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Abstract

:

The collection of municipal solid waste (MSW) is a public service with notable effects on the environment and public health. The objective of this study was to evaluate the impact of selective collection and recycling of MSW on the performance of municipalities in providing MSW services. By employing the data envelopment analysis method, the efficiency and eco-efficiency scores for a sample of 298 municipalities in Chile were analyzed and compared. The efficiency estimation focused on the economic performance of the municipalities in the provision of MSW services, whereas the eco-efficiency assessment also integrated the environmental performance. The results indicated that the selective collection and recycling of MSW had a significant impact on the performance of the municipalities in providing these services. The percentages of efficient and eco-efficient municipalities were very low (4.70% and 4.36%, respectively), thus demonstrating the large room for performance improvement by Chilean municipalities in the management of MSW. The efficient and eco-efficient municipalities were heterogeneously distributed throughout the country, revealing the lack of collaboration between municipalities at the regional level. Finally, exogenous variables to the management of MSW carried out by the municipalities, including the population served, population density, tourism and waste generated per capita, all had an impact on the efficiency and eco-efficiency scores. The results and conclusions of this study are of great relevance for policy makers at the regional and local levels to improve the management of MSW in the context of a circular economy.
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1. Introduction


In recent years, there has been an increase in the production of municipal solid waste (MSW), which has been linked with the economic development of countries, population growth and an increased urban population density [1]. In many countries, the management of MSW has become one of the most serious problems facing modern society [2,3].



Despite the advances in waste management in Latin America and the Caribbean (LA&C), the region still faces many challenges in the field of waste management due to the existence of open, uncontrolled landfills (33%) and/or low recovery rates of waste fractions (<4%) [4]. Chile presents the highest Gross Domestic Product (GDP) per capita among Latin American countries [5] and has been part of the Organization for Economic Cooperation and Development (OECD) since 2010. Therefore, municipal recycling services have been promoted in the last 10 years [6]. The main regulation on waste management issues in Chile was implemented in 2016 and is known as the Recycling and Extended Producer Responsibility Law. This law establishes that every producer or importer of “priority products” must take charge of the merchandise once its useful life has ended. In other words, these “useless” products must return to the industries where they were manufactured, and they take over their final destination. This Law also establishes collection and recovery goals differentiated by types of waste [7]. However, before the adaptation of this Law, municipal recycling services emerged without a national recycling policy [8]. In this context, recycling was introduced in the past, thanks to municipal authorities’ autonomous initiatives [6]. On the other hand, there is the Municipal Revenue Law (Decree Law No. 3063, of 1979), in which each service municipality is responsible for the home collection and waste management in the urban and suburban sectors of the communes, which generates inequity.



In this context, the European Union (EU) has paid considerable attention to waste management policies that aim to increase resource efficiency and to reduce the negative impact of waste on the environment and the health of citizens. In other words, the EU is promoting the circular economy, defined as “a system where the values of products, materials and resources are kept in the economy for as long as possible and the generation of waste is minimized” [9], in the framework of waste management. At the global level, the importance of MSW management is included within Goal 11 (Sustainable Cities and Communities) of the Sustainable Development Goals proposed by the United Nations (2015). As demonstrated by [10] and [11], the accomplishment of these goals can be facilitated by the good practices of the circular economy.



Moreover, improving the efficiency in the management of municipal waste services is necessary to reduce their associated costs, to provide a better quality of service, to comply with the requirements established both worldwide and locally and to reduce the fees for citizens [12]. The concept of efficiency has been studied and used from an economic perspective to evaluate the performance of units from several topics [13]. It is defined as the relationship between the outputs produced and the inputs used by the units (e.g., municipalities in this case study); it is a relative measure because it compares the performance among the units evaluated. However, as environmental concerns have grown, the necessity of integrating environmental variables into the efficiency assessment has become more important [14]. In this context, the concept of eco-efficiency, which is defined as the production of more goods (outputs) and services with fewer resources (inputs) and less of an environmental impact, has been proposed [15]. The prefix ‘eco’ represents the environmental and economic performance; therefore, the assessment of eco-efficiency involves considering both environmental and economic variables [16].



In the framework of MSW management, previous studies have evaluated the efficiency and eco-efficiency of the provision of municipal waste collection services separately and independently (e.g., [2,17,18,19,20]). However, to the best of our knowledge, there are no studies in which both metrics (efficiency and eco-efficiency) have been compared. In order to develop public policies in the context of the circular economy, it is important to assess both the efficiency and the eco-efficiency. According to the literature [12,19,21,22,23,24], some external factors to the management of MSW services carried out by municipalities, such as population density, age range, geographical characteristics, amount of waste generated, socioeconomic level, size of the community, among others, have an impact on the performance (efficiency) of the provision of municipal waste services. However, since there are no studies comparing the metrics of efficiency and eco-efficiency in the provision of MSW services, there is no information about the impact of external factors on the differences between these two metrics.



Therefore, the main objective of this work was to evaluate the impact of selective collection and recycling of MSW on the performance of municipalities in the provision of MSW services by estimating and comparing their efficiency and eco-efficiency. The second objective of this study was to explore the impact of exogenous variables on the differences between the efficiency and eco-efficiency. The empirical application focused on a large sample of Chilean municipalities, which are making notable efforts to improve the recycling rates of MSW.



This research is novel because the concepts of efficiency and eco-efficiency were compared. To evaluate the eco-efficiency, an undesirable output (unsorted waste) was integrated into the evaluation of the municipalities’ performance in the provision of MSW services. This approach makes it possible to estimate the eco-efficiency, which, unlike the conventional evaluation of efficiency, integrates not only economic but also environmental variables. This topic is very important to support the decision-making of municipalities, since it provides information on the costs related to the environmental performance of municipalities in the provision of MSW services. Moreover, the identification of factors affecting the differences in the efficiency and eco-efficiency scores provides relevant information to understand why some municipalities present significant differences in their performance depending on which of the two metrics was considered in the assessment.




2. Material and Methods


The methodological approach applied in this study was divided into two stages. First, based on previous research (e.g., [18,19,20,25]), the efficiency and eco-efficiency of municipalities in the collection and treatment of MSW were evaluated using the data envelopment analysis method. Both metrics were employed to assess the impact of selective collection and recycling on the performance of municipalities in the provision of MSW services. Second, a non-parametric test was employed to identify exogenous factors affecting the difference in the efficiency and eco-efficiency scores for each municipality evaluated (see Supplementary Materials).



2.1. Efficiency and Eco-Efficiency Assessment


Assuming a production process in which, from an input vector   x   ∈    N + N   , a vector of desirable outputs   y   ∈    N + M    is obtained using the T technology, the set of production possibilities is defined as follows:


  P  ( x )  =  {   (  x , y  )  : x   c a n   p r o d u c e   y  }   



(1)







The input distance function is defined as:


  D  (  x , y  )  = m i  n θ   {  θ > 0 : x θ   ∈ P  ( x )   }   



(2)







According to [26], for each unit  j  (a municipality in this study), a linear program has to be solved to calculate its efficiency score (see Equation (3)). Based on previous studies (e.g., [12,21]), an input orientation assuming variable returns to scale was employed. It should be noted that municipalities cannot directly control the amount of MSW that is generated; therefore, the input orientation is more adequate.


      M i n      θ  V R S             s . t .        ∑  j = 1  N   λ j   x  i j   ≤ θ  x  i 0                                                                                             1 ≤ i ≤ M                   ∑  j = 1  N    λ j   y  r j   ≥  y  r 0                                                                                               1 ≤ r ≤ S                ∑  j = 1  N   λ j  = 1                            λ j  ≥ 0                                                                                                                                 1 ≤ J ≤ N      



(3)




where    θ  V R S     indicates the efficiency score of each unit evaluated;  M  is the number of inputs used;  S  is the number of outputs generated;  N  is the number of units analysed; J is the number of units evaluated (municipalities) and    λ j    is a set of intensity variables that represents the weighting of each analysed municipality  j  in the composition of the efficient frontier.    θ  V R S      ∈  (0, 1] and a unit is efficient if its efficiency score (   θ  V R S    ) equals unity, whereas it is inefficient if 0 ≤ θ < 1.



To evaluate the eco-efficiency of municipalities in the provision of MSW services, the following methodology was employed. Assuming a production process whereby from an input   x   ∈    N + N   , a vector of desirable outputs   y   ∈    N + M    and another vector of undesirable outputs   b   ∈    N + H    are obtained using the technology  T , the production possibility set of desirable and undesirable outputs is defined as follows:


   P *   ( x )  =  {   (  y , b  )  : x   c a n   p r o d u c e    (  y , b  )   }   



(4)







The input distance function, including undesirable outputs, is defined as follows:


  D  (  x , y , b  )  = m i  n θ   {  θ > 0 : x θ   ∈  P *   ( x )   }   



(5)







According to [27], for each unit  j , the linear program to be solved to compute the eco-efficiency score, also assuming an input orientation and variable returns-to-scale technology, is as follows:


      M i n      θ  V R S ∗             s . t .        ∑  j = 1  N   λ j   x  i j   ≤  θ *   x  i 0                                                                                         1 ≤ i ≤ M         ∑  j = 1  N    λ j   y  r j   ≥  y  r 0                                                                                               1 ≤ r ≤ S        ∑  j = 1  N   λ j   b  z j   =  b  z 0                                                                                               1 ≤ z ≤ H         ∑  j = 1  N    λ j  = 1              λ j  ≥ 0                                                                                                                                   1 ≤ J ≤ N      



(6)




where    θ  V R S ∗     indicates the eco-efficiency score of the unit evaluated;  M  is the number of inputs used;  S  is the number of desirable outputs generated;  H  is the number of undesirable outputs involved in the assessment;  N  is the number of municipalities analysed; J is the number of units evaluated (municipalities) and    λ j    is a set of intensity variables that represent the weighting of each analysed municipality  j  in the composition of the efficient frontier. As in the case of efficiency assessment,    θ  V R S ∗      ∈     (  0 ,   1  ]    and a unit is eco-efficient if    θ  V R S ∗    . equals unity, whereas it is inefficient if   0 ≤  θ  V R S ∗   < 1  .



A limitation for any data envelopment analysis model is the number of units (municipalities) analysed in relation to the number of inputs and outputs considered in the assessment. To avoid relative efficiency discrimination problems, Cooper’s rule must be met. This means that the number of units (municipalities) to be evaluated must be greater than or equal to   m a x    {  m   x   s ;   3    (  m   +   s  )   }   , where  m  is the number of inputs and  s  is the number of outputs involved in the evaluation (Molinos-Senante et al., 2016). Considering that 298 municipalities were evaluated, and that one input and five outputs (desirable and undesirable) were considered, then it was concluded that this study does comply with Cooper’s rule.



To evaluate whether the differences between the efficiency and eco-efficiency indices are statistically significant, the non-parametric Mann–Whitney test was applied. The null hypothesis (H0) states that the groups come from the same populations. H0 can be rejected with a significance level of 95% if the p-value is equal to or less than 0.05, meaning that the differences in the efficiency and eco-efficiency scores for the municipalities evaluated are statistically significant.




2.2. Factors Affecting the Efficiency and Eco-Efficiency Differences


Previously described Equations (3) and (6) allowed us to estimate the efficiency and eco-efficiency scores in the provision of MSW services for each municipality evaluated. However, some external factors that might affect the management of MSW, also known as environmental variables, could have an impact on the efficiency and eco-efficiency differences. These factors cannot be considered as inputs or outputs in the efficiency and eco-efficiency assessment, since they are not directly controllable by the municipalities.



To evaluate the impact of exogenous variables on the performance of units, some previous studies have used parametric methodologies [28], that is, econometric models in which the dependent variable is the performance index and the independent variables are the external factors evaluated. However, this approach presents problems related to multicollinearity [2]; therefore, a non-parametric test must also be applied [12,29,30,31].



To apply the non-parametric approach, the evaluated municipalities were grouped according to the external factors that could affect their performance, based on previous studies [12,19,21]. Subsequently, the non-parametric Kruskal–Wallis test was employed in which the null hypothesis tested was that the K samples are derived from the same population. The null hypothesis could be rejected at a significance level of 95% if the p-value is less than or equal to 0.05.



The Kruskal–Wallis test is given by [32]:


  T   = 12 /  [  N    (  N + 1  )   ]    ∑   i = 1  k    R  i 2    N i   − 3  (  N + 1  )   



(7)




where N is the total number of observations; Ri is the rank for an individual sample; k is the number of groups; and Ni is the number of observations in group  i .



The relative difference in the efficiency and eco-efficiency scores was estimated using the following equation:


  R e l a t i v e   d i f f e r e n c e    ( % )  =     E c o − e f f i c i e n c y   s c o r e   −   E f f i c i e n c y   s c o r e   E f f i c i e n c y   s c o r e   ∗ 100  



(8)








2.3. Sample Description


The sample used for this empirical application corresponds to 298 out of 345 Chilean municipalities. These 298 municipalities involve 14,716,132 inhabitants out of a total population of 18,729,160 (79%) people in Chile [33].



Based on previous research on the performance of waste service management [2,22,29,34], the total annual cost of MSW services provided by each municipality was integrated into the efficiency and eco-efficiency evaluation as an input. Information on MSW management is available in the database of the National Waste Declaration System (SINADER, acronym in Spanish), corresponding to the year 2018. The amounts of recyclable waste items (tons/year) were integrated as desirable outputs and were classified into: (i) paper and cardboard, (ii) glass, (iii) plastic and (iv) organic waste [12,31], While for the eco-efficiency evaluation, the amount of unsorted waste (tons/year) was included as an undesirable output (see Table 1; Table 2).



To select the exogenous variables that might affect the efficiency and eco-efficiency differences, three criteria were considered: (i) the characteristics of the MSW sector in Chile, (ii) the information available for the evaluated municipalities and (iii) the existing literature [12,21,35]. According to these criteria, the following variables were considered: (i) the urban population, which was defined as the total number of people living in cities with MSW services; (ii) the size of the municipality, expressed in km2. It should be noted that this variable did not include all areas of the municipality but focused on the urban area where MSW services are provided; (iii) population density, which was expressed as the number of inhabitants per km2 of urban area of the municipality; (iv) the tourism index proposed by the Division of Studies and Territory of the Undersecretariat of Tourism (Sernatur, for its acronym in Spanish), which includes 15 variables; and (v) the amount of waste generated per capita, which was estimated as the ratio of the total amount of waste generated (kg) and the number of inhabitants of each municipality.



The main statistical variables to estimate the efficiency and eco-efficiency scores of the Chilean municipalities and the exogenous variables analyzed are shown in Table 1; Table 2.





3. Results and Discussion


3.1. Efficiency and Eco-Efficiency Estimation


The efficiency and eco-efficiency scores of the 298 Chilean municipalities were estimated using Equations (3) and (6), respectively. Table 3 shows the main statistical characteristics of the results. The complete sample of Chilean municipalities illustrated that when the efficiency evaluation excluded selective waste collection (recycling), the mean efficiency score was 0.26. This means that, on average, the evaluated municipalities could reduce their inputs (total costs) by 74% if they operated as efficient municipalities. In this scenario, only 14 out of the 298 municipalities analyzed were efficient, which corresponds to 4.70%. In a very similar way, when the selective collection and recycling of MSW was integrated into the evaluation, the number of eco-efficient municipalities was 13, which represents 4.36% of the sample. By contrast, the mean eco-efficiency score increased to 0.54. Thus, municipalities perform better when the evaluation integrates the collection and recycling of MSW. Furthermore, on average, municipalities are making economic efforts to increase the amount of selective waste collection and recycling.



The histogram in Figure 1 shows the distribution of the efficiency and eco-efficiency scores of the 298 Chilean municipalities evaluated. When comparing the efficiency and eco-efficiency scores, the impact of selective collection and recycling on the performance of municipalities was verified as the p-value of the Mann–Whitney test was less than 0.05. Most of the municipalities (181/248; 73%) had efficiency scores of less than 0.2, indicating that they had a poor performance. These findings imply that these municipalities could save around 80% of their operating costs if they were managed more efficiently. On the other hand, 261 municipalities presented eco-efficiency scores between 0.4 and 0.6; thus, their costs improved by 50% when non-recycled waste was considered.



To further analyze the differences between the efficiency and eco-efficiency scores, the histogram shown in Figure 2 illustrates that 112 municipalities had a difference in their eco-efficiency and efficiency scores of between 0.40 and 0.50. This positive value means that municipalities present better performance when the assessment differentiates desirable and undesirable outputs, i.e., recycled and unsorted waste.



Chile is a long and narrow country; to illustrate variations across the country, the efficiency and eco-efficiency scores were also reported geographically (Figure 3; Figure 4, respectively). Both maps show the ranges of the performance (efficiency and eco-efficiency scores) of the Chilean municipalities in the provision of MSW services. Those municipalities whose efficiency/eco-efficiency score was less than 0.5 are in red color; those whose efficiency/eco-efficiency score ranged between 0.50 and 0.75 are in orange color; those whose efficiency/eco-efficiency score ranged between 0.75 and 1.0 are in yellow color; and, finally, the efficient/eco-efficient municipalities, i.e., the efficiency/eco-efficiency score was equal to 1.0, are in green color. Figure 3 shows that the efficient municipalities in the provision of MSW services are distributed in different regions across the country. This finding indicates that the geographical factor is not a determinant in the efficiency of the municipalities in the provision of MSW services. It should also be noted that the metropolitan region of Santiago, the capital of Chile, included municipalities with a diversity of efficiencies, clearly indicating the lack of collaboration among municipalities and the absence of a standard regional policy in this area of 7037 million people, accounting for approximately 40% of the total population of the country.



Figure 4 shows that the municipalities that were eco-efficient are different from the ones that were identified as efficient (see Figure 3). This finding demonstrates that some municipalities have focused on reducing the operational costs of MSW management, whereas others have also made notable efforts to increase the amount of recycled waste. It should be noted that in 2016, Law 20.920 established the framework for waste management in Chile to extend the responsibility of the producer to promote recycling. This law sought to reduce the generation of waste; to increase the recovery, reuse and recycling of materials; and to protect health human and the environment. Moreover, this law obliges producers to be responsible for the processing and valorization of the product, grants municipalities the power to establish agreements with management systems and grassroots recyclers, requires waste separation at the source in their municipal ordinances, encourages the implementation of communication and awareness strategies, requires permits for waste storage facilities and promotes environmental education. However, in the face of multiple political efforts, this has led to each municipality taking charge of its own waste management, thus bringing differences in the quality of service and effectiveness in the MSW collection services, since they are carried out at home and not from a specific point. Of note, Chile is the country that sends the second highest amount of waste per capita to landfills among the 34 countries that make up the Organization for Economic Cooperation and Development.



To better visualize the efficiency and eco-efficiency scores, Figure 5 shows that most of the evaluated municipalities present larger eco-efficiency scores than efficiency scores, as indicated by the green color. This result may be mainly due to the fact that municipalities have developed environmental management tools or incorporated “green practices” in their internal processes. Because of the differences in the efficiency and eco-efficiency scores among municipalities, this study also evaluated the external factors that may have affected these differences.




3.2. Factors Affecting Differences between the Efficiency and Eco-Efficiency Scores


Previous studies by [12,18,21] have investigated the external factors affecting the eco-efficiency of municipalities in the provision of MSW services. Taking into account the main objective of this study, i.e., evaluating the impact of selective collection and recycling on the performance of MSW service providers, we focused on assessing the impact of exogenous variables on the difference of the efficiency and eco-efficiency scores measured as a relative difference (Equation (8)). The Kruskal–Wallis tests were conducted, and the results are shown in Table 4.



Regarding the variable number of inhabitants, Table 4 shows that for populations between 3100 and 10,900 inhabitants, the differences between the efficiency and eco-efficiency scores were the highest. In contrast, for municipalities with a larger population, the differences between scores were not significant. The Kruskal–Wallis test revealed that the population served by the MSW service provider had a statistically significant impact on the difference between the efficiency and eco-efficiency scores of Chilean municipalities providing MSW services. This finding indicates that as the size of the population increases (in terms of the population served), the difference between the economic and joint economic and environmental performance was not significant.



Focusing on the size of the municipality, expressed in km2, the p-value of the Kruskal–Wallis test (>0.05) did not allow us to reject the null hypothesis; thus, this variable did not have a statistically significant impact on the difference between the efficiency and eco-efficiency scores. However, as shown in Table 4, the largest municipalities had a greater difference between the efficiency and eco-efficiency scores, which might be due to the difficulty in establishing green points to collect recyclable waste materials.



The third variable evaluated was the population density. The null hypothesis was that this variable does not have an impact on the difference between the efficiency and eco-efficiency scores. However, the results of the Kruskal–Wallis test illustrated that the null hypothesis should be rejected since the p-value is <0.050, meaning that the population density significantly affects the difference between the efficiency and eco-efficiency scores. The population density plays an important role as an exogenous variable. The results obtained in this work are congruent with recent studies carried out by [36], who concluded that this external variable negatively affects the efficiency, possibly due to the complex intra-municipal organization, regulation and control from the service providers. Since each municipality carried out its own management of waste collection services in this study, the effect of the population density on the difference between the efficiency and eco-efficiency scores was even more pronounced.



Next, the effect of tourism on the difference between the efficiency and eco-efficiency scores was determined, and the results are shown in Table 4. This exogenous variable had an impact on waste management at the municipal level, as demonstrated by the significant differences between the efficiency and eco-efficiency scores (p-value = 0.002). In particular, greater differences between the efficiency and eco-efficiency scores were reported for municipalities with a moderate level of tourism. By contrast, the municipalities with the greatest level of tourism presented lower differences between the efficiency and eco-efficiency scores. Previous studies, such as those carried out by [12,19], have concluded that tourism might have an impact on MSW management because the excess amount of waste generated during high-tourism seasons is not collected or managed efficiently.



Finally, the last factor evaluated in this study was the amount of waste generated per capita. The results of the Kruskal–Wallis test (p-value < 0.05) revealed that this exogenous factor significantly affected the difference in the efficiency and eco-efficiency scores in the management of MSW. Table 4 also shows that greater differences were observed for those municipalities whose citizens produce small amounts of waste (less than 405 kg per inhabitant per year), which facilitates the recycling of MSW.





4. Conclusions


The importance of MSW management is explained by the fact that it is an essential service that is directly related to the environment and public health; therefore, it must be approached in an interdisciplinary way. This study analyzed the impact of selective collection and recycling of MSW on the waste management performance of municipalities by evaluating and comparing the efficiency and eco-efficiency scores for an empirical sample of 298 municipalities in Chile.



The results from the empirical application illustrate that the selective collection and recycling of MSW had an impact on the performance of municipalities from a statistical point of view. Both metrics (efficiency and eco-efficiency) employed in this study demonstrated the low performance of Chilean municipalities in the provision of MSW services. The percentage of inefficient municipalities was determined to be 95.30% and 96.64%, according to the efficiency and eco-efficiency scores, respectively. These results reveal that the municipalities must improve their management significantly. Moreover, this study shows that efficient and eco-efficient municipalities are not the same; for example, some of them focus on economic issues, whereas others are managed according to both economic and environmental issues. From a geographical point of view, the findings indicate the lack of cooperation in the management of MSW among nearby municipalities, which present very divergent efficiency and eco-efficiency scores. Thus, a regional policy needs to be implemented in order to improve the management of MSW services in Chile. Finally, some exogenous variables, such as the population served, population density, tourism and waste generated per capita, were shown to have a significant impact on the differences between the efficiency and eco-efficiency scores. This information is very relevant for policy makers who aim to improve not just efficiency but also eco-efficiency in the provision of MSW services.



From a political perspective, the results of this study are very relevant to supporting and adopting specific actions by policy makers. Firstly, the few municipalities identified as eco-efficient should be considered as examples for the other municipalities and therefore, the actions and policies implemented by eco-efficient municipalities should be monitored, collected and disseminated to the rest of Chilean municipalities to improve their eco-efficiency. Another strategy for improving the eco-efficiency of municipalities in the provision of MSW would be the promotion of environmental education at the local level, in schools and non-profit institutions. Additionally, the generation of alliances with the private sector for funding installations and specific measures for MSW recycling would help improve the eco-efficiency of municipalities.
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Figure 1. Histogram of the efficiency and eco-efficiency scores of the Chilean municipalities evaluated. 
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Figure 2. Histogram of difference between eco-efficiency and efficiency scores Chilean municipalities evaluated. 
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Figure 3. Efficiency scores for each Chilean municipality evaluated. 
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Figure 4. Eco-efficiency scores for each Chilean municipality evaluated. 
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Figure 5. Differences in eco-efficiency and efficiency scores for the Chilean municipalities evaluated. 
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Table 1. Variables used as inputs and outputs to evaluate efficiency and eco-efficiency of municipalities in MSW management.
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	Efficiency Assessment
	Eco-Efficiency Assessment





	Inputs: (i) total costs of MSW collection and disposal (CLP/year)
	Inputs: (i) total costs of MSW collection and disposal (CLP/year)



	Output: (i) quantity of MSW collected and disposed (ton/year)
	Desirable outputs: (i) quantity of paper collected and recycled (ton/year); (ii) quantity of glass collected and recycled (ton/year); (iii) quantity of plastic collected and recycled (ton/year); (iv) quantity of organic matter collected and recycled (ton/year).



	
	Undesirable output: unsorted waste (ton/year)
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Table 2. Basic statistics of the variables considered to evaluate efficiency and eco-efficiency.
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Unit of Measure

	
Average

	
Standard Deviation

	
Minimum

	
Maximum






	
Input

	
Total costs

	
CLP/year

	
1,173,068

	
2,051,970

	
98

	
14,765,504




	
Desirable output

	
Paper recycled

	
Tons/year

	
51

	
389

	
0

	
6023




	
Glass recycled

	
Tons/year

	
89

	
302

	
0

	
2759




	
Plastics recycled

	
Tons/year

	
15

	
114

	
0

	
1842




	
Organic waste recycled

	
Tons/year

	
88

	
803

	
0

	
13,089




	
Undesirable Outputs

	
Unsorted waste

	
Tons/year

	
25,967

	
43,074

	
3

	
360,451




	
Environmental Variables

	
Population Density

	
Inhabit./km2

	
1117

	
3272

	
0

	
18,221




	
Municipality size

	
km2

	
1831

	
4747

	
7

	
49,924




	
Population Served

	
Inhabitants

	
49,383

	
87,729

	
633

	
568,094




	
Tourism Index

	

	
0.048

	
0.107

	
0.000

	
1.000




	
Annual waste generated per capita

	
kg/Inhabit*year

	
1240

	
10,192

	
0.430

	
176,500
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Table 3. Main statistics of the efficiency and eco-efficiency scores of the Chilean municipalities evaluated.
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Efficiency

Score    (  θ  V R S   )   

	
Eco-Efficiency Score    (  θ  V R S ∗   )   




	






	
Average

	
0.26

	
0.54




	
Standard deviation

	
0.23

	
0.11




	
Maximum

	
1.00

	
1.00




	
Minimum

	
0.00

	
0.50




	
Efficient municipalities (%)

	
4.70

	
4.36











[image: Table] 





Table 4. Number of municipalities per group, average relative difference between efficiency and eco-efficiency scores and p-value for each environmental variable.
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Groups

	
Number of Municipalities

	
Average Relative Difference (%)

	
p-Value of Kruskal–Wallis






	
Population Served (Inhabitant)




	
<3100

	
35

	
1079

	
0.000




	
3100–10,900

	
95

	
11,994




	
10,901–13,500

	
26

	
402




	
>13,500

	
142

	
116




	
Municipal size (Km2)




	
<248

	
79

	
186

	
0.448




	
240–420

	
36

	
346




	
420–600

	
40

	
383




	
>600

	
143

	
8124




	
Population Density (Inhabitant/km2)




	
<4

	
24

	
1096

	
0.002




	
4–48

	
154

	
7534




	
48–11,000

	
108

	
159




	
>11,000

	
12

	
40




	
Tourism Ranking




	
<0.10

	
67

	
661

	
0.002




	
0.10–0.59

	
155

	
7419




	
0.59–0.87

	
40

	
164




	
>0.87

	
36

	
93




	
Kg waste generated/ Nº of inhabitants (kg waste generated/inhabitant*year)




	
<405

	
44

	
25,897

	
0.000




	
405–510

	
72

	
231




	
510–1210

	
161

	
268




	
>1210

	
21

	
232
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