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Abstract

:

Most developing countries fail to provide waste collection services to all their citizens, which leads to many adverse effects. Nevertheless, research has not yet succeeded in explaining the underlying causes. We drew up a quantitative system dynamics model that can be used to diagnose the complex societal system that is leading to poor waste collection. The model describes demographic, social, economic, financial, participatory, and governance processes that may play a role. It is calibrated against real-life datasets for six Latin American countries. The calibration shows adequate performance of the model. Strong population growth appears to have a dual effect. It leads to an increase in available budgets for collection but also tends to dilute the available budget per inhabitant. Processes on the growth of GDP, government revenues, and quality of governance strongly improve access of citizens to waste collection. They do so separately but also because they reinforce each other. But, there are differences per country. Progress in Belize seems to be hampered mostly by low governance quality. For Bolivia, the hurdle seems to consist of an inability to increase public revenues and absorb new urban citizens. Ecuador and Paraguay would also benefit from increased revenues along with an ability to increase public participation. The Dominican Republic and Panama reveal an overall passivity to improve their services. This model may be useful for decision makers globally to develop effective interventions.
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1. Introduction


Waste collection is an important part of solid waste management (SWM). Historically, waste collection was initiated to remove waste from urban areas in order to prevent adverse effects on public health, environmental quality, and the overall attractiveness of cities [1,2,3,4,5,6,7]. Despite this obvious importance, the World Bank calculated that in 2018, 61% of populations living in low-income countries had no access to waste collection [8]. In these countries, around 50% of all urban waste is left uncollected, dumped, and littered within the urban perimetry [9]. Research in this field mainly focuses on cities, while the rural areas (45% of the world population) tend to be forgotten [7].



More recent studies have put new emphasis on the importance of waste management, as it has strong relations to global warming [10], the uncontrolled spread of hazardous substances [11], feeding waste plastics into the oceans [12,13], and many other problems [5,14,15].



The literature often uses the term “access to waste collection” to stipulate whether citizens are provided with waste collection services in a regular and convenient way. As such, poor access is the result of the quality of public authorities providing this service in situations with strong growth in populations, cities, and economies [16,17]. The definition of “access” does, however, not take into account whether citizens actually use these services. Such statistics are, in general, not available. If they were, they could help in studying the possible roles of, for example, communication, public participation, and enforcement [9,18,19].



There are studies on improving future strategies for waste management [20,21], but a holistic framework for diagnosis is not yet available. When analyzing the lack of progress on waste collection, the finger is often pointing towards the strong influence of increasing waste generation rates, mostly as a result of growing populations and economies. In general, local and national governments in developing countries are underfinanced because of weak systems for collecting taxes and other revenues. As a result, they cannot invest in needed equipment and infrastructure. At the governance level, authorities struggle with attracting staff to prepare for needed laws and policies [8,22,23,24,25,26,27]. Nevertheless, the question can be asked why authorities cannot abate growing waste volumes through increases in their revenues, coming from the same increasing population and economy. [28,29]. The World Bank initiated studies in this field by looking at the statistical correlation between per capita GDP and the quality of public governance [8,30]. They concluded that improvements in waste management go hand in hand with economic growth and improvements in governance. Others use checklists to understand the current state of waste management in countries and cities, such as the Wasteaware method [31]. Nonetheless, these methods do not provide deeper insights into the actual causality that is taking place. More recent studies postulate that the problem starts within the complex relations between demographic, economic, political, and social processes [29,32]. These studies hypothesize that low performance is the overall outcome of overwhelmed authorities with low institutional quality who are less capable of managing rapid urbanization. This leads to weak infrastructure, urban sprawl, and slum formation. Such tendencies would then worsen the situation even further, bringing the entire system into a downward spiral. This hypothesis is corroborated by [33]. They described the effects of (de)centralization, social unrest, and corruption, the strong influence of global economic developments, and the roles of various stakeholders. And, for the first time in this research field, they used System Dynamics Modeling (SDM) to make initial and qualitative assessments of the key processes in this problematic situation. Still, there is no quantitative research supporting these claims [34].



SDM, in general, and quantitative SDM, in particular, may indeed be a very useful method as it has proved to be versatile for analyzing the behavior of many other societal systems [35,36,37,38,39,40,41]. The reason is that the method is capable of handling very complex systems, enabling the connection of all processes that are inherent to societal systems. SDM is maybe the only method that is able to describe the dynamic complexities of societal systems that are constantly changing, governed by feedback that is often non-linear; the method is history dependent, self-organizing, adaptive, and sometimes counterintuitive or even policy resistant [42]. The method has been used in the field of waste management before but is almost strictly limited to modeling technical, financial, logistical, and similar operational aspects of waste services or used to evaluate future waste management policies [34,43].



We consider that the availability of waste collection and the access of citizens to these services are the result of many complex and dynamic societal processes. Based on this, we want to extend the use of SDM in this field. We will do so by developing a quantitative SDM model, which can be used to diagnose the underlying causes of failing services in the field of waste collection in developing countries. This paper describes the development of such a model comprising the most important demographic, social, economic, financial, and governance processes that may influence the performance of waste collection at the national level of countries.




2. Methods


2.1. General


System dynamics usually starts with drawing up a Causal Loop Diagram (CLD). A CLD is a basic graphical description of a system depicting the most important variables and their relations, along with a simple characterization of these relations as strong/weak, positive/negative, fast/slow, and the direction of causality [39]. Quantitative modeling uses these CLDs and turns them into Stock–Flow Diagrams (SFDs). An SFD is a mathematical description of the dynamic behavior of a system. It starts with selecting the variables that best depict the situation of a system. These so-called stock or state variables can be hard numeric variables, such as the size of a population or the size of monetary reserves. But, they can also be soft variables, like governance quality or public participation, which do not have clear numeric values but can be proxied by some kind of indicator. The levels of such stocks are ruled by in- and outgoing flows (rates for growth or decline of the stock), which, in turn, are connected through auxiliary variables with equations and parameters describing these connections. SFDs enable the description of delays, feedback, and non-linearities, which makes them very usable in portraying real-life situations [37,44,45].



Model plausibility and usefulness are key interests when designing an SFD. They can be tested by comparing the model’s behavior with real-life data. There are multiple trajectories to make a plausible model of a (social) system. One is to describe the model in all its complexity, with rich details and many variables, expressed in linear and non-linear relations, describing the full mental models of the experts involved. The resulting model would then need the introduction of estimated parameter values, as derived from the literature or experts’ experience. The plausibility and usefulness of such a model will be governed by the correctness of the experts’ assumptions on mathematical relations and parameters. Calibrating these models will mostly not be possible, as the number of variables and parameters will be much higher than the number of time series available for these variables. In such cases, a calibration algorithm will deliver a myriad of possibilities, and the best fit with reality will probably not come from a realistic parameter set. A second trajectory is to make the model as simple as possible, with a limited number of variables reflecting the availability of relevant time series. Still, experts need to define the right structure and make good assumptions on equations and parameters. But, after that, the calibration algorithm can perform its work and find the fit with the lowest deviation from the real-life dataset. We followed this last trajectory in our work.



Ideally, one would have a time series available for most of the model’s variables. Or, even better, one would have scientifically grounded values for their parameters. The reality, however, is that these data are often insufficiently obtainable [35,41].



This chapter will first summarize the model. It will then describe the datasets available for testing the model. It will close off with a description of the testing itself through calibration and sensitivity analysis. Appendix A provides a practical description of the modeling process.




2.2. The Model


We used a Causal Loop Diagram (CLD) that was recently developed for simulating underlying processes on the performance of waste collection at the city level in developing countries [33]. This CLD, given in Figure 1, uses six state variables: population size, economic production, governance quality, available government budget, and public participation. The model uses fifteen relations and eight feedback loops to describe how these variables influence each other and how they eventually influence the target variable, which is SWM (solid waste management) performance. The model also assumes the agency of exogenous variables; factors from outside the system that have an influence inside the system, such as the world economy.



For our use, we adapted this model to our research. The first adaptation is the target variable, SWM performance. We defined this as the percentage of the total population that has access to municipal waste collection. More adaptations were needed to turn the city-level model into a country level one. For this, we included variables on the total population, urban population, and processes of urbanization. The CLD was finally translated into the Stock and Flow Diagram (SFD) given in Figure 2. The dotted line gives the boundaries of the system, i.e., the country. The orange boxes are outside the system, and they represent the exogenous factors that play a role being: the world economy, the regional economy, the regional quality of governance, the historic crude oil prices, and the history of political stability. The upper part of the system itself gives the clusters on the national economy and the national government revenues. Below, the clusters on public participation and governance quality can be found. In the lower left corner is the clusters of the (urban) population. In the lower right corner is the cluster on the number of serviced citizens. Population and population serviced lead to the target variable (in red).



A detailed description of the variables, parameters, acronyms, mathematical equations, ranges, and sources can be found in Appendix B and Appendix C. The most important relations between the main variables in the model are based on the following considerations, as derived from [33]:




	
The target variable SWM performance (in red, SP, see Appendix B) is defined as the population being serviced (PS) divided by the total population (P). The population serviced with waste collection (PS) is positively affected by growing general government revenues (GGRs), governance quality (GQ), and public participation (PP). A negative impact may come from Urban Population Growth (UPGR) when it is beyond the level of Manageable Urban Growth (MUGR).



	
The growth of the population (P) (the variable population also covers the effects of population density as it would only need the introduction of an extra constant being a country’s surface. We chose not to do so in order to prevent the introduction of extra parameters) is influenced by GDP in such a way that a wealthier population shows declining growth rates.



	
The growth of the urban population (UP) shows the opposite behavior: a higher GDP is concentrated in the cities and attracts more citizens, leading to increased growth.



	
Governance quality (GQ) may grow as a function of increased general government revenues (GGRs) but will be limited when it nears a maximum.



	
The participation of the public (PP) is positively influenced by a higher quality of public governance (GQ).



	
The general revenues of the national government (GGRs) are ruled by the GDP of the country and by the quality of its government (GQ).



	
The GDP of the country is expressed as GDP per capita, and this variable is assumed to be influenced by the quality of government (GQ) and exogenous variables, such as the regional and international economy and international oil prices.



	
Quality of governance (GQ) is, in this model, ruled by the government’s revenues (GGRs) and political stability.








The model, constructed in this way, tries to grasp the most relevant variables and processes regarding waste collection in a country but does so at a macro level. This macro level reflects the availability of datasets that are needed to calibrate the model (see Section 2.3). It also implies that any results or conclusions from using the model cannot go deeper than this macro level. Of course, it would be interesting to be more detailed in both the model and any conclusions coming from its use. But, that can only be performed in case this detail is also reflected in the availability of detailed datasets for a country.



The system uses stock variables to describe the growth/decline in population (P), urban population (UP), public participation (PP), governance quality (GQ), and population serviced (PS). In order to keep the system simple, every stock variable is only “fueled” by one incoming flow variable, which can either be positive or negative at a certain time. Calculations for these flow variables use a general format as given below. The formula comprises basic flow rates, growth constants (describing the proportional influence of input parameters), and limiting factors (when needed).


   F l o w   V a r i a b l e   x =    F l o w   P a r a m e t e r   b a s i c   + F l o w   P a r a m e t e r   c o n s t a n t   ∗ V a r i a b l e   y ∗ V a r i a b l e   z ∗ L i m i t i n g   F a c t o r   











All loops in the SFD include at least one delay in order to prevent simultaneous computation and use of variables. Such a delay may come from having a stock variable in the loop or from a separately imposed delay.



The SFD uses exogenous variables that impact this system from the outside in the ways described below.



	
The influence of the world economy is introduced into the system through a lookup table. It gives the average global per capita GDP in a certain year. It serves as an input to the calculation of the country’s national GDP per capita. A parameter (world GDP constant) describes the strength of this influence on a country’s per capita GDP.



	
The model assumes that the geographic region has an impact on the economy of each country is proportional to the quality of a country’s governance. The influence of the regional economy is introduced through two lookup tables: one provides a time series for the region’s average GDP per capita and one provides a time series for the region’s average governance quality. The quotient of these lookup data (GDPGQ) is used as an input for the calculation of the country’s GDP per capita, along with a parameter (GDP per capita constant).



	
Some countries’ economies may depend very much on oil prices. For this reason, a lookup table is introduced giving the historic time series of crude oil prices for the years at hand. Also, a parameter (GDP oil contribution) rules the influence of this external variable on the GDP of each country.



	
The last exogenous variable is from inside the country. It is the political stability of a country, a variable that we considered too hard to model. For this reason, it is kept outside the system using a lookup table containing a time series for historic political stability. The time series is used as an input on governance quality. The index runs from 0 (extremely unstable) to 1 (extremely stable), and the calculation assumes that an index below 0.5 reduces the quality of governance and vice versa. A parameter (political stability constant) is used to describe the strength of this influence.







2.3. Datasets, Availability, and Selection


The primary aim of our research is to develop a diagnostic tool that can be used for developing countries around the world. Nevertheless, we anticipated and accepted that our research would be restricted to only those countries for which data would be available.



As mentioned above, the target variable SWM (solid waste management) performance is defined as the portion of the population that is serviced with regular waste collection. An internet search using the terms waste collection, data, time series, datasets, database, country, access, and statistics revealed only one source providing a time series on waste collection in developing countries, the Global Environment Statistics [46]. This database holds these series for sixty-nine countries for the years 1990–2020. The database is very incomplete and we, therefore, excluded countries with less than 4 yearly observations. The time period for calibrating the model was set to 1996–2020, as older data are generally not available. We also excluded high-income countries, small island countries, and countries with recent or ongoing conflict situations. In doing so, the list of countries is reduced to eleven. Nine of them are in Latin America (Belize, Bolivia, Brazil, Cuba, Ecuador, Panama, Paraguay, the Dominican Republic, Venezuela) and two are in Africa (Ghana and Cabo Verde). Ghana’s data appeared unreliable when comparing them to publications on actual waste collection performance and we, therefore, removed the country from our list. With only one country left in Africa, we decided to concentrate on Latin American countries only.



Time series with statistics on country-level governance quality and public participation were sought on the internet using the terms time series, datasets, database, statistics, governance, governance quality, participation, and public participation. Only the longer time series were found in the indexes of the Quality of Government Institute [47]. These time series relate to governance quality and public participation in general and not waste management specifically. Nevertheless, we decided to use both indexes as proxies in our work. As this dataset does not hold data for Brazil, Cuba, and Venezuela, we excluded these countries from our list. The focus for this study was finally set on the following six countries: Belize, Bolivia, the Dominican Republic, Ecuador, Panama, and Paraguay.



All other demographic, economic, and political data needed to feed and calibrate the model for these countries were retrieved from the World Development Indicators series of the World Bank, the IMF World Economic Outlook database, and the Global Economy website. More details on these sources are given in Appendix C.



All in all, our search for usable datasets led us to a selection of 6 six Latin American countries, for which the 7 calibration variables are available (see Table 1).




2.4. Used Software


We used Vensim Professional Version 9.3.5 ×64 (Apple Silicon, Ventana Systems Inc., Harvard, MA, USA) as the software for our modeling, simulation, calibration, and sensitivity analysis. The exact formulas used for calculating the variables in the system are given in Appendix B.




2.5. Calibration and Sensitivity Analysis


Calibrating this model means using the software described in 3.4 to find the least sum of squares for the differences between the 7 variables and their data counterparts in the time series. This is performed over the entire 25-year period by varying all of the 18 system parameters and 2 unknown initial state constants (PP 0 and PS 0; for acronyms, see Appendix B). We used the following basic settings of the software’s calibration algorithm (see also Appendix A):




	
The algorithm used a modified Powell search method to find the optimal parameter set.



	
The weighting factors for all 7 variables were kept equal. This needed a normalization step because, otherwise, a high-number variable (for example, population) would still outweigh a low-number one (for example, governance quality). Normalization was performed using the reciprocal value of the average of the variables.



	
Although data for the variables are available per year (with some hiatus), the time step in the calculations was set at 0.25 years. Further reducing this timestep did not yield significant improvements.



	
The number of new starts was set at 5000, meaning that any calibration run would include 5000 new random starting positions for the parameter sets. In doing so, each calibration run uses 5–10 million simulations for finding the weighted least sum of squares. Further increasing the number of new starts did not show any improvements.



	
All other calibration control settings were kept at the software’s defaults [48].








Additionally, a sensitivity analysis was performed for the parameter sets found in the calibration. The analysis was performed by imposing a plus and minus 10% variation on each parameter while keeping all other parameters the same. The software was then used to simulate the effect of this variation on the behavior of the target variable SWM performance (SP) during the entire 25-year period. The resulting percentual change in the target variable in the last year was used to determine whether or not a particular parameter has a strong influence on access to waste collection.





3. Results


We ran calibrations and sensitivity analyses as described in 2.5. The results comprise the following:




	
Calibration results for all six countries, showing the parameter values that produce the best fit to the real-life datasets;



	
Sensitivity analysis for all six countries, calculating the influence of individual parameters on the target variable.








The Vensim software produces calibration results in tables and diagrams, as shown in Figure 3, for Bolivia.



Table 2 gives the results of the calibrations for all six countries. The last rows contain the graphic simulation results for the target parameter SP, the number of simulations, and the sum of weighted least squares.



The calibrations yielded good fits for all seven variables in all six countries. The question then is whether this match is based on an adequate and plausible model of the system or a coincidence? To answer this question, we compared the resulting parameters for the six countries with each other and with data from additional literature sources. A comparison between the countries needs a normalization of the parameters. The countries show large differences regarding the sizes of their populations, economies, and other dimensions. Normalization means that parameters are turned into ratios relevant to these dimensions. The normalization formulas and results are described in Appendix D. The appendix contains, in the upper part, the inputs and additional data that are used for the normalizations and background checks on the calibration results.



The sensitivity analysis yielded the results, summarized numerically in Table 3 and graphically in Figure 4. Apparently, the strongest sensitivity of the target variable is for the parameters on GDP, government revenues, and governance quality and, to a lesser extent, for those on population growth and public participation.




4. Discussion


The results will be analyzed per variable, per country, and at a consolidated level.



4.1. Per Variable


4.1.1. Population Growth and Urban Population Growth (PGR and UPGR)


The parameters used for describing the growth of the total population (PGR basic and PGR constant) produced adequate fits. In order to compare these parameters for the six countries, normalization was needed to eliminate the effect of GDP and enable combining both parameters into one growth rate. Appendix D (in the row PGR combined N) shows normalized growth rates for the six countries ranging from 1.5 to 2.5% per year. Performing the same for the growth of the urban population (UPGR combined N) leads to rates of 2 to 3.3% per year. Both these ranges are in line with the dataset. Belize shows the highest growth rates for both the total and the urban population. The lowest urbanization rate is seen in Ecuador. These results give a first indication of the effect population growth has on progress in waste collection. Belize shows zero improvement, whereas Ecuador shows the highest improvement (Table 2). This also aligns with the hypothesis from earlier studies on the relation between population growth and performance on waste collection [29,32,33].



For extra comparison, Appendix D also shows the percentages of the urban populations that lived in slums in 2018 (Appendix D, row slums 2018). One could expect that the rate of urbanization would be reflected in these percentages, and this could then be the pathway along which urbanization rates affect low access to waste collection, as postulated by [50,51,52]. For Belize, this appears not to be the case. The country has the highest rate of urbanization while showing the lowest percentage of slums. This does not mean that the model is wrong. There may be other factors that play a more dominant role in the formation of slums. But, overall, slum formation does not seem to be a decisive cause for low-performing waste collection in Belize.



The sensitivity analysis provides additional insights by showing that, indeed, population growth has an effect on the target variable SWM performance SP, but the direction of this effect can be both positive (Belize, Ecuador, Paraguay) and negative (Bolivia, the Dominican Republic, Panama). This may be due to the fact that population growth affects SWM performance SP in two different ways. There is a positive effect on the economy, leading to a higher GDP and government revenues, and another positive effect comes from higher population densities, leading to higher efficiencies in providing waste collection services. On the other hand, this is because a larger population “dilutes” the availability of budgets for SWM performance. Apparently, in Belize, Ecuador, and Paraguay, growth in budgets and efficiency of SWM services is stronger than growth in population. This dual effect was already hypothesized by [33].



The model calibrations for Bolivia show that the model’s best fit is found at very low levels of Manageable Urban Growth (Appendix D, row MUGRGQ constant N). This suggests that Bolivia is not able to absorb high influxes of new urban inhabitants and that this has an effect on the target variable. This corroborates with the data on urban slums given in Appendix D and also with research findings on the intensity of urban migration in Bolivia, which is the highest in Latin America [53]. The sensitivity analysis also suggests that the growth of the urban population only has an effect on SWM performance in countries with a limited capacity to absorb this growth, like in the case of Bolivia. This may sound trivial, but it may also support the adequacy of the model in distinguishing between countries where urbanization is or is not the root cause. The result suggests that the absorptive capacity of Bolivia’s cities is part of the bottleneck.




4.1.2. GDP per Capita


The four GDP parameters (GDP per capita basic, GDP per capita constant, GDP oil contribution, and world GDP constant; see Appendix B for acronyms) seem to be able to simulate GDP per capita. In order to make the parameters comparable and reflect their contribution to overall GDP per capita in the countries, normalizations were used as described in Appendix D. For Belize and Paraguay, the most important parameters explaining GDP growth are the ones describing the basic GDP level (Appendix D, row GDP per capita basic N) and the influence of the regional economy (Appendix D, row GDP per capita constant N). For the Dominican Republic and Bolivia, the regional economy seems to be important, but the calibration also adds some importance to the influence of oil prices (Appendix D, GDP oil contribution N). The parameters for Ecuador indicate a strong basic income level and a strong influence on the regional economy and oil prices. Overall, oil price effects are the strongest in the Dominican Republic and Ecuador. For Ecuador, this is in line with the country’s oil production (Appendix D, row oil surplus per capita). But, for the Dominican Republic, this is rather strange, as the country has to rely on imports for its oil consumption. A possible explanation may be the country’s high percentage of industry as a part of its economy [54] and the industry’s contribution to GDP having a relation with oil prices. Panama’s economy appears to be entirely tied up to the world economy (Appendix D, row world GDP constant N) and oil prices. This is in line with the country’s dependency on its canal activities and international business support, resulting in 82% of its GDP in 2017 coming from the services sector [55]. By providing good simulations and (except maybe for the Dominican Republic), apparently, for the correct reasons, this part of the model may be an important tool in predicting future developments in waste collection. Nevertheless, additional research on the adequacy of this GDP part of the model is needed to further verify these relations.



For all six countries, the sensitivity analysis shows that all GDP parameters have a strong and positive effect on target variable SWM performance. This is in line with the correlations of the World Bank on this topic [8]. The added value of the model is that it shows how this correlation translates to actual causal interactions with the other variables in the system.




4.1.3. General Government Revenue (GGR)


Here, a good fit is also achieved. On average, Belize shows a high dependency of government revenues on the country’s GDP and the quality of governance (Appendix D, row GGR combined N). The other countries show a much lower dependency. This could be a sign of a more stable revenue model for the governments in these latter countries.



When looking at GGR as a fraction of GDP (Appendix D, row GGR/GDP N), Ecuador and Belize are able to collect the most revenues and Paraguay and the Dominican Republic the least, which is in line with international studies in this field [56]. According to the sensitivity analysis, the availability of government revenues has a strong positive effect on the target variable SP. This seems to be a rather trivial outcome of the analysis. Nonetheless, there are considerable differences between the countries. For Belize, Bolivia, Ecuador, and Paraguay, this relation is very strong, whereas for the Dominican Republic and Panama, it is much weaker. Apparently, these last two countries are less able or willing to spend money on SWM services.



The literature provides little data to check the above results. The Interamerican Development Bank has released some data on spending on waste collection and treatment in Bolivia, Ecuador, and Paraguay [57,58]. For these countries, the data seem to be in line with the findings above. A recent study [59] concluded that general public spending in Latin America has increased from 19.3% to 26.3% in the period 2000–2020. When looking at the efficiency of these spendings on health, social protection, and public administration, the study concludes that low government revenues and spending do not automatically imply a low performance of these spendings. On the contrary, this last study shows that countries with the lowest spending per GDP show the highest performance of these spendings. Due to a lack of data on actual spending and efficiencies, we do not know whether this is also the case for waste services.




4.1.4. Government Quality (GQ)


The fit for governance quality is reasonably good. For Belize, Bolivia, and Panama, GQ seems to decline, which is also illustrated by the normalized results (Appendix D, row GQGR combined N). Normalizations suggest that this decline mainly comes from a basic weakness in governance quality, often in combination with political instability, as also mentioned in the literature [53]. The model suggests that in these countries, only at higher government revenues may a positive change be expected. For the Dominican Republic, Ecuador, and Paraguay, the overall situation looks more positive; however, political instability keeps playing a negative role.



The sensitivity analysis shows that GQ has an important positive effect, but there are differences between the countries. Here, the Dominican Republic and Panama show the weakest relation, meaning that improvements in governance quality do not strongly translate into better waste collection. Other factors must play a role in this inertia. To the best of our knowledge, there are no sources of other data to validate these conclusions.




4.1.5. Public Participation (PP)


The model calibration for public participation produces normalized parameters (Appendix D, PPGR basic N, PPGR constant N, and PPGR combined N; see Appendix B for acronyms), indicating a weak but still positive evolution for Belize, the Dominican Republic, and Ecuador. Bolivia and Paraguay show a negative tendency in this variable, mainly due to weak government quality. Panama shows a similar decline in public participation, but it appears to be mainly due to an intrinsically low level of public participation.



Overall, the sensitivity analysis shows that public participation has a positive but rather weak effect when compared to GDP, revenues, and governance quality. This seems to be contrary to expectations of the importance of public awareness [18]. This is most likely is due to the fact that the real-life data on waste collection used in calibration relate to the “access” and not “use” of municipal services. Or, it may turn out that the index for “Public Participation” we used in our calibrations is not a good proxy for public participation in waste collection. The literature is unclear on this. Research on the Latin American situation showed that, in general, public trust is low when compared to other global regions [60]. Nevertheless, this does not always translate into low participation; it depends on the specific type of participation. As a result, the model derived in our research may remain inconclusive regarding the importance of awareness, as long as there are no actual data on the use of municipal waste services and the actual public participation in them.




4.1.6. Population Serviced (PS)


With the exceptions of Belize and Panama, the countries show a steady increase in access to waste collection. Nevertheless, the 25-year trends in the percentage of the population being serviced seem to level off before reaching 100%. The causes for this leveling may lie in the fact that most countries have succeeded in reaching all urban citizens but face major logistical and financial problems in reaching the rural population. Another reason may be that growth in population, urban sprawl, and waste generation puts an extra burden on the organizations responsible for these services, as also reported for Latin American countries in [61].



The normalizations used for population serviced represent the annual increase in serviced inhabitants as a percentage of the total population (Appendix D, row PSGR combined N; see Appendix B for acronyms). These percentages lie between 0.6% (Belize) and 2.9% per year (Ecuador). For Bolivia, this increase seems to be somehow intrinsic; it appears to be mostly independent of government revenues. The other countries’ increases seem to be much more dependent on the additional availability of government revenues. This holds especially true for Belize and Paraguay, where growth in government revenues appears to be the only cause for growth in these services.



When dividing the annual additional budget by the number of additional serviced inhabitants (Appendix D, row GGR/PSGR N), the results implicate that in the Dominican Republic, every USD 1505 of extra government revenues leads to one extra person serviced. For Bolivia, this is USD 2844. For Belize and Panama, achieving one extra person serviced would need almost USD 10,000 of government revenues. These numbers should not be interpreted as the costs of servicing one inhabitant extra. The equation takes overall government revenues and not the revenues that are allocated for waste collection. Waste collection in Latin America costs an average of USD 10 per inhabitant [58]. Nevertheless, the results seem to suggest that waste collection has more priority in the Dominican Republic and Bolivia than in Belize and Panama, and this is in line with the progress in waste collection shown in Table 2.



For the Dominican Republic, this seems somehow contrary to the findings mentioned above under general government revenues and governance quality. Overall, the sensitivity analysis for the Dominican Republic shows a kind of “immunity” to any changes in the parameters. Apparently, there are countries, like the Dominican Republic, which can translate more budget into better waste collection but, at the same time, show an inability to further speed up this translation of “more money” into “more services”. Better quality of governance does not seem to help there.





4.2. Per Country


4.2.1. Belize


Belize shows the strongest increases in both its total and urban population. The country is able to collect substantial revenues, but this is mostly due to its population growth and is not underpinned by growth in GDP per capita. The country exhibited a steady decline in governance quality over the last 25 years, which seems to inhibit any progress in increasing the percentage of the population serviced with waste collection. Coverage has stayed at a low and steady 50% following growth in population. This seems to be corroborated by the latest available data [57] showing that, in 2021, 73% of all generated waste was being collected, assuming that urban citizens produce twice the amount of waste compared to their fellow rural citizens [8]. The country demonstrates a very low slum percentage, and this could indicate that Belize’s cities are still capable of providing sufficient formal housing to their growing urban citizens. The problem may, therefore, be that only the urban areas are included in the waste management schemes and in the statistics [17], which aligns with recent research [62]. Overlooking this situation, the conclusion could be that the quality of government is the central problem. This feeds back into the system, causing dwindling GDP per capita and a failure to set more priority on waste management, especially in rural areas. With the growth in government revenues being strongly inhibited by a lack of growth in GDP per capita and governance quality, future stagnation in waste management may be expected.



Looking at the results of the sensitivity it appears that, indeed, Belize’s waste management is primarily susceptible to increases in government revenues and governance quality. As long as governance quality is on a downward path, it will be difficult to reverse the negative development regarding SWM performance.




4.2.2. Bolivia


Bolivia shows a steady yearly increase in the percentage of serviced population, nearing 60% in 2020. Even so, a closer look reveals that the number of serviced citizens is still much lower than the number of citizens living in urban areas. This could mean that growth in waste services is mostly happening in urban areas, taking advantage of already available organizations and infrastructure and being hampered by the low absorptive capacity of the cities. Also, for Bolivia, this is in line with the findings of [57], showing that 70% of the waste is being collected. The country has the lowest per capita revenues, but its GGR/GDP fraction (Appendix D, row GGR/GDP N) is among the highest of the six countries. Although the government is apparently able to generate good revenues, governance quality and public participation are at a low and stagnant level, and this may prevent a faster increase in waste collection coverage. The work of [53] on Bolivia describes the role of social unrest on the quality of government and vice versa, as well as its negative impact on improving solid waste management in general.



This description of the situation is supported by the sensitivity analysis. There is a very strong effect of GDP on the performance of waste management services, but this variable does not provide much practical leverage for government interventions. Any effective strategy must come from improving revenues and governance related to SWM, an observation that is supported by studies in the cities of La Paz and Santa Cruz de la Sierra [31,54]. Additional research into the development of SWM revenues over the years may show whether this factor is indeed limiting progress. It may also reveal whether the absorptive capacity of Bolivia’s cities is indeed part of the bottleneck, as reported by [53].




4.2.3. Dominican Republic


The Dominican Republic is among the best-performing countries in this group. It shows some growth in the quality of government and a reasonable (but stagnant) level of public participation. The country has the lowest growth of total population but a high urbanization rate. This may have helped the country show a positive increase in the number and percentage of citizens being serviced, like in the case of Bolivia. Although government revenues are low (but firmly increasing), the country’s performance on waste collection seems to be positively influenced by a slowly increasing quality of public authorities who tend to attribute more political priority to this cause.



As mentioned above, the model for the Dominican Republic shows good performance but, at the same time, also some inertia in most of the parameters. This may indicate that the country’s progress may reside in processes not yet described in the model, such as the efficiency of municipal services or the reliance on foreign funds [54].




4.2.4. Ecuador


Ecuador’s government has been able to present stable increases in the number and percentage of people being serviced with waste collection. The total number of serviced citizens has surmounted the number of urban citizens somewhere in 2005 and seems to be leveling now at 80% of the population. The increase was possibly based on rather high and stable government revenues (partly based on oil exports) and an increase in government quality. Public participation is still at a low level but, obviously, this has not inhibited progress over the last 25 years. Nevertheless, it may now become the main inhibiting factor when aiming for 100% coverage. Indications in this direction are reported by [63]. Others found that public participation plays no role in simple basic services, such as waste collection [64]. Overall, it remains unclear whether public participation could be the limiting factor in Ecuador.



The sensitivity analysis for Ecuador shows that any progress in the field of waste management may best come from interventions that lead to improved availability of budgets. The literature reports that, indeed, Ecuador’s municipalities still have to furnish 55% of the costs of waste management from their general budgets [57,65]. More insights into the time series on the developments in financing for waste collection are needed.




4.2.5. Panama


Panama is the country with the highest GDP and government revenues. Still, government revenue as a part of GDP is rather low. The country shows weak SWM performance and only gradual increases in coverage. Only recently has the number of serviced inhabitants caught up with the number of urban citizens. This weak situation may be due to strong population growth in combination with stagnant governance quality and declining public participation. Together, these factors may also have negatively affected the political priority on spending on waste collection. This analysis is underpinned by the sensitivity analysis. It shows inertia in most of the parameters of the model.



A recent report comparing waste management in all countries of Latin America and the Caribbean [57] shows how Panama is unable to present data on its waste management performance. A total of 40% of the waste is known to be leaking into the environment, and the destination of the other 60% is unknown. It shows how the country is not in control of this part of its public services. Looking at the country’s performance on other topics, the country shows a similar low inability when it comes to closing the gaps on development issues, such as the rural/urban divide and income inequality, while better performing on education and access to tapped drinking water [66]. This could indicate that the root cause is indeed political priority.




4.2.6. Paraguay


Paraguay appears to have a low basic level of governance quality but still, the tendency is positive. The same holds for public participation. This may explain, in combination with low population growth, the country’s low but steady progress in providing citizens with access to waste collection. The low GGR/GDP fraction is apparently not limiting this progress. Nevertheless, service coverage is still among the lowest in this group. The sensitivity analysis for Paraguay reveals that interventions may best come from further improving governance quality, leading to increases in available budgets. Along with strengthened public participation, this may have a direct impact on the performance of waste collection.



Like for Panama, a recent study shows how Paraguay is unable to provide data on the coverage of its waste services. Around 60% of the waste is collected, with only 2/3 having a known destination in (uncontrolled) treatment facilities [57].



The international literature indicates that, indeed, Paraguay is doing rather well in its macroeconomic performance when compared to other countries in the region. Nevertheless, this has not translated into strong increases in income per capita and major improvements in infrastructure and education [67]. The World Bank concludes that the country has substantially lagged behind the regional averages on tax returns and other fiscal receipts and concludes that this has constrained the government’s ability to improve services and infrastructure [68]. Other sources observe that the lack of government revenues may be closely linked to the country’s weak institutions and corruption [69]. This all corroborates the conclusions from the model’s simulations.





4.3. Consolidated


The results show that the parameters of GDP, government revenues, and governance quality have the strongest influence. This behavior stems from the fact that they are part of two strong reinforcing loops, as shown schematically on the left-hand side in Figure 5. The figure also shows why the parameters on population serviced display a weaker effect; they are part of the balancing loop on the right-hand side, and this reduces their effects. Urban pressure is neither part of a reinforcing nor a balancing loop but still may have a direct effect on the target parameter.



The role of population growth is ambiguous. The need to service ever more people is a difficult task that tends to reduce the coverage percentage of waste collection. On the other side, there is a positive effect of population growth on the growth of government revenues and, in this way, it feeds into the strong reinforcing loops. Apparently, the effect of population growth on the economy and government revenues may be slower for some countries (like Bolivia and the Dominican Republic) but they are, in the end, with the help of governance quality, able to keep up with the negative effect of a growing population. As a result, the consolidated effect of a growing population may have a weak (positive or negative) effect. This is in line with an earlier statement in the Introduction of this paper where we questioned why growing economies, populations, and revenues sometimes appear to not be able to cope with growing waste volumes [28,29].



Growth of the urban population (urbanization rate) has no effect or, to put it more correctly, the model does not (need the) use of this variable and its parameters to simulate real-life data.



The parameters on government revenues and the quality of governance are important, but they have the inherent characteristic that incremental growth towards 100% collection coverage needs ever more money and government attention. This part of the system aggregates important underlying processes on the allocation of government revenues to waste management services and the efficiency of these same services for which we had no time series data. Case studies may reveal a useful time series for these aspects and may allow for an additional improvement of the model.





5. Conclusions


We were able to draw a country-level model describing how demographic, urbanization, economic, social, and governance processes affect a country’s performance on waste collection. After calibrating the parameters, the model produced acceptable fits for available datasets for all six countries and almost all variables, including the target variable.



Growth of both the urban and total population was simulated according to the real-life dataset for the six countries. Population growth shows a dual effect on the performance of waste collection: a positive effect because population growth increases economic growth and available government revenues and a negative effect because an increase in population tends to dilute the available budget per inhabitant. The combined effect appears to be positive for Belize, Ecuador, and Paraguay and negative for Bolivia, the Dominican Republic, and Panama. The speed of urbanization only seems to be a problem in Bolivia as a result of a low urban absorptive capacity.



The model seems to give a good description of growth in per capita GDP and the way it is influenced by national, regional, global, and oil-related variables. Overall, growth in GDP has a strong effect on revenues and governance quality because the variables are in an important reinforcing loop. This also seems to explain the very strong effect on the performance of waste collection. A similar effect seems to be connected to government revenues and governance quality, as these variables are in the same reinforcing loop.



Public participation is well simulated but does not seem to play an important role, which may be due to the fact that the model is simulated against data on the “access” to waste services instead of “use”. Data on the “use” of waste services are not available and may be a good subject for future research. But, it may also be the case that the variable public participation and its proxy counterpart, the data series, is too much of a catch-all index and not usable when it comes to public participation in waste collection.



The variable population serviced is well simulated but, overall, improvements in this variable don not seem to have a strong effect on the percentage of the population being serviced. This is possibly due to two effects. The first is that this variable has to “compete” with the growth of population, and the second is that incremental small growth in the number of citizens serviced comes with incremental strong growth of needed budgets. The results seem to indicate that access to the rural population may pose some kind of threshold for achieving higher percentages of access. The reasons may lie in higher costs per person and per ton of collected waste and in increased logistical challenges. Enhancing the model with these processes may lead to improvements in the model.



For Belize, the model seems to indicate that low governance quality is at the heart of the problem. Bolivia seems to reveal that the root cause may be a persistent inability to increase needed budgets and a low absorptive capacity for new urban citizens. The Dominican Republic is performing well but, overall, the country shows some inertia on all processes needed for further improvements. Panama shows an even stronger inertia and does so in a situation in which its performance is already at a strikingly low level. The results for Paraguay and Ecuador may indicate the opposite development; with low government revenues, the countries have been able to raise the quality of their governance, and this has also led to good progress in waste collection. It looks like this progress is more or less dictated by the increase in government revenues and, to a lesser extent, by public participation.



Overall, the model seems to be plausible and usable for analyzing the causes of poor SWM performance. The results may be helpful for decision makers to develop more effective (combinations of) interventions. Nevertheless, it must be stated that the model has been used for only six countries so far. And, more importantly, all six countries are located in only one global region: Latin America and the Caribbean. To test the robustness of the model, it needs to be tested in more countries and, especially, countries in other global regions.



Further research is needed to improve the model based on the following points:




	
Search for datasets for countries in other global regions and test the model against these datasets.



	
The processes describing the relation between government revenues and the actual budget for waste services.



	
The processes and variables describing the role of public participation and actual use of services.



	
The processes describing the efficiency of waste services in terms of serviced inhabitants per amount of actual budget for waste services.



	
Enhancing the model with a section on the challenges of collecting waste in rural areas.



	
A more in-depth description of the effect of urbanization and the importance of services in rural areas.



	
The availability of real-life datasets on the actual use of waste services.



	
Identifying additional variables that may enhance the model.








Such research may best be performed through case studies for individual countries or cities.
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Appendix A. The Modeling Process


Modeling, testing, and calibrating a Stock–Flow -Diagram is mostly performed using a suitable software package. It is an iterative process, like the one given in Figure A1 for this research. Model modifications are made to remove faults by changing the structure, equations, and parameters. Testing and calibrating reveal other flaws that were not obvious before, and so the next iteration starts.
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Figure A1. Iterative process for modeling, testing, and calibration used in this research. Solid arrows indicate the sequence of the process steps. Dotted arrows indicate the steps where datasets are used as input to the process. 






Figure A1. Iterative process for modeling, testing, and calibration used in this research. Solid arrows indicate the sequence of the process steps. Dotted arrows indicate the steps where datasets are used as input to the process.
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Testing, calibrating, and modifying are in no way very distinct actions. In general, testing may be more about the initial stages of modeling in which the model is constructed and used as a pilot, whereas calibration is more about using the model to match real-life data. In our process, the three actions vastly overlapped. The leading principle here is that a plausible model should not only reflect a system’s real behavior but should do so for the right reasons. Therefore, a good match between model output and real-life data should not be trusted at first sight and must be tested and tried again under different premises. We refer to this iterative process as “optimization”.



In more detail, this optimization was performed in a number of ways.



	
Checking equation syntax, correct definition and the use of levels/variables/parameters, and the absence of simultaneous computation of equations. The software provides tools to perform these checks.



	
Checking units for the used levels/variables/parameters. These checks are also software enabled.



	
Using simple dummy values for the parameters and the initial state of the variables in the model. This first step is helpful to get the model running and check whether changes in parameters produce the expected behavior of variables.



	
Using an example dataset of a single country. This enables us to check the plausibility of the model’s behavior, for example, when changing the values of the parameters (including extreme values). This can be performed by simple manual manipulation of these parameters or through running large numbers of calibration runs. Similarly, this type of testing may serve to find the minimum timestep (timestep at which further reduction does not yield changes in model behavior) that can be used for running simulations.



	
Removing redundancies. Stocks, flows, and auxiliary variables (non-essential intermediate variables that are only used to elucidate the model) are calculated through mathematical equations. In the specific case where the equation for an auxiliary variable holds parameters, there is a need for this variable to be matched with a counterpart in the dataset. If not, calibration will produce meaningless values for the parameters. In this case, these variables and their datasets may better be removed by directly connecting their inputs and outputs. This simplifies the model without affecting its performance.



	
Reality checks. If calibration of the parameter set leads to one or more absurd parameter values, it may be a good indication that there are still faults in the model structure or equations.



	
Reaching boundaries. If in calibration, a parameter value is produced equal to one of its boundary values, one should consider why this happens. It may be a miscalculated value that can be easily changed, but it may just as well be a flaw in the model.



	
Considering time delays. In case two variables are positively connected (an increase in one variable should lead to an increase in the other) but the datasets show conflicting behaviors (an increase in one variable while at the same time, the other is decreasing), the cause may be that the model does not adequately describe the delay in their cause–effect relation. This may indicate the need for introducing extra or longer delays in their connecting relations.



	
Unknown initial state of variables. In case the initial states of variables (at t = 0) are not known, these initial states can be handled as if they were parameters. In doing so, the calibration software will make the best estimate of these initial states in the same way as this calibration software is handling real parameters.



	
Critical review of available datasets. Datasets may be incomplete, unreliable, or contain outliers, leading to problems in calibration. Incompleteness can be accepted but will reduce the accuracy of calibration. Insufficient reliability, for example, based on comparison with other data or research, must, however, lead to the rejection of that set. Outliers may be considered for exclusion without rejecting the entire dataset.



	
The weighting of variables in calibration. Calibration uses the least sum of squares of the difference between calculated and real-life data for a variable. Calibration against datasets with multiple variables may need the introduction of weighting, especially when these variables have different average values. For example, the calibration against a dataset comprising the urban population and the total population of a country would emphasize the importance of the total population if no weighting were to be used. Weighting should then be performed by dividing the variables by their mean values.



	
Matching calibrated parameter values with other relevant data, insights, and benchmarks. Any resulting parameter value must be handled with skepticism, as it is only the outcome of an algorithm that handles a set of equations in order to match it with a datafile. A good match must not be trusted at first sight and must be checked as much as possible.



	
Comparing results in multiple situations. Applying the model to multiple situations (in this case, countries) can provide a good method to compare and evaluate the resulting parameter sets. Because countries differ in size, population, and so on, such a comparison needs prior normalization of the parameters.






Calibrate the calibration. Calibration of a system with n parameters is like finding a minimum in an n-dimensional space. A good match does not mean that every individual parameter is plausible, it just means that all parameters together lead to that match. This means that any calibration result must be tried by changing its starting position, extending or reducing the parameter ranges, changing the search algorithms, and reducing the time steps in order to find out if even better matches can be found. And, even then, the parameters should not be treated as valid.




Appendix B. List of Variables, Parameters, Acronyms, Units, Mathematical Equations, and Availability of Real-Life Datasets




 














	Acronym
	Variable/Parameter
	Unit
	Mathematical Equation
	Available Counterpart in Dataset





	SP
	SWM Performance
	dmnl
	   S P = P S / P   
	Yes



	P
	Population
	person
	   P = P   0 +   ∫  0   T    P G R   d T     
	Yes



	UP
	Urban Population
	person
	   U P = U P   0 +   ∫  0   T    U P G R   d T     
	Yes



	PP
	Public Participation
	dmnl
	   P P = P P   0 +   ∫  0   T    P P G R   d T     
	Yes



	GQ
	Governance Quality
	dmnl
	   G Q = G Q   0 +   ∫  0   T    G Q G R   d T     
	Yes



	PS
	Population Serviced
	person
	   P S = P S   0 +   ∫  0   T    P S G R   d T     
	No



	GDP
	GDP per capita
	dollar/(person.year)
	   G D P  = G D P   p e r   c a p i t a   b a s i c + G Q ∗ G D P G Q  ∗ G D P   p e r   c a p i t a   c o n s t a n t  + H i s t o r i c   C r u d e   O i l   P r i c e   I n d e x  ∗ G D P   o i l   c o n t r i b u t i o n  + W o r l d   G D P   c o n s t a n t  ∗ W o r d l   G D P   a v e r a g e   
	Yes



	GGR
	General Government Revenues
	dollar/year
	   G G R = G G R   c o n s t a n t ∗ G Q ∗ ( G D P ∗ P −  G G R   b a s i c )   
	Yes



	MUGR
	Manageable Urban Growth
	person/year
	   M U G R = M U G R G Q   c o n s t a n t ∗ G Q   
	No



	PGR
	Population Growth
	person/year
	   P G R = P ∗ ( P G R   b a s i c − P G R   c o n s t a n t           ∗ G D P )   
	See P



	UPGR
	Urban Population Growth
	person/year
	      U P G R = U P ∗ ( U P   G R   b a s i c      + U P G R   c o n s t a n t      ∗ G D P ∗ G Q ) ∗ ( P      − U P ) / P      
	See UP



	UPR
	Urban Pressure
	dmnl
	      I f   U P G R ≤ M U G R     T h e n   U P R      = 1   E l s e   U P R      = U P G R / M U G R      
	No



	PPGR
	Public Participation Growth
	1/year
	      P P G R = ( P P ∗ ( 1 −   P P ) ) ∗ ( P P G R   b a s i c      + P P G R   c o n s t a n t      ∗   D e l a y e d   G Q − 0.5   )      
	See PP



	GQGR
	Governance Quality Growth
	1/year
	   G Q G R  =   H i s t o r i c   p o l i t i c a l   s t a b i l i t y − 0.5    ∗ P o l i t i c a l   S t a b i l i t y   c o n s t a n t  +   G Q ∗   1 − G Q     ∗ ( G Q G R   b a s i c  + G Q G R   c o n s t a n t ∗ G G R )   
	See GQ



	PSGR
	Population Serviced Growth
	person/year
	      P S G R =   1 − S P   ∗   ( P S G R   b a s i c      + P S G R   c o n s t a n t      ∗ G G R   c h a n g e ) ∗ G Q      ∗ P P / ( U r b a n   P r e s s u r e      ∗ S P )      
	Yes



	P 0
	Population Initial
	person
	Fixed value
	Yes



	UP 0
	Urban Population Initial
	person
	Fixed value
	Yes



	PP 0
	Public Participation Initial
	dmnl
	Unknown value at t=0; therefore, used as an optimization parameter
	No



	GQ 0
	Governance Quality Initial
	dmnl
	Fixed value
	Yes



	PS 0
	Population Serviced Initial
	person
	Unknown value at t = 0; therefore, used as an optimization parameter
	No



	GDPGQ
	Latin American GDP/GQ
	dollar/(year.person)
	   G D P G Q =   G D P   L a t i n   A m e r i c a   a v e r a g e   G Q   L a t i n   A m e r i c a   a v e r a g e       
	Yes



	-
	Delayed GQ
	dmnl
	       D e l a y e d   G Q      = ( F i x e d   d e l a y   G Q ,   D e l a y   t i m e )   
	No



	-
	GGR last year
	dollar
	       G G R   l a s t   y e a r      = ( F i x e d   d e l a y   G G R ,   1   y e a r )   
	No



	-
	GGR change
	dollar
	   G G R   c h a n g e = G G R − G G R   l a s t   y e a r   
	No



	-
	Urban Pressure
	dmnl
	   U r b a n   P r e s s u r e = U P G R / M U G R   
	No



	-
	World GDP constant
	dmnl
	Optimization parameter
	No



	-
	GDP per capita constant
	dmnl
	Optimization parameter
	No



	-
	GDP per capita basic
	dollar/(year.person)
	Optimization parameter
	No



	-
	GDP oil contribution
	dollar/(year.person)
	Optimization parameter
	No



	-
	GGR constant
	dmnl
	Optimization parameter
	No



	-
	GGR basic
	dollar/year
	Optimization parameter
	No



	-
	PPGR basic
	1/year
	Optimization parameter
	No



	-
	PPGR constant
	1year
	Optimization parameter
	No



	-
	Delay time
	year
	Optimization parameter
	No



	-
	GQGR basic
	1/year
	Optimization parameter
	No



	-
	GQGR constant
	1/dollar
	Optimization parameter
	No



	-
	Political stability constant
	dmnl
	Optimization parameter
	No



	-
	UPGR constant
	person/dollar
	Optimization parameter
	No



	-
	UPGR basic
	1/year
	Optimization parameter
	No



	-
	PGR constant
	person/dollar
	Fixed at 1E−6
	No



	-
	PGR basic
	1/year
	Optimization parameter
	No



	-
	MUGRGQ constant
	person/year
	Optimization parameter
	No



	-
	PSGR constant
	person/dollar
	Optimization parameter
	No



	-
	PSGR basic
	person/dollar
	Optimization parameter
	No



	-
	World GDP average
	dollar/(person.year)
	Lookup table
	No



	-
	GDP Latin American average
	dollar/(person.year)
	Lookup table
	No



	-
	GQ Latin American average
	dmnl
	Lookup table (varies between 0 and 1)
	No



	-
	Historic crude oil price
	dmnl
	Lookup table (made dmnl by dividing by USD1/barrel)
	No



	-
	Historic political stability
	dmnl
	Lookup table (varies between 0 and 1)
	No









Appendix C. Description of Variables, Ranges, and Their Sources




 














	Variable
	Name Used in Source
	Description
	Range/Normalization
	Original Source
	Accessed through





	SWM Performance SP
	Total population served by municipal waste collection
	Part of population
	0 to 1
	United Nations Statistics Division
	[46]



	Governance Quality GQ
	Government effectiveness
	Index
	−2.5 to 2.5; normalized by authors to 0 to 1
	Quality of Government Institute
	[47]



	Public Participation PP
	Civil society participation
	Index
	−2.5 to 2.5; normalized by authors to 0 to 1
	Quality of Government Institute
	[47]



	Urban Population UP
	Total urban population
	Number
	n.a.
	World Bank—World Development Indicators
	[70]



	Population P
	Total population
	Number
	n.a.
	World Bank—World Development Indicators
	[70]



	GDP per capita
	GDP per capita, purchasing power parity, 2017 international dollars
	US dollar
	n.a.
	International Monetary Fund—World Economic Outlook database
	[71]



	General Government Revenues (GGRs)
	General government revenue
	National currency
	converted to US dollar
	World Bank—World Development Indicators
	[70]



	World GDP Average
	GDP per capita, purchasing power parity, 2017 international dollars
	US dollar
	n.a.
	International Monetary Fund—World Economic Outlook database
	[71]



	GDP Latin American average
	GDP per capita, purchasing power parity, 2017 international dollars
	US dollar
	n.a.
	International Monetary Fund—World Economic Outlook database
	[71]



	GQ Latin American average
	Government effectiveness
	Index
	−2.5 to 2.5; normalized by authors to 0 to 1
	Quality of Government Institute
	[47]



	Historic Crude Oil price
	Brent oil prices
	US dollar/barrel
	Divided by USD1
	World Bank
	[72]



	Historic Political Stability
	Political stability index
	Index
	−2.5 to 2.5; normalized by authors to 0 to 1
	World Bank
	[72]









Appendix D. Description of Normalizations


Normalization of calibration results for all six countries, including additional data that were used in the normalizations and the comparisons between the countries. For a description of all acronyms used, see Appendix B.





 














	
Parameter

	
Belize

	
Bolivia

	
Dominican Republic

	
Ecuador

	
Panama

	
Paraguay






	
Normalization inputs and additional data for comparison




	
Oil production (1000 barrels per day) [72]

	
2.000 × 103

	
7.764 × 104

	
−1.160 × 102

	
5.484 × 105

	
4.460 × 102

	
4.174 × 103




	
Oil consumption (1000 barrels per day) [72]

	
4.000 × 103

	
9.000 × 104

	
1.330 × 105

	
2.590 × 105

	
1.150 × 105

	
5.100 × 104




	
Oil surplus per capita (1000 barrels per day)

	
−6.513 × 10−3

	
−1.272 × 10−3

	
−1.410 × 10−2

	
1.985 × 10−2

	
−3.245 × 10−2

	
−7.731 × 10−3




	
Oil production per capita

	
6.513 × 10−3

	
7.984 × 10−3

	
−1.229 × 10−5

	
3.761 × 10−2

	
1.263 × 10−4

	
6.892 × 10−4




	
GQ average

	
4.418 × 10−1

	
4.106 × 10−1

	
4.073 × 10−1

	
3.727 × 10−1

	
5.299 × 10−1

	
3.221 × 10−1




	
Political stability average

	
5.470 × 10−1

	
4.107 × 10−1

	
4.951 × 10−1

	
3.940 × 10−1

	
5.280 × 10−1

	
3.868 × 10−1




	
Public participation average

	
5.0834 × 10−1

	
3.5752 × 10−1

	
4.4264 × 10−1

	
2.4917 × 10−1

	
5.1379 × 10−1

	
4.5853 × 10−1




	
GDP per capita average (USD)

	
8.619 × 103

	
6.611 × 104

	
1.255 × 104

	
1.009 × 104

	
2.084 × 104

	
1.011 × 104




	
GDPGQ average

	
31,534




	
Average oil price since 1996 (USD per barrel)

	
56




	
Average world GDP per capita since 1996 (USD)

	
13,485




	
GGR average (USD)

	
3.525 × 108

	
6.481 × 109

	
6.955 × 109

	
2.242 × 1010

	
6.503 × 109

	
4.032 × 109




	
GGR change average (USD)

	
1.700 × 10−2

	
4.380 × 10−1

	
4.160 × 10−1

	
1.380

	
4.570 × 10−1

	
2.750 × 10−1




	
GGR per capita average (USD)

	
1.148 × 103

	
6.665 × 102

	
7.369 × 102

	
1.538 × 103

	
1.842 × 103

	
6.657 × 102




	
Urban population average

	
1.397 × 105

	
6.389 × 106

	
6.748 × 106

	
9.062 × 106

	
2.285 × 106

	
3.547 × 106




	
Population average

	
3.071 × 105

	
9.724 × 106

	
9.439 × 106

	
1.458 × 107

	
3.530 × 106

	
6.057 × 106




	
UPR average

	
1.00

	
20.32

	
10.33

	
1.00

	
1.00

	
1.00




	
Slums 2018 (% of UP) [70]

	
0.50 × 101

	
4.850 × 101

	
1.480 × 101

	
2.010 × 101

	
2.210 × 101

	
1.710 × 101




	
SP average (fraction of population)

	
4.89 × 10−1

	
4.49 × 10−1

	
7.79 × 10−1

	
7.49 × 10−1

	
6.46 × 10−1

	
3.81 × 10−1




	
Normalizations (N refers to normalized parameter)




	
GDP oil contribution N

	
   G D P   o i l   c o n t r i b u t i o n ∗ A v e r a g e   o i l   p r i c e   s i n c e   1996 / G D P   p e r   c a p i t a   a v e r a g e   




	

	
5.50 × 10−3

	
1.05 × 10−1

	
1.86 × 10−1

	
1.71 × 10−1

	
1.79 × 10−2

	
6.15 × 10−2




	
GDP per capita basic N

	
   G D P   p e r   c a p i t a   b a s i c / G D P   p e r   c a p i t a   a v e r a g e   




	

	
1.21 × 10−1

	
1.36 × 10−5

	
0.00

	
4.21 × 10−1

	
0.00

	
4.50 × 10−2




	
GDP per capita constant N

	
   G D P   p e r   c a p i t a   c o n s t a n t ∗ G Q   a v e r a g e ∗ G D P G Q   a v e r a g e / G D P   p e r   c a p i t a   a v e r a g e   




	

	
3.92 × 10−1

	
8.75 × 10−1

	
7.79 × 10−1

	
4.04 × 10−1

	
4.35 × 10−20

	
8.65 × 10−1




	
World GDP constant N

	
           W o r l d   G D P   c o n s t a n t      ∗ A v e r a g e   w o r l d   G D P   p e r   c a p i t a   s i n c e   1996      / G D P   p e r   c a p i t a   a v e r a g e      




	

	
2.72 × 10−1

	
0.00

	
0.00

	
5.21 × 10−7

	
1.01

	
0.00




	
GGR basic N

	
   G G R   b a s i c ∗ G Q   a v e r a g e ∗ G G R   c o n s t a n t / G G R   a v e r a g e   




	

	
1.36

	
1.69

	
8.16 × 10−2

	
1.76

	
1.08

	
8.95 × 10−1




	
GGR constant N

	
   G G R   c o n s t a n t ∗ G D P   a v e r a g e ∗ P o p u l a t i o n   a v e r a g e ∗ G Q   a v e r a g e / G G R   a v e r a g e   




	

	
3.14

	
2.65

	
9.66 × 10−1

	
2.56

	
1.97

	
1.86




	
GGR combined N

	
   G G R   c o n s t a n t   N − G G R   b a s i c   N   




	

	
1.781

	
9.546 × 10−1

	
8.846 × 10−1

	
8.024 × 10−1

	
8.918 × 10−1

	
9.599 × 10−1




	
GGR/GDP N

	
   G G R   p e r   c a p i t a   a v e r a g e / G D P   p e r   c a p i t a   a v e r a g e   




	

	
1.33 × 10−1

	
1.01 × 10−1

	
5.87 × 10−2

	
1.52 × 10−1

	
8.84 × 10−2

	
6.59 × 10−2




	
GQGR basic N

	
   G Q G R   b a s i c ∗ G Q   a v e r a g e ∗ ( 1 − G Q   a v e r a g e )   




	

	
−1.93 × 10−2

	
−7.50 × 10−3

	
4.48 × 10−3

	
−4.81 × 10−3

	
−1.38 × 10−3

	
−8.78 × 10−4




	
GQGR constant N

	
   G Q G R   c o n s t a n t ∗ G Q   a v e r a g e ∗ ( 1 − G Q   a v e r a g e ) ∗ G G R   a v e r a g e   




	

	
9.47 × 10−3

	
7.48 × 10−3

	
5.41 × 10−4

	
8.34 × 10−2

	
8.58 × 10−5

	
4.56 × 10−3




	
Political stability constant N

	
   P o l i t i c a l   S t a b i l i t y   c o n s t a n t ∗ ( P o l i t i c a l   S t a b i l i t y   a v e r a g e − 0.5 )   




	

	
4.70 × 10−4

	
−8.96 × 10−4

	
−1.74 × 10−3

	
−1.06 × 10−3

	
3.01 × 10−4

	
−1.13 × 10−3




	
GQGR combined N

	
   P o l i t i c a l   S t a b i l i t y   C o n s t a n t   N + G Q G R   b a s i c   N + G Q G R   c o n s t a n t   N   




	

	
−9.313 × 10−3

	
−1.857 × 10−3

	
−4.323 × 10−4

	
2.46 × 10−3

	
−7.172 × 10−4

	
2.664 × 10−3




	
PPGR basic N

	
   P u b l i c   P a r t i c i p a t i o n   b a s i c ∗ P P   a v e r a g e ∗ ( 1 − P P   a v e r a g e )   




	

	
3.11 × 10−3

	
9.45 × 10−3

	
2.34 × 10−3

	
2.94 × 10−2

	
−4.77 × 10−2

	
1.52 × 10−2




	
PPGR constant N

	
   P u b l i c   P a r t i c i p a t i o n   c o n s t a n t ∗ P P   a v e r a g e ∗   1 − P P   a v e r a g e   ∗ ( G Q   a v e r a g e           − 0.5 )   




	

	
−2.34 × 10−3

	
−1.19 × 10−2

	
−2.29 × 10−3

	
−2.92 × 10−2

	
3.74 × 10−2

	
−2.05 × 10−2




	
PPGR combined N

	
   P P G R   c o n s t a n t   N + P P G R   b a s i c   N   




	

	
7.68 × 10−4

	
−2.42 × 10−3

	
5.50 × 10−5

	
1.56 × 10−4

	
−1.03 × 10−2

	
−5.29 × 10−3




	
MUGRGQ constant N

	
   M U G R G Q   c o n s t a n t ∗ G Q   a v e r a g e / U r b a n   P o p u l a t i o n   a v e r a g e   




	

	
6.92 × 10−2

	
1.19 × 10−3

	
2.47 × 10−3

	
5.14 × 10−2

	
3.22 × 10−1

	
3.23 × 10−2




	
PGR combined N

	
   P G R   b a s i c − 1 E − 6 ∗ G D P   p e r   c a p i t a   a v e r a g e   




	

	
2.53 × 10−2

	
1.69 × 10−2

	
1.45 × 10−2

	
1.61 × 10−2

	
1.81 × 10−2

	
1.54 × 10−2




	
UPGR combined N

	
      ( U P G R   b a s i c + U P G R     c o n s t a n t ∗ G D P   p e r   c a p i t a   a v e r a g e ∗ G Q   a v e r a g e )      ∗ ( P o p u l a t i o n   a v e r a g e      − U r b a n   P o p u l a t i o n   a v e r a g e ) / P o p u l a t i o n   a v e r a g e      




	

	
3.36 × 10−2

	
2.41 × 10−2

	
2.55 × 10−2

	
2.17 × 10−2

	
2.36 × 10−2

	
2.36 × 10−2




	
UPGR/PGR N

	
   U P G R   c o m b i n e d   N /   P G R   c o m b i n e d   N   




	

	
1.33

	
1.42

	
1.76

	
1.34

	
1.31

	
1.53




	
PSGR basic N

	
   P S G R   b a s i c ∗   1 − S P   a v e r a g e   ∗ G Q   a v e r a g e ∗ P P   a v e r a g e / ( P o p u l a t i o n   a v e r a g e           ∗ S P   a v e r a g e ∗ U P R   a v e r a g e )   




	

	
0.00

	
1.17 × 10−2

	
8.65 × 10−3

	
7.12 × 10−3

	
1.66 × 10−3

	
0.00




	
PSGR constant N

	
   P S G R   c o n s t a n t ∗ G G R   c h a n g e   a v e r a g e ∗   1 − S P   a v e r a g e   ∗ G Q   a v e r a g e           ∗ P P   a v e r a g e / ( P o p u l a t i o n   a v e r a g e ∗ S P   a v e r a g e ∗ U P R   a v e r a g e )   




	

	
6.11 × 10−3

	
4.14 × 10−3

	
2.06 × 10−2

	
8.84 × 10−3

	
1.16 × 10−2

	
1.27 × 10−2




	
PSGR combined N

	
   P S G R   b a s i c   N + P S G R   c o n s t a n t   N   




	

	
6.11 × 10−3

	
1.58 × 10−2

	
2.93 × 10−2

	
1.60 × 10−2

	
1.33 × 10−2

	
1.27 × 10−2




	
GGR/PSGR N

	
   G G R   c h a n g e   a v e r a g e / P S G R   c o m b i n e d   N ∗ P   a v e r a g e   




	

	
9065

	
2844

	
1505

	
5931

	
9732

	
3570
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Figure 1. Causal Loop Diagram (CLD) describing an urban system in developing countries regarding its effects on the performance of waste collection. The arrow indicates the direction of causality, the +/− indicates the polarity of the relation, an = sign indicates delays in the relation. R refers to a reinforcing loop, which is a loop with relations that reinforce the effects. B refers to the opposite, a balancing loop. 
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Figure 2. The final Stock and Flow Diagram (SFD) used in this paper describing the country system with its variables, parameters, and constants, as it affects the performance of waste collection. The used colors refer to the typology of the variables and parameters given on the right-hand side. All abbreviations and relations are described in detail in Appendix B and Appendix C. 
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Figure 3. Example of results using Vensim, in this case for Bolivia, with the calibrated parameter set as given in Table 2. The left-hand side is the input time series used for the exogenous variables. On the right-hand side, 7 diagrams are shown for the simulated variables (blue lines) that are calibrated against real-life data (red lines), along with 2 diagrams for the auxiliary variables that are also calculated during simulations. The red-framed diagram provides the diagram for the target variable SWM performance SP. See Appendix B and Appendix C for a description of all acronyms. 
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Figure 4. A graphic representation of the results of the sensitivity analysis given in Table 2 for all 6 countries and all 20 parameters (PGR constant excluded). The X-axis gives the parameters, and the Y-axis gives the percentual change in the target parameter SWM performance SP when a + or −10% change is imposed on the parameters on the X-axis. For descriptions of all acronyms used, see Appendix B. 
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Figure 5. Schematical simplified Causal Loop Diagram of the system. Arrows indicate the direction of causality. Plus and minus indicate the polarity of the causality. An equal sign indicates delays in causality. R and B refer to reinforcing and balancing loops, respectively. 
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Table 1. Summary of the 6 selected countries for which datasets on the 7 calibration variables are available for the period 1996–2020.
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	Studied Countries
	Variables Fit for Calibrating the Model





	Belize
	SWM Performance (SP)



	Bolivia
	Population (P)



	Dominican Republic
	Urban Population (UP)



	Ecuador
	General Government Revenues (GGRs)



	Panama
	Public Participation (PP)



	Paraguay
	Governance Quality (GQ)



	
	Gross Domestic Product per capita (GDP)










 





Table 2. Results of parameter calibration for all six countries, including the resulting simulation of the target parameter SP, the number of performed simulations, and the resulting sum of weighted least squares.
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	Parameter
	Belize
	Bolivia
	Dominican Republic
	Ecuador
	Panama
	Paraguay





	PGR basic
	3.40 × 10−2
	2.35 × 10−2
	2.71× 10−2
	2.62 × 10−2
	3.89 × 10−2
	2.55 × 10−2



	PGR constant
	1.00 × 10−6
	1.00 × 10−6
	1.00 × 10−6
	1.00 × 10−6
	1.00 × 10−6
	1.00 × 10−6



	UPGR basic
	9.09 × 10−4
	4.31 × 10−2
	6.98 × 10−2
	5.73 × 10−2
	6.70 × 10−2
	5.68 × 10−2



	UPGR constant
	1.60 × 10−5
	1.00 × 10−5
	3.87 × 10−6
	0.00
	1.13 × 10−9
	0.00



	GDP per capita basic
	1.04 × 103
	8.99 × 10−2
	0.00
	4.24 × 103
	0.00
	4.54 × 102



	GDP per capita constant
	2.42 × 10−1
	4.47 × 10−1
	7.62 × 10−1
	3.46 × 10−1
	5.42 × 10−20
	0.86



	World GDP constant
	1.74 × 10−1
	0.00
	0.00
	3.91 × 10−7
	1.56
	0.00



	GDP oil contribution
	8.43 × 10−1
	1.24 × 101
	4.15 × 101
	3.08 × 101
	6.63
	11.06



	GGR basic
	1.14 × 109
	41.1
	1.00 × 1010
	1.01 × 1011
	4.03 × 1010
	2.95 × 1010



	GGR constant
	9.46 × 10−1
	6.51 × 10−1
	1.39 × 10−1
	1.05
	3.29 × 10−1
	0.38



	GQGR basic
	−7.81 × 10−2
	−3.10 × 10−2
	1.86 × 10−2
	−2.06 × 10−2
	−5.54 × 10−3
	−4.02 × 10−3



	GQGR constant
	1.09 × 10−10
	4.77 × 10−12
	3.22 × 10−13
	1.59 × 10−12
	5.30 × 10−14
	5.18 × 10−12



	Political stability constant
	1.00 × 10−2
	1.00 × 10−2
	3.54 × 10−1
	1.00 × 10−2
	1.07 × 10−2
	0.01



	PP 0
	4.73 × 10−1
	3.36 × 10−1
	4.34 × 10−1
	2.33 × 10−1
	4.85 × 10−1
	0.564



	PPGR basic
	1.25 × 10−2
	4.11 × 10−2
	9.50 × 10−3
	1.57 × 10−1
	−1.91 × 10−1
	0.061



	PPGR constant
	1.61 × 10−1
	5.78 × 10−1
	1.00 × 10−1
	1.23
	5.00
	0.46



	PS 0
	1.09 × 105
	2.09 × 106
	2.73 × 106
	5.00 × 106
	1.53 × 106
	1.36 × 106



	PSGR basic
	0.00
	1.29 × 107
	1.65 × 107
	3.34 × 106
	3.92 × 104
	0.00



	PSGR constant
	4.70 × 10−4
	1.04 × 10−2
	9.44 × 10−2
	3.01 × 10−3
	6.02 × 10−4
	1.2 × 10−3



	MUGRGQ constant
	2.19 × 104
	1.84 × 104
	4.10 × 104
	1.25 × 106
	1.39 × 106
	3.55 × 105



	Delay time
	0.4
	4.9
	5.0
	2.0
	4.9
	5.0



	Resulting simulation of

SWM performance SP
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	Number of simulations
	6.46 × 106
	4.75 × 106
	2.32 × 107
	7.40 × 106
	1.26 × 107
	1.89 × 107



	Sum of weighted least squares
	−2.48 × 10−1
	−1.23
	−1.23
	−1.27
	−1.21
	−1.30







Note: The model assumes that a growing GDP per capita smoothens the growth of the population [49]. The parameter PGR constant describes this relation in the way given in Appendix B. During calibrations, the optimization algorithm tended to push this parameter towards unrealistic high values. This effect could only be eradicated by setting the parameter at a fixed value. We used 1 × 10−6 person/dollar, meaning that at an average GDP per capita of a country of around USD 30,000 per person per year, population growth becomes zero. In doing so the parameter PGR constant no longer plays a role in the calibration.













 





Table 3. Numerical results of the sensitivity analysis for all 6 countries and all 20 parameters (PGR constant excluded). The data in the cells give the percentual change in the target parameter SWM performance SP when a + or −10% change is imposed on the parameters of column 1. A light-yellow color indicates cells with sensitivities of 5% or more. For a description of all acronyms used, see Appendix B. n.a. means “not applicable”, meaning that this parameter was calibrated at 0 during calibrations.
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PGR basic

	
6%

	
−1%

	
−2%

	
3%

	
−2%

	
3%

	
−3%

	
2%

	
2%

	
−2%

	
2%

	
−3%




	
UPGR basic

	
0%

	
−1%

	
−0%

	
0%

	
0%

	
0%

	
0%

	
2%
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UPGR const
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n.a.
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3%
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6%
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1%

	
−3%

	
−0%

	
n.a.

	
−5%
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GDP per capita constant

	
11%
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