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Abstract

:

Water pollution treatment technology assessment methods can be used to guide the selection of scientific and reasonable water pollution treatment technologies. At present, China has not yet established a standardized methodological system to scientifically evaluate these technologies, which makes it difficult to effectively screen water pollution treatment technologies suitable for specific watersheds or regions and restricts the sustainable development of local economy and society. In this study, an MDCA framework for water pollution treatment technologies was developed using a sustainable assessment approach. The framework begins with the definition of water pollution treatment technologies’ decision-making problems and then proceeds through the following: select potential water pollution treatment technologies; identify indicators; decision making; indicator scoring; indicator weighting; select appropriate assessment model; uncertainty analysis; and other steps to ultimately determine preferred options. To demonstrate the validity and applicability of the framework, typical urban wastewater treatment technologies were selected for case validation. The results showed that the comprehensive assessment results obtained by the multidimensional assessment model based on the ideal point method and weighted method were basically consistent. SBR and TAS can be used as recommended technologies for urban sewage treatment in the study area. However, these two technologies also have shortcomings, such as the unsatisfactory economic benefit of SBR, and the high sludge production and poor resistance to hydraulic shock loading of TAS. Among the six alternative technologies, CWS had the worst environmental benefit, mainly due to the low ammonia removal rate. A2/O has the worst economic and technical performance, mainly due to high investment and operation cost, relatively complex operation management, and poor resistance to hydraulic shock load. The method established in this study can not only select the technology, but also identify the shortcomings of the technology, therefore realizing the systematization and standardization.
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1. Introduction


According to the ‘China Ecological Environment Bulletin’ [1], in the 2018 state-controlled sections of the ten major river basins, the proportion of sections with water quality of Class IV-V and inferior to Class V is 18.9 % and 6.8 %, respectively; eutrophicated lakes (reservoirs) accounted for 29.0 % of the 111 monitored lakes (reservoirs). With rapid economic growth and a significant increase in resource and energy consumption, China is still facing a prominent conflict between social development and water environmental protection [2,3,4,5]. Since the 1970s, China has been committed to water pollution prevention and control, and especially since the Ninth Five-Year Plan, water pollution control has received unprecedented attention from the state and the government. According to the “National Medium and Long-term Science and Technology Development Plan (2006–2020)” [6], the “Water Pollution Control and Treatment” special project has been set as one of the 16 major national science and technology projects. It is the largest investment in water pollution control science and technology projects since the founding of the People’s Republic of China, with a total investment of more than 30 billion yuan, focusing on removing major scientific and technological bottlenecks in water pollution that restrict economic and social development. According to incomplete statistics, more than a thousand key technologies of water pollution control have been developed based on this special project, involving point and surface source pollution control, toxic and harmful pollutants control, ecological restoration of water bodies, drinking water purification, etc. Meanwhile, Chinese scholars have also conducted a lot of research on water pollution control technologies [7,8,9,10,11], which has provided strong technical support for water pollution control projects in Chinese watersheds.



However, although a large number of water pollution control technologies have been developed, it is still a major challenge in China’s watershed water pollution treatment to identify green and low-carbon water pollution treatment technologies that are suitable for specific watersheds or regions in practical applications. Water pollution treatment technology involves many types and large quantities, and different types of water pollution treatment technologies have their own characteristics. Thus, how to establish a unified standard to realize the systematization and standardization of technology assessment is a difficult point in the field of water pollution treatment technology assessment. At present, there have been some studies on environmental technology at home and abroad. Decision making regarding the pollution source assessment in the USA have typically been driven by practical factors such as time and money, which rarely considers technology [12]. In the EU, the direct costs, time, and technology are the assessment criteria involved in the decision making [13]. Research on technology assessment in China started late. Scholars such as Huang Qingming first proposed a technology assessment system around 1980 and conducted detailed research on the methodology and practice of technology assessment [14,15]. After entering the 21st century, technology assessment began to be carried out on a larger scale in the field of water pollution prevention and treatment in China, and many scholars adopted different assessment methods to evaluate various water pollution treatment technologies from multiple perspectives. For example, Li Cong [16] selected six typical water pollution treatment technologies used in the heavy chemical industry as research objects and gave preference to water treatment technologies based on the environmental cost-benefit approach. Liang Jingfang [17] constructed a water pollution prevention and treatment technology assessment model for the pharmaceutical industry based on hierarchical analysis and the fuzzy comprehensive assessment method and conducted a technical assessment of wastewater treatment technologies of 16 pharmaceutical enterprises.



In general, there are relatively few studies on the assessment of water pollution treatment technologies in China, and the existing studies have many problems. For example, a majority of studies lack a systematic assessment system, most of the assessment objects are only for a certain industry, and the assessment methods and evaluation criteria are relatively chaotic. These problems make the assessment results more subjective, it is difficult to make horizontal comparisons between technologies, and we are not able to derive practical guidance for water pollution control and management in a specific river basin or region. Therefore, how to comprehensively assess these water pollution treatment technologies from the perspective of sustainable development is an urgent need. Multi-criteria decision analysis (MCDA) is a technique commonly used to facilitate decision-making when processing and aggregating numerous and sometimes conflicting attributes [18,19]. The main advantages come from the robustness, consistency, transparency, and repeatability of the decision-making process [20]. The method considers not only direct costs and time, but also other factors such as overall environmental impact and social impact [21] and is suitable for systematic and comprehensive assessment of a large number of water pollution treatment technologies. Currently, there are no cases in China where they have been applied to the screening of water pollution treatment technologies in specific watersheds or regions. Additionally, many of the available assessment methods lack uncertainty analysis.



Therefore, the main objective of this study is to develop a green and sustainable assessment method to realize the assessment of existing water pollution treatment technologies in China under a unified framework. The detailed objectives are to (1) propose an MDCA framework method for the prioritization of water pollution treatment technologies, considering key attributes in environmental, economic, and technical fields; (2) determine the indicator screening method, assessment model, uncertainty analysis method, etc.; (3) verify the validity and applicability of this proposed method, taking typical urban sewage treatment technology assessment our focus.




2. Materials and Methods


2.1. Framework of MDCA


With the existing water pollution treatment technologies in China as the assessment object, and screening the technologies suitable for the specific river basin or region as the assessment purpose, a framework for comprehensive assessment of water pollution treatment technologies is proposed by multi-attributes decision making technique (Figure 1). The framework involves eight steps: (1) define decision problem; (2) select potential water pollution treatment technologies; (3) identify indicators for decision making; (4) indicator scoring; (5) indicator weighting; (6) select appropriate assessment model; (7) uncertainty analysis; (8) determine preferred options. The framework only provides principles for each step and is not absolutely specific or definitive. In practical application, it is necessary to carry out technology assessment and selection in accordance with the relevant provisions of the framework according to the specific water environment problems and water pollution control objectives faced by a particular river basin or region.




2.2. Define Decision Problem


The first step was to define the decision problem. Due to the different treatment effects of different water pollution treatment technologies, the water purified by different technologies will have varying degrees of impact on the water environment of the basin after being discharged into the river and have different impacts on related social and economic values. In order to select the technologies to better protect the water environment of the river basin or region, comprehensive decision making and evaluation of water pollution treatment technologies are required.




2.3. Select Potential Water Pollution Treatment Technologies


The second step was to select the potential water pollution treatment technologies suitable for a specific pollution type in the river basin or region for the final decision. The types of pollution sources can be roughly divided into point source pollution, non-point source pollution, and endogenous pollution. For one pollution type, there are usually multiple water pollution treatment technologies that can be applied. For example, urban sewage point source pollution requires treatment technologies such as physical treatment, chemical coagulation and sedimentation, biofilm, activated sludge, and constructed wetland [22,23]. Non-point source treatment of rural domestic pollution involves treatment technologies such as constructed wetland, biogas purification tank, septic tank, land law, and stabilization pond [24,25]. The treatment of river sediment pollution (endogenous) includes treatment technologies such as excavation and dredging, sediment oxygenation, biological treatment, and ecological restoration [26]. It should be noted that if the water pollution control goal in the study area cannot be achieved by a single technology type, the control goal should be decomposed into several sub-goals, and each sub-goal should be screened according to the proposed MDCA framework.




2.4. Identify Indicators for Decision Making


The next step was to identify the indicators to be used for technology assessment. There is a broad consensus in favor of tiered approaches to sustainability assessment as it can minimize the cost and complexity of decision making [27]. The MDCA indicator system of water pollution control technology is constructed by using the four levels of “target layer—criteria layer—element layer—indicator layer”. The target layer is the comprehensive assessment of water pollution treatment technology. The criteria layer covers three dimensions: environmental, economic, and technical performance. The element layer includes environmental benefits, secondary pollution, costs, benefits, technical reliability, and technical applicability. Due to the many types and large number of the technologies involved, it is not possible to construct a unified indicator set to cover all types of water pollution treatment technologies. The indicator layer selection can be completed by considering the demand of stakeholders and following the principles of scientificity and objectivity.



After establishing a library of alternative indicators, the collected data for these indicators is subjected to frequency analysis, importance judgment, measurability judgment, comparability test, and independence test. Those that meet a series of tests can be used as the final selected indicators. While ensuring that the assessment indicator system comprehensively covers the characteristics of the evaluated technologies, the number of indicators should be selected as concisely as possible. Therefore, this study focuses mainly on the top ranked indicators in terms of frequency, while the low frequency indicators are judged by experts to determine their importance with only those of “high” importance are considered. The selected indicators provided a holistic assessment of treatment technology for a certain pollution type in the river basin or region, encompassing environmental, economic, and technological attributes. It should be noted that the indicators are screened in the same way, while the selected indicators of the indicator layer depend on the characteristics of different pollution types.



Here, frequency analysis refers to the collection and sorting of indicators related to water pollution treatment technology assessment and indicator data in practical application cases to form a library of alternative indicators, so as to conduct statistical analysis of the frequency of indicators in all cases. Importance judgment is to determine the importance level of an indicator by expert consultation, so as to avoid missing the less frequent but valuable indicators. The importance of an indicator is divided into three levels: high, medium, and low, denoted by “+++”, “++” and, “+”, respectively. Measurability judgment is to analyze whether a single indicator can be obtained accurately and in a timely manner, and to discard indicators that are not available based on the current level and not important. Comparability test is to test the discrimination degree of the values taken by a single indicator. For the indicators lacking data support, the comparability test is conducted by the expert research method. For the indicators supported by basic data, the comparability test is conducted by the coefficient of variation method. The coefficient of variation ≤ 0.1 indicates that the indicator is not comparable. Independence test is to quantitatively analyze the degree of cross-over between the composite indicators to avoid the duplicate assessments caused by the correlation between indicators. The correlation coefficient test is used to indicate the degree of strength of linear correlation between the two composite indicators. The closer the absolute value of the correlation coefficient is to 1, the higher the correlation between the variables; the closer the absolute value of the correlation coefficient is to 0, the lower the correlation between the variables; when the correlation coefficient is 0, it indicates that there is no correlation between the variables. In this study, Spearman’s correlation coefficient method was used to assess the correlation between indices at 0.05 and 0.01 levels, respectively.




2.5. Indicator Scoring


Indicators were divided into qualitative and quantitative indicators. For qualitative indicators, the expert judgment method was used to score according to the characteristics of each water pollution treatment technology on a scale of 0 to 100, and the qualitative indicators were converted into quantitative indicators to facilitate the subsequent model calculation [28]. Quantitative indicators are assigned values by using measured data collected from surveys. Indicator values were normalized to provide a common numerical scale that would enable comparison of indicator attributes.




2.6. Indicator Weighting


Weights were assigned to each indicator attribute to indicate the degree of importance [29]. The simplest way is the equal method, which distributes weights equally among all selected indicators. The unequal weight method that considers the relative importance of indicators can be roughly divided into two categories: objective methods and subjective methods. The objective method is to perform mathematical analysis to assign weights based only on the initial measured data; the subjective method determines the weights based on stakeholder preferences taken from previous stakeholder engagement studies and from the literature. The sum of the weights of all indicators is usually equal to 1.




2.7. Select Appropriate Assessment Model


It is the task of this step to calculate the attribute values for each decision criterion by analyzing the multidimensional indicator data above mentioned and then calculating the total preference score for each alternative water pollution treatment technology. The multi-criteria decision analysis is a technique commonly applied to handle multidimensional information and enable decision makers to evaluate options. Assessment model selection is arbitrary, depending primarily on purpose, needs, and stakeholder preferences. The solution methods include sequential optimization, simple additive weight, distance-based method, domination method, ε-control method, etc.




2.8. Uncertainty Analysis


The process of assigning indicator values is usually accompanied by uncertainty [30]. The measured data of the quantitative indicators for the same technology would vary due to the influence of various factors such as region and operating period, while the score values of the qualitative indicators will also be different subject to the subjectivity of different experts, indicating that the indicator value for a certain technology is not a fixed value. In addition, different weighting methods would cause great differences in weight assignment, which would directly affect the evaluation results. The uncertainty of decision making is mainly controlled by indicator scores and weight assignment. Therefore, it is necessary to conduct uncertainty analysis to assess the impact that different indicator scores and weightings may have on the final output. Some commonly used uncertainty analysis methods include stochastic simulation, sensitivity analysis, and scenario analysis. The aim of this analysis is to identify crossover points where the priority of water pollution control technologies in the river basin or region may change.




2.9. Determine Preferred Options


The preferred option of water pollution treatment technologies in a river basin or region is guided by the total score derived by the assessment process. The final output is not a certain result, but a suggestion; the uncertainty evaluation of indicator scoring and weighting is considered in this study. A comprehensive assessment of water pollution treatment technologies is conducted based on three dimensions: environmental, economic and technological, which can find out the strengths and weaknesses of each technology in each dimension and select the suitable water pollution treatment technology according to the actual technological needs of a specific river basin or region. This study proposes to use the three-dimensional coordinate method to represent the assessment results; that is, the values of each technology calculated in the three dimensions of environment, economy, and technology are expressed in the form of (x,y,z) coordinates to realize the visualization of the assessment results of each dimension in three-dimensional space.





3. Case Study


3.1. Study Area


Liaohe river basin is located in the southwest of Northeast China, with a river length of 1340 km and a basin area of 221,400 km2 (Figure S1). It is composed of two major river systems: Liaohe river and Daliaohe river. This region belongs to the temperate and warm temperate semi-humid continental monsoon climate, with an average annual temperature of 4–9 °C and an average annual precipitation of 350–1000 mm. The topography in the basin is complex, dominated by low mountains, hills, and plains. It spans the four provinces of Hebei, Inner Mongolia, Jilin, and Liaoning. With the rapid expansion of cities, the natural and original Liaohe river basin has gradually transformed into an urban inland river. The main body of the basin is the central city cluster of Liaoning Province. Liaoning province is located in the lower reaches of the Liaohe river basin, which mainly includes the main stream of Liaohe river, Hun river, and Taizi river. The main streams and their tributaries are faced with the dual effects of the original agricultural non-point source pollution and the surging urban point source pollution. Urban domestic sewage discharge was one of the most important sources of urban point pollution in the Liaohe river basin in Liaoning Province. The proposed MDCA method for water pollution treatment technology is applied to the urban sewage treatment in Liaoning Province as a typical case in this study.




3.2. Potential Options


According to the survey, the main technologies for urban domestic sewage treatment in the region included Anoxic-Oxic biological treatment technology (A/O), Anaerobic-Anoxic-Oxic biological treatment technology (A2/O), sequencing batch reactor activated sludge wastewater treatment technology (SBR), traditional activated sludge treatment technology (TAS), sewage treatment technology of constructed wetland system (CWS), biofilm sewage treatment technology (BT), and other technologies. The first six urban domestic sewage treatment technologies were selected as potential options. A total of 77 urban sewage treatment plants involving these six technologies in the region were collected as a case set. The number of cases for each technique and a brief description of the corresponding techniques are shown in Table S1.




3.3. MDCA Indicators of Urban Sewage Treatment Technology


The indicators screening method above was applied to identify the indicators for the comprehensive assessment of urban sewage treatment technologies. Twelve indicators were finally obtained from fifty-five alternative indicators according to the indicator selection criteria, including chemical oxygen demand (COD) removal rate (H1), biological oxygen demand (BOD) removal rate (H2), suspended solid (SS) removal rate (H3), ammonia nitrogen removal rate (H4), total nitrogen (TN) removal rate (H5), total phosphorus (TP) removal rate (H6), sludge production (H7), investment cost (E1), operating cost (E2), resistance to hydraulic shock load (J1), operational stability (J2), ease of operation management (J3), etc. Thus, the urban sewage treatment technology assessment indicator system based on “target layer—criterion layer—element layer—indicator layer” was constructed. The assessment indicator system and the calculation formula of each indicator in the indicator layer are shown in Table S2.




3.4. Assessment Model


	(1)

	
MDCA model based on ideal point method







One of the methods to solve discrete multi-criteria decision analysis problems is based on the distance method. The method can be divided into two types [31]: (a) an ideal point is set, which is an N-dimensional vector (when the distance between the alternative and the ideal point reaches the minimum, this is the best scheme); (b) a lowest value is set, which is also an N-dimensional vector. The scheme with the greatest distance from the alternative is identified as the best. To avoid the trouble caused by dimensional differences, all indicators need to be standardized. The distance between the alternative and the ideal point is expressed by Equation (1), and the distance between the alternative and the lowest point is expressed by Equation (2). Indicators are divided into positive and negative indicators. A positive indicator means that the larger the indicator value, the better; a negative indicator means that the smaller the indicator value, the better. After calculation by Equations (1) and (2), all indicators become positive indicators.


   S i  =          a i  m a x   −  a i     a i  m a x   −  a i  m i n             1 −    b i  m a x   −  b i     b i  m a x   −  b i  m i n            



(1)






   s i  =          a i  −  a i  m i n      a i  m a x   −  a i  m i n             1 −    b i  −  b i  m i n      b i  m a x   −  b i  m i n            



(2)




where    S i    is the distance between indicator i and the ideal point after normalization;    s i    is the distance between indicator i and the lowest point after normalization;    a i  m a x     and    a i  m i n     are the ideal point value and the lowest point value for the positive indicator i, respectively;    b i  m a x     and    b i  m i n     are the ideal point value and the lowest point value for the negative indicator i, respectively;    a i    and    b i    are the original data values for positive and negative indicators, respectively.



The ideal point method is the most commonly used and effective method based on distance method. This method synthesizes the ideal distance and the lowest distance to construct a comprehensive equilibrium formula. This study not only considers the distance between the comprehensive assessment results and the ideal point, but also considers the distance between the assessment results and the ideal point from the three dimensions of environmental, economic, and technical performance, respectively, so as to construct the assessment model based on the multi-dimension ideal point method. The constructed equilibrium formulae are showed below.


   F  en   =     ∑   i = 1  n  (  w  i , e n   ×  s  i , e n   )     ∑   i = 1  n  (  w  i , e n   ×  S  i , en   ) +   ∑   i = 1  n  (  w  i , en   ×  s  i , en   )    



(3)






   F  ec   =     ∑   i = 1  n  (  w  i , ec   ×  s  i , ec   )     ∑   i = 1  n  (  w  i , ec   ×  S  i , e c   ) +   ∑   i = 1  n  (  w  i , ec   ×  s  i , ec   )    



(4)






   F  te   =     ∑   i = 1  n  (  w  i , te   ×  s  i , te   )     ∑   i = 1  n  (  w  i , te   ×  S  i , te   ) +   ∑   i = 1  n  (  w  i , te   ×  s  i , te   )    



(5)






   F c  =     ∑   i = 1  n  (  w  i , c   ×  s  i , c   )     ∑   i = 1  n  (  w  i , c   ×  S  i , c   ) +   ∑   i = 1  n  (  w  i , c   ×  s  i , c   )    



(6)




where    F  en    ,    F  ec    ,    F  te    ,    F c    are the results of the evaluated water pollution treatment technologies in the three dimensions of environment, economy, technical performance, and comprehensive assessment, respectively;    w  i , e n    ,    w  i , e c    ,    w  i , t e    ,    w  i , c     are the weights of indicator i in the three dimensions of environmental, economic, and technical performance as well as the comprehensive situation, respectively;    s  i , e n    ,    s  i , e c    ,    s  i , t e    ,    s  i , c     are the distances from the lowest point value after normalization of indicator i in the three dimensions of environmental, economic, and technical performance as well as the comprehensive situation;    S  i , e n   ,  S  i , e c   ,  S  i , t e   ,  S  i , c     are the distances from the ideal point value after normalization of indicator i in the three dimensions of environmental, economic, and technical performance as well as the comprehensive situation; n indicates the number of indicators. The larger the value of Fen, Fec, Fte, and Fc, the better the alternative scheme, and the maximum scheme is the best choice.



	(2)

	
MDCA model based on weighted method







Another commonly used method for discrete multi-criteria decision analysis is simple weighting method. The weighting method is similar to the ideal point method in that the data are first normalized. The calculation formulae are shown in Equation (7):


   V i  =            a ′   i  −    a ′   i  m i n      a i  m a x   −  a i  m i n             1 −      b ′   i  −    b ′   i  m i n        b ′   i  m a x   −    b ′   i  m i n            



(7)




where    V i    is the indicator value after normalization;   a  ′ i  m a x     and   a  ′ i  m i n     are the maximum value and the minimum for the positive indicator i, respectively;   b  ′ i  m a x     and   b  ′ i  m i n     are the maximum value and the minimum value for the negative indicator i, respectively;   a  ′ i    and   b  ′ i    are the original data values for positive and negative indicators, respectively. The calculation formula for multi-dimensional assessment model based on weighting method is shown as follows.


   F c  =  F  e n   +  F  e c   +  F  t e   =   ∑   i = 1  n  (  w  i , e n   ×  V  i , e n   ) +   ∑   i = 1  n  (  w  i , e c   ×  V  i , e c   ) +   ∑   i = 1  n  (  w  i , t e   ×  V  i , t e   )  



(8)




where    V  e n    ,    V  e c    ,    V  t e     are the normalized values after indicators in the three dimensions of environmental, economic, and technical performance. Others have the same meaning as above.




3.5. Uncertainty Analysis


3.5.1. Indicator Score Uncertainty


The assignment of indicator is accompanied by many uncertainties. The assessment of water pollution treatment technology involves a variety of environmental, economic, and technical indicators, the value of which is subject to uncertainty due to various factors. For quantitative indicators, the indicator data obtained by a certain water pollution treatment technology in different engineering cases, different regions, and different operating periods are different, so the indicator value is not a fixed value. For qualitative indicators, the scores given by different stakeholders also vary.



In this study, mathematical statistics is used to investigate the influence of indicator assignment uncertainty on the assessment results of water pollution treatment technologies. The specific steps are: (1) assigning values to the indicators; (2) conducting descriptive statistics on the indicators and analyzing the distribution, mean, and standard deviation of the indicator data; (3) determining the uncertainty level of the indicators, which is divided into three levels: high, medium, and low; (4) obtaining the assessment scores under the three dimensions of environmental, economic, and technical performance and the comprehensive assessment score based on the multi-dimensional weighting method assessment model; (5) analyzing the distribution of the assessment results and studying the influence of the indicator assignment uncertainty on the assessment results.




3.5.2. Weight Sensitivity


The different weights of indicators directly affect the assessment results. From the perspective of sustainable development, the assessment of water pollution treatment technology is carried out by considering the three influencing factors of environmental, economic, and technical performance. Different stakeholders hold two views on the importance of environmental, economic, and technological influences in the comprehensive assessment of water pollution treatment technologies: (1) environmental, economic, and technological factors are equally important, i.e., equal weigh mode; (2) environmental factors are the most important while economic factors are the least important, i.e., unequal weight mode [32].These two weighting scenarios are set to analyze the variability of the assessment results. Under the equal weight scenario, the weights of environmental, economic, and technical factors are each 1/3. The weight coefficient of 0.5 is set for environmental factor, followed by the technical factor with the weight coefficient set at 0.3, then the weight coefficient of 0.2 is set for the economic factor in the non-equal weight scenario.



In order to further study the influence of indicator weights on the assessment results, the scenario analysis method is used to carry out the weight sensitivity of different indicators. Firstly, one of the indicators is set as the variable indicator A, and the weights of other indicators B and C are set to be equal. Then, the weight of the variable indicator A is changed in turn, and the weights of other indicators are changed accordingly. Eight scenario modes are set [32]. The weight of variable indicator A in scenario 1 is set to 1, and the weight of indicators B and C are both 0. The weights of variable indicator A in scenario 2–7 are set to 3/4, 3/5, 2/5, 1/2, 1/3, 2/5, and 1/4, respectively, and indicators B and C share the remaining weights equally. The weight of variable indicator A in scenario 8 is set to 0, and the weights of indicators B and C are 0.5, respectively. Here, variable indicator A can be environmental, economic, or technical performance, and indicators B and C are the remaining two indicators besides the variable indicator.






4. Results


4.1. MDCA Based on Ideal Point Method


The score distribution of environmental, economic, and technical dimensions based on the uncertainty of indicator assignment is shown in Figure 2. The uncertainty between the scores of the six alternative technologies on the environmental and technological dimensions did not differ significantly, but the uncertainty of the BT score on the economic dimension differed significantly from the other five technologies. Comparing the indicators in the economic dimension of the six alternative technologies, it was found that the operating cost assignment interval of BT was significantly larger than that of the other five technologies. The confidence intervals for scores on the environmental, economic, and technical dimensions differed significantly. In general, the confidence interval for the scores on the technical dimension was the smallest, while the uncertainty is the largest for the environmental dimension. The variability of confidence intervals across dimensions is determined by a combination of the number and the uncertainty for indicators.



The three-dimensional assessment results of environmental, economic, and technical performance did not change regardless of equal weight or unequal weight mode. The value of Fen is lower than that of Fec and Fte. The technical performance discrimination of the six alternative technologies was the most obvious, and the Fte values were SBR > TAS ≈ BT > T1 ≈ A/O > A2/O. The assessment results of environmental, economic, and technological dimensions were graded according to 0–0.6, 0.6–0.7, 0.7–0.8, 0.8–0.9, 0.9–1. It was found that A2/O and TAS had relatively good environmental benefits, while CWS had the worst environmental benefits. The assessment results differentiation of economic dimension is not very high. All the Fec values of A/O, SBR, and CWS were above 0.9, and A2O was less economical than other technologies. The highest Fte value is SBR, and the worst is A2/O. The comprehensive effects of the six technologies in environmental, economic, and technological aspects were also evaluated from the total score. Table 1 showed the proportion of comprehensive scores classification of the six alternative techniques in equal weight and unequal weight modes. It can be found that whether it is an equal or an unequal weight mode, the water pollution treatment technology with the best comprehensive assessment effect was SBR, followed by TAS and BT for urban domestic sewage treatment in the study area.




4.2. MDCA Based on Weighted Method


The impact of indicator assignment uncertainty by using the weighted assessment model on the scores of environmental, economic, and technical dimensions was consistent with that of the ideal point assessment model, which was not be repeated here. Three-dimensional assessment results of environmental, economic, and technical performance indicated that the degree of differentiation for Fen and Fec values were far less than the Fte values for the six alternative techniques under eight weighted scenarios (Figure 3). Clearly, the best technology in the technical dimension was SBR, and the worst was TAS. Figure 4 showed the comprehensive score distribution of the six alternative technologies under eight weighted scenarios by multi-dimensional assessment model based on th weighted method. It can be seen that the selection of weights directly affected the assessment result and then the final decision-making. Special attention should be paid to soliciting the views of various stakeholders to determine the weights in the comprehensive assessment of water pollution treatment technology. In this case, with the decrease in the weight of environmental factors, the comprehensive scores discrimination of the six alternative technologies became more and more obvious. Compared with environmental factors, economic and technical factors are more sensitive to the impact of comprehensive assessment results. When only environmental factors were considered (scenario 1), the differences in the comprehensive scores of the six alternative technologies were not particularly obvious. The highest comprehensive score went to SBR, followed by TAS, with the decrease in the weights of environmental factor and the increase in the weights of economic and technical factors.




4.3. Comparison Results of Two MDCA Models


The three-dimensional score distribution and evaluation results of environmental, economic, and technical performance calculated by the two assessment models based on the ideal point method and the weighted method showed that although the scores of each dimension obtained by the two models were different, the uncertainty law of the evaluation results was similar. The reason is that the uncertainty of the evaluation results depends on the uncertainty of the indicator assignment. From the evaluation results of the three dimensions of environmental, economic, and technical performance, the assessment model based on the multi-dimensional ideal point method was not affected by the weight change of the criterion layer, and the three-dimensional evaluation results were unique. However, the multi-dimensional assessment model based on the weighted method changed with the change of the weighted scenario mode of the criterion layer, and the three-dimensional evaluation results change accordingly. The three-dimensional assessment results of the two models were consistent except that the technologies with the worst technical performance were A2O by the ideal point method and TAS by the weighted method respectively, primarily affected by weight sensitivity. The ranking of comprehensive assessment results of alternative technologies by the two models was basically the same, and the higher Fc values was SBR, followed by TAS.




4.4. Influencing Factors for MDCA Results


The three-dimensional assessment results showed that TAS and A2O had the better environmental benefits, while CWS had the worst environmental benefits. A/O, SBR, and CWS had high economic benefits, and A2O had the worst economic and technical performance. In order to identify the shortcomings of alternative technologies, comparative analysis of the indicators in environmental, economic, and technological dimensions was carried out with the results shown in Figure 5. It indicated that the poor assessment result of environmental dimension for CWS was mainly due to the low ammonia removal rate. A2/O had high investment cost and operation cost, relatively complex operation management, and poor resistance to hydraulic shock load, resulting in low Fec value and Fte value. The Fc values of SBR and TAS were relatively high, which can be used as the recommended technologies for urban sewage treatment in the study area. However, it can be seen from Figure 5 that the economic benefit for SBR was not advantageous, and TAS had a high sludge production quantity and poor resistance to hydraulic shock load. Therefore, the assessment results can not only select the technology, but also identify the shortcomings of the technology, thus providing guidance for improving the shortcomings of the technology and improving the applicability of the technology in the future.





5. Discussion


On the basis of fully considering the general and individual characteristics of different types of water pollution treatment technologies, the comprehensive assessment indicator system of water pollution treatment technologies is constructed based on the three dimensions of environmental, economic, and technical performance, and the assessment model and the expression form of evaluation results are proposed in this study. The assessment methodology established has the advantages and characteristics as follows:



(1) A new method of indicator screening for the indicator layer is proposed. It is found that the final indicators are very different due to scholars’ different understanding of the characteristics of assessment objects and the meaning of the indicators. On the premise of following the construction principle of the assessment system, this study establishes a library of alternative indicators and selects the indicators after a series of screenings, such as frequency analysis, importance judgment, measurability judgment, and comparability and independence tests, to ensure the scientificity, objectivity, and representativeness of the selected indicators as much as possible;



(2) The expression of the assessment results can objectively reflect the advantages and shortcomings of the water pollution treatment technology. In practical applications, according to the characteristics of water environmental pollution and the demand targets, the technology with a high score is not necessarily the most suitable water pollution treatment technology for a specific river basin or region. Therefore, this study proposes to visually reflect the score of each assessment indicator in a certain dimension through a radar chart, to express the assessment results of environmental, economic, and technical performance through three-dimensional coordinates, and to calculate the comprehensive assessment score so that the technology suitable for the region can be selected more accurately according to actual needs. In addition, based on the assessment results, the shortcomings of a potential technology can be identified and further improved.



(3) The assessment system is systematic and standardized. A four-level framework structure is adopted in the design of the comprehensive assessment indicator system framework of water pollution treatment technology. The common characteristics of the technologies are reflected at the criterion layer and the element layer; that is, the criterion layer and the element layer are unified when different types of water pollution treatment technologies are evaluated, while the indicator layer needs to put forward specific assessment indicators according to the characteristics of different types of technology. In this way, the comprehensive assessment can not only be unified in the overall framework; the respective characteristics of different technologies can also be reflected. The determination of assessment models and indicator weights is also defined in the study as a unified methodology and principle.




6. Conclusions


In this study, an MDCA framework of water pollution treatment technologies was developed by using the sustainable assessment method. The framework begins with the definition of water pollution treatment technologies’ decision making problems, then proceeds through the following: selecting potential water pollution treatment technologies; identifying indicators for decision making; indicator scoring; indicator weighting; selecting appropriate assessment model; uncertainty analysis; and other steps to ultimately determine preferred options. The established comprehensive assessment indicator system for water pollution treatment technologies unifies the indicators of the criterion layer and the element layer; while for the indicators of the indicator layer, new indicator screening methods that meet the characteristics of different technology types are proposed. This indicator system realizes the integration of common and individual characteristics of water pollution treatment technologies under the same framework. The representation of assessment results based on radar charts and the three-dimensional coordinate method is helpful in selecting suitable water pollution treatment technologies and identifying their potential shortcomings.



The applicability of the MDCA method is verified by combination with typical cases. Taking urban wastewater treatment technology as an example, a comprehensive assessment indicator system for urban wastewater treatment technology was established and a multi-dimensional assessment model combined with uncertainty analysis was adopted to screen technologies applicable to urban wastewater treatment in the Liaohe river basin in Liaoning Province. The results showed that SBR had the highest comprehensive assessment score, followed by TAS, which can be used as recommended technologies. However, these two technologies also have shortcomings, such as the unsatisfactory economic benefit of SBR, and the high sludge production and poor resistance to hydraulic shock loading of TAS. The assessment results not only select the technology but also identify the shortcomings. It is noted that indicator assignment and weighting are key factors affecting uncertainty in assessment results.
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Figure 1. Framework for MDCA of water pollution treatment technologies. 
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Figure 2. Score distribution of environmental, economic, and technical dimensions based on the uncertainty of indicator assignment. 
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Figure 3. Three-dimensional assessment results of environmental, economic, and technical performance for six alternative techniques under eight weighted scenarios. 
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Figure 4. Comprehensive score distribution of six alternative technologies under eight weighted scenarios. 
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Figure 5. Comparison of indicators in environmental, economic, and technical dimensions for six alternative technologies. 
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Table 1. Proportion of comprehensive scores classification of six alternative techniques in equal weight and unequal weight modes.
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Alternative Technologies

	
Modes

	
Proportion (%)




	
[0.8–1]

	
[0.7–0.8)

	
[0.6–0.7)

	
[0.5–0.6)

	
[0–0.5)






	
A/O

	
Equal

	
1.0

	
88.2

	
10.8

	
0.0

	
0.0




	
Non-equal

	
0.0

	
67.7

	
30.9

	
1.4

	
0.0




	
A2/O

	
Equal

	
0.0

	
71.4

	
26.8

	
1.8

	
0.0




	
Non-equal

	
0.0

	
47.6

	
49.7

	
2.6

	
0.1




	
SBR

	
Equal

	
92.2

	
2.0

	
0.0

	
1.5

	
4.4




	
Non-equal

	
55.4

	
38.7

	
3.4

	
2.5

	
0.0




	
TAS

	
Equal

	
5.9

	
94.1

	
0.0

	
0.0

	
0.0




	
Non-equal

	
0.0

	
99.5

	
0.5

	
0.0

	
0.0




	
CWS

	
Equal

	
0.0

	
75.0

	
25.0

	
0.0

	
0.0




	
Non-equal

	
0.0

	
22.9

	
70.8

	
6.3

	
0.0




	
BT

	
Equal

	
0.0

	
94.6

	
5.4

	
0.0

	
0.0




	
Non-equal

	
0.0

	
74.8

	
24.5

	
0.7

	
0.0
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