∑  l = 1  L     (   ∑  m = 1  M    Y  n m l     )  2      − N   ∑  n = 1  N     (   ∑  m = 1  M     ∑  l = 1  L    Y  n m l       )  2  − L   ∑  l = 1  L     (   ∑  n = 1  N     ∑  m = 1  M    Y  n m l       )  2  +   (   ∑  n = 1  N     ∑  m = 1  M     ∑  l = 1  L    Y  n m l         )  2        N M L    



(40)






  S  S  B × C   =   M L   ∑  m = 1  M     ∑  l = 1  L     (   ∑  n = 1  N    Y  n m l     )  2      − L   ∑  l = 1  L     (   ∑  n = 1  N     ∑  m = 1  M    Y  n m l       )  2  − M   ∑  m = 1  M     (   ∑  n = 1  N     ∑  l = 1  L    Y  n m l       )  2  +   (   ∑  n = 1  N     ∑  m = 1  M     ∑  l = 1  L    Y  n m l         )  2        N M L    



(41)




where the   S  S  A × B    ,   S  S  A × B     and   S  S  A × B     are the sums of squares of factorial interactions. In this study, the effect of the interactions of the multiple factors on the system response can be obtained by calculating the proportion of two factorial interactions (  S  S  A × B    ,   S  S  A × B     and   S  S  A × B    ) in the total sum of squares.





3. Case Study


The Amu Darya River Basin (which ranges from 34°30′ to 43°45′ N in latitude, and from 58°15′ to 75°07′ E in longitude) is located in Central Asia [21,22]. The basin belongs to a semi-arid and a continental temperature climate zone, with an average temperature of about 13 °C and annual precipitation of 100 mm [23]. The study area located in the middle reaches of the Amu Darya River, covering an area of 196 × 103 km2, contains four districts (i.e., Bukhara, Kashkadarya, Navoi and Samarkand, as shown in Figure 2). The total population in the region is about 7.5 million, of which 56% is a rural population, and the agricultural economy accounts for about 45% of the regional GDP [24]. The water resources mainly come from surface water and groundwater. More than 70% of the water in irrigated agriculture is obtained from surface water, and the rest is from groundwater and other water sources [25]. Most of the domestic water is obtained from groundwater, of which urban water is 1.142 km3/a, and rural water is 1.423 km3/a [26]. Since the disintegration of the Soviet Union, with the development of industry, the increase in the population and the expansion of agriculture, the contradiction between the supply of and demand for water resources has intensified, especially the contradiction of the circulation of the surface and groundwater system. In general, with the overexploitation of groundwater and the inefficient use of surface water, it is indispensable for the water-resource manager to develop an effective joint-management approach to regional water resources to improve the utilization of water resources and promote the sustainable development of the economy and environment.




4. Development of the HFOP-SGW Model


Based on the proposed HFOP approach, a HFOP-SGW model was developed for the surface–groundwater (SGW) system, where four states and four water users were involved. The HFOP-SGW model aims to adjust the structure of water use and alleviate the contradiction between the supply of and demand for regional water resources. Thus the objective function can be formulated as:


   Max    f = ( 1 ) + ( 2 ) + ( 3 ) + ( 4 ) − ( 5 )  



(42)







(1) Benefits from the industrial sectors


    ∑  k = 1  4   ( I N  W k ±  + I N  G k ±  )   · B I  N k ±  −   ∑  k = 1  4     ∑  h = 1  3    P h  · C I  N k ±  · ( Q I  N  k h  ±  + Q G I  N  k h  ±      )  



(43)







(2) Benefits from the municipal sectors


    ∑  k = 1  4   ( M W  W k ±  + M W  G k ±  )   · B M  W k ±  −   ∑  k = 1  4     ∑  h = 1  3    P h  · C M  W k ±  · ( Q M  W  k h  ±  + Q G M  W  k h  ±      )  



(44)







(3) Benefits from the agricultural sectors


    ∑  k = 1  4   ( A G  W k ±  + A G  G k ±  )   · B A  G k ±  −   ∑  k = 1  4     ∑  h = 1  3    P h  · C A  G k ±  · ( Q A  G  k h  ±  + Q G A  G  k h  ±      )  



(45)







(4) Benefits from the ecological sectors


    ∑  k = 1  4   ( E C  W k ±  + E C  G k ±  )   · B E  C k ±  −   ∑  k = 1  4     ∑  h = 1  3    P h  · C E  C k ±  · ( Q E  C  k h  ±  + Q G E  C  k h  ±      )  



(46)







(5) Cost of water transportation


      ∑  k = 1  4     ∑  h = 1  3   ( I N  W k ±  −  P h  · Q I  N  k h  ±    )   · W I  N k ±  +   ∑  k = 1  4     ∑  h = 1  3   ( I N  G k ±  −  P h  · Q G I  N  k h  ±  )   · G I  N k ±    +       ∑  k = 1  4     ∑  h = 1  3   ( M W  W k ±  −  P h  · Q M  W  k h  ±    )   · W M  W k ±  +   ∑  k = 1  4     ∑  h = 1  3   ( M W  G k ±  −  P h  · Q G M  W  k h  ±  )   · G M  W k ±    +       ∑  k = 1  4     ∑  h = 1  3   ( A G  W k ±  −  P h  · Q A  G  k h  ±    )   · W A  G k ±  +   ∑  k = 1  4     ∑  h = 1  3   ( A G  G k ±  −  P h  · Q G A  G  k h  ±  )   · G A  G k ±    +       ∑  k = 1  4     ∑  h = 1  3   ( E C  W k ±  −  P h  · Q E  C  k h  ±    )   · W E  C k ±  +   ∑  k = 1  4     ∑  h = 1  3   ( E C  G k ±  −  P h  · Q G E  C  k h  ±  )   · G E  C k ±       



(47)







The constraints of the HFOP-SGW model can be characterized as follows:



(1) Constraint of surface-water-resource availability. The total allocated water amounts must be less than the availability of surface water in the region. The constraints are designed at different levels to reflect the randomness of surface-water availability.


     [    ∑  k = 1  4   ( I N  W k ±  − Q I  N  k h  ±  )   +   ∑  k = 1  4   ( I N  W k ±  − Q I  N  k h  ±  )   +           ∑  k = 1  4   ( I N  W k ±  − Q I  N  k h  ±  )   +   ∑  k = 1  4   ( I N  W k ±  − Q I  N  k h  ±  )    ]  / ( 1 − α ) ≤ D B  P h ±    ∀ h    



(48)







(2) Constraint of groundwater-resource availability.



The total groundwater supply to each region must not exceed the total availability of groundwater. Different levels of total availability of groundwater are to reflect the randomness of groundwater availability.


    ( I N  G k ±  − Q G I  N  k h  ±  ) + ( M W  G k ±  − Q G M  W  k h  ±  ) +     ( A G  G k ±  − Q G A  G  k h  ±  ) + ( E C  G k ±  − Q G E  C  k h  ±  ) ≤ β · D X  P  k h  ±    ∀ k , h    



(49)







(3) Constraint of the quantity of wastewater.



The quantity of regional wastewater must be satisfied with the regional discharge standards. The amount of sewage generated in the area cannot exceed the environmental safety threshold. Such a constraint is set as fuzzy inequality to reflect the policy’s subjectivity and decision-makers’ attitudes toward environmental security.


    [ ( I N  G k ±  − Q G I  N  k h  ±  ) + ( I N  W  k t  ±  − Q I  N  k h  ±  ) ] · ξ + [ ( M W  G k ±  − Q G M  W  k h  ±  )     + ( M W  W k ±  − Q M  W  k h  ±  ) ] · ζ ≤ C L  S k ±  +  (   τ   ( 2 )    +    ϑ τ  −  ϑ τ ′   3   )  ·  (  1 − γ  )    ∀ k ,   h    



(50)







(4) Constraint of water consumption of different water-user sectors.



The water-supply amount to water users in each district must not be less than the lowest water-consumption rate.


  ( I N  G k ±  − Q G I  N  k h  ±  ) + ( I N  W k ±  − Q I  N  k h  ±  ) ≥ I N D  W k ±    ∀ k ,   h  



(51)






  ( M W  G k ±  − Q G M  W  k h  ±  ) + ( M W  W k ±  − Q M  W  k h  ±  ) ≥ M W D  W k ±    ∀ k ,   h  



(52)






  ( A G  G k ±  − Q G A  G  k h  ±  ) + ( A G  W k ±  − Q A  G  k h  ±  ) ≥ A G D  W k ±    ∀ k ,   h  



(53)






  ( E C  G k ±  − Q G E  C  k h  ±  ) + ( E C  W k ±  − Q E  C  k h  ±  ) ≥ E C D  W k ±    ∀ k ,   h  



(54)







(5) Non-negative constraint.


  I N  W k  ,   I N  G k  ,   M W  W k  ,   M W  G k  ,   A G  W k  ,   A G  G k  , E C  W k  , E C  G k  ≥ 0  



(55)







In this study, 125 representative scenarios (as shown in Table 1) with five surface-water-transmission loss-rate levels (i.e., α = L (0.22), ML (0.24), M (0.26), MH (0.28) and H (0.30)), five groundwater abstraction-rate levels (i.e., β = L (0.40), ML (0.42), M (0.44), MH (0.46) and H (0.48)) and five satisfaction decision levels (i.e., γ = L (0.2), ML (0.4), M (0.6), MH (0.8) and H (1)) were examined through factorial designs. The factorial combinations were designed by Minitab, and the optimization model was programmed by Lingo. The variables and parameters of the HFOP-SGW model are clearly listed at the end of the paper.



Water availability (as shown in Table 2) was obtained by referring to the hydrological site flows, statistical yearbooks, literature data and related statistical websites. The water-supply target for different water users (as shown in Table 3) was collected from the Central Asia Water Resources Information Website (http://www.cawater-info.net/ (accessed on 5 October 2021)). The data related to socio-economic factors (unit water benefit, population and yield of food crops per unit area), water resources and agriculture. For example, the benefit for water users, the penalty for water waste and the cost of water delivery (as shown in Table 4) were collected through practical investigations, expert inquiries, the statistical yearbooks of Uzbekistan (2013–2019) and the literature reports. All the figures presented above are revised according to the actual conditions, water demand and policy changes.




5. Results and Discussion


Figure 3 provides the results for the system’s benefits for 125 scenario combinations designed, based on different factor levels. The results indicate that different combinations of factor levels would bring about a change in the system’s benefits. The system’s benefits range from USD [13.58, 24.64] × 109 (in the α = 0.30, β = 0.40, γ = 1, scenario S5) to USD [18.16, 28.47] × 109 (in the α = 0.22, β = 0.48, γ = 0.2, scenario S121). More specifically, a higher γ level can lead to a lower system benefit. The reason for this is that the γ level reflects the decision-maker’s attitude towards risk, the high γ level represents the decision-maker’s lowest tolerance for systematic risks, and the low γ level represents the decision-maker’s optimistic attitude towards risks. Additionally, in the optimistic decision-making scenario, when β = 0.48, γ = 0.2, the system’s benefit is USD [16.42, 27.39] × 109 when α = 0.28 and USD [17.70, 28.26] × 109 when α = 0.24. Higher α levels lead to a lower system benefit. The main reason is that α represents the water-delivery loss rate of the system, the high α level represents a high water-delivery loss rate and the low efficiency of the water-delivery infrastructure, and the low α level reflects an effective water-delivery infrastructure. Improving the efficiency level of the water-delivery facility can significantly improve the system’s benefits and ensure regional stability.



Table 5 shows the solutions of optimized water-allocation targets for different water users in the planning horizon in the high-system-benefit scenario (S121). The results indicate that numbers of water-allocation targets to water users have been adjusted for ensuring the stability of the system and obtaining the optimal water-resource allocation scheme. With the known water-flow level, the water deficits for water users can be optimized for decreasing the system’s losses. For instance, the initial groundwater-allocation target for an industrial user from Bukhara was [24.9, 37.8] × 106 m3; through solving the model, the optimal value was 35.2 × 106 m3. The variations of water-allocation targets for different water users reflected the resilience to water-resource fluctuations and policy changes. When the water-allocation target reached the upper bound, the SGW system would be in a high-risk situation due to the serious water shortage under low or medium water levels. In general, solving the model can further optimize the allocation of water resources, balance the system’s benefits and mitigate water shortages.



Figure 4 shows the patterns of water-allocation targets in different regions in the high-system-benefit (S121) and low-system-benefit (S5) scenarios over the planning horizon. The results indicate that the water-allocation targets greatly vary in the four states in different scenarios. More specifically, Kashkadarya (KAS) accounts for the highest water-allocation target and Bukhara (BUK) accounts for the lowest among all three water-flow levels. For instance, at a low-flow level, the water-allocation target for Kashkadarya (KAS) is about [2040.4, 2236.0] × 106 m3 in S121, accounting for 30.3~30.5% of the total water resource (surface water and groundwater), and the water-allocation target for Bukhara (BUK) is about [1276.4, 1463.3] × 106 m3, accounting for 19.1~19.8% of the total water resource (surface water and groundwater). The main reason is that agriculture is an important part of the economic structure of Kashkadarya, including grain planting, animal husbandry and cotton production, which consume a lot of water resources. On the contrary, the economies of Bukhara mainly include the fine processing of agricultural products and the processing of building materials, which consume less water resources. In general, the higher the water demand of the state, the more sensitive it is to change in different scenarios, and it is more necessary to adjust the scale of water use or improve the efficiency of water use according to the actual situation.



Figure 5 presents the water deficits of water users in different scenarios. The results indicate that there is a serious water-shortage problem in the study area, and there are significant differences in water the shortage levels among water users. The statistical results of various water shortages show that about 19.5%~25.8% of the water-resource targets cannot be met at low levels. The main reasons for this situation are the unreasonable water structure and serious water loss in Central Asia. It can be observed from the results that there are great differences in the water shortage levels among water users, among which agricultural users of surface water have the greatest water shortage loss, and groundwater is the largest for municipal water shortages. For example, under a low water-flow level, the water-deficit ratios for agricultural users of groundwater and surface water are [5.5, 10.1]% and [23.1, 26.2]%, respectively; the water-deficit ratios for municipal users of groundwater and surface water are [18.3, 20.2]% and [13.4, 18.2]%, respectively, in a high-benefit scenario (S121). The reason for this is that more than 80% of agricultural water in Central Asia is obtained from surface water, so agricultural users are more sensitive to surface-water fluctuations and have a high probability of water shortages. Correspondingly, municipal water is mainly obtained from groundwater, which is greatly affected by the fluctuation of water sources.



Figure 6 depicts the solutions of the optimized water-resource allocation scheme for water users in different scenarios (high-benefit (S121) and low-benefit (S5) scenarios) obtained from the HFOP-SGW model. The results show that the water-resource allocation patterns are closely related to the regional water-use structure and economic policy. In detail, agricultural users are in the highest position to be adjusted for water demand when water security and emergency development need to be guaranteed. For instance, at a low-flow level, the water supply of surface water for agriculture in Bukhara is [924, 1023] × 106 m3, in S121; at a high-flow level, the value would be [1250, 1275] × 106 m3. This is because irrigated agriculture possesses high water requirements and low economic benefits. Different water-supply schemes are generated according to the water-resource demands of water users. The results show that in various scenarios, the demand for municipal water mainly comes from groundwater. Under different inflow levels, municipal water is most sensitive to groundwater availability. The main reason for this is the high salinity of surface water in Central Asia.



Figure 7 shows the effects of multiple parameters on the system’s benefits. Combinatorial designs of multiple factors can support the analysis of the interaction of the model parameters (e.g., α, β and γ). The results indicate that the surface-water-transmission loss rate (α) and the satisfaction decision level (γ) have a negative effect on the system’s benefits; the groundwater abstraction-rate (β) has a positive effect on the system’s benefits. For example, when α increases from a low to a high level, the system’s benefit decreases by about USD 1.3 × 109 in the upper bound; when β increases from a low to a high level, the system’s benefit increases by about USD 0.4 × 109 in the upper bound. The change reflects the fact that factor α has a greater impact on the system’s performance than factor β. In detail, as described in Table 6, the contributions of the surface-water-transmission loss rate (α), groundwater abstraction-rate (β) and satisfaction decision level (γ) are 33.272%, 3.987% and 59.338%, respectively. The results indicate that the surface-water-transmission loss rate (α) and confidence level (γ) are the main factors that affect the system’s benefits. The reason is that the excessive use of surface water in the study area exacerbates the impact of water-delivery facilities on the system’s stability. In general, improving the water-delivery efficiency of surface water and the water-use structure is a necessary way to maintain regional stability and achieve a high system benefit.



Figure 8 presents the interactive effects of multiple parameters on the system’s benefits. The results indicate that the interaction of the surface-water-transmission loss rate (α) and satisfaction decision level (γ) has a significant effect on the system’s benefits. For instance, when the surface-water-transmission loss rate is at a high level, the system’s benefits decrease from USD 20.7 × 109 to USD 19.3 × 109, with the satisfaction decision level (γ) increasing from a low (L) to a high (H) level; when the surface-water-transmission loss rate is at a low level, the system’s benefits decrease from USD 22.9 × 109 to USD 20.3 × 109, with the satisfaction decision level (γ) increasing from a low (L) to a high (H) level. The results show that there is a close relationship between the level of regional economic development and environmental sustainable development. In detail, the interactive contribution between the surface-water-transmission loss rate (α) and the satisfaction decision level (γ) has a more significant impact on the system’s benefits than the other interactive contributions. As shown in Table 6, the interactive contribution between the surface-water-transmission loss rate (α) and satisfaction decision level (γ) is about 2.759%, and the interactive contribution between the groundwater-restriction rate (β) and the satisfaction decision level (γ) is about 0.609%. The results indicate that decision making needs to comprehensively consider the water-distribution plan to achieve economic growth and environmental health, according to the needs of sustainable development.




6. Conclusions


In the present study, a hybrid factorial optimization programming (HFOP) method was developed by integrating factorial analysis, interval linear programming, flexible fuzzy programming and two-stage stochastic programming into a general framework. HFOP can not only reflect the uncertainties expressed as probability distributions and interval values, but also effectively address the fuzzy-decision problem. Through applying the HFOP method to the SGW system, a HFOP-SGW model was developed for the middle reach of the Amu Darya River Basin, and multiple scenarios corresponding to the different parameter levels were examined. Issues of surface-water use, groundwater protection and water-pollution control were considered in the modeling process. The HFOP-SGW model can make a tradeoff between the system’s benefits and water consumption under multiple uncertainties. Additionally, the quantitative analysis of parameter relationships can help decision makers to identify the main parameters and understand the interaction between those parameters.



The solutions of the HFOP-SGW model in different combined scenarios were obtained. Some of the findings can be concluded as follows: (i) the improvement of surface-water-transport efficiency and the proper use of groundwater can effectively alleviate regional water shortages; (ii) agricultural users have the highest risk of water scarcity of all states, especially under a low-flow level (the water-deficit ratios of agriculture for surface water are [23.1, 26.2]% (in S121)); (iii) the uncertainties of water-flow levels and risk-reverse attitudes of decision makers have a significant impact on the system’s benefits and water-resource allocation scheme; and (iv) the surface-water-transmission loss rate and risk perceptions of decision makers are the main factors affecting the system’s benefits and water-allocation scheme. HFOP is an effective tool for addressing the water-allocation problem in the SGW system. However, the developed method is a single-objective decision-making method based on linear programming, which has difficulty in solving the multi-objective problem. A more robust programming method can be developed to the optimization framework for enhancing its capability of dealing with multilevel-decision problems, such as multi-objective programming and bi-level programming.
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Nomenclatures for Variables and Parameters




	  p  
	The probability of available water resources.



	  α  
	The surface-water-transmission loss-rate.



	  β  
	The groundwater abstraction-rate.



	  γ  
	The satisfaction decision level.



	ξ
	The industrial wastewater yield.



	  ζ  
	The municipal wastewater yield.



	   B I  N k    
	The unit benefit of water supply during planning horizon for industrial users.



	   B M  W k    
	The unit benefit of water supply during planning horizon for municipal users.



	   B E  W k    
	The unit benefit of water supply during planning horizon for ecological users.



	   B A  G k    
	The unit benefit of water supply during planning horizon for agricultural users.



	   I N  W k    
	The water-supply target from surface-water resources for industrial users.



	   I N  G k    
	The water-supply target from groundwater resources for industrial users.



	   M W  W k    
	The water-supply target from surface-water resources for municipal users.



	   M W  G k    
	The water-supply target from groundwater resources for municipal users.



	   E C  W k    
	The water-supply target from surface-water resources for ecological users.



	   E C  G k    
	The water-supply target from groundwater resources for ecological users.



	   A G  W k    
	The water-supply target from surface-water resources for agricultural users.



	   A G  G k    
	The water-supply target from groundwater resources for agricultural users.



	   Q I  N  k h     
	The water shortage of surface water for industrial users.



	   Q M  W  k h     
	The water shortage of surface water for municipal users.



	   Q E  W  k h     
	The water shortage of surface water for ecological users.



	   Q A  G  k h     
	The water shortage of surface water for agricultural users.



	   Q G I  N  k h     
	The water shortage of groundwater for industrial users.



	   Q G M  W  k h     
	The water shortage of groundwater for municipal users.



	   Q G E  W  k h     
	The water shortage of groundwater for ecological users.



	   Q G A  G  k h     
	The water shortage of groundwater for agricultural users.



	   D B  P h    
	The amount of available surface water with a different h level.



	   D X  P h    
	The amount of available groundwater with a different h level.



	   I N D  W k    
	The water demand for industrial users.



	   M W D  W k    
	The water demand for municipal users.



	   A G D  W k    
	The water demand for agricultural users.



	   E C D  W k    
	The water demand for ecological users.



	   C L  S k    
	The capacity of waste water treatment.
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Figure 1. The framework of this study. 
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Figure 2. Study area. 
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Figure 3. System’s benefits in different scenarios. 
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Figure 4. The patterns of water-allocation targets in different regions. 
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Figure 5. The water deficits of water users in different scenarios. 
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Figure 6. The water-supply schemes for water users in different scenarios. 
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Figure 7. Main effects of multiple parameters on the system’s benefits. 
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Figure 8. Interactive effects of multiple parameters on the system’s benefits. 






Figure 8. Interactive effects of multiple parameters on the system’s benefits.



[image: Water 14 01541 g008]







[image: Table] 





Table 1. Scenarios with different factor levels.
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	α
	β
	γ
	
	α
	β
	γ
	
	α
	β
	γ
	
	α
	β
	γ





	S1
	L
	L
	L
	S33
	ML
	ML
	M
	S65
	M
	M
	H
	S97
	MH
	H
	ML



	S2
	L
	L
	ML
	S34
	ML
	ML
	MH
	S66
	M
	MH
	L
	S98
	MH
	H
	M



	S3
	L
	L
	M
	S35
	ML
	ML
	H
	S67
	M
	MH
	ML
	S99
	MH
	H
	MH



	S4
	L
	L
	MH
	S36
	ML
	M
	L
	S68
	M
	MH
	M
	S100
	MH
	H
	H



	S5
	L
	L
	H
	S37
	ML
	M
	ML
	S69
	M
	MH
	MH
	S101
	H
	L
	L



	S6
	L
	ML
	L
	S38
	ML
	M
	M
	S70
	M
	MH
	H
	S102
	H
	L
	ML



	S7
	L
	ML
	ML
	S39
	ML
	M
	MH
	S71
	M
	H
	L
	S103
	H
	L
	M



	S8
	L
	ML
	M
	S40
	ML
	M
	H
	S72
	M
	H
	ML
	S104
	H
	L
	MH



	S9
	L
	ML
	MH
	S41
	ML
	MH
	L
	S73
	M
	H
	M
	S105
	H
	L
	H



	S10
	L
	ML
	H
	S42
	ML
	MH
	ML
	S74
	M
	H
	MH
	S106
	H
	ML
	L



	S11
	L
	M
	L
	S43
	ML
	MH
	M
	S75
	M
	H
	H
	S107
	H
	ML
	ML



	S12
	L
	M
	ML
	S44
	ML
	MH
	MH
	S76
	MH
	L
	L
	S108
	H
	ML
	M



	S13
	L
	M
	M
	S45
	ML
	MH
	H
	S77
	MH
	L
	ML
	S109
	H
	ML
	MH



	S14
	L
	M
	MH
	S46
	ML
	H
	L
	S78
	MH
	L
	M
	S110
	H
	ML
	H



	S15
	L
	M
	H
	S47
	ML
	H
	ML
	S79
	MH
	L
	MH
	S111
	H
	M
	L



	S16
	L
	MH
	L
	S48
	ML
	H
	M
	S80
	MH
	L
	H
	S112
	H
	M
	ML



	S17
	L
	MH
	ML
	S49
	ML
	H
	MH
	S81
	MH
	ML
	L
	S113
	H
	M
	M



	S18
	L
	MH
	M
	S50
	ML
	H
	H
	S82
	MH
	ML
	ML
	S114
	H
	M
	MH



	S19
	L
	MH
	MH
	S51
	M
	L
	L
	S83
	MH
	ML
	M
	S115
	H
	M
	H



	S20
	L
	MH
	H
	S52
	M
	L
	ML
	S84
	MH
	ML
	MH
	S116
	H
	MH
	L



	S21
	L
	H
	L
	S53
	M
	L
	M
	S85
	MH
	ML
	H
	S117
	H
	MH
	ML



	S22
	L
	H
	ML
	S54
	M
	L
	MH
	S86
	MH
	M
	L
	S118
	H
	MH
	M



	S23
	L
	H
	M
	S55
	M
	L
	H
	S87
	MH
	M
	ML
	S119
	H
	MH
	MH



	S24
	L
	H
	MH
	S56
	M
	ML
	L
	S88
	MH
	M
	M
	S120
	H
	MH
	H



	S25
	L
	H
	H
	S57
	M
	ML
	ML
	S89
	MH
	M
	MH
	S121
	H
	H
	L



	S26
	ML
	L
	L
	S58
	M
	ML
	M
	S90
	MH
	M
	H
	S122
	H
	H
	ML



	S27
	ML
	L
	ML
	S59
	M
	ML
	MH
	S91
	MH
	MH
	L
	S123
	H
	H
	M



	S28
	ML
	L
	M
	S60
	M
	ML
	H
	S92
	MH
	MH
	ML
	S124
	H
	H
	MH



	S29
	ML
	L
	MH
	S61
	M
	M
	L
	S93
	MH
	MH
	M
	S125
	H
	H
	H



	S30
	ML
	L
	H
	S62
	M
	M
	ML
	S94
	MH
	MH
	MH
	
	
	
	



	S31
	ML
	ML
	L
	S63
	M
	M
	M
	S95
	MH
	MH
	H
	
	
	
	



	S32
	ML
	ML
	ML
	S64
	M
	M
	MH
	S96
	MH
	H
	L
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Table 2. Water availability at different flow levels (106 m3).






Table 2. Water availability at different flow levels (106 m3).











	Water Source
	Flow Level
	Probability
	Water Availability





	Groundwater
	Low
	0.2
	[3655, 3887]



	
	Medium
	0.6
	[4037, 4269]



	
	High
	0.2
	[4676, 4908]



	Surface water
	Low
	0.2
	[6822, 7476]



	
	Medium
	0.6
	[8357, 9011]



	
	High
	0.2
	[9057, 9712]
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Table 3. Water-allocation target for different users (106 m3).






Table 3. Water-allocation target for different users (106 m3).





	
Water Source

	
District

	
Users




	

	

	
Industrial

	
Municipal

	
Agricultural

	
Ecological






	
Groundwater

	
Bukhara

	
[24.9, 37.8]

	
[23, 50.6]

	
[85.1, 112.9]

	
[22.0, 28.6]




	

	
Kashkadarya

	
[17.6, 28.6]

	
[152.6, 191.6]

	
[524.3, 651.5]

	
[31.8, 37.3]




	

	
Navoi

	
[16.6, 24.0]

	
[26.4, 33.2]

	
[61.6, 71.5]

	
[22.0, 31.7]




	

	
Samarkand

	
[37.2, 45.0]

	
[494, 573.9]

	
[331.1, 379.7]

	
[23.5, 32.2]




	
Surface water

	
Bukhara

	
[44.0, 128.0]

	
[46.0, 127]

	
[1317.0, 1663.0]

	
[160.0, 377.0]




	

	
Kashkadarya

	
[180.0, 332]

	
[132, 310]

	
[1085.0, 1565.0]

	
[440.0, 700.0]




	

	
Navoi

	
[690.0, 920.0]

	
[45.0, 127.0]

	
[1106.0, 1456.0]

	
[108.0, 164.0]




	

	
Samarkand

	
[45.0, 131.0]

	
[235.0, 289.0]

	
[912.0, 1245.0]

	
[355.0, 475.0]
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Table 4. Economic parameters used in the optimization model (USD/m3).






Table 4. Economic parameters used in the optimization model (USD/m3).





	
Distract

	
User




	

	
Industrial

	
Municipal

	
Agricultural

	
Ecological






	
Net benefit when water-allocation target is satisfied (USD/m3)




	
Bukhara

	
[11.0, 13.2]

	
[7.0, 7.2]

	
[1.7, 1.8]

	
[2.0, 2.2]




	
Kashkadarya

	
[10.1, 12.2]

	
[8.2, 8.5]

	
[2.1, 2.3]

	
[1.5, 1.7]




	
Navoi

	
[9.3, 11.5]

	
[6.3, 7.3]

	
[2.4, 2.5]

	
[1.2, 1.4]




	
Samarkand

	
[10.7, 12.6]

	
[7.0, 8.2]

	
[1.6, 1.9]

	
[1.4, 1.6]




	
Penalty when water is not delivered (USD/m3)




	
Bukhara

	
[15.8, 18.2]

	
[14.4, 16.4]

	
[5.0, 5.7]

	
[3.4, 3.8]




	
Kashkadarya

	
[14.6, 16.3]

	
[17.2, 18.7]

	
[8.0, 9.1]

	
[2.7, 3.1]




	
Navoi

	
[13.8, 15.7]

	
[14.6, 16.2]

	
[7.0, 8.1]

	
[2.2, 2.5]




	
Samarkand

	
[15.1, 16.8]

	
[16.4, 18.1]

	
[8.1, 8.9]

	
[2.5, 2.8]
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Table 5. Optimized water-allocation targets for different users in S121 (106 m3).






Table 5. Optimized water-allocation targets for different users in S121 (106 m3).





	
Water Source

	
User

	
Distract




	

	

	
Bukhara

	
Kashkadarya

	
Navoi

	
Samarkand






	
Groundwater

	
Industrial

	
35.2

	
26.9

	
18.2

	
42.5




	

	
Municipal

	
23.0

	
152.6

	
26.4

	
494




	

	
Agricultural

	
85.1

	
524.3

	
61.6

	
331.1




	

	
Ecological

	
27.1

	
32.2

	
22.0

	
23.5




	
Surface water

	
Industrial

	
113.9

	
301.0

	
825.3

	
117.4




	

	
Municipal

	
46.0

	
155.8

	
45.0

	
235.0




	

	
Agricultural

	
1317.0

	
1085.0

	
1106.0

	
912.0




	

	
Ecological

	
160.0

	
440.0

	
108.0

	
355.0
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Table 6. Contributions of the individual and interactive factors.






Table 6. Contributions of the individual and interactive factors.










	Factor
	Percentage of Contribution
	p-Value





	Main effect
	
	



	α
	33.272%
	<0.05



	β
	3.987%
	<0.05



	γ
	59.338%
	<0.05



	Interactive effect
	
	



	α × β
	0.007%
	<0.05



	α × γ
	2.759%
	<0.05



	β × γ
	0.609%
	<0.05



	α × β × γ
	0.028%
	<0.05
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