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Abstract

:

Socioeconomic metabolism (SEM) is the exchange of materials and energy between society and the environment involving the social, economic and environmental sectors. In this paper, a boundary was defined between the economic (consumption) and environmental (waste recovery) limits in a city of 300,000 inhabitants in relation to the circulation (generation, reuse and disposal) of end-of-life tires (ELTs). The objective was to elaborate a theoretical structural model to evaluate the socioeconomic metabolism of waste (SEMw) by means of technical constructs (direct material flows (DMF), reverse material flows (RMF), socioeconomic environment (SEF) and sociodemographic factors (SDF)). Structural Equation Modeling (SEMm) was performed using Partial Least Squares Structural Equation Modeling (SmartPLS) software. The results obtained from the hypotheses show the causal relationships between the technical and social constructs and suggest guidelines for supporting the planning and management of urban solid waste in the collection and final disposal of ELTs. The processed information also contributes to the analysis of the city’s socioeconomic scenarios in relation to the disposal of ELTs. One of the hypotheses tested (RMF have a direct effect on SEMw) shows the importance of managing ELTs through the correct final disposal of waste and recycling. SEMw was evaluated from the perception of the local society and it is concluded that it is possible to plan public policies to avoid the formation of waste inventory in the city.
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1. Introduction


The world is experiencing one of the biggest sustainability crises that could jeopardize future generations. Urban waste is one of the aspects of this crisis that hampers the sustainability of the planet due to the behavior of production and consumption resulting from economic growth [1]. The consumption of economic agents and the degree of satiety of society drive the supply chain of materials and the development of products with a shorter life cycle [2]. Consequently, increasing waste without proper disposal threatens environmental sustainability [3].



Due to increased product consumption and waste generation, the use of effective tools for public solid waste management has been necessary to minimize environmental and public health impacts. These tools comprise regression analysis, Geographic Information System-Based methods, descriptive statistics and inferential statistics [4,5,6,7], among others. Developing countries have USWM (urban solid waste management) systems with different features and different levels of effectiveness [8,9,10,11,12]. The amount and type of USW collected in Central and Eastern European countries varies due to economic factors, income in particular. In Latin America, about 370,000 tons per day of municipal solid waste are generated and over 50% is disposed of in large urban centers and coastal municipalities with high tourist activity [8]. In Africa, only 31% of solid waste is collected in urban areas and most of it is not collected and disposed of properly due to the lack of appropriate infrastructure [13].



Groundwater contamination represents one of the main environmental impacts caused by solid waste (i.e., dissolved solids, leakage of leachate, etc.) [14,15,16,17]. The various types of waste generated but not collected are disposed of in remote locations, usually on public land or in small rivers which can cause the proliferation of endemic diseases. Among the various types of solid waste, ELTs (end-of-life tires) are a global problem due to their slow decomposition, high cost of reverse logistics (RL) and environmental impacts generated by disposal methods [18,19,20,21,22]. ELTs are widely used as an alternative fuel in cement kilns.






	
Nomenclature




	
SEM

	
Socioeconomic Metabolism




	
ELTs

	
End-of-Life Tires




	
SEMw

	
Socioeconomic Metabolism of Waste




	
UM

	
Urban Metabolism




	
RL

	
Reverse Logistics




	
DMF

	
Direct Material Flows




	
RMF

	
Reverse Material Flows




	
SEF

	
Socioeconomic Environment




	
SDF

	
Sociodemographic Factors




	
SmartPLS

	
Partial Least Squares Structural Equation Modeling




	
PLS

	
Partial Least Square




	
CB-SEM

	
Covariance-based structural equation Modeling




	
CE

	
Circular Economy




	
SEMm

	
Structural Equation Modeling




	
SUTs

	
Supply and Use Tables




	
MFA

	
Analyzed Material Flows




	
TPB

	
Theory of Behavior and Planning




	
MCDM

	
Multicriteria Method




	
ISM

	
Interpretative Structural Modeling




	
CLSC

	
Closed Loop Supply Chain




	
USW

	
Urban Solid Waste




	
EKC

	
Environmental Kuznets Curve




	
PLS

	
Partial Least Square




	
AVE

	
Extracted Variance




	
IOA

	
Input and Output Analysis




	
LCA

	
Life Cycle Analysis




	
PGIRP

	
Integrated Pneumatic Waste Management Plan




	
USWM

	
Urban Solid Waste Management




	
NATI

	
National Association of Tire Industries




	
EPR

	
Extended Producer Responsibility




	
CONAMA

	
National Environmental Council









According to [23], 17 million tons of ELTs are generated per year worldwide. ELTs represent about 2% of the total waste generated by the global consumer society. In the US, about 257 million tires were discarded and 80 million were stocked in 2015. In the United Kingdom, 37 million tires from the transport system are discarded annually and it is estimated that this will increase by 63% by 2021 [24]. In Brazil, annual tire disposal is estimated at 300 tons with a total recycling rate of only 10% [25].



According to data from the National Association of Tire Industries (NATI), 62.6 million tire units were produced in 2016 [26]. The National Environmental Council (Brazil) Resolution (30 September 2009) was regulated to control the impacts caused by ELTs and to determine the correct disposal of new tires sold in the aftermarket. A tire is considered ELT when it can no longer be used for circulation or reuse. ELTs are used as heating fuel for cement kilns, as secondary fuel in combined-cycle recovery boilers and coal-fired boilers. They are also used in oil shale gasification plants as a secondary raw material [27]. Even so, tire production is still much higher than the amount eliminated. The National Association of Tire Industries (NATI) sold 70.7 million units in 2016. Of these, 18.5% were exported, 18.2% were sold to automakers in the country and 63.4% were transferred to the aftermarket. Based on aftermarket sales, NATI presents the following distribution of used tire markets: (i) Not discarded by the consumer after replacement (36.9%), (ii) Used and reconditioned tire markets (9.9%), (iii) Sent to manufacturers (8.5%), (iv) Landfills or “dumps” (10.9%), (v) Lamination reprocessed for other uses (7.1%) and (vi) Uncontrolled disposal (26.7%).



Current works do not consider the socioeconomic and sociocultural context of countries and the environmentally specific solutions of each city, district and/or village in relation to the dynamics of material flows and waste streams [28]. Alternative, viable and appropriate methods to improve the efficiency of ELT management in developing countries are still lacking [23]. Therefore, special treatment is needed, incorporating integrated and environmentally effective strategies. The management of ELTs depends on the stakeholders (supplier and consumer), who exercise different roles and responsibilities, and is not just a commitment of municipal managers.



This work is related to the socioeconomic aspects of the reverse logistics of ELTs and presents a case study of a medium-sized city (Vitória da Conquista), located in the state of Bahia (Brazil). As a support, a model of structural equations was developed to verify the effect and influence of social constructs (SEF and SDF) related to the technical constructs (DMF and RMF), in order to evaluate the SEMw of ELTs. These constructs are part of the routine of socioeconomic relations between economic agents (supplier and consumer) [28], through the variables observed in the survey (Appendix A). The results reinforce that recycling is still the best alternative to mitigate the solid waste stock in the city.




2. Literature Review


SEM studies the biophysical part of the environment. Specifically, SEM is analogous to definitions of biological systems because it is subject to natural principles [29,30]. In short, the word metabolism refers to the totality of chemical reactions and the physical chemical changes that occur in living organisms [31]. The socioeconomic environment is a living organism that incurs social and economic events. The SEM proposes to account for exchanges between objects of biophysical origin within the limits of socioecological structures (SES) [32,33,34,35,36].



SEM is a dimension of industrial ecology that in recent decades has been investigating the impact of end-of-life materials and products on the environment [32,37]. In this type of investigation, techniques are adopted based on material mass balance (material input and output accounting methods) [38], life cycle analysis (LCA), supply and use tables (SUTs), and input and output material analysis (IOA) [39]. The SEF can be considered as a living organism and social or SEM analyzes the interactions between society and the environment by quantifying the set of material and energy flows produced by human actions through product consumption and economic activity [40,41]. Initially, SEM was named industrial metabolism [32] and later was characterized as social metabolism by [42]. The denomination SEM derives from studies and research by [41,43]. Urban metabolism (UM) or city metabolism is another concept that is determined by geographical boundary [36,44,45]. SEM is a way to quantify and study the impact of society on the urban environment. Measuring and seeking alternatives to reduce this impact is still a major challenge.



Ref. [46] investigated the UM system in Taipei city and examined the socioeconomic factors that led to an increase in cement and gravel consumption. More than 80% of the material used is applied primarily in construction and, later, improvements are made on the city’s roads. Factors affecting metabolism have been identified including the slowdown in economic activity caused by the financial crisis in 2007 and 2008. [47] highlighted two urgent demands to improve the assessment of SEM: i) the need to adopt different measurement scales and ii) the need to address sustainable development issues.



Ref. [48] assessed energy and material flows within an urban system, considering social, community and family metabolism at scales ranging from global to local. The researchers collected information on system sustainability and the severity of urban problems and adopted linear models in cyclical processes and then models for analyzing energy and material flows, ecological footprints, inputs and outputs, and the characteristics of the system’s ecological network. [39] analyzed the socio-environmental aspects of SEM through a broad spectrum of accounting structures and models. [49] assessed material flows in the Chinese economy (EW-MFA) and predicted the use of material resources to improve productivity.



Ref. [50] developed an SEMm to examine the relationship between urban household eating behavior and waste control in the city of Tehran. [51] developed an SEMm to explain the behavior of people who dispose of waste in open public spaces. [52] identified the effects of recycling efforts on subsequent resource utilization through SEMm based on partial least squares. The authors based their research on a database of indicators involving 356 Chinese citizens.



Ref. [53] conducted an analysis of housewives’ attitudes and behaviors towards recycling, adopting Ajzen’s Theory of Behavior and Planning (TPB) model and the application of the SEMm. The study concluded that there was a significant impact of housewives’ attitudes on recycling dynamics. [54] elaborated an SEMm to analyze the factors that affect the implementation of waste management. [55] presented methods for assessing virgin tire production and ELTs disposal in India. In developed countries there are legal instruments such as EPR that require co-responsibility in RL and the final destination of ELTs. In India, a populous country with infrastructure problems, this mandatory management method has not yet been established. Two approaches, Interpretative Structural Modeling (ISM) and Multicriteria Metho (MCDM) were applied in this work [55]. Due to the fact that the sample comprises companies in a small region of southern India, biases caused by the personal character of managers’ interpretation were identified. An approach based on SEM was applied together with ISM to solve sampling deficiencies. The study found that improved management of ELTs depends on a discard-oriented educational strategy.



The work of [55] proposes a theoretical framework to analyze the motivating factors in the management of ELTs for decision making through the MCDM and ISM. The main limitation is the elaboration of a database interrelated with driver behavior and management implications. In addition to these limitations pointed out by [55], the ISM does not directly consider the effects of SEF and SDF on the decision to buy new tires to properly dispose of ELTs. According to [56], the socioeconomic environment should be the place to assess environmental sustainability. [55] point out that modeling through structural equations can solve the intrinsic disadvantages of the ISM. No studies were found involving SEMm to evaluate SEMw specifically related to ELTs.




3. Materials and Methods


3.1. Choice of the PLS Method


In this research the Partial Least Square (PLS) method was adopted through the SmartPLS software for the structural model simulation [57]. Constructs are assessed through indicators and the variance between them determines the correlations [58]. These indicators are associated with models which including reflexive or formative constructs. In this research a model with reflexive constructs was adopted, where the direction of causality flows from the construct to the indicators and the perturbations (errors) are verified outside the structural model.



The literature highlights that PLS-SEM can be applied even when sample size is very small or even less than the number of observed variables [59,60,61], unlike the other approach used to estimate SEM (covariance-based structural equation modeling, CB-SEM). First of all, the PLS-SEM does not estimate all model parameters simultaneously. In addition, the PLS-SEM applies the bootstrapping procedure [62], widely applicable to quantify the uncertainty associated with a given statistical learning method. This approach involves repeated random sampling with replacement of the original sample and allows the estimated coefficients in PLS-SEM to be tested for their significance [63]. The PLS method has some advantages including that it works well with a small sample size and does not require data normality [64].




3.2. Definition of Variables


The metric (M) and non-metric (N/M) constructs and indicators presented in Table 1 were defined according to literature information on socioeconomic metabolism [30,39,65,66,67,68]. Direct materials (direct material flows, DMF) comprise the tires required by society (DMF_3_Demand) to meet their needs (DMF_4_Requests). New tires replenish the aftermarket by forming a large supply chain (DMF_1_ Supplier Network) [28,69,70,71]. This chain is managed by the National Association of Tire Industries (NATI) which serves the interests of tire producers and importers (DMF_7_ Marketing). Supply chains are comprised of large tire wholesalers/retailers and reuse companies representing the entire city supply market (DMF_2_ Supply Network). Reverse materials (reverse material flows, RMF) comprise the waste stock that is disposed of by society after use [23,28,72,73,74,75]. ELTs are collected (RM_1_ Collect) through specific urban planning (RMF_2_Urban planning) which establishes the voluntary and scheduled waste collection plan (ELTs) in the warehouse (RMF_3_ Accumulation) until final disposal (RMF_5_ Final Destination). ELTs are sent for reuse (RMF_7_ Retreading), or are recycled (RMF_6_ Recycling) and processed at co-processing plants. Externalities caused by the foreign market and the world economic environment (RMF_4_ Externalities) must be considered. Stakeholder training (RMF_10_ Team training) and forecasting studies (RMF_8_ Forecasts) are conducted to improve urban solid waste management planning (RMF_9_ Waste Management).



The social constructs were ordered by SDF and SEF [76,77]. Social factors were introduced into the model to verify the correlation index with the SEMw. The indicators were selected based on similar studies which adopt sociodemographic factors (variables) (SDF_1_ Family Composition, SDF_2_ Professional Activity, SDF_3_ Per capita income, SDF_4_ Schooling, SDF_5_ Population density, SDF_6_ Age and SDF_7_ Urban Space) and socioeconomic factors (SEF_2_ Municipal Policy, SEF_3_Basic Sanitation and SEF_6_ Local Culture). Socioeconomic factors (SEF_1_Investment, SEF_4_ GDP (aggregate income) and SEF_5_Consumption) are variables often adopted in economic analysis.



The socioeconomic waste metabolism construct comprises the set of material flow measurement methods (SEMw_2_MFA, SEMw_5_LCA, SEMw_6_ Recycling and SEMw_7_ IOA _). The SEMw_1_ Investment, SEMw_3_CE and SEMw_4_ Economic value _ indicators involve monetary measurement ($).



The inclusion or exclusion of a given indicator does not affect the measurement model and, consequently, the structural model [78].




3.3. Sampling


Development of a data collection instrument (questionnaire) and estimation of minimum sample size (number of respondents) was done through the use of the software GPower (3.0.10). This software allows the estimation of statistical power and sample size through some statistical tests. The questionnaire was answered based on the Likert scale [79,80] with scores for each question from 1 (“not important”) to 5 (“very important"). The composition of sample was defined considering the following items:



	(i)

	
Audience profile:







	
Definition of the number of indicators.






	(ii)

	
Definition of the power of the statistical test and the effect of exogenous variables (f2). [58,81] recommend the use of test power 0.80 and the average effect size (f2) equal to 0.15. Heterogeneous composition with random search of respondents from five segments of society (Civil servant, employee in the private sector, tire and correlated entrepreneurs, university teaching staff and students). Most factory direct employees and manufacturing specialists, including RL professionals, were not selected to avoid bias in technical issues (indicators).








3.4. Measurement and Structural Analysis


Definition of the theoretical model and test through indicators. These indicators are the result of survey questions. The indicators were validated in the confirmatory exploratory analysis if they had a factor load between 0.708 to 0.95 [58].



Simulation and analysis of the measurement model was done according to the following tests [82]:




	
Internal consistency.



	
Convergent validity.



	
Validity of the discriminant of the measurement model.








The structural model simulation applies the bootstrap and blindfolding procedures to verify its predictive capacity [83,84]. The bootstrap approach consists of obtaining different datasets from the original sample to assess the level of uncertainty level (effect size f2) associated with structural model estimates. In this paper, the bootstrap approach was developed using 5000 subsamples from the original replacement sample. The blindfolding approach measures the Predictive Relevance Q2 and the effect Q2 or impact of exogenous constructs on endogenous constructs [63]. The adopted criteria are presented in Table 2 and Table 3.




3.5. Modeling Hypothesis


The general hypothesis for proposal of a structural equations model is that the technical constructs (DMF and RMF) and social constructs (SEF and SDF) have a strong correlation with SEMw. Hypothesis H2, H3, H4 and H5 (continuous arrows) are assumed to directly affect SEF and indirectly SEMw, while hypothesis H1, H6 and H8 (discontinuous arrows) directly affect SEMw (Figure 1).



DMF refer to the new tire inflows acquired by different companies and the stock of tires in circulation [92]. In the case study, there are nine wholesale companies, 150 retail companies supplying about 1000 tons/year, and about 100,000 tons of tires are in circulation in the city.



RMF are the reverse flows of ELTs [93,94] that are reused by business logistics [94,95]. In the case study, public solid waste management annually collects about 300 tons of ELTs and disposal can only be done properly by about 250 RL companies (Reciclanip) who generally sell ELTs for burning in co-processing furnaces. About 50 tons of better-condition ELTs are reused for 22 used tire reformers. ELTs not recovered by RL or unknown streams of ELTs are allocated to remote parts of the city, landfill or even the riverbed. A model that relates behavioral phenomena and the technical aspects of logistics can minimize the amount of ELTs that are discarded by the consumer society.



SDF refer to a combination of social and demographic factors related to diverse characteristics of individuals (age, sex, sexual orientation, race, religion, income, marital status, birth rate, mortality rate, average family size, inheritance, education, medical history) and are able to identify/recognize homogeneous social groups according to these characteristics [77]. SEF is related to the socioeconomic environment or economic factors, such as the sociological, economic, educational and professional aspects that enable the classification of an individual or group of individuals in a particular socioeconomic group [76]. In the socioeconomic environment there are direct and indirect relations of exchange of goods, consumption of materials and disposal of waste. Indicators of material circulation through disposal to the environment provide information for assessing socioeconomic metabolism [96].




3.6. Justification for the Hypothesis


The hypothesis that DMF has an effect on SEMw is an axiom tested in structural equation modeling, because in addition to income level, there are non-economic relationships that determine the level of DMF in the environment [97]. These non-economic relationships are associated with market imperfections, uncertainties in the behavior of economic agents and the dynamics of the macroeconomic environment [98]. Economic and non-economic relationships offer limits to the increase in new tire DMF in Brazilian cities, suggesting that not all new tires will be sold and used by society, despite marketing pressures.



Figure 2 shows the Environmental Kuznets Curve (EKC) associated with the relationship between per capita income and the amount of DMF (tires sold in Brazil), from 2010 to 2015 [99]. The EKC presents two inflection points of the DMF in the 5 year interval, 72.90 million tires (2011) and 74.30 million tires (2013), showing a reduction in the DMFs as per capita income increases over the time. In 2012, the EKC has the lowest amount of DMF produced in the Brazilian tire supply chain (67.90 million tires).



According to [100] this argument is based on the hypothesis of the EKC which evaluates the relationship between economic growth (economic production) and environmental pollution.



There are currently other cultural ideologies related to the purchasing decision and conscious and sustainable consumption habits of society based on CE principles [101]. Tire consumption does not have linear behavior. The number of new tires entering the Brazilian economy is greater than demand because manufacturing companies (members of the National Association of Tire Industries) have chosen to import new tires from China rather than source locally, mainly due to the price instability of synthetic rubber. There are anti-dumping practices against importing tires for commercial vehicles, trucks, buses, motorcycles and even bicycles [102]. From the above considerations, the following hypothesis (See Table 4) was considered for model formulation:



H1: 

DMF have a direct effect on SEMw.





The effect of DMF on the SEF and the production of a specific good has been investigated [103,104], as well as the correlation of these flows with waste accumulation [105,106]. According to [107,108], DMF have a direct effect in the formation of large waste inventories and impact on SEF. Two-decade studies of the EKC between material consumption and pollutant generation prove an inverse relationship between the economic environment and urban waste [109]. In this case, the increase in the direct flow of tires depends on income but also on price policy due to the scarcity of raw materials, imports, taxes, public policies, road conditions and consumer behavior, among other socioeconomic variables [110,111]. Thus, the following hypothesis was formulated:



H2: 

DMF have a direct effect on SEF.





Studies about RL show that improving the waste management system can minimize environmental impacts [74,112]. Socioeconomic variables such as the fraction of waste collected by individual action and population density are relevant in the waste management plan. It is noteworthy that part of the RMF is directly represented by RL and the other part is related to sociodemographic and socioeconomic aspects [107]. In the case of ELTs, RMF represent the recovery of end-of-life products (materials) for reuse or beneficiation [75]. Recycling is one of the most commonly used techniques in RMF to reduce pollution, reduce landfill use and conserve natural resources [113]. According to [49], recycling is an important technique for reducing the impacts of the economic activity. [114] points out that the behavior of recycling depends on a variety of behavioral, sociodemographic and socioeconomic factors (number of collection sites, distance to deposition points, absence of incentives and information). Thus, the following hypothesis is proposed:



H3: 

RMF have a direct effect SEF.





The relationship between DMF and RMF is perfectly understandable for integrating a city’s material flows [73,92]. According to [115] this relationship has often been discussed by CE theorists, mainly to assess economic gains from RL material utilization and environmental impact minimization. Some studies show that the integration between DMF and RMF is represented by the closed loop supply chain (CLSC) [74]. ELTs, for example, are stocked, collected and destined for various purposes, mainly for energy reuse [92]. There is a conceptual relationship between the number of vehicles and the amount of ELTs [55,74]. Thus, these assumptions support the following hypothesis:



H4: 

RMF have a direct effect on DMF.





Studies on selective collection and recycling have good results when SDF are considered in the SEF [116]. According to [77], sociodemographic variables contribute to explain the generation of recyclable materials and, therefore, exert direct effect on SEF. According to [56,117], forecasts of household waste generation are effective when family size and disposal method are considered. [76] show that the housing characteristics and household location influences solid waste disposal. Among SDF, some authors [77,118] consider the average household size, the proportion of people with higher education, the amount of housing, the purchasing power, the percentage of people employed in agriculture and the sex ratio to be important. [119] verified through structural equations the direct effects of SDF on the SEF and the direct effects of solid waste generation on the urban household scale. Income per capita, population density and unemployment rate (unemployed) are efficient and effective variables for predicting waste scenarios [100]. [120] developed models for predicting the generation and diversion of urban solid waste (USW) according to demographic and socioeconomic aspects. Thus the following hypothesis is proposed:



H5: 

SDF have a direct effect on SEF.





According to [100], SDF are associated with municipal solid waste generation and influence consumer behavior to a certain extent. The disassociation is related to the saturation of consumption or the dynamics of sociodemographic and/or socioeconomic factors such as regionalism, local culture, generational change and unilateral decisions of economic agents [121]. According to (Knickmeyer, 2019), population density positively affects waste generation as the retail market operates in densely populated urban areas and produces more waste. However, the implementation of a tariff system or some collection mechanism for waste generation causes a reduction in the consumption of densely populated areas [122], confirming the hypothesis of the EKC [123]. Per capita income is unable to identify the concentration points of consumption of goods (tires) in the economy. In Brazil, consumption occurs more intensely from the second semester of the fiscal year when extra income is added to the economy through the refund of the 13th salary, which improves the exchange mechanism and strengthens the circulating environment. The decision to purchase a tire is not linear and waste generation (ELT) depends on the social and environmental behavior of city residents. Decisions depend on economic policy and the opportunities suggested by the supply chain (marketing). Thus, the following hypothesis was formulated to verify if there is a direct relationship between sociodemographic factors and SEMw:



H6: 

SDF have a direct effect on SEMw.





Ref. [124] state that SEF has a direct effect on waste generation. According to [76], SEF lead families to use a specific solid waste disposal system. [96] adopted macroeconomic indicators to assess socioeconomic metabolism and [107] explain that the amount of direct inflows in the economy significantly exceeds the direct inflows of households resulting in material stocks and impacts on SEMw. [125] estimated the potential effects of economic policies on material flows in SEMw. Therefore, the following hypothesis are proposed:



H7: 

SEF have a direct effect on SEMw.





RMF represents the recovery of end-of-life products (materials) for reuse [75]. RMF are measured by material flow accounting methods [50,119]. RMF has an economic value defined by the market for materials used in the burning of cement kilns. ELTs are waste that is difficult to dispose of and has a high cost of implementing reverse logistics. Despite this, specific public policies are needed to control threats to public health [101]. ELTs and RMF are highly complex inert materials for municipal solid waste management.



Applying ELTs as a fuel is one of the best alternatives for eliminating tire inventories in cities, as well as improving the CO2 emission rates of cement manufacturing companies that use these residues for clinker burning and agglutination [126]. The collection of ELTs depends on specific procedures because besides technical aspects, socioeconomic factors are present in the dynamics of urban solid waste management. The ELT management model depends on laws, normative instructions and actions that involve subjective aspects of society. These models include the principles of CE, economic instruments for valuing materials, the tax system and extended producer responsibility. The management of ELTs in developed countries requires society’s knowledge of integrated programs that consider environmental sustainability agendas, storage, systematic and consistent approaches to ELT market regulation and the implementation of methods to address the problem of inventory in cities [28].



In this study RMF are being hypothetically tested on SEMw as part of causal relationships. In hypothesis H1, the first order endogenous DMF construct is the mediator (or moderating) variable of the second order SEMw endogenous construct. In order to test the causal relationships of the RMF exogenous construct, even with the redundancy that the residues impact the environment, it was necessary to verify the impact of RMF on the SEMw endogenous construct.



According to this, the following hypothesis is proposed:



H8: 

RMF have a direct effect on SEMw.







4. Results and Discussion


4.1. Demographic Profile


Table 5 presents the demographic profile of the population (aged 25 to 54 years) considered in the study. Male and female participation is balanced and shows that 40% of respondents have an income between 10 and 25 times the minimum wage (minimum wage is $260). It is also observed that 20% of respondents have an income above 25 times the minimum wage. These people own cars, are consumers of parts and accessories and, above all, tires. Of the other respondents, about 50% are workers and 60% are students or university graduates.




4.2. Exploratory Factor Analysis


Figure 3 shows the indicators confirmed through exploratory analysis. The indicators excluded from the analysis are presented in Table 6. These indicators have a factor load below 0.708 [58]. Among these, three indicators (RMF_4, SEMw_4 and SEMw_8) with factorial load above 0.5 were excluded because they did not show good results in the reliability test. SEM-PLS prioritizes indicators according to their individual reliability [129].




4.3. Measurement Model Analysis


In Table 7 the measures of internal consistency (Cronbach’s Alpha, CR and rho_A > 0.7) and convergent validity (AVE > 0.5) are shown. The results show that the measurement model is suitable for validation of the structural model [58]. These results depend on the random errors that may compromise the accuracy of direct measurement of indicators and indirect constructs. Indicators with a factorial load below 0.708 are acceptable in exploratory surveys when categorical scales are used [58,130].



The RMF_8 (Forecasts) indicator was maintained in the measurement model, although the factorial load value of 0.493 is below 0.708 (see criteria Table 2). This indicator is important in the theoretical model because it favors solid waste planning and management for decision making regarding the waste collection strategy. According to [130] there are situations in confirmatory factor analysis that rather than automatically eliminating indicators when external load is below 0.70, one should carefully examine the effects of indicator exclusion on composite reliability as well as the construct´s content validity. In this work, the exclusion of the RMF_8 indicator (Forecasts) did not affect the reliability of the RMF construct measured by Cronbach’s Alpha indicator which had an increase of 0.52%, and did not compromise the CR (increased 1.53%) and rho_A (decreased 2.17%) of the measurement model. This decision that violates the factor load factor less than 0.708 was also maintained for the indicators RMF_1, RMF_9, SEF_2, SEF_5, SEF_6, SEMw_1 and SEMw_5 which have a factor load between 0.6 and 0.7 and are consistent in the theoretical model. These indicators positively influence the quality of the internal consistency measures of the constructs. The composite reliability, which shows the level of association between constructs and construct indicators, ranged from 0.799 to 0.877, while Cronbach’s Alpha values ranged from 0.759 to 0.816 (above the minimum of 0.7 as recommended by [131]). The average variance extracted (AVE) showing the amount of total variance in the indicators represented by the construct ranged from 0.512 to 0.689 (above the recommended minimum of 0.5 by [58]).



Table 8 shows the result of discriminant validity through the Fornell and Larcker criterion [87]. The validity of the discriminant is evaluated by comparing the correlations between the constructs and the square root of the extracted variance for a construct. The square root values of variances extracted by constructs on the diagonal of the matrix are larger than the correlations below the diagonal, indicating adequate discriminant validity. This denotes that each construct alone captures the phenomena not represented by other constructs in the model.




4.4. Analysis of Hypotheses and Path Coefficients (β)


Figure 3 shows hypothesis H1 to H8 through the path coefficients (β) that represent the possible structural relationships of interdependence of the model. Positive or negative values represent the direct and indirect cause-effect relationships allowed in the hypothesis. In the case of hypothesis H1 (β = −0.119), DMF have a direct and negative influence on SEMw because consumers’ decisions do not depend solely on their income level. Hypothesis H1 was refuted due to the practice of relationships in the tire market that do not follow the predictability of the economic environment. The reverse of hypothesis H1 is also due to: (a) income elasticity, that is, as income increases, people tend to want more environmental quality; (b) changes in the dynamics of production and consumption; (c) consumer specialization that becomes more stringent due to an improvement in the level of environmental education; (d) awareness of the consequences of economic activity on the environment and (e) hidden material flows (imports) that are not accounted for in the economy.



These decisions, in turn, depend on the economic environment (SEF) as shown in hypothesis H2 (β = 0.724) which was accepted by the model. This hypothesis establishes that everything produced from DMF has a direct effect on SEF and indirect on SEMw because the behavior of economic agents and consumer rationality determine the purchase of tires, despite the fact that income is rising in the economy and has an effect on production.



Decisions to produce more tires depend on socioeconomic factors as well as sociodemographic factors and, above all, public policies on solid waste management in the city. Not all DMF produced will be waste and measured in SEMw. This means that income tends to be inelastic because consumers’ decisions about goods diminish. This phenomenon is more noticeable in developed countries [100].



In hypothesis H3 (β = 0.237), the ELTs collected by RL are reused from SEF, even with the technical limitation of urban solid waste management resources. This is ratified by hypothesis H4 (β = 0.591) since RMF positively influence the DMF construct. This means that in hypothesis H8 (β = 0.566), the RMF directly influence the SEMw measurement. A real example is ETLs collected in the city (case study analyzed) that add value when they are recycled and introduced for business purposes. The integration of these DMF and RMF streams is strong when there is good solid waste management [74].



Hypothesis H5 (β = 0.089) shows that the SDF construct has a slight direct and positive influence on SEF. This shows that it is possible to identify a smooth relationship between sociodemographic phenomena and the economic environment, unlike hypothesis H6 (β = 0.030) which was refuted due to a weak effect on SEMw.



In hypothesis H6, SDF have a direct effect on SEMw was rejected. Despite the small population increase, the level of education and per capita income, SDF have a direct effect on SEF which implies that there is direct relationship between social behavior and material consumption. The result of hypothesis H6 is justified because consumption decisions only take place in the economic environment in which supply and demand factors are present. Directly relating SDF to SEMw is an assumption. Traditional SDF variables (population increase, age, education level, per capita income) do not cause the SEMw rate to increase or decrease. These variables depend on the cultural environment of the society involved in the consumption of materials (tires).



In hypothesis H5, SDF have a small influence on SEMw but this does not necessarily occur elsewhere. SEMw depends on socioeconomic decisions combined with the dynamics of DMF and RMF and the sociodemographic profile of society. The intensity of the flows represented by the path coefficients depends on the correlations between the independent (exogenous constructs represented by RMF and SDF) and dependent (endogenous constructs represented by DMF, SEF and SEMw) variables. The structural model expresses the behavior of the city at a given moment in social life, where economic agents are not affected by SDF and their own decisions.



The SEF construct brings together the technical and socioeconomic interactions of the model. SEF are a mediating construct that concentrates socioeconomic information for measurement in SEMw.



According to hypothesis H7 (β = 0.361), the SEF construct has a strong influence on SEMw. This construct is the branch of technical and social interactions that influence the dynamics of SEM. It is understood that social interventions due to population increase, age and per capita income level are dynamics that affect SEMw variability. Cronbach’s alpha values (interior of the circles) are above 0.7, which denotes a good measure of internal consistency of the indicators in relation to exogenous and endogenous constructs.




4.5. Analysis of the Structural Model


Table 9 shows the results of the structural model tests (explained variance R2 and predictive relevance Q2) according to the hypotheses proposed in the conceptual model. The SEF construct explains 61.3% (R2 = 0.613) of the SEMw variance, according to the criteria in Table 3. In addition, the RMF and SDF constructs respectively explain 84.9% (R2 = 0.849) of the SEF variance and the RMF construct explains 35.0% (R2 = 0.350) of the variance of the SEF construct. The model hypothesis testing after the bootstrap procedure rejected hypothesis H1 and H6, therefore, these hypotheses were not supported.



This procedure provides guidance for deciding whether data is too far from normally distributed (the higher tvalue, the better the pvalue probability). Then, the effect size f2 of the explained variance R2 was verified with the inclusion and exclusion of exogenous constructs. Hypothesis H2 has a very strong direct effect f2 = 2.152 in the SEF construct, followed by hypothesis H3 with a medium effect f2 = 0.212, H4 with a medium effect f2 = 0.538 and hypothesis H5 with a small effect f2 = 0.040. Hypothesis H7 had a very strong direct effect of f2 = 1.711, while hypothesis H8 also had a direct strong effect on the SEMw of f2 = 0.320.



The result of the predictive relevance Q2 is obtained using the blindfolding procedure, which is analogous to the R2 evaluation. The inclusion or exclusion of exogenous constructs determines the effect size q2 on predictive relevance Q2. The effect size q2 from hypothesis H2 and H4 show respectively the values of q2 = 0.279 and q2 = 0.236. Hypothesis H3 and H5 showed the effect size q2 of predictive relevance between small to medium respectively, q2 = 0.030 and q2 = 0.020. Both hypotheses discreetly reflect additional information about the quality of estimates of the socioeconomic environment (SEF) PLS path model. In contrast, the effect size of q2 = 0.107 on the predictive relevance of hypothesis H8 is strong for estimating the reverse material flows construct (RMF) in measuring the socioeconomic metabolism of SEMw residues.



This paper assumes a significance level of 5% (p < 0.05) for t-value greater than 1.96. Hypothesis H2, H3, H4 and H8 have a strong significance level, respectively, tvalue = 14.498, tvalue = 4.370, tvalue = 7.419 and tvalue = 6.558. While hypothesis H5 and H7 have an average statistical significance with tvalue = 2.097 and, tvalue = 2.452. Hypothesis H1 and H6 had lower statistical significance tvalue < 1.96 and were rejected in the modeling.




4.6. Analysis of the Structural Model


The structural model is shown in Figure 4, after removing hypothesis H1 and H6 that were not supported in the bootstrap procedure and smoothly changing the path coefficients of the accepted hypotheses (H2, H3, H4, H5 and H7). In the SEF construct, all socioeconomic interactions that will be measured in the SEMw construct occur. The SEMw endogenous construct is an index formed by exogenous and endogenous first order constructs. The structural model is presented through the following equations:


  D M F   =   0.589 R M F +  ζ 1       



(1)






  S E F   = 0.665 R M F + 0.091 S D F   +    ζ 2     



(2)






  S E M w   =   0.750 R M F   + 0.024 S D F   +    ζ 3     



(3)







For the simulation of Equations (2) and (3) (mainly Equation (3) which estimates the SEM of residues, SEM_w), it is possible to relativize or deduce the RMF and SDF values through metric and/or monetary quantities. The SDF construct is not measured directly by known metric units, but it is possible to establish a proportionality relationship between the SDF_3 (per capita income), SDF_4 (education) and SDF_5 (population density) indicators to transform them into mass (Kg) or monetary ($) quantity. The RMF can be measured directly by weighing the waste collected in reverse logistics.



These equations are generated directly from the model (see Figure 4) to estimate the SEM of waste index explained by the exogenous constructs as shown by [85]. SEMw is the index resulting from the amount of reverse material flows and socioeconomic factors. RMF have a coefficient of 0.750 (75%) associated with dynamic materials that are discarded by society, while SDF have a coefficient of 0.024 (2.4%). The effect of sociodemographic factors (SDF) is practically discrete in determining the socioeconomic metabolism of waste. This statement can be confirmed in the work of [77,100,116,119].



The SEMw index is determined as a function of RMF, but the influence of SDF, although small, should be considered. Increasing DMF in the economic environment (SEF) is not necessarily linked to SDF because other factors are associated with consumption such as education and income. Eventually, the increase in SDF may be a determining factor in SEMw if the economy is in full use of the factors of production and the quality of life of economic agents (individuals and companies) has also improved. The high SEMw index means that there is a lot of material entering the economy which requires policies of greater reuse in society by the RMF. On the other hand, the lower SEMw index may mean that society is being more controlled in relation to generation of ELTs at source, that endogenous infrastructure factors have improved the life cycle of tires in circulation or that other accessibility policies and/or mass transportation are achieving satisfactory environmental results.





5. Model Construction as a Tool for Waste Management


The information obtained from the structural model can support the prioritization of actions within the scope of solid waste management, establishing an order of preference in the preparation of procedures to support reverse logistics until the final destination. The results reflect the opinion of the local society by degree of importance, according to the sampling plan.



Figure 5 shows the scores (t-student) of the indicators and constructs obtained after applying the bootstrap. The scores are highlighted by the e-sankey technique. The factorial loads of the indicators and the path coefficients (Hypothesis “β”) of the constructs were replaced by the scores linked to arrows (less or wider) that represent the importance hierarchy of the indicators in relation to the impact on the constructs.



Table 10 shows the percentage values or the participation of indicators in the indirect measurement of the constructs by score (tvalue) of the external model. These values are relativized (percentages). The higher the (tvalue), the better the significance (pvalue).



In the external structural model, the DMF_ 5 indicator has a 44% share in the DMF construct. This indicator is associated with the location of tire suppliers that have significant weight in the local economy material flows [107,108]. In the case of the city of Vitória da Conquista, the road logistics mode is privileged by the largest highway in the country (BR-116). In this structural equation model, the DMF construct strongly influences the SEF construct, which implies a 55% dynamic of the SEF_4 (Local GDP) indicator, 16% of the SEF_3 (basic sanitation) indicator, 13% of the SEF_6 (culture of local economic agents) indicator, 10% of the indicator SEF_5 (consumption) and 8% of the indicator SEF_2 (municipal policy). Therefore, the city’s GDP is more representative for RMF formation. The socioeconomic environment (SEF) construct depends on the balance of these indicators.



Socioeconomic activities, in turn, are also influenced by sociodemographic factors (SDF). The level of education represented by the SDF_4 indicator accounts for 47% of the SDF construct. The SEMw index also depends on the direct measurements of the indicators, regardless of the influence of the RMF and SEF constructs. The indicators SEMw_1 (environmental cost), SEMw_2 (MFA), SEMw_6 (mass balance) and SEMw_7 (IOA) constitute accounting methods for valuation of materials and energy flows and participate with 13%, 30%, 22% and 26%, respectively. These indicators were identified in the literature review as the most frequently used material accounting methods to assess socioeconomic metabolism.



The RMF construct has a significant influence on SEMw because the indicators are strongly correlated. The RMF_5 indicator (final destination), which represents the correct destination of ELTs for corporate reuse, participates, preferably, with 47% in the indirect measurement of the construct. The RMF_6 (recycling) indicator participates in 20% of the construct and this business activity adds value in the processing of ELTs. The RMF_6 indicator (collection) participates with 20% of the construct, adds value to the RL of ELTs and its effectiveness minimizes health epidemics. The RMF_9 (waste management) indicator has a 12% share in the RMF construct. Waste management also has the executive task of organizing, deciding and controlling a city’s reverse material flow system. The RMF_8 (forecast) indicator participates with 6% and is the most discrete in the construct. Waste forecasting is a tool to support ELT inventory planning in the city.



Table 11 shows the three iterations of the internal structural coefficient measurement model that were simulated in the bootstrap procedure. The iterations confirmed that direct material flows (DMF) have a score of 38% of strong influence on the socioeconomic environment (SEF). The other relationships are due to reverse material flows (RMF) and sociodemographic factors (SDF), which respectively influence 11% and 6% in the socioeconomic environment (SEF). RMF participate with 19% in DMF and 18% in SEMw.




6. Conclusions


The structural model developed can be analyzed based on two dimensions. The first is related to the theoretical implications of modeling the phenomenon and the second refers to the implications of managing ELTs in a medium-sized city.



	(i)

	
Theoretical implications of modeling the phenomenon







In the literature, SEM is measured using classical methods that assess the amount of mass flow and energy entering and leaving the economic system, without considering other subjective factors or the socioeconomic context of the place. The results of the mass and energy balances are usually adjusted by supply tables for life cycle analysis and/or material flow analysis. This work comprises an innovative approach, through the modeling of structural equations, capable of relating objective (metric) and subjective (non-metric) variables. The result of the structural equation modeling (SEMm) confirmed 70% of the hypotheses presented in the theoretical framework to evaluate the socioeconomic metabolism of waste (SEMw).



The model rejected hypothesis H1 and H6 for not having a correlation in SEMw and only recognizes the importance of these hypotheses in the direct measure of SEF. The indicators adopted in SEF (municipal policy, SEF_2, Sanitary Conditions, SEF_3, GDP, SEF_4, Consumption, SEF_5 and Local Culture, SEF_6) are representative and strengthen the indirect measurement of SEMw. DMF is not measured directly in SEMw because not all material produced will be consumed due to limitations in long-term income per capita, as shown in the environmental EKC.



The sociodemographic profile of the sample also contributed to rejection of hypothesis H1 and H6. SDF is not directly measured in SEMw due to social distortions in relation to the level of environmental education, population density and level of income per capita. This phenomenon can also be proven through the analysis of the structural model, which discusses the effect size (f2) and the predictive relevance (q2) of the exogenous constructs (RMF and SDF) shown in Table 9. The RMF and SDF are independent constructs that explain the structural model and are more representative in the structural relationship with the SEF.



Therefore, it was essential to consider SEF. The R2 (0.849) associated with hypothesis H2, H3, H5 explains the importance of the exogenous constructs RMF and SDF on the endogenous construct SEF and the value of R2 (0.848) of hypothesis H7 explains the importance of the endogenous construct SEF on the endogenous construct SEMw. The value of R2 (0.613) related to hypothesis H8 shows that the RMF construct explains only 61.3% of the SEMw endogenous construct. This result is consistent since the model considers the uncertainties associated with reverse logistics and the low level of environmental education in society, aided by the urban cleaning program. These explanations clarify the behavior of the proposed structural model.



	(ii)

	
Implications for ELT management







The correct final disposal of ELTs depends on the planning and management of waste and a strategy to minimize environmental impact, including job and income opportunities, with economic gains for the municipality. This is a major challenge for ELTs management because good waste collection outcomes depend on underlying socioeconomic factors such as the level of society’s awareness of environmental education, the clarity of benefits, economic and fiscal incentives and the tangible gains of public policy in relation to the municipal solid waste management plan. All of these actions have a strong impact on the SEMw.



Not all materials that are available in the aftermarket will be consumed directly due to inherent uncertainties in SEF (local gross domestic product, municipal sanitary conditions, municipal policy, aggregate consumption and local culture). Moreover, the integration of DMF and RMF according to hypothesis H4, described in Table 4, represented by CLSC, is a CE challenge, to minimize environmental impacts caused by the incorrect disposal of the RMF of ELTs.



Regarding social aspects, considering the different perceptions of the participants of the research sample, SDF do not exert a direct influence on the SEMw. Increasing per capita income (SDF-3), education (SDF_4) and population density (SDF_5) exert a slight and direct influence on the SEF as shown in the structural model diagram in Figure 4. This phenomenon can be explained by the hypothesis of the EKC, which is also adopted to measure the relationship between per capita growth and environmental pollution.



The general public survey is the major method of the study so the results besides describe the correlations in public perception of the model constructs and their real interdependence. In addition, the perception of the target audience may change in other field research, depending on the socioeconomic situation or different socioeconomic structures. However, the initial assumptions of sample planning must be reassessed to replicate the proposed method.




7. Recommendations and Future Work


The following recommendations apply as an extension of the work developed:



(a) Expansion of the proposed methodology through its application in another city of the same size involving other types of solid waste (glass, plaster and other construction waste) in order to assess the socioeconomic metabolism of these residues from a social perception.



(b) Application of the results obtained in this work in the planning and management of urban solid waste in the analyzed city (Section 5, model construction as a tool for waste management), as a support tool for public policies that allow to understand, control and manage the effects of generation of waste at source, regardless of socioeconomic features.



The main limitation verified in the proposed methodology refers to obtaining the answers to the questionnaire applied to the tire manufacturers’ public, according to the sampling plan. In general, as also verified in the literature [28], the inherent competition in the market and the need for secrecy in tire production processes contribute to the fact that manufacturers do not provide information related to technical issues, especially those associated with reverse logistics. In this case, the existence of partner companies co-responsible for the management of ELTs also represents a difficulty for the acquisition of information.
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Table A1. Questionnaire (Constructs and Indicators) with Likert scale 1 to 5.






Table A1. Questionnaire (Constructs and Indicators) with Likert scale 1 to 5.





	
Item

	
Construct–Socioeconomic Metabolism of Waste (SEMw)






	
What is the importance (…) to evaluate the socioeconomic metabolism of SEMw: (1 = low importance, 5 = high importance)




	
SEMw_1

	
of the ENVIRONMENTAL COST




	
SEMw_2

	
of MATERIAL FLOW ANALYSIS (MFA)




	
SEMw_3

	
of CIRCULAR ECONOMY conditions




	
SEMw_4

	
of the ECONOMIC VALUE of recycled materials




	
SEMw_5

	
of LIFE CYCLE analysis (LCA)




	
SEMw_6

	
of accounting for MASS BALANCE




	
SEMw_7

	
of INPUT AND OUTPUT ANALYSIS (IOA)




	
SEMw_8

	
of METABOLIC RATE WASTE MEASUREMENT




	
ITEM

	
CONSTRUCT—DIRECT MATERIAL FLOWS (DMF)




	
What is the importance (…) in evaluating direct material flows in SEMw?

(1 = low importance, 5 = high importance)




	
DMF_1

	
of the wholesaler new tire SUPPLIER NETWORK…




	
DMF_2

	
of the retailer SUPPLIER NETWORK for new tires.




	
DMF_3

	
of tire DEMAND…




	
DMF_4

	
of tire REQUESTS




	
DMF_5

	
of the LOCATION OF TIRE SUPPLIERS




	
DMF_6

	
of the REGULATION that establishes conditioning factors




	
DMF_7

	
of tire MARKETING




	
ITEM

	
CONSTRUCT—REVERSE MATERIAL FLOWS (DMF)




	
What is the importance (…) to evaluate the reverse material flows in SEMw?

(1 = low importance, 5 = high importance)




	
RMF_1

	
ELT COLLECTION in the city




	
RMF_2

	
of URBAN PLANNING of the city regarding the collection of ELTs




	
RMF_3

	
Accumulation of End-of-Life Tires (ELTs)




	
RMF_4

	
EXTERNALITIES (imports) of ELTs




	
RMF_5

	
of the final destination of ELTs




	
RMF_6

	
of ELTs RECYCLING




	
RMF_7

	
of ELTs retreading…




	
RMF_8

	
WASTE FLOW PREDICTIONS (ELTS)




	
RMF_9

	
of WASTE MANAGEMENT in the city




	
RMF_10

	
of the training of the urban cleaning team




	
ITEM

	
CONSTRUCT—SOCIO-ECONOMIC ENVIRONMENT (SEE)




	
What is the importance (…) in the evaluation of SEMw?

(1 = low importance, 5 = high importance)




	
SEF_1

	
of the municipal INVESTMENT




	
SEF _2

	
of municipal POLICY in cleaning the city




	
SEF _3

	
of BASIC SANITATION in cleaning the city




	
SEF _4

	
of GDP (aggregate income) of tire economy




	
SEF _5

	
of tire and ELT consumption




	
SEF _6

	
of the local CULTURE




	
ITEM

	
CONSTRUCT—SOCIODEMOGRAPHIC FACTORS (SDF)




	
What is the importance (…) in the evaluation of SEMw?

(1 = low importance, 5 = high importance)




	
SDF_1

	
of FAMILY COMPOSITION




	
SDF_2

	
of the PROFESSIONAL ACTIVITY of the population




	
SDF_3

	
of per capita income of the population.




	
SDF_4

	
of the level of education of society




	
SDF_5

	
of POPULATIONAL DENSITY.




	
SDF_6

	
of the AGE of society




	
SDF_7

	
of URBAN SPACE








Source: adapted from [80].
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Figure 1. Theoretical model to assess SEMw. 






Figure 1. Theoretical model to assess SEMw.



[image: Sustainability 12 02106 g001]







[image: Sustainability 12 02106 g002 550] 





Figure 2. Environmental Kuznets Curve. 
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Figure 3. Path model, external loads and structural coefficients. 
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Figure 4. Structural model after tests and adjustments. 
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Figure 5. Scores (t-student) of the indicators and constructs. 
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Table 1. List of Constructs and Indicators.
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Construct

	
Indicator

	
Description

	
Metric (M)/

Non-Metric (N/M)

	
References






	
Direct Material Flows

DMF

	
DMF_1

	
Supplier Network (t)

	
M

	
[28,69,70,71]




	
DMF_2

	
Supply Network (t)

	
M




	
DMF_3

	
Demand (t)

	
M




	
DMF_4

	
Requests (t)

	
M




	
DMF_5

	
Location

	
N/M




	
DMF_6

	
Regulation

	
N/M




	
DMF_7

	
Marketing

	
N/M




	
Reverse Material Flows

RMF

	
RMF_1

	
Collect (t)

	
M

	
[13,23,69,71,72,73,74,75]




	
RMF_2

	
Urban planning

	
N/M




	
RMF_3

	
Accumulation (t)

	
M




	
RMF_4

	
Externalities (t)

	
M




	
RMF_5

	
Final Destination (t)

	
M




	
RMF_6

	
Recycling (t)

	
M




	
RMF_7

	
Retreading (t)

	
M




	
RMF_8

	
Forecasts (t)

	
M




	
RMF_9

	
Waste Management ($)

	
M




	
RMF_10

	
Team training ($)

	
M




	
Sociodemographic Factors

SDF

	
SDF_1

	
Family Composition

	
N/M

	
[76,77]




	
SDF_2

	
Professional Activity ($)

	
M




	
SDF_3

	
Per capita income

($/inhabitants)

	
M




	
SDF_4

	
Schooling

($/students)

	
M




	
SDF_5

	
Population density

(Inhabitants/Km2)

	
M




	
SDF_6

	
Age (years)

	
M




	
SDF_7

	
Urban Space (Km2)

	
M




	
Socioeconomic Environment

SEF

	
SEF_1

	
Investment ($)

	
M

	
[76,77]




	
SEF_2

	
Municipal Policy

	
N/M




	
SEF_3

	
Basic Sanitation

	
N/M




	
SEF_4

	
GDP (aggregate income) ($)

	
M




	
SEF_5

	
Consumption ($)

	
M




	
SEF_6

	
Local Culture

	
N/M




	
Socioeconomic Metabolism of Waste

SEMw

	
SEMw_1

	
Environmental Cost ($)

	
M

	
[30,39,65,66,67,68]




	
SEMw_2

	
MFA (t)

	
M




	
SEMw_3

	
CE

	
N/M




	
SEMw_4

	
Economic value ($)

	
M




	
SEMw_5

	
LCA (t)

	
M




	
SEMw_6

	
Mass Balance (t)

	
M




	
SEMw_7

	
IOA (t)

	
M




	
SEMw_8

	
Metabolic Rate (t/years)

	
M
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Table 2. Measurement model analysis criteria [58].
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Objective

	
Measurement

	
Criteria

	
References






	
Indicator

	
Factorial Load

	
> 0.708 *

	
[85]




	
Internal Consistency

	
Cronbach’s Alpha

Composite Reliability

rho_A

	
AC > 0.7 **

CR > 0.7

rho_A > 0.7 ***




	
Convergent validity

	
Average variance extracted (AVE)

	
AVE > 0.5




	
Discriminant validity

	
Cross Loads

Fornell and Larcker Criteria

	
Factorial Load (AVE)2

	
[86,87]








Note: * Indicators with factorial loads above 0.95 indicate that items are redundant, reducing construct validity [88]. ** Ideal Cronbach’s Alpha values should be between 0.70 and 0.95. Cronbach’s Alpha tends to underestimate reliability when sample size is small (<100). The ideal method is to adopt the composite reliability measure. *** The coefficient rho_A returns a mean value between Cronbach’s Alpha (AC) and Composite Reliability (CR) [89].
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Table 3. Structural model analysis criteria [78,90].
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Objective

	
Measurement Parameter

	
Criteria

	
References






	
Evaluate the variance of endogenous constructs explained by all exogenous constructs

	
Pearson’s coefficient of determination (R2)

	
Between 0 and 1*

	
[91]




	
Evaluate the effect of the exogenous construct when it is excluded from the model

	
Effect Size or Cohen Indicator (f2)

	
0.02—small effect

0.15—average effect

0.35—big effect




	
Evaluate the predictive power of originally observed values

	
Predictive Validity or Stone-Geisser Indicator or Cross-Validity Redundancy (Q2)

	
0.02—small relevance

0.15—average relevance

0.35—great relevance

	
[85]




	
Assess causal relationships

	
Path coefficient

	
The ideal tvalue value must be above 1.96 and the path coefficient must be non-zero at a significance level of 5%.








Note: * It is difficult to provide practical rules for acceptable R2 values. Usually parsimonious models (with high R2 values and fewer exogenous constructs) are prioritized [85,89].













[image: Table] 





Table 4. Summary of hypotheses.
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	Hypothesis
	Description
	References





	H1
	DMF have a direct effect on SEMw.
	[97,98,100,101,102]



	H2
	DMF have a direct effect on SEF.
	[39,55,74,100,103,105,107,108,109,110,111]



	H3
	RMF have a direct effect SEF.
	[49,74,75,107,112,113,114]



	H4
	H4—RMF have a direct effect on DMF.
	[73,74,92,115]



	H5
	SDF have a direct effect on SEF.
	[56,76,77,100,116,117,118,119,120]



	H6
	SDF have a direct effect on SEMw.
	[100,121,122,123,127]



	H7
	SEF have a direct effect on SEMw.
	[76,96,107,124,125]



	H8
	RMF have a direct effect on SEMw.
	[50,75,101,113,126,128]
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Table 5. Case study demographic profile of the of the participants in survey.






Table 5. Case study demographic profile of the of the participants in survey.





	
Demographic Characteristics of City (Case Study) Respondents




	
Demography

	
Frequency

	
%

	
Demography

	
Frequency

	
%




	
Age (years)

	

	

	
Professional Activity

	

	






	
<24

	
11

	
11.11

	
Civil servant

	
25

	
25.25




	
25 to 34

	
32

	
32.32

	
Private Employee

	
26

	
26.26




	
35 to 44

	
40

	
40.40

	
Businessman

	
7

	
7.07




	
45 to 54

	
12

	
12.12

	
College professor

	
20

	
20.20




	
>55

	
4

	
4.04

	
Student

	
21

	
21.21




	
Sex

	

	

	
Education Level

	

	




	
Male

	
51

	
51.52

	
Elementary School

	
11

	
11.11




	
Female

	
43

	
43.43

	
High school

	
31

	
31.31




	
Other

	
5

	
5.05

	
University student

	
30

	
30.30




	

	

	

	
Graduate

	
27

	
27.27




	
Income

	

	

	

	

	




	
<2.5 Minimum Wage (MW)

	
16

	
16.16

	

	

	




	
2.5 MW to 10.5 MW

	
23

	
23.23

	

	

	




	
10.5 MW to 25.5 MW

	
40

	
40.40

	

	

	




	
25.5 MW to 50.5 MW

	
17

	
17.17

	

	

	




	
50.5 MW to 105.5 MW

	
3

	
3.03

	

	

	




	
105.5 MW to 505.5 MW

	
-

	
-

	

	

	




	
>505.5 MW

	
-

	
-
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Table 6. Indicators excluded from structural equation modeling.






Table 6. Indicators excluded from structural equation modeling.





	
Construct

	
Indicator

	
Description

	
Factorial Load






	
Direct Material Flows

(DMF)

	
DMF_1

	
Supplier Network

	
0.133




	
DMF_6

	
Regulation

	
0.430




	
DMF_7

	
Marketing

	
0.451




	
Reverse Material Flows

(RMF)

	
RMF_2

	
Urban planning

	
0.173




	
RMF_3

	
Accumulation

	
0.209




	
RMF_4

	
Externalities

	
0.528




	
RMF_7

	
Retreading

	
0.077




	
RMF_10

	
Team training

	
0.045




	
Sociodemographic Factors

(SDF)

	
SDF_1

	
Family Composition

	
0.068




	
SDF_2

	
Professional Activity

	
0.194




	
SDF_6

	
Age

	
0.206




	
SDF_7

	
Urban Space

	
0.121




	
Socioeconomic Environment

(SEF)

	
SEF_1

	
Investment

	
0.637




	
Socioeconomic Metabolism of Waste

(SEMw)

	
SEMw_3

	
Environmental Cost

	
0.495




	
SEMw_4

	
Economic value

	
0.580




	
SEMw_8

	
Metabolic Rate

	
0.552
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Table 7. Measurement model test results with validated indicators.






Table 7. Measurement model test results with validated indicators.





	
Construct

	
Items

	
Description

	
Load

	
Cronbach’s Alpha

	
rho_A

	
CR 1

	
AVE 2

	
Note






	
Direct Material

Flows

(DMF)

	
DMF_2

	
Supply Network

	
0.733

	
0.816

	
0.844

	
0.877

	
0.641

	




	
DMF_3

	
Demand

	
0.765




	
DMF_4

	
Requests

	
0.860




	
DMF_5

	
Location

	
0.837




	
Reverse Material Flows

(RMF)

	
RMF_1

	
Collect

	
0.673

	
0.759

	
0.804

	
0.799

	
0.512

	
Excluding the RMF-8 indicator, reliability:

Cronbach’s Alpha = 0.759 (decreased 0.52%)

CR = 0.763 (increased 1.53%)

rho_A = 0.782 (decreased 2.17%)




	
RMF_5

	
Final Destination

	
0.887




	
RMF_6

	
Recycling

	
0.797




	
RMF_8

	
Forecasts

	
0.493




	
RMF_9

	
Waste Management

	
0.664




	
Sociodemographic

Factors

(SDF)

	
SDF_3

	
Per capita income

	
0.787

	
0.782

	
0.874

	
0.869

	
0.689

	




	
SDF_4

	
Schooling

	
0.905




	
SDF_5

	
Population density

	
0.794




	
Socioeconomic Environment

(SEF)

	
SEF_2

	
Municipal Policy

	
0.659

	
0.780

	
0.807

	
0.851

	
0.537

	




	
SEF_3

	
Basic Sanitation

	
0.779




	
SEF_4

	
GDP (aggregate income)

	
0.878




	
SEF_5

	
Consumption

	
0.649




	
SEF_6

	
Local Culture

	
0.670




	
Socioeconomic Metabolism of Wastes

(SEMw)

	
SEMw_1

	
Environmental Cost

	
0.669

	
0.793

	
0.803

	
0.858

	
0.55

	




	
SEMw_2

	
MFA

	
0.820




	
SEMw_5

	
LCA

	
0.610




	
SEMw_6

	
Mass Balance

	
0.788




	
SEMw_7

	
IOA

	
0.798








Note: 1 CR = Composite Reliability; 2 AVE = Average variance extracted.
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Table 8. Result of the discriminant validity (Fornell and Lacker Criterion).






Table 8. Result of the discriminant validity (Fornell and Lacker Criterion).













	
	DMF
	RMF
	SDF
	SEF
	SEMw





	DMF
	0.800
	
	
	
	



	RMF
	0.591
	0.715
	
	
	



	SDF
	0.336
	0.360
	0.830
	
	



	SEF
	0.694
	0.697
	0.417
	0.732
	



	SEMw
	0.549
	0.658
	0.345
	0.662
	0.742







The diagonal is the square root of AVE of the latent variables and is the highest in any column or row.













[image: Table] 





Table 9. Result of the structural model.






Table 9. Result of the structural model.





	
Hypothesis

	
R2

	
Std

	
Std

	
[t-Value*]

	
Decision

	
f2

	
Q2

	
q2




	
Beta

	
Error






	
H1

	
DMF −> SEMw

	
0.613

	
−0.119

	
0.123

	
0.968

	
Not Supported

	
−0.008

	
0.292

	
−0.006




	
H2

	
DMF −> SEF

	
0.849

	
0.724

	
0.050

	
14.498

	
Supported

	
2.152

	
0.409

	
0.279




	
H3

	
RMF −> SEF

	
0.849

	
0.237

	
0.054

	
4.370

	
Supported

	
0.212

	
0.409

	
0.030




	
H4

	
RMF −> DMF

	
0.350

	
0.591

	
0.080

	
7.419

	
Supported

	
0.538

	
0.191

	
0.236




	
H5

	
SDF −> SEF

	
0.849

	
0.089

	
0.042

	
2.097

	
Supported

	
0.040

	
0.409

	
0.010




	
H6

	
SDF −> SEMw

	
0.613

	
0.030

	
0.089

	
0.338

	
Not Supported

	
0.313

	
0.292

	
−0.003




	
H7

	
SEF −> SEMw

	
0.848

	
0.361

	
0.147

	
2.452

	
Supported

	
1.711

	
0.292

	
0.079




	
H8

	
RMF −>SEMw

	
0.613

	
0.566

	
0.086

	
6.558

	
Supported

	
0.320

	
0.292

	
0.107








statistical significance (p < 0.05).
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Table 10. Percentage distribution of external model by construct.






Table 10. Percentage distribution of external model by construct.





	
Construct

	
Items

	
Description

	
Loadings

	
t_Value

	
%






	
Direct Material Flows (DMF)

	
DMF_2

	
Supply Network

	
0.736

	
9.342

	
12




	
DMF_3

	
Demand

	
0.766

	
11.906

	
15




	
DMF_4

	
Requests

	
0.859

	
22.148

	
28




	
DMF_5

	
Location

	
0.836

	
34.752

	
44




	
Ʃ

	
3.197

	
78.148

	
100




	
Reverse Material Flows

(RMF)

	
RMF_1

	
Collect

	
0.698

	
11.074

	
14




	
RMF_5

	
Final Destination

	
0.876

	
36.116

	
47




	
RMF_6

	
Recycling

	
0.783

	
15.542

	
20




	
RMF_8

	
Forecasts

	
0.485

	
4.529

	
6




	
RMF_9

	
Waste Management

	
0.658

	
9.571

	
12




	
Ʃ

	
3.500

	
76.832

	
100




	
Sociodemographic Factors

(SDF)

	
SDF_3

	
Per capita income

	
0.788

	
5.182

	
24




	
SDF_4

	
Schooling

	
0.904

	
10.355

	
47




	
SDF_5

	
Population density

	
0.795

	
6.312

	
29




	
Ʃ

	
2.487

	
21.849

	
100




	
Socioeconomic Environment

(SEF)

	
SEF_2

	
Municipal Policy

	
0.659

	
5.725

	
8




	
SEF_3

	
Basic Sanitation

	
0.776

	
11.486

	
16




	
SEF_4

	
GDP (aggregate income)

	
0.876

	
40.407

	
55




	
SEF_5

	
Consumption

	
0.654

	
7.611

	
10




	
SEF_6

	
Local Culture

	
0.672

	
8.399

	
11




	
Ʃ

	
3.637

	
73.628

	
100




	
Socioeconomic

Metabolism of Wastes

(SEMw)

	
SEMw_1

	
Environmental Cost

	
0.712

	
10.047

	
13




	
SEMw_2

	
MFA

	
0.788

	
23.318

	
30




	
SEMw_5

	
LCA

	
0.646

	
6.961

	
9




	
SEMw_6

	
Mass Balance

	
0.752

	
17.398

	
22




	
SEMw_7

	
IOA

	
0.775

	
19.851

	
26




	
Ʃ

	
3.673

	
77.575

	
100
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Table 11. Internal model bootstrap result.






Table 11. Internal model bootstrap result.





	
Hypothesis

	
B

	
1st Iteration

	
2nd Iteration

	
3rd Iteration




	
t_Value

	
%

	
t_Value

	
%

	
t_Value

	
%






	
H2 DMF -> SEF

	
0.721

	
14.408

	
38

	
14.343

	
38

	
14.460

	
38




	
H3 RMF -> SEF

	
0.238

	
4.372

	
11

	
4.355

	
11

	
4.369

	
11




	
H4 RMF -> DMF

	
0.589

	
7.091

	
19

	
7.182

	
19

	
7.194

	
19




	
H5 SDF -> SEF

	
0.091

	
2.117

	
6

	
2.141

	
6

	
2.107

	
6




	
H7 SEF -> SEMw

	
0.257

	
2.885

	
8

	
2.902

	
8

	
2.914

	
8




	
H8 RMF -> SEMw

	
0.579

	
6.904

	
18

	
6.973

	
18

	
6.942

	
18




	

	

	
37.77

	
100

	
37.90

	
100

	
37.99

	
100
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