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Abstract

:

To scientifically measure the water environment carrying capacity of Harbin City and its change trend, based on analysis of the implications of the sustainability of the urban water environment’s carrying capacity, an evaluation index system for the sustainability of the water environment carrying capacity of Harbin City was constructed. Most existing evaluation methods rely on static data to construct correlation functions between research objects and rank criteria, while the dynamic nature of the information is not considered enough. In this paper, we use hierarchical analysis (analytic hierarchy process, AHP) to determine the weights of each index of the system and then apply the projection tracing method (projection pursuit, PP) to optimize the determined weights. Combining the set pair analysis posture evaluation method and bias coefficients method to explore the dynamic balance mechanism between different index factor levels, a sustainability evaluation model for water environment carrying capacity integrating informational evolution is constructed. Finally, the applicability of the optimization model is tested by comparing the confidence criterion judging method. The model realizes quantitative evaluation of the carrying capacity of the urban water environment. It provides a new and effective means for accurate and reasonable determination of the coefficient of variance and the number of links and dynamic analysis of the water environment carrying capacity system and judgment of its sustainable development trend. The results show that the weight for water resource quality is 0.55, which is the subsystem with the greatest overall impact on the carrying capacity of the water environment in Harbin. The evaluation level of the set-to-potential eigenvalue for 2010–2017 is biased positive 2, and the rest of the years are quasi 2. The reduced value of the coefficient of oppositeness corresponding to the years 2010–2017 is more significant. The maximum value of the dynamic evolution of the load-carrying capacity level is nearly −0.35. From the vertical comparison of different levels, it is found that the water environment carrying capacity of Harbin City gradually recovered to the normal loadable level over time. This overall shows an improving trend.
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1. Introduction


The carrying capacity of the urban water environment is a comprehensive reflection of the interaction between the water environment and the social economy and environment and is an important indicator for evaluating water security. When the carrying capacity of the water environment exceeds a certain threshold, it will seriously restrict economic and social development, while affecting food and ecological security [1]. This urban water environment carrying capacity study is based on urban environmental assessment and is a comprehensive study, with a reasonable configuration of the water environment as the premise, water environment capacity potential and developmental prospects as the core, systems analysis and dynamic analysis as the means, and coordinated development of population, economy, and the environment as the goal of its integrated nature [2]. Therefore, it is important to make an accurate evaluation and diagnosis of the carrying capacity of the urban water environment to ensure water security and rational use of the water environment in the context of economic and social development.



Current methods of evaluating the carrying capacity of urban water environments mainly include the comprehensive index method, projection tracing method, fuzzy comprehensive evaluation method, and principal components analysis [3]. In addition, the system dynamics method and multi-objective model analysis method are mostly used for water environment carrying capacity evaluation under different urban development patterns [4]. The background analysis method and dynamic simulation recursive algorithm are mostly used to seek the limit value of urban water environment carrying capacity [5]. However, study of the carrying capacity of the water environment is related to regional environment, population, and economic development level and prospects for sustainable development, which represent an important issue involving a wide range of content and complexity [6].



At present, research on regional water environment carrying capacity evaluation and diagnosis is still incomplete, lacking an effective theoretical framework and quantitative calculation methods. The identification of load-bearing vulnerability factors and the quantitative study of load-bearing state changes are less well studied, and both have certain shortcomings in their applications. The inexact fuzzy multi-objective planning model (IFMOP) [7] requires a large amount of data to determine its parameter distribution and cannot apply uncertain information to the optimization results. The ecological footprint method (TEF) [8] is difficult to use to determine the conversion between indicators in the calculation of the carrying capacity of multiple indicators. The traditional DPSIR model [9] uses AHP to determine the weights, focusing on non-environmental factors and ignoring ecological factors. To better seek a connection between evaluation indicators and evaluation criteria, the set pair analysis method is introduced into the evaluation of water environment carrying status. The set pair evaluation method [10] takes into account the fuzziness of the boundary of the hierarchical criteria, avoids the differential uncertainty coefficient in the direct determination of the linkage degree, and evaluates water environment carrying status in different years and different regions; a subsequent study by Wang et al. [11] also integrates static and dynamic evaluation systems, expands research on the evaluation of water environment carrying capacity indicators, and takes Heilongjiang province as an example to analyze in depth the water environment. The development trend in water environment carrying capacity was analyzed in depth by taking Heilongjiang province as an example. There are four specific problems, as follows. (1) Lack of a systematic and scientific urban water environment carrying capacity sustainability evaluation index system and corresponding grade standards [12,13,14]. (2) The index weights cannot be determined reasonably accurately [15,16,17,18]. (3) Lack of quantitative evaluation models with high applicability [19,20,21]. (4) It is difficult to accurately determine the indicators of water environment carrying capacity disadvantages [22,23]. In summary, the index weights determined based on AHP are weighted using the projection pursuit–analytic hierarchy process (PP-AHP) optimization method. Then, we explore the dynamic equilibrium mechanism between different classes using a combination of the optimized set pair analysis posture evaluation method and bias coefficients method and construct a water environment carrying capacity sustainability evaluation model integrating informational evolution. The innovative advantage of this model over other researchers’ models is its ability to further optimize the indicator weights determined by the AHP method. Exploiting the uncertainty in the information of the AHP legal weighting results, it better combines the advantages of subjective weighting by the AHP method and objective weighting by the PP method and realizes revised optimization of the number of links and comprehensive dynamic determination of the coefficient of variability. This method is highly applicable and can accurately determine the inferiority index of water environment carrying capacity, and the evaluation results are accurate and reliable.



This paper takes into account the variability of the degree of influence of ternary linkage components on the discussed set of system dynamics [24,25,26]. Further, it enriches dynamic evaluation and analysis methods for multi-level problems in complex systems. The optimized set pair potential-bias coefficient method is applied to sustainability analysis of the water environment carrying capacity of Harbin City. Twenty evaluation indicators were selected from the economic, social, resource, environmental, technical, and management fields involved in the carrying capacity of the water environment. An indicator system with a three-level progressive hierarchy was constructed. Combined with the weights determined by the AHP method, the PP method is used to further explore the characteristics of the data itself and optimize the AHP weights. The PP-AHP method is combined with the set-to-potential theory to construct the water environment carrying capacity evaluation model based on the PP-AHP method to determine the weights [27,28,29,30]. The validity of this model was verified by taking Harbin City water environment carrying capacity evaluation as an example. The study shows that the applied model has good applicability to dynamic water environment carrying capacity evaluation containing multiple indicators and factors. Systematic and scientific confirmation and planning of the urban water environment carrying capacity sustainability evaluation index system and corresponding ranking criteria were achieved. An accurate diagnosis of the inferiority indexes affecting water environment carrying capacity was carried out. The model achieves a reasonable and accurate determination of index weights and is a quantitative evaluation model with high applicability.




2. Materials and Methods


2.1. Study Area


Harbin (125°42′–130°10′ E, 44°04′–46°40′ N) is located in the northeast of China, southwest of Heilongjiang Province, and is the capital of Heilongjiang Province. Harbin is the largest city in China in terms of area (53,100 square kilometers) and the second largest mega-city in terms of population (9,432,000 people) and is also a city with key national industrial bases. Harbin City’s per-capita water resources for many years occupy 950 m3, with a national per-capita level of 55%. Harbin City’s per-capita water resource possession is only 230 m3, and the city’s water area has been recovering year by year. Up until now, there have been four municipal nature reserves, with an area of 57,000 hectares. The forest coverage rate reaches 45.88%, ranking third among sub-provincial cities in China. The total area of the wetlands is 300,200 hectares, accounting for 5.8% of the city’s total land area, including eight national-level wetlands and four provincial-level wetlands. The proportion of ecological demonstration areas has reached 80%, and the city’s per-capita park green space has reached 10.1 square meters. By the end of 2020, the water area of Harbin City only accounted for 0.08% of the total land area. Over the past 10 years, 100% of the city’s centralized drinking water has met standards. The city’s 25 surface water national examination sections meet the standard rate of 88%, including an excellent rate of 72%. The centralized urban sewage treatment rate reached 88%, an increase of 2.5 percentage points, and the water quality of the main Songhua River steadily rose to the national three-class standard. The municipal domestic waste treatment rate reached 75.09%, an increase of 0.3 percentage points. The industrial solid waste disposal utilization rate reached 100%. At present, Harbin City has become an aging society; the mobile population has become the main driving force of population growth in Harbin City. From the perspective of economic structure, the proportion of tertiary industry has reached over 50% and is expected to expand further in the future. From the perspective of water allocation, the structure of water consumption is extremely uncoordinated with the structure of the economy. With the future expansion of industry, there will be a tendency for this to continue to worsen.




2.2. Data Sources


Statistical data for 20 subsystems in the Harbin water environment carrying capacity index system are taken from the Harbin Statistical Yearbook (2006–2020), Heilongjiang Provincial Yearbook (2006–2020), Heilongjiang Statistical Yearbook (2006–2020), Harbin Environmental Quality Bulletin (2006–2020), and Harbin National Economic and Social Development Statistical Bulletin (2006–2020).




2.3. Methods


We established a corresponding index system for the carrying capacity of the urban water environment under different periods and different strategies, which reflect the scale and quality of sustainable development of the “socio-economic environment” system [31]. Based on research results from the existing sustainable development index system, we used frequency statistics, theoretical analysis, and expert consultation to select from the index systems of ecological provinces, cities, and counties. Since the water environment on earth is a complex system affected by many factors, such as soil, geography, meteorology, rivers, and vegetation, it is impossible to consider comprehensively when calculating its carrying capacity [32,33]. To scientifically standardize and guide the construction of ecological provinces, Harbin City has previously carried out the construction of ecological cities per national requirements and has comprehensive, scientific, and accurate statistics for these indicators, which can meet the requirements of the model for data. To further improve the comprehensiveness and representativeness of the index system, this paper selects relevant indexes such as per-capita GDP, industrial water repetition rate, urban domestic sewage centralized treatment rate, etc. In addition to the characteristics of the water resources, it also selects important indexes, such as urbanization level, industrial realized added value, etc. Finally, 20 kinds of items with the greatest effects on the water environment are selected as the impact indexes for the carrying capacity calculation. A system of indicators with three progressive levels is constructed. Thus, the indicators in this paper are more comprehensive, systematic, and scientific. The structure of the index system of the carrying capacity of the water environment in Harbin is detailed in Figure 1. Based on the 20 evaluation indicators, the ternary evaluation coefficients were calculated for each study object. The objective weights of the indicators were determined using the optimized PP-AHP method. A unified quantitative characterization of the positive and negative postures and levels in which the system is located was performed. Then, we analyzed the evolutionary law between the adjacent components of the ternary linkage number and used the sum of the first-order evolution values of each component adjacent to a certain component based on the first-order partial linkage number method to portray the support degree of the linkage number to each rank. In turn, we determined the ranks of the objects of study, achieved a preliminary evaluation of these, and explored the depth of evolution between the same and opposite components. The details of the evaluation level criteria used for constructing this paper are shown in Table 1. The model was then further extended using second-order partial linkage to compare with the study. The above methods were combined to evaluate and analyze the sustainability of the carrying capacity of the water environment.



Firstly, as the capital of Heilongjiang province, Harbin City has attached great importance to water environmental protection work in recent years, and constantly increases its protection and construction efforts, which have achieved positive results, making the water environment carrying capacity evaluation model applied to Harbin City representative; on the other hand, the water environment situation in Harbin City is serious, and requires a more accurate model for evaluation in order to find the inferiority indexes and to strictly control and manage them. In summary, the structure of the index system of the water environment carrying capacity of Harbin City is constructed as detailed in Figure 1, and the evaluation level criteria of this paper are constructed as detailed in Table 1. The data are real and reliable, with clear practicality, extensiveness, comparability, dynamism, typicality, and comparability [34,35,36,37,38].



2.3.1. Relationship between System Methods


The set-potential analysis method is commonly used to deal with uncertainty in systems. The qualitative and quantitative analysis of uncertainty in problems can make the evaluation’s results more objective by establishing the number of links with rules or levels to evaluate the system under study. The general expression of the linkage number is


u = a + bI + cJ



(1)




where a, b, and c represent the degrees of identity, difference, and opposition, respectively; I and J represent the coefficients of difference and opposition, respectively.



For a specimen, there are N evaluation indicators, if S of them are better than the standard, P exceed the standard, and F is not measured or lacks comparisons. Let a = S/N, b = F/N, and c = P/N; then, a, b, and c are homogeneity, variance uncertainty, and opposition, respectively. Under the aforementioned definition, a, b, and c satisfy the normalization condition; that is, a + b + c = 1. According to the theory of set pair analysis, the degrees of homogeneity and opposition are relatively certain, while the degree of difference is relatively uncertain; at the same time, since a, b, and c are comprehensive portrayals of different aspects of the same problem, there are interconnections, constraints, and transformation relationships among them.



Set pair potential is used to reflect the degree of association between two sets with the same or different inverses, according to the correspondence between the set pair potential eigenvalues and rank, which effectively reflect the situation of the system and the range of rank. In the evaluation of the carrying capacity of the water environment in this paper, Level 1 corresponds to a bearable state, indicating that the city’s water environment has sufficient carrying capacity, Level 2 corresponds to a critical state, indicating that the degree of water environment utilization has reached a critical level; and Level 3 is an overload state, indicating that the carrying capacity of the water environment is close to saturation, and if this state is maintained for a long time, water shortage will occur. The bias coefficient method reveals the dynamic evolution law of the homogeneous inverse component, which can analyze the system’s state trend. The posture and degree of the system are studied according to the set pair analysis and posture analysis methods [39,40]. The support for evaluation Levels 1, 2, and 3 is inscribed using the partial coefficient of support method. The ranks are then determined according to the principle of maximum support [41].



The PP method can solve the problems of high dimensionality and nonlinearity of data to a certain extent, and also can fully exploit the characteristics of the data itself [42,43]. However, there is sometimes a clear inconsistency between the determined objective weights and subjective perceptions. The hierarchical analysis method starts from the evaluator’s understanding of the nature and elements of the evaluation problem. The thinking process in decision-making is mathematized using less quantitative information. This is more about qualitative analysis and judgment than general quantitative methods [44]. Previous subjective weighting methods, such as hierarchical analysis based on expert judgment (AHP), have been studied to produce a certain subjective arbitrariness, leading to the problem of uncertainty in evaluation of the results on urban water environment carrying capacity [45]. The optimized set pair potential-bias coefficient evaluation model determines the index weights based on the PP-AHP optimization method, based on the original two-method evaluation model. The PP method can further optimize the index weights determined by the AHP method and tap into the uncertainty information of the AHP legal weighting results. The PP-AHP method can further optimize the index weights determined by the AHP method. The uncertainty information for the weighting results of the AHP method is used to better combine the subjective weights of the AHP method with the objective weights of the PP method. The PP-AHP method can further optimize the index weights determined by the AHP method, explore the uncertainty information of the AHP legal weighting results, and better combine the advantages of the subjective weighting of the AHP method and objective weighting of the PP method to reduce the risk of unreasonable evaluation results caused by the uncertainty of index weights. At the same time, considering the evolution between the two neighborhood levels of “same-different” and “different-trans”, a deep second-order evolution is added, and its evolution rate also plays a certain guiding role in determining the evaluation results. Finally, using the confidence criterion judgment method for the set pair analysis coefficients, multiple confidence values are selected for rank judgment, then compared with the above data results. Evaluation of the state and development trends of the urban water environment carrying capacity system was carried out by considering the weights of the selected indicators, the development trend of the system and its degree, and the ranking determined by the bias coefficient method [46].




2.3.2. Calculating Optimization Index Weights


The water environment carrying capacity evaluation index system and evaluation level criteria were constructed (Table 1). The standard sample values are obtained by linear interpolation m times in three-grade intervals and are dimensionless. Let the generated standard sample bearing capacity empirical grades and index values be


          y   i   ( i = 1 , 2 , … , m + 2 )         x   i j   *   ( i = 1 , 2 , … , m + 2 ; j = 1 , 2 , … , n )        



(2)




where n is the number of indicators of the evaluation system and m is the number of linear interpolations. xij is the standard sample value. x*ij is the dimensionless standard sample value.



According to Table 1, the highest experience level is set to 3, the lowest experience level is set to 1, and the experience level increases with a decrease in the bearing level [47].


   Z i  =   ∑  j = 1   n      c   j       x   i j   *    



(3)






      max     ⁡  Q   ( c ) =   | R |    



(4)




where the multidimensional data {x*ij} is projected in the direction of vector c to obtain the one-dimensional projection value Zi. To explore the correlation between the evaluation level and the bearing capacity evaluation index, the projection index function is constructed so that the absolute value of the correlation coefficient |R| between the projection value Zi and the experience level yi is as large as possible.



The AHP establishes a step hierarchy model based on objective layer O, criterion layer C, and solution layer P. This hierarchy reflects the relationship among the influencing factors, but each influencing factor in the criterion layer does not necessarily have the same importance to the user. They each have different weights in the users’ minds, so it is necessary to determine the weights of each influence factor by constructing judgment matrices for the criterion layer and the solution layer.



A is a consistent matrix when the maximum characteristic root λ = n of the nth-order positive and negative reciprocal matrix A. In general, the judgment matrix we obtain is usually not a consistent array, but we can use the weights derived from the hierarchical single ranking as long as the consistency of the judgment matrix is within an acceptable range. After that, the synthesis of weights under a single criterion is to be performed.


    ω   j   =   ∑  j = 1   n      a   j     c   i j      



(5)




where aj is the corresponding weight of the element in the criterion layer B. cj is the corresponding weight of the element in the scheme layer P. ωj is the combination weight.



Although the weights under every single criterion are consistent, the combined weights are subject to consistency testing because the inconsistencies may accumulate as the weights under the single criterion are accumulated. When CR < 0.10, the consistency of the hierarchical total ranking results is acceptable.


  C R =     ∑  j = 1   n    C I ( J )   a   j         ∑  j = 1   n    R I ( j )     a   j      



(6)




where CR is the consistency ratio. RI is the total rank-averaged random consistency index. CI is the single-criterion consistency index.



For the sake of simplicity and without loss of generality in mining the uncertainty information of the weights of the AHP method, the AHP weights are further optimized by the PP method. The weights of the required solution in this paper are limited to a reasonable range according to the relationship between the weights and the projection direction. This optimization problem is solved by a genetic algorithm to obtain the optimal projection direction (the direction of vector c). Based on c, cj is obtained, and the weight of indicator j is taken as c2j. Based on the mathematical properties of the projection values and the requirements of the weight solution of this paper, the constraints of the projection indicator function are set.


           ∑  i = 1  n      c   i   2     = 1       −  0.2  ≤   c   1   ,   c   2   ,   c   3   ,   c   4   ,   c   5   ≤  0.2          −  0.1  ≤   c   6   ,   c   7   ,   c   8   ≤  0.1        −  0.05  ≤   c   9   ,   c   10   ,   c   11   ,   c   12   ≤  0.05        −  0.1  ≤   c   13   ,   c   14   ,   c   15   ,   c   16   ,   c   17   ,   c   18   ,   c   19   ,   c   20   ≤  0.1               



(7)








2.3.3. Calculating Evaluation Linkage


The number of ternary links of sample values is calculated based on the main mathematical tools in the theory of set pair analysis [48]. Based on the evaluation level criteria, the ternary linkage of the negative indicators of the sample values is calculated using Equations (8)–(10), where s1j to s3j are the critical values of the evaluation criteria from Levels 1 to 3, respectively. s0j is another, more distant critical value in the evaluation criteria interval; i = 1, 2,…, j = 1, 2,…, n. For positive indicators, it is sufficient to reverse the interval number on the right side of Equations (8)–(10).


    u  i j 1     =       1 ,   x   i j   ≤   s   1 j   ;       1 − 2     x   i j   −   s   1 j       s   2 j   −   s   1 j   ;         − 1 ,   x   i j   >   s   2 j           ,   s   1 j   <   x   i j   ≤   s   2 j    ;  



(8)






   u  i j 2     =       1 − 2     s   1 j   −   x   i j       s   1 j   −   s   0 j     ,   x   i j   ≤   s   1 j   ;       1 ,   s   1 j   <   x   i j   ≤   s   2 j   ;       1 − 2     x   i j   −   s   2 j       s   3 j   −   s   2 j     ,   s   2 j   <   x   i j   ≤   s   3 j   ;       − 1 ,   x   i j   >   s   3 j          



(9)






    u  i j 3     =       − 1 ,   x   i j   ≤   s   1 j   ;       1 − 2     s   2 j   −   x   i j       s   2 j   −   s   1 j           1 ,   x   i j   >   s   2 j           ,   s   1 j   <   x   i j   ≤   s   2 j   ;   



(10)







The affiliation degree and the number of single-indicator value links for ranks k = 1, 2, and 3 were calculated using Equations (11) and (12). From Equations (13) and (14), the number of evaluation index value linkages for sample i is calculated (i = 1, 2,…, m).


     v   i j k   *     = 0.5 + 0.5   u   i j k     



(11)






     v   i j k     =   v   i j k   *     /   ∑  k = 1   3      v   i j k   *       



(12)






     u   i j     =   v   i j 1     +   v   i j 2     I +   v   i j 3   J   



(13)






     u   i     =   v i  1  +   v i  2  I +   v i  3  J =   ∑  j = 1   n      ω   j     v   i j 1       +   ∑  j = 1   n      ω   j     v   i j 2       I +   ∑  j = 1   n      ω   j     v   i j 3   J     



(14)




where ωj is the weight of the jth evaluation index.




2.3.4. Calculating Set-to-Potential Eigenvalues


The traditional set-to-potential calculation method is a/c. The calculation result will divide the two sides into the same-potential area and the anti-potential area with 1 as the dividing point. The range of the potential values is limited to [0, +∞), and it is not easy to establish mutual correspondence with the evaluation level values. Based on this, the ternary subtraction set-to-potential method is used. The value interval is transformed to [−1, 1], which improves the problem of ambiguous correspondence between the grade values and effectively enhances the application effect. In the water environment carrying capacity evaluation system, the numerical value of the grade is generally expressed by the numbers 1, 2, and 3. The actual correspondence is established by combining the available research results and evaluation questions, as shown in Table 2. The eigenvalues 1, 2, and 3 of the rank values 1, 2, and 3, respectively, correspond to the set pair potential-eigenvalue (SE) of the contact number, defined as


SE = a + 2b + 3c



(15)




where the set pair potential eigenvalues of the ternary linkage number are taken in the closed interval [1,3], which can effectively reflect the situation and rank range of the system’s posture.




2.3.5. Determination of Rank by the Partial Coefficient Method


The motion of the linkage component in the principle of partial linkage number determines the evolutionary trend of the structure of its system at the micro level. This evolutionary trend may be the same, may be different, or may be opposite to the evolutionary dynamics of the contact component at the macro level. Taking Level 1 as an example, if only the first-order evolution of the information component is considered, component a plays an absolute support role for Level 1, and the support is recorded as 1. There is an evolution of component b to level a, so the support role of component b for Level 1 needs to be considered. ∂+a reflects the rate of evolution of level b to level a, i.e., the support of component b to Level 1. Component c plays an absolute antagonistic role to Level 1, and the support rate is recorded as 0. The number of ternary evaluation links is noted as vector U = (a, b, c), its first-order support rate matrix for each level, and the first-order support degree vector S′ for the levels.


   R ′    =      1     ∂   −   b   0       ∂   +   a   1     ∂   −   c     0     ∂   +   b   1       



(16)






S′ = U·R′ = (S1′, S2′, S3′)



(17)







The magnitudes S1′, S2′, and S2′ are compared and the rank is determined according to the principle of maximum support. Second-order biased positive correlations ∂2+a indicate the evolution rate of the opposite component to the positive component and reflect the support of the opposite component to “Rank 1” in the evaluation process. In contrast, the second-order negative correlation ∂−c indicates the evolution rate of the positive component to the negative component and reflects the support of the same component to “Rank 3” in the evaluation process. Based on this, Equation (16) is extended to obtain the second-order support matrix for rank determination and the second-order support vector S″ for each rank. The magnitudes of S1″, S2″, and S3″ are compared, and the rank is determined again according to the principle of maximum support.


   R ″  =      1     ∂   −   a     ∂   2 −   c       ∂   +   a   1     ∂   −   c       ∂   2 +   a     ∂   +   b   1       



(18)






S″ = U·R″ = (S1″, S2″, S3″)



(19)








2.3.6. Comparative Test of Applicability by the Confidence Criterion Judging Method


Application of the confidence criterion judging method can assist in decision-making in the problems of the fuzzy comprehensive judging method and can correct the problems where the principle of maximum subordination is not applicable. The confidence criterion is defined as letting (C1, C2,…, Ck) be an ordered partition class (i.e., the set of evaluation levels) of the rubric space F, If C1 > C2 > … > Ck (i.e., “good > good > fair > poor > poor”).


  g ( i ) =      min     k   *      ⁡      k   *       ∑  k = 1     k   *        v   i k     > λ      



(20)




where the formula λ is the confidence level, which is generally taken within [0.50, 0.70].



In summary, the steps of constructing the model can be summarized as follows. (1) Clarify the object of research and evaluation, and determine the index system and its ranking criteria. (2) Calculate the optimized index weights. (3) Calculate the evaluation coefficients by combining the data. (4) Calculate the set of potential characteristic values and determine the ranking range. (5) Determine the ranking by combining the partial coefficients method. (6) Test the applicability by comparing the confidence criterion evaluation method. (7) Evaluate and analyze the urban water environment carrying capacity by integrating the data results.






3. Results and Discussion


3.1. Load Factor Values and Evaluation Index Weights


Figure 2 is a radial stacked bar chart of the specific values of the factors influencing the carrying capacity of the water environment in Harbin from 2006 to 2020. Wang et al. composed the index system for a comprehensive evaluation of the water environment carrying capacity of Daqing City based on nine main factors. We selected 20 evaluation indicators from the economic, social, resource, environmental, technical, and management fields involved in water environment carrying capacity, which makes the factors in water environment carrying capacity more complete [49].



From Table 3 and the related calculation results, it can be seen that AHP weights are more influenced by subjective judgment uncertainty due to some indicators, such as C6 and C7; C1 and C10; and C14, C15, C16, and C18 having the same weight values, which indicates that the AHP weights are relatively rough in reflecting the complex situations of multi-objective, multi-level, and multi-criteria real systems. Xu et al. used the AHP method and entropy weighting method to calculate the weights of each indicator, ignoring the importance of the indicators themselves, and sometimes the determined indicator weights can be far from the expected results [50]. The PP-AHP method can further optimize the index weights, and the PP-AHP weight-solving method closely combines the AHP experts’ empirical weighting with the objective weighting of the PP method. This is not only close to the actual situation but also avoids excessive human intervention. According to the PP-AHP weighting results, the five indicators with the greatest impact on the carrying capacity of the water environment in Harbin are C7, C15, C18, C17, and C14. The corresponding weight for the water quantity indicator system is 0.157; the corresponding weight for the water consumption indicator system is 0.297; and the corresponding weight for the water quality indicator system is 0.55. The quality impact indicator system represents the largest proportion of the evaluation of the carrying capacity of the water environment in Harbin from 2006 to 2020 and is the subsystem with the largest impact on the carrying capacity of the water environment in Harbin.




3.2. Eigenvalue and Evaluation Result Level


Among these, the characteristic values of the linkage set pair potential can reflect the situation of the water environment carrying capacity system in Harbin City, and, at the same time, can effectively reflect the grade range. This solves the problems of the order-of-magnitude change in a and c in the original linkage of the generalized set pair potential and the single method in dealing with the multi-grade problem of the set pair system more precisely and effectively. The physical interpretation of the set pair potential formula is enhanced at a deeper level [51]. The values of different degree coefficients and opposition degree coefficients from the linkage number are shown. Table 4 shows the set pair potential eigenvalues and the corresponding grade.



The results in Table 5 are calculated from the definition of the number of partial associations, and the level of support is determined based on the maximum of the three degrees of support [52]. Considering the role of the two classes’ partial correlation numbers, the roles of the first-order information’s “same-different” and “different-inverse” informational evolution and the second-order’s deeper informational evolution are integrated. The evaluation results showed that the support levels for the three different grades in the first-order partial connection number, from the largest to the smallest, were Level 2 (0.928), Level 1 (0.512), and Level 3 (0.200). The support levels for the three different levels in the second-order part number were Level 2 (0.928), Level 1 (0.548), and Level 3 (0.258). The corresponding support level is Level 2, which is significantly better than the other two levels, and the correction and updating of the contact number and the dynamic determination of the difference coefficient are realized. The method has been applied to the same area as the study of Li et al. The results for the water environment carrying capacity class values obtained by calculating the number of indicator linkages, the number of indicator value linkages, and the geometric mean linkages of the two, and those obtained by the level eigenvalue method, are in good agreement [53]. This paper refers to the conceptual implications of partial numbers and the adjoint function of the number of connections [54]. The partial connection number correlation method was applied to characterize the mutual migration movement between the connection number components in the Harbin water environment bearing capacity sustainability evaluation sample. Then, the modified contact number component was obtained, which further enhances the rationality and accuracy of the water environment carrying capacity evaluation [55].




3.3. Support and Judgment Level


Through the above model method and the results of the data analysis, the grade support degree evolution curves and the set pair potential eigenvalues, using the bias coefficient method to determine the grade, were plotted (Figure 3). The risk levels were classified as Level 1 (loadable), Level 2 (critical), and Level 3 (overload) [56]. Figure 2 shows that the second-order support degree of Level 2 in the region has been the highest for 15 years. This indicates that the risk to water environment carrying capacity in the region is not very serious and has been at a critical level. Meanwhile, comparison between the support curves for different grades shows that the trend for Grade 2 always has the same trend as the two support curves for Grade 1. The trend for Grade 3 is always the opposite of those for Grade 1 and Grade 2. For example, support for Rank 1 and Rank 2 reached maximum values in 2017, while support for Rank 3 was at a lower value. Later, in 2018, support for Rank 1 and Rank 2 suddenly decreased while support for Rank 3 showed an increase, and the same pattern also appeared in other years.



Figure 4 shows that the carrying capacity of the water environment in the region has been maintained between Levels 1.5 and 2 from 2006 to 2020, which is in the critical state for loadability. Demand on the water environment in the region is greater than reasonable supply, and the water environment is facing the problem of transitional use. The results for the set of potential characteristic values show that the region has been hovering between a positive 2 level and a quasi-2 level, with a positive 2 level reached from a quasi-2 level in 2010. This indicates that the water environment in the region transitioned from a critical to a loadable state in these two years. The water environment evaluation sets for the years 2010 to 2017 were all judged to be at a positive 2 level. Compared with the quasi-2 level, the positive-2 level is at the edge of super-critical and loadable, and the risk of water environment development and utilization is reduced [57]. Figure 4 shows that the set of potential characteristic values, when still at partial positive Level 2, showed a decline in the years after 2017, indicating that the carrying capacity of the water environment faces increased risk in recent years. Combined with the analysis of natural conditions and water use policies, water management strategies, and other aspects of adjustment and control in Harbin City in the past three years, the water environment carrying capacity has achieved a stable and rising trend. On one hand, greater rainfall and a significant increase in per-capita water in the environment in Harbin in recent years have led to an increase in the support capacity of the water environment system for load-bearing purposes. On the other hand, the rate of industrial water use has increased repeatedly year after year, the proportion of industrial water use has decreased year after year, and the amount of ecological and environmental replenishment has gradually been focused on. The restructuring of various water uses has eased the carrying pressure on Harbin’s water environment system. The results of Yang et al. using the same method showed that evaluation results using the partial logarithm method for Hefei City for 2009–2018 were also at Level 2. The set of pairwise potential characteristic values also shows different levels of dynamics when significant changes in the water environment occur in the region. This shows that the method has a good dynamic effect and that the evaluation results are more accurate [58].



As shown in the image of the dynamic evolution of the values of the bearing capacity level in Figure 5, the PP-AHP method reported a maximum value of evolution of −0.326 and the traditional AHP method reported a maximum value of evolution of −0.285 in the three years 2016, 2017, and 2018 in this region. It can also be seen from the results in Table 4 that these three years happen to be the years of transition from partial positive Level 2 to quasi-Level 2. Apart from this, the changes between the other years are smaller than the magnitudes for these three years. The traditional AHP method shows, approximately, the same numerical trend compared with the PP-AHP method, but the evolutionary values do not float as well as the PP-AHP method optimization results. On the time axis, from 2009, the dynamic evolution of the value of the bearing capacity level showed a decreasing trend and a uniform decrease, and, in 2017, the value showed a sudden increase and was higher than the maximum value for the previous 10 years. After that, the dynamic evolution of the value for the horizontal bearing capacity fluctuates around −0.05 and gradually changes to the normal level. The bearing capacity level shows a rapid turning trend. The sudden change in water-carrying capacity from 2017 to 2019 is due to the “Heilongjiang Province Water Pollution Prevention and Control Work Program” issued by Heilongjiang Province in 2016, which was implemented by Harbin City with an emphasis on vigorously addressing water quality issues, coordinating the control of sewage discharge and sewage treatment, and increasing environmental protection input costs. The results of the optimized weights also show that C14, C15, C17, and C18, which have a larger weight in water quality impact indicators, have been significantly improved.




3.4. Confidence Method for the Comparison Test Optimization Model


Using the confidence criterion judging method for set pair analysis of the number of links, the ranking was performed at set confidence levels: λ = 0.5, λ = 0.6, and λ = 0.7, respectively. Applicability was checked by comparing the confidence criterion judging methods, and the results of comparing the AHP with the PP-AHP method are as follows. The confidence level criterion evaluation method was used for the confidence levels λ = 0.5, λ = 0.6, and λ = 0.7, all of which were quasi-2. The set-to-potential eigenvalues obtained by the AHP method ranged from 1.71 to 1.93, and those obtained by the PP-AHP method ranged from 1.70 to 2.01, according to the comparative radar images in Figure 6. The results of the confidence criterion method and the PP-AHP optimization method are more relevant. These results show that the optimized set pair potential-bias coefficient evaluation model has been tested and is suitable for modeling the sustainability of the carrying capacity of the water environment in Harbin. The PP-AHP optimization method was used to determine the water environment’s carrying capacity level in more detail and more quantitatively than the traditional AHP method.




3.5. Sustainability Analysis


The simulation results for the water environment carrying capacity of Harbin city, based on the optimized set pair potential–partial coefficient evaluation model, show that the water environment of Harbin City can still support the future socio-economic development of Harbin City, but there are still some risk factors that threaten the sustainability of its carrying capacity. The results of Ye et al. show that population density is the dominant factor causing the weak water environment carrying pressure in Hefei City, and the indicator farm irrigation quota and urbanization rate are auxiliary factors causing the weak water environment carrying pressure in Hefei City. Harbin City has the most serious overload in terms of industrial water resources, followed by the second-most serious overload in terms of the ratio of tertiary industry to GDP. The vertical comparison between the different classes in the above chart shows that the first-order and second-order support degrees of Rank 3 have an overall decreasing trend, with slight fluctuations over time, and have decreased significantly in the past three years. At the same time, the support degrees of Rank 1 and Rank 2 in the region showed an overall increasing trend under stable fluctuation, and Rank 1 increased the most. This indicates that the carrying capacity of the water environment in this region has gradually transitioned from a critical level to a critical and loadable level in recent years, and the risk is decreasing. From the relationship between the set pair potential characteristic value and the level determined by the bias coefficient method, it can be seen that the set pair potential characteristic value as a whole presents a yearly decrease when it is still at the level of bias positive 2. This indicates that the carrying capacity of the water environment is gradually recovering to the normal critical and loadable level and shows an improvement trend. From analysis of the dynamic evolution of the value of the carrying capacity level, the overall is in a decreasing trend from the timeline, and the horizontal carrying capacity is gradually changing to the normal level.





4. Conclusions


The water environment carrying capacity of Harbin City is gradually recovering to the normal loadable level with an improving trend, which is consistent with previous studies. The optimized set potential–partial coefficient evaluation model better overcomes the problems of insufficient informational evolution and strong subjectivity and applies to objective evaluation of the multi-factor complex water environment carrying capacity system of Harbin City. It is of broad practical significance.



The PP-AHP optimized set pair potential–partial linkage method can realize the revision and update of the linkage and the dynamic determination of the difference coefficient; the method has a strong physical interpretation and accurate and reliable evaluation results, and quantitative evaluation of the water environment carrying capacity of Harbin City is realized by the confidence method test. This provides a new, effective means for accurate and reasonable determination of the differential coefficient and the linkage and dynamic analysis of the water environment carrying capacity and judgment of its development trends.



Harbin City has a sustainable water environment carrying capacity; the region’s water environment carrying capacity in recent years has gradually transitioned from the critical level to the loadable level, and the risk trend is gradually reducing. The overall situation has been a gradually improving trend, but also indicates that the “Eleventh Five-Year” period should focus on regulation to strengthen the effectiveness of emission-reduction work for these indicators on average. For example, it is recommended that, through the adjustment of industrial structures, the promotion of water-saving facilities can promote the sustainable use of the water environment. For future water environment management in Harbin City, research tasks can be further developed by combining the evolution of the carrying capacity level and factoring in values. (1) The water environment’s availability has been growing slowly over the past 15 years, and needs to be strengthened. (2) The total population is gradually decreasing, the level of urbanization is rapidly increasing, the amount of water used by urban residents for domestic purposes is also gradually recovering, and the balance of water consumption between these three should be coordinated. (3) Control of urban sewage discharge, which can continue to strengthen the centralized treatment of urban domestic sewage, and environmental protection investments. Future aspects of the model can (1) be extended to make the water environment carrying capacity model applicable to multiple cities, (2) add more optimization treatment methods and apply them to more situations, and (3) increase the analysis of other water resource indicators, such as climate and temperature, to correct the calculated results for water environment carrying capacity.
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Figure 1. Index system for Harbin water environmental carrying capacity. 
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Figure 2. Factors affecting the water environment carrying capacity of Harbin City: (a) is a numerical plot of water quality indicators, (b) is a numerical plot of water consumption indicators, and (c) is a numerical plot of water quality impact indicators. 
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Figure 3. Grade support evolution curve. 
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Figure 4. Set pair potential eigenvalues and grade determined by the partial coefficient method. 
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Figure 5. Dynamic evolution of the value of the bearing capacity level. 
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Figure 6. A comparison of the AHP method, PP-AHP method, and confidence level judging method; (a–c) are radar plots of the results of the confidence level judging method, compared with the results of the two weighting methods, when the confidence levels are taken to be λ = 0.5, λ = 0.6 and λ = 0.7. 
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Table 1. Evaluation index grading standards.
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	Evaluation Indicators
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8
	C9
	C10



	Loadable
	≥100
	≥600
	≥200
	≥40
	≤45,000
	≤800
	≤50
	≤8000
	≤1000
	≥50



	Criticality
	[70, 100)
	[300, 600)
	[100, 200)
	[20, 40)
	(45,000, 60,000]
	(800, 1000]
	(50, 80]
	(8000, 20,000]
	(1000, 1400]
	[20, 50)



	Overloading
	<70
	<300
	<100
	<20
	>60,000
	>1000
	>80
	>20,000
	>1400
	<20



	Evaluation Indicators
	C11
	C12
	C13
	C14
	C15
	C16
	C17
	C18
	C19
	C20



	Loadable
	≤66
	≤10,000
	≤5000
	≥80
	≥90
	≥80
	≥80
	≥95
	≥40
	≥80



	Criticality
	(66, 248]
	(10,000, 40,000]
	(5000, 7500]
	[60, 80)
	[70, 90)
	[50, 90)
	[50, 80)
	[90, 95)
	[25, 40)
	[50, 80)



	Overloading
	>248
	>40,000
	>7500
	<60
	<70
	<50
	<50
	<90
	<25
	<50
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Table 2. Corresponding relation between set pair potential and levels.
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	Posture
	SE
	Grade





	Same posture
	[1.0, 1.4]
	Positive Level 1



	Favoring the same dynamics
	(1.4, 1.8]
	Bias positive Level 2



	Parity posture
	(1.8, 2.2]
	Positive Level 2



	Favoring the opposite dynamics
	(2.2, 2.6]
	Bias negative Level 2



	Opposite posture
	(2.6, 3.0]
	Positive Level 3
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Table 3. Weights of evaluation indicators for water environment carrying capacity in Harbin.






Table 3. Weights of evaluation indicators for water environment carrying capacity in Harbin.





	Evaluation Indicators
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8
	C9
	C10



	AHP weights
	0.07
	0.073
	0.06
	0.083
	0.093
	0.063
	0.063
	0.03
	0.037
	0.07



	PP-AHP weights
	0.026
	0.026
	0.024
	0.026
	0.055
	0.02
	0.103
	0.04
	0.049
	0.017



	Evaluation Indicators
	C11
	C12
	C13
	C14
	C15
	C16
	C17
	C18
	C19
	C20



	AHP weights
	0.017
	0.03
	0.02
	0.057
	0.057
	0.057
	0.037
	0.057
	0.03
	0.02



	PP-AHP weights
	0.049
	0.019
	0.027
	0.064
	0.103
	0.059
	0.099
	0.1
	0.061
	0.037
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Table 4. Set pair potential eigenvalues.






Table 4. Set pair potential eigenvalues.





	Year
	Number of Contacts
	SE
	Grade





	2006
	0.262 + 0.612I + 0.126J
	1.863503737
	Positive Level 2



	2007
	0.284 + 0.617I + 0.099J
	1.814117478
	Positive Level 2



	2008
	0.28 + 0.621I + 0.099J
	1.819802604
	Positive Level 2



	2009
	0.281 + 0.606I + 0.113J
	1.83159522
	Positive Level 2



	2010
	0.325 + 0.60I + 0.074J
	1.748237038
	Bias Positive Level 2



	2011
	0.316 + 0.59I + 0.094J
	1.77808089
	Bias Positive Level 2



	2012
	0.323 + 0.589I + 0.088J
	1.764297458
	Bias Positive Level 2



	2013
	0.333 + 0.602I + 0.065J
	1.732201156
	Bias Positive Level 2



	2014
	0.348 + 0.593I + 0.059J
	1.710318666
	Bias Positive Level 2



	2015
	0.327 + 0.608I + 0.065J
	1.738912508
	Bias Positive Level 2



	2016
	0.36 + 0.576I + 0.064J
	1.704757847
	Bias Positive Level 2



	2017
	0.36 + 0.606I + 0.034J
	1.674201471
	Bias Positive Level 2



	2018
	0.306 + 0.457I + 0.236J
	1.930387368
	Positive Level 2



	2019
	0.267 + 0.453I + 0.281J
	2.013888289
	Positive Level 2



	2020
	0.293 + 0.52I + 0.187J
	1.893646336
	Positive Level 2
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Table 5. Evaluation results of the partial coefficient method.






Table 5. Evaluation results of the partial coefficient method.





	
Method

	
Year

	
Support Level

	
Grade




	
Level 1

	
Level 2

	
Level 3






	
First order

	
2006

	
0.445690966

	
0.933965553

	
0.22989635

	
2




	
2007

	
0.479182183

	
0.947210296

	
0.183612738

	
2




	
2008

	
0.472278472

	
0.947783832

	
0.18493421

	
2




	
2009

	
0.473093116

	
0.938308666

	
0.207653618

	
2




	
2010

	
0.536515722

	
0.95642926

	
0.139262856

	
2




	
2011

	
0.521495012

	
0.943821035

	
0.174818609

	
2




	
2012

	
0.532262532

	
0.946631328

	
0.164181644

	
2




	
2013

	
0.547253568

	
0.961164842

	
0.12383843

	
2




	
2014

	
0.567672216

	
0.963445389

	
0.111866509

	
2




	
2015

	
0.538977957

	
0.961906958

	
0.124534978

	
2




	
2016

	
0.581114654

	
0.957289482

	
0.122448582

	
2




	
2017

	
0.58593583

	
0.978848992

	
0.066787571

	
2




	
2018

	
0.48946241

	
0.815112985

	
0.392355718

	
2




	
2019

	
0.434585901

	
0.790495727

	
0.453868044

	
2




	
2020

	
0.480836552

	
0.872908538

	
0.324489281

	
2




	
Second order

	
2006

	
0.479041394

	
0.933965553

	
0.281177525

	
2




	
2007

	
0.505602875

	
0.947210296

	
0.231292506

	
2




	
2008

	
0.498563731

	
0.947783832

	
0.231492137

	
2




	
2009

	
0.503851796

	
0.938308666

	
0.260084547

	
2




	
2010

	
0.557345763

	
0.95642926

	
0.186141878

	
2




	
2011

	
0.548491921

	
0.943821035

	
0.22972998

	
2




	
2012

	
0.557678475

	
0.946631328

	
0.218335674

	
2




	
2013

	
0.565671295

	
0.961164842

	
0.167645603

	
2




	
2014

	
0.58459616

	
0.963445389

	
0.155331083

	
2




	
2015

	
0.557239545

	
0.961906958

	
0.166971138

	
2




	
2016

	
0.600423385

	
0.957289482

	
0.173020616

	
2




	
2017

	
0.595634964

	
0.978848992

	
0.095156117

	
2




	
2018

	
0.578882899

	
0.815112985

	
0.503330198

	
2




	
2019

	
0.539906487

	
0.790495727

	
0.554760073

	
2




	
2020

	
0.542379123

	
0.872908538

	
0.410366993

	
2
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