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Abstract

:

In recent years, there has been a trend of increasing criticism towards official development assistance (ODA) and the optimization of ODA policies, in a world of growing inequality between the Global North and Global South. To contribute to efficient ODA planning, this article proposes to innovatively apply system dynamics as an optimal tool for ex ante impact assessment. The study case is located in the slums of Darkhan (Mongolia), whose citizens and environment suffer the consequences of poor urban planning and lack of municipal solid waste management (MSWM). In this context, the present research proposes a policy of education and infrastructure as key factors for the improvement of MSWM in the context of an international cooperation plan, carried out by the Korean agency KOICA. To evaluate its impact and anticipate its effects, a tailor-made system dynamics model of a Darkhan district has been created, with the focus on the education process in order to simulate the different options of the proposed policies. The results show that education policy is particularly relevant for behavioral change, in terms of reducing waste burned and waste on the ground, and increasing composted and recycled waste. However, in this context, the policy is ineffective for improving the district’s water and air pollution situation. This article also offers discussions and recommendations to be applied to the international cooperation plan, which takes place in real life. It is expected that the described process of model construction and its results will contribute to the further use of system dynamics as a planning tool in the international cooperation field.
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1. Introduction


Official development assistance (ODA) is an instrument of international development cooperation for the promotion of human, sustainable, and gender-equitable development [1,2,3]. One of the modalities of ODA and international cooperation in education for sustainable development is as an agent of change, towards more environmentally conscious citizenship [4,5].



In recent decades, ODA has faced a strong debate on the effectiveness and coherence of policies, reflected in the low impact of resources used and lack of adequacy of said resources [6,7,8,9,10]. In this respect, the correct planning of development interventions plays an essential role, as the future provision of objectives and resources will depend on this. Bilateral ODA agencies have traditionally used tools based on analysis, observation, and judgment for planning, with the logical framework approach and project cycle management being the main representatives, due to their greater ease of use [10,11]. However, these tools generally lack a methodological basis capable of anticipating the quantitative impact of policies [10,11,12,13]. In terms of this concern, the European Union and academia encourage the use of tools that reveal the ex ante impact and effectiveness of interventions over time, before their implementation [12,14,15,16].



In this context, system dynamics, an analyzing and modeling methodology that allows the simulation of policies in complex contexts [17,18,19], appears to be an effective tool for decision making in international development cooperation. System dynamics have previously been extensively proven for policy making and the ex ante impact assessment of environmental policies [20,21,22], natural resource management [19,21,23], and sustainable urban planning [24,25,26,27]. However, no evidence has been found of its use in official development assistance policies, so we will take advantage of this void to introduce it and implement its virtues in this field.



To see how system dynamics can support development policy decision making, we will use a Korea International Cooperation Agency (KOICA) case study. KOICA is an international benchmark, a renowned ODA agency that bases its model on Korea’s own experience as a former developing country, in addition to its strong support for education, infrastructure, and rural development in Asia [28,29,30]. From the different regions where KOICA cooperates, we will look at Mongolia, a country characterized by having around 50% of the population living in the so-called ger districts, slums of traditionally nomadic families rapidly moved to and settled in the traditional nomadic yurts (ger in Mongolian). These districts currently suffer serious urban planning, pollution, and public health problems [31,32,33].



Deficient municipal solid waste management (MSWM) is identified as a cross-cutting element which intertwines the aforementioned districts’ problems. There is a lack of municipal attention, evidenced by infrequent waste collection [34,35] and a lack of environmental education in the promotion of the correct separation of household waste and awareness of the environmental consequences of behavior [35], among others. This results in dirty, unsafe streets with waste on the ground, polluting the soil and water [32,36,37], and a more polluted atmosphere, due to using waste burning as a heating method on household stoves [38]. Slum district 15 of Darkhan city, in the north of Mongolia, was chosen due to the uniqueness of the environment in which it develops. First, the area has a small number of inhabitants—8647 people [39]—which might work as a “laboratory” to experiment with MSWM policies. Additionally, the population is sensitive to public participation and the role of neighbors due to the loss of the community activity aspect of their nomadic heritage, which can make it easier to spread better environmental attitudes among citizens [34,35,40,41]. Finally, despite being Mongolia’s second largest city and having serious environmental problems [42,43,44], it receives scant attention from international development cooperation and multilateral institutions in general. This is reflected in the small number of international reports and programs carried out in this city and in the limited articles in high-impact journals carried out in comparison with those of Ulaanbatar. For this reason, we refer throughout the article to many primary sources and the only known research on residential waste separation behavioral intention in Darkhan [35] which involved interviews with the population of the ger districts to find out their behavioral intentions about source separation.



Faced with the dire situation in Darkhan district 15, the Korean agency KOICA, together with other local actors, developed a plan that could provide sustainable urban planning solutions to Darkhan district 15 (see Figure 1), through an intervention called the Green Ger Village Master Plan. However, when following up the Plan through interim documents we found poor funding and weak policies have meant that tangible achievements towards its goals have not been made. To improve the plan’s impact, education and infrastructure policies to improve MSWM and urban sustainability based on the work of [35] are proposed to address the district’s various environmental and public health problems and to maximize environmental solutions. The policies would be funded by KOICA and the local government would oversee its maintenance. The education policy is aimed not only at a better environmental behavior in terms of source separation, but also at local and female empowerment through knowledge, incentive factors, and public participation. The infrastructure policy is aimed at the renovation, creation, and maintenance of MSWM facilities and resources. To see the different lines of the educational and infrastructure policy, read Appendix A.



MSWM problems have not created a situation unique to the Darkhan slums, but rather a situation shared in slums throughout the rest of the world. Literature on MSWM proposes source separation and waste reduction as a key element to alleviating MSW mismanagement in slums in developing countries [45,46,47,48,49]. In this sense, it is acknowledged that the so-called situational, knowledge, and incentive factors play a crucial role in this behavior [46,48,50]. The existence of situational factors (management infrastructure, recycling infrastructure, etc.) is considered to be an essential condition for the correct collection and subsequent management of waste [48,51]. However, subjective factors, such as the knowledge of correct waste management [45,48,52], awareness of perceived benefits such as incentive factors [53,54], public recognition [46,48,50], or environmental awareness [55] are also recognized as determining factors. They also highlight the importance of socioeconomic factors (gender, incomes, educational level, etc.) [48].



From a system dynamics approach, the simulation of policies to improve MSWM has also been addressed, usually focused on collection systems and their costs, transportation, and treatment. [56,57,58,59]. However, it was not until [54] that a model reflected a source separation policy and its effect on total waste generation and landfills. Sukholthaman and Sharp [51] evaluated different but constant percentages of the population performing source separation, and the impact of said ratios on the total waste generated and recycled. However, they did not include in the model the effect on other types of behavior (waste burning, waste to bins, recycling, etc.), or how the agents of behavioral change on source separation (knowledge, situational factors, and incentives) provide influence progressively over time. Neither does this, nor the previous applications mentioned, address the effects that this type of policy could have on the environment and public health.



Based on this research gap, and the particularities of Darkhan district 15, we propose the simulation of education and infrastructure policies to improve MSWM through system dynamics. The proposed model will make it possible to simulate different waste management policy alternatives, and to make efficient decisions in this respect. Unlike previous applications, the model will focus not only on waste management itself, but also on the effects of citizen education and the impact of this on the environment. To this end, we will draw on research that has previously addressed the importance of these aspects in different contexts [46,48]. Moreover, in contrast to other MSWM system dynamics models, this model focuses on education processes, seeking to identify the types of waste management behaviors that are strongly linked to education. This will allow us to anticipate the results before implementing the development plan, and make recommendations based on them, resulting in a more efficient use of ODA resources. The ultimate aim is to highlight the advantages of using tools, such as system dynamics, which allow anticipating the effects of policies before they are implemented within the Green Ger Village Master Plan, and in international development cooperation in general.




2. Materials and Method


System dynamics is an analysis and modeling methodology of temporal behavior in complex contexts which allows the simulation of policies, emulating their effects over time in a controlled environment [22,60]. The methodology works through non-linear models as an aggregation of cause–effect relationships between system variables. The integration of feedback loops, time delays, stocks, and flows of materials in cause–effect relationships make it suitable for reproducing the dynamic behavior of structures that are inherent in social and environmental contexts, using computer programs [60].



The construction process of a system dynamics model is systematized, comprising the conceptualization, formulation, and result analysis of the model. Thus, following the common steps [61,62], we will construct our model, named DARKHAN-15 (DARKHAN-15 refers to 15th ger district of Darkhan city), in which we will simulate MSWM policies. The first step, conceptualization, is essential for the successful functioning of the model, as it involves the understanding of the system and its translation into causal diagrams of relationships, on which the model will be constructed. This is followed by the formulation phase, representing its relationships as a stock and flow diagram, later integrated into simulation software with the model database, to form the mathematical model. This model will be able to simulate the system’s behavior, where the education and infrastructure policies can be applied over a certain period. Lastly, the result analysis phase includes the establishment of the conditions of the different scenarios or alternatives, and their subsequent simulation. The results extracted can be used to draw conclusions and make decisions regarding the policies to be implemented. Figure 2 details the process of building the model using system dynamics.



The first step of the conceptualization phase is to identify the object of study, the municipal solid waste management (MSWM) system in Darkhan city district 15. The problem analysis set in Section 1 concludes that deficient MSWM is caused, on the one hand, by a lack of resources and attention from the local government to ger districts and, on the other, by households that are not educated in environmental awareness and so improperly manage their household waste. This problem leads to polluted soil, air, and water and in turn to disease and environmental degradation. The next step is to identify the elements and basic structure that constitute DARKHAN-15. The key elements involved in the system are identified as follows:




	-

	
Households: the element that generates and manages waste.




	-

	
Local government and KOICA: the elements that have the economic funds to collect and manage waste.




	-

	
Waste: an element generated, managed, and collected (or not).




	-

	
Pollution: an element that accumulates the effects of poor waste management.









These basic elements are used to establish the subsystem as simple behavioral structures of the different subsystems. Thus, the relationship between the three subsystems and functions identified in our system is presented below. The system starts with the economic funding of MSWM infrastructure and education activities, which leads to different generation rates of waste by households that, depending on the efficiency of the waste management, end with higher or lower consequences on pollution. Figure 3 shows the process described, with inputs and outputs from each subsystem represented with arrows.



	
“Economic subsystem”. The control subsystem of DARKHAN-15. It comprises the economic resources that fund the education and infrastructure policies. The subsystem has the following inputs: on the one hand, the KOICA funds that finance the education policy and the initial infrastructure. On the other, the local funds that maintain the infrastructure created. As outputs, the implementation of the policies results in a “knowledge effect” and a “situational factors effect” on the “households subsystem”. The infrastructure policy provides as outputs a “collection frequency” of waste and the maintenance, or not, of a “recycling collection” in the “waste subsystem”. Lastly, the “waste taxes” evidenced via the rubbish bags, an element from the “waste subsystem”, provide income to the local government.



	
“Households subsystem”. Comprises the citizens of the ger districts forming family units that generate waste. We consider educated households those that, regardless of their level of formal education, are educated in environmental awareness, sustainable development, and proper waste management. This implies that “educated households” (EHH) will generate less waste and manage it correctly (reducing, recycling, and reusing), in contrast with “non-educated households” (NEHH) that manage it incorrectly (burning waste, throwing it on the ground, etc.). The education process will depend on the “knowledge effect” and “situational factors effect” from the “economic subsystem”. As outputs, “waste generation rate of EHH” and “waste generation rate of NEHH” will determine the volume of waste to be managed in the “waste subsystem”.



	
“Waste subsystem” comprises the generation of waste by “waste generation rate of EHH” and “waste generation rate of NEHH” from the “households subsystem” and its collection, depending on the “collection frequency” and the existence or not of a “recycling collection”. As outputs of the subsystem, there are “waste on heating mix fuel effect” and the “waste on ground effect on water”, resulting from incorrect waste management, which affect water and air quality from the “pollution function”. Additionally, the use of waste bags, which includes a volume waste fee, provides income to the local government (“economic subsystem”) through “waste taxes”. Therefore, the “waste subsystem” depends on the generation of waste of the “households subsystem” and the economic resources from the “economic subsystem”.



	
“Pollution function” comprises the elements affected by the consequences of bad waste management that sickens “households” (people) and deteriorates the environment. This function depends on the “waste subsystem”. According to the waste management in the latter subsystem, “waste on heating mix fuel effect” and the “waste on ground effect on water” will result in a greater or lesser “death rate indoor air pollution” and “death rate water pollution” in the “households subsystem”.






The final step of the conceptualization phase is to establish the cause–effect relationships between the variables of the subsystems and their limits. Elements are progressively added to the structure, identifying the elements that will form our system. This naturally leads to the establishment of system boundaries and feedback loops. After this, causal loop diagrams are translated into stock and flow diagrams through stock, flow, auxiliary variables, and delays. Figure 4 represents the economic, household, waste, and pollution subsystems of the DARKHAN-15 system through a single stock and flow diagram.



To clearly explain the stock and flow diagram of DARKHAN-15, we divided the three mentioned subsystems and pollution function with more in-depth detail in the households subsystem.



2.1. Economic Subsystem


The economic subsystem comprises the financial capital that generates the infrastructure and education policy in DARKHAN-15. The education policy is aimed at better environmental education, and so it includes educational activities. The infrastructure policy is aimed at the renovation, creation, and maintenance of MSWM facilities and resources, and so it reflects the elements that play a role in them. The proposed financing of this policy is as follows: KOICA would support the education policy and the creation of the waste management infrastructure with development funds, while the local government would cover the maintenance costs once the infrastructure is created. These processes are highlighted in purple in Figure 4A, through a stock and flow diagram.



The “education budget”, “waste management infrastructure budget”, and “waste management maintenance budget” variables are considered as stock, and drawn within a rectangle as they are relevant variables for defining the state of the system and representing stock or accumulation of material, in this case, cash flow. Those variables are determined by the costs of the auxiliary variables that affect them. Key elements of the economic subsystem causal diagram are, on the left, “education activity expenses” and “lighting infrastructure” together with “waste management maintenance budget” which will positively influence the households subsystem through “knowledge effect” and “situational factors effect”. As stated in the literature [35,50], the “lighting infrastructure construction” and its maintenance will positively influence the “situational factors effect”. On the right-hand side, “collection frequency” and “recycling collection” will positively influence the waste subsystem.




2.2. Households Subsystem


This the citizens (people) of the ger districts forming family units which generate waste, and the process of transformation—or education—of “non-educated households” to “educated households”. This will result in a reduction in waste generation. The household subsystem consists of three parts, from bottom to top (see Figure 4B in blue): the “population” living in the district, its organization into “households”, and the “total education effect” of the applied policies. The variables “non-educated households”, “educated households”, and “population“ are represented within a rectangle and so are considered as a stock variable, representing an accumulation of material, in this case, households for the first and second, and people for the third.



Starting from the top, we find the factors that are included in the education process. The literature on the subject [45,47,48,49] indicates that the inclusion of situational factors, incentive-based factors, and knowledge-based factors has positive effects on waste management and, so, we consider that these factors combined educate households as they change their behavior in relation to waste management and the environment. “Total education effect” is formed from the “knowledge effect”, on which the “situational factors effect” and the incentive-based effect (formed in turn by the “penalty fine effect” and the “recycling bag effect”) have a multiplying effect. The combination of these effects under “total education effect” gives an “NEHH education rate” which is the rate at which “non-educated households (NEHH)“ are educated.



Secondly, located in the center of the diagram, we find a representation of the households’ education process. The population organized in households considered as “non-educated households“—because of their incorrect waste management – generates waste at a certain “waste generation rate NEHH”. When households are positively influenced by the “total education effect“, households are educated at an “HH education rate“, resulting in a certain number of households being grouped into “educated households EHH“. These “EHH“ will generate waste at a lower rate than the “NEHH“ because of their better environmental awareness, resulting in a “waste generation rate EHH“. It is considered that there is a delay in the education process and a “limit EHH“. Another important process to highlight is the process of re-education of “educated households“. The existing literature refers to the importance of social recognition and the role of neighbors through public participation in the education of the households themselves [46,48]. Thus, “EHH“ will educate a certain part of the “NEHH“, thus multiplying the effects of the implemented policies, leading to a reinforcement loop (R1).



Finally, at the end of the diagram, we find the relationship between “births“ and “deaths“ that gives rise to the “population“ of district 15.




2.3. Waste Subsystem


This subsystem contains the elements that are part of the generated waste and collection of waste management. The subsystem reflects the waste management behaviors of households. Usually, in the absence of adequate collection and environmental awareness, households in ger districts throw a small amount in the garbage, another amount is burned and incorporated as part of the fuel mix due to the price of coal, another amount is thrown on the ground, and an almost non-existent amount is composted or recycled. Additionally, the diagram reflects a policy line based on an incentive, the volume-based waste fee, a policy successfully implemented in Korea which achieved effective source separation [63]. These processes are shown in green in Figure 4C.



Its main element, in the center, is “intermediate waste”, which accumulates waste generated until its management and collection. The structure of this subsystem is based on the Sukholthaman waste management system dynamics model [54]. The variables “intermediate waste“, “waste in bin“, and “waste on the ground“ are considered as stock because of their relevance to knowing the state of the system, and because they represent a stock of material, in this case, kilograms of waste (see Figure 4C). “Collection frequency” will be the determining element for reducing the accumulation of “waste in bins“ and “waste on the ground“. It is considered that “EHH“ do not throw waste on the ground and that they will, instead, reuse and recycle possible waste in this category, and the rest will be thrown into the waste stored in their plot until collection time. Other processes shown in the diagram are those related to the generation of economic resources and pollution. Firstly, we can see how “burned waste“ (in the form of ash) and “waste in bin“ influence the volume of “rubbish bags“ used. The imposition of the volume-based waste fee—“VBWF“—as an incentive implies that the larger the number of “rubbish bags“, the higher the revenue generation through “waste taxes“. “Composted waste“ and “recycled waste“ feature in the reverse process. “Composted waste“ provides “savings“ by not requiring the purchase of fertilizers and using compost for gardens. “Recycled waste“ is not subject to taxes, and its bags are dispensed free of charge. Finally, there are the effects associated with poor management of “burned waste“ and “waste on the ground“. The literature on the subject indicates that part of the waste is incorporated as part of heating mix fuel [38]. Thus, the greater the amount of “burned waste“, the greater the “waste on heating mix fuel effect“. In turn, when “waste on the ground” accumulates, it leaches into the ground slowly (causing a delay), contaminating groundwater—“waste on ground effect on water”—and affecting the pollution function.




2.4. Pollution Function


The pollution function includes those factors that cause pollution of the system, leading to disease and deterioration of the environment. By throwing waste on the ground and drinking from private wells in their homes (because of the price of water in kiosks and because the region has many aquifers), people drink the wastewater that has leached through the ground, also contaminated by unsealed pit latrines on household plots. As a result, the population drinks a mixture of kiosk water and well water. Likewise, households burn garbage as part of their fuel mix due to the price of coal, ignoring the seriousness of these actions, leading to higher pollution levels [36]. The literature also indicates that the high use of coal (especially in winter) is the most important contributor to indoor air pollution [38]. This process is highlighted in Figure 4D in orange.



The pollution function is determined by the “indoor air pollution“ on the left, and the water pollution is measured as “drinking water quality“, represented on the right. These lead to serious health consequences visible in “children with respiratory diseases“ and the “death rate by indoor air pollution“, “diseased population attributable to water“, and “death rate by polluted water“.



The next step is to establish the model’s data architecture. These data will be part of the model’s equations and will determine the effect of some variables on others, according to previously established relationships. To form the database that feeds into the model as closely as possible to reality, an in-depth consultation on the literature on the object of study, reports from official and international agencies and primary sources, has been performed. On certain occasions, inconsistent, mismatched, or no data were found from similar applications in similar conditions and have been interpolated. Appendix B provides the data for the exogenous variables of the model for the different subsystems of economy, households, pollution, and the pollution function.



The last step is to detail the DARKHAN-15 model in formal language, in the form of equations and computational language. Simulation software facilitates the definition of the equations through the representation of the stock and flow diagram and the introduction of the data architecture. The most common are Vensim and Stella-iThink. However, the free software tool Insight Maker has been selected because of its ease of use, and its nature as an open application makes it possible to disseminate the information for free and to learn from other users’ applications [64]. As a result of the above process, the DARKHAN-15 model is fully introduced in formal and computational language and the formulation phase is finished. The complete model can be found at the following link: https://insightmaker.com/insight/216778/Waste-Management-Darkhan-15 (accessed on 5 April 2021). To consult the complete list of the equations of the model see the supplementary materials.





3. Results Analysis


Once we have our tailor-made MSWM system policy simulation model for Darkhan district 15, the next step is to test the model. This is to simulate the DARKHAN-15 model in certain scenarios. The results offered by the simulations will show the effect of the policies implemented in the waste management system. It should also be noted that the objective of simulating the policy is not only to assess the impact, but also to make recommendations for different alternatives that would lead to the efficient use of economic resources.



3.1. Scenarios of Simulations and Results


We have chosen fifteen scenarios (see Table 1) for the case at hand, which contain different conditions for financing the education and infrastructure plan and for citizen responses to the plans.



	
WMPS1+, Waste Management Policy Scenario 1, optimistic. Considers that KOICA finances the education and infrastructure plan, and the local government is responsible for its maintenance. This scenario includes increasing collection frequency to 30 days—every two days for organic waste, every two days for recycling waste – resulting in an effect on situational factors. Citizen response to education activities and re-education is positive. See parameters and conditions in Table 1. Parameters of effects seen in the table have been set according to the results of residential waste separation behavioral intention in Darkhan [35] and factors influencing source separation intention [45]



	
WMPS1-, Waste Management Policy Scenario 1, pessimistic. Considers that KOICA finances the education and infrastructure plan, and the local government is responsible for its maintenance. This scenario includes increasing collection frequency to 30 days—every two days for organic waste, every two days for recycling waste—resulting in an effect on situational factors. Compare to the latter scenario, citizen response to education activities and re-education however is moderately negative.



	
WMPS2+, Waste Management Policy Scenario 2, optimistic (a pessimistic WMPS2 scenario is not contemplated because the situation would be very similar to the initial one). KOICA finances the education and infrastructure plan, but the local government is not responsible for its maintenance. This scenario has been named WMPS2 Waste Management Policy Scenario 2. It does not include a commitment to maintaining the infrastructure in place, so the frequency of collection does not change from the initial situation—3 times a month—the incentive system does not exist, and the recycling system and street lighting do not work. In this situation, the positive effects derived from the incentives and situational factors are non-existent. This scenario is considered to assess the effect of the policy without the commitment of the local government.






Regarding the funding conditions of the education policy, the cost taken as a reference is based on the average price of the activities of the education action policy lines budgeted in Appendix C. According to this, five budget variants are considered:




	
An associated budget of EUR 9,600 to be divided over the three years of the plan’s implementation, equivalent to 4 activities per year.



	
An associated budget of EUR 19,200 to be divided over the three years of the plan’s implementation, equivalent to 8 activities per year.



	
An associated budget of EUR 28,800 to be divided over the three years of the plan’s implementation, equivalent to 12 activities per year.



	
An associated budget of EUR 38,400 to be divided over the three years of the plan’s duration, equivalent to 16 activities per year.



	
An associated budget of EUR 48,000 to be divided over the three years of the plan’s duration, equivalent to 20 activities per year.








The conditions of the simulations are as follows:




	
Time unit: months



	
Simulation horizon: 36 months



	
Time step: 1 month



	
Number of simulations: 16 simulations









3.2. Simulation Results


The main objective of this research is to see the effect of educational policies on household education and, consequently, the effect on source separation and the environment, and the district’s public health. Thus, results are shown at t = 36 (time considered to be the end of the policy (this time horizon corresponds to the usual duration of a KOICA cooperation project of this size), over the 15 scenarios, as an average of 16 simulations in three blocks:




	
Results for the number of educated households (Figure 5).



	
Impact of education on source separation (Figure 6, Figure 7 and Figure 8).



	
Results for environmental pollution and diseases of the population (Table 2).








First, we present the effect on the educated households. Results are shown as the average of educated households—and their standard deviation—when applying the mentioned 15 scenarios across 16 simulations (see Figure 5).



Figure 5 shows the number of educated households out of the total (2480 households) for each of the conditions established. A greater effect is obtained when the conditions of financing, maintenance, and citizen response of the WMPS1+ scenario are fulfilled. However, if these conditions are not created (WMPS1−, WMPS2+), the impact is much smaller. Additionally, a large marginal difference is observed between one scenario and the rest. The larger the budget, the larger the effect of education on total households. However, once we reach budget D (EUR 38,400), we observe that the marginal difference to budget E (EUR 48,000) is not significant. That is, given the larger volume of resources involved, it does not represent a large difference in the number of educated households. It should be remembered that we consider educated households those that, regardless of their level of formal education, are educated in environmental awareness, sustainable development, and proper waste management.



After that, we proceed to evaluating the impact of the different levels of education on source separation levels, observable in total waste generation, waste to the ground, burned waste, waste to bins, recycled waste, and composted waste. The first three, total generation, waste on the ground, and burned waste, are given as a percentage reduction or increase in the initial situation. The next three, waste to bins, recycled waste, and composted waste, are given as a percentage of total generation. Figure 6, Figure 7 and Figure 8 show the effects of the educational level over the three different scenarios.



According to Figure 6, Figure 7 and Figure 8 “total generation“ reduction rates are between 10% and 25% in the different scenarios, with the highest impact under WMPS1+ conditions. Following this, when looking at “waste to ground“ in the three figures, we observe a significant reduction in all scenarios. The WMPS2+ data show that, even though the government continues to collect waste at an inadequate frequency (3 days/month), the population, more aware of the seriousness of its contribution, reduces the volume of waste on the ground. Regarding the reduction of “burned waste”, a strong reduction is observed in many educated households, especially under WMPS1+ conditions.



Following this, we can observe the effects on source separation over “waste to bins“, “recycled waste“ and “composted waste“ in comparison with total generation for each educational level. The major change in WMPS1+ is not in “waste to bins“ but rather in source separation in total (as a sum of “waste to bins“, “recycled wastes“, and “composted waste“) caused by the joint effect of education and infrastructure policies. It should be noted that in the initial situation, the ratio of waste thrown away was 0.35 (see Figure A4 in Appendix B). This is reflected in high “waste to bins“ rates but also in “recycled waste“ and “composted waste“. However, source separation is very low in WMPS1- and WMPS2+ although waste to bin rates continue to increase. This is because in WMPS1-, waste collection at the proper frequency is a determinant of waste to bins. In WMPS2+, however, the key factor is education. Although waste is not collected at the right frequency, the population makes an effort to manage waste correctly. “Recycled waste” shows highly different results according to the conditions of each scenario, revealing the importance of mixing infrastructure and educational policy. “Composted waste”, however, only shows a good result within the three scenarios with the highest levels of education.



Finally, results of the environmental policies (measured through indoor air pollution and water quality) and on population diseases (measured through diseases attributable to water and children with respiratory diseases) are shown in Table 2. Diseases attributable to water and children with respiratory diseases are chosen, as they are the reference points of UNICEF and the World Health Organization for warning about public health problems in the region. Levels of attributable diseases are measured according to the World Health Organization data website [65,66].



Table 2 shows the effects of the policies on air and water pollution, and consequently diseases suffered by the population, in the five different education budget scenarios (see Table 1). Water quality is measured between 0 and 1, where 1 is the highest degree of water quality and 0 the worst. To establish the parameters of water quality levels and their effect on diseases, the values of other countries have been taken as a reference from the World Health Organization (Appendix B). No significant changes are observed in the level of water quality or associated diseases. Indoor air pollution is measured as levels of PM2.5 inside the ger houses. To establish the parameters of indoor air pollution and its effect on diseases, the values of other countries have been taken as a reference from the World Health Organization and articles of reference (Appendix B). No significant changes are observed in the level of air pollution or associated diseases. To sum up, the results from all 15 scenarios do not show significant changes, despite the associated budgets of the policies, and responses from the community to said policies. This is due, on the one hand, to the existence of other weighty factors which blur the effects of the policy within these variables, but also to the fact that sociodemographic aspects such as age have not been considered in a disaggregated manner. It is highly likely that if the household population had been divided into age segments, we would have seen greater effects on the health of the elderly, children, and people at risk of ill health, as reports from the World Health Organization (WHO) habitually show.





4. Discussions


The results extracted from the simulations show how an education and infrastructure policy effectively reduces total waste generation in all scenarios. This means that while household education levels in WMPS1- are not as high as in WMPS1+, other active factors, such as incentives, are effective in reducing waste generation. Furthermore, we can observe that when the incentive and situational factors are not active (WMPS2+), education is not sufficient to enhance a greater reduction in total waste generated.



The importance of educational policy in domestic waste management and source separation is especially clear with burned waste, waste to the ground, recycling, and composting, where the effects amongst the higher education levels show a major impact. This leads us to conclude that, in these types of management, education has a crucial role to play, as argued by [45,48,52]. However, the “waste to bin” and “waste to the ground” results in the three scenarios show that waste collection infrastructure is key to improving these two types of waste management. In line with [46], the WMPS2+ results warn of the weakness of local governments in some developing regions, who neglect waste management issues, and the need to formulate policies which entail their full engagement. In the WMPS2+ scenario where, despite a positive response from the population to the infrastructure and education policies implemented by KOICA, the population continues to burn and dump waste on the ground at a high rate, and cannot put their waste in bins as they are not collected at an adequate frequency. This shows that, no matter how much we educate the population, if the local government does not maintain a basic infrastructure of municipal management (adequate frequency, recycling system, implementation of incentives, maintenance of lighting, etc.), the population is less motivated to implement source separation. However, composting, burned waste, and waste on the ground slightly improve, due to the community’s sustainable development education levels. This is a change with respect to [54], as the authors did not consider other types of behavior and source separation other than recycling. They also failed to consider the case in which the central government did not attend to the correct collection of waste, including a recycling system, but took it as an assumption.



In contrast to [54,58], which focus on measuring the impact of MSWM policies on waste generation and separation, we also addressed the results of the policy in terms of the environment and public health. The results show that policies have an exceptionally low effect on environmental pollution and the public health of the local population. Despite a relevant reduction of waste generated, burned, and landfilled—especially under WMPS1+—the consequences for pollution and health of the population are nearly unobservable. This shows that there are other, much weightier, factors which damage Darkhan’s health and environment, such as coal as part of the fuel mix [43] or the non-sealing of latrines in household plots [32].



Finally, it is important to consider that the results of our model emphasize a first approach to anticipating the results of this policy. To obtain more precise results, a larger number of parameters should be addressed to reflect a greater variety of effects that affect the model.



In terms of the desired high efficiency and impact standards, and thanks to the results of the system dynamics model, we make a series of recommendations to be considered for the possible creation of an MSWM policy within the Green Ger Village Master Plan:




	
If the real conditions are similar to the WMSP1+ scenario, we recommend, in addition to the funding of the infrastructure policy, an allocation of EUR 38,400, to be spread over three years of the education policy. A larger budget would not result in a much higher impact. During the first year, we would recommend focusing the budget on meetings, the design and printing of materials, and capacity building for cleaning staff, as well as citizen training programs. In the second and third years, we recommend focusing the budget on education and training activities within the communities, with special attention paid to women, a street leader contest, and education at the university.



	
If the real conditions are similar to the WMSP1- scenario, we recommend, in addition to the funding of the infrastructure policy, an allocation of EUR 28,800, as this budget will achieve extremely similar effects to higher ones. In this scenario, the sustainability of the policy and re-education of households will play a key role over time. Thus, in the years following the plan, the population will continue to be re-educated, despite a lower response than desired. Within this assumption, we recommend performing the same activities as in the WMSP1+ scenario, but with a lower burden of meetings, field work, and university training activities in the second and third years.



	
If the real conditions are similar to the WMPS2+ scenario, we recommend not implementing the infrastructure policy, as the results obtained would be insufficient in the absence of local government support. In this case, it would be better to direct the budget of the infrastructure policy towards other types of initiatives which could improve the district’s development. It would be advisable to support the education policy with a budget of EUR 28,800 for the benefits it would bring to the population (environmental awareness, improvement of the situation in the streets, etc.), although it would not have as much impact as desired. Within this assumption, we recommend performing the same activities as in the WMSP1+ scenario, focusing almost totally on education and training activities within the communities in the second and third years, with special attention paid to women. Capacity building for cleaning staff activities is not recommended under this scenario.



	
If such a large volume of funds is not available to cover the infrastructure and education policy, we recommend eliminating the lighting infrastructure line, which would mean a cut of EUR 2,310,000 (total). The remaining education and infrastructure policy lines contained in Appendix A are considered essential.



	
Lastly, in case the primary objective of the cooperation plan is the reduction of pollution in the district, it is recommended to combine the proposed policies with a clean policy that includes solar panels, access to central heating, and sealing pit latrines.









5. Conclusions


This paper aimed to assess efficient MSWM policy decisions for Darkhan, district 15, as part of an international development cooperation plan. Our research aimed to focus on the importance of education for sustainable development processes in households, and its gradual positive effect on the urban ecosystem. To this end, a system dynamics model focused on education in MSWM policies has been designed to anticipate its impact in terms of source separation, the environment, and public health. However, it fails to show the waste management treatment processes that require heavy use of funds and are key in soil contamination [58], and the effects of these policies on the capacity of landfills [59]. Likewise, the model does not reflect the sociodemographic variables that are determinants for a higher degree of source separation, such as gender, income level, or level of school education [65].



The results of the DARKHAN-15 model shows that an MSWM education policy is particularly relevant for behavioral change in terms of burned waste, waste to the ground, recycling, and composting, including more information on the effects of the policy than has been provided by other articles to date. Innovatively, the model has revealed a real situation in many developing countries, observing the effects of policies if there is no commitment to maintaining MSWM infrastructure by local governments.



The particularity of our context has been another of the key elements of our proposal. Darkhan is a poorly studied city, despite the serious conditions it suffers and the fact that it is the second-largest city in Mongolia. Thus, this research intends not only to propose possible policies to improve the environmental situation, but also to increase the visibility of the circumstances of the region.



The results of this research lead us to conclude that system dynamics might be an efficient ex ante impact assessment tool for international development cooperation, as it offers a range of results in different conditions and is able to make the most efficient decisions. However, we must not forget that system dynamics has a large component of subjectivity and specificity (it is a tailor-made model that reflects a concrete reality), making the application of the model to other contexts more complex. For this reason, the process of constructing the model has been extensively detailed so that it can be easily understood and applied by other academics and policy makers. According to our results, we consider it essential that international cooperation for development policies on the environment focuses on education to contribute to better sustainable development, as it generates a perdurable change in citizens and their relationship with the environment. Future research shall address the importance of education for sustainable development in urban planning and development policies, with system dynamics being a good instrument for understanding and anticipating its impact.



It is expected that the described process of model construction and its results will contribute to further use of system dynamics as a planning and evaluation tool in international development plans and, ultimately, lead to their greater efficiency.
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Figure A1. Action lines included in the education and infrastructure policy proposal for improving MSWM in district 15 of Darkhan. Source: Own work. Based on the Waste Separation Policy proposal for Darkhan of Puntsagnamjil [35]. 
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Figure A2. Data related to economic subsystem. Date source: Economic data is shown in euros, being a global currency that is easy to understand. However, the official currency of Mongolia is the Mongol Tugrik. 
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Figure A3. Data related to households subsystem. 
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Figure A4. Data related to waste subsystem. 
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Figure A5. Data related to pollution function. 
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Appendix C. Detailed Budget of Educational Activities
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Figure 1. Map of ger district (bagh in Mongol) 15, Darkhan, Mongolia. Own work based on Google Maps, n.d. 
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Figure 2. Construction process of DARKHAN-15 model. Source: Own work, based on Aracil and Barlas [61,62]. 
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Figure 3. Basic structure of DARKHAN-15. Source: Own work. 
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Figure 4. DARKHAN-15 stock and flow diagram. Source: Own work. 






Figure 4. DARKHAN-15 stock and flow diagram. Source: Own work.



[image: Sustainability 13 04595 g004]







[image: Sustainability 13 04595 g005 550] 





Figure 5. Educated households applying the policy under 15 different scenarios. Source: own work. 
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Figure 6. Results of domestic waste management and source separation under scenario WMPS1+ and five different education levels. Source: Own work. 
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Figure 7. Results of domestic waste management and source separation under scenario WMPS1- and five different education levels. Source: Own work. 
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Figure 8. Results of domestic waste management and source separation under scenario WMPS2+ and five different education levels. Source: Own work. 
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Table 1. Simulation scenario conditions.
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WMPS1+

	
WMPS1-

	
WMPS2+






	
Funding & maintenance infrastructure conditions




	
Cost of waste management infrastructure (KOICA) -total-

	
EUR 281,000

	
EUR 281,000

	
EUR 281,000




	
Lighting infrastructure Budget -total-

	
EUR 2,310,000

	
EUR 2,310,000

	
EUR 2,310,000




	
Waste Management infrastructure maintenance (Local government) - monthly-

	
EUR 167,000

	
EUR 167,000

	
EUR -




	
Frequency of waste collection (days/month)

	
30

	
30

	
3




	
Levels of people’s response to action policies




	
Reeducation rate (by social recognition and public participation)

	
[50, 0.0001; 200, 0.0005; 400, 0.001; 600, 0.01; 800, 0.05; 1000, 0.8; 1500, 0.11]

	
[100, 0.0001; 300, 0.0005; 550, 0.001; 800, 0.01; 1000, 0.05; 1300, 0.8; 1700, 0.11]

	
[50, 0.0001; 200, 0.0005; 400, 0.001; 600, 0.01; 800, 0.05; 1000, 0.8; 1500, 0.11]




	
Knowledge effect

	
[400, 0.001; 600, 0.002; 800, 0.005; 1000, 0.01]

	
[400, 0.0005; 600, 0.001; 800, 0.002; 1000, 0.005]

	
[400, 0.001; 600, 0.002; 800, 0.005; 1000, 0.01]




	
Incentive-based factors effect

	
0.37

	
0.37

	
0




	
Situational factors effect

	
0.53

	
0.53

	
0




	
Funding alternatives




	
  A

	

	
EUR 9,600

	




	
  B

	

	
EUR 19,200

	




	
  C

	

	
EUR 28,800

	




	
  D

	

	
EUR 38,400

	




	
  E

	

	
EUR 48,000

	




	
Total simulated scenarios




	
WMPS1+A

	
WMPS1-A

	
WMPS2+A

	




	
WMPS1+B

	
WMPS1-B

	
WMPS2+B

	




	
WMPS1+C

	
WMPS1-C

	
WMPS2+C

	




	
WMPS1+D

	
WMPS1-D

	
WMPS2+D

	




	
WMPS1+E

	
WMPS1-E

	
WMPS2+E

	








Source: Own work based on similar applications of reference [35,45].
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Table 2. Results on pollution and diseases in three different scenarios.






Table 2. Results on pollution and diseases in three different scenarios.





	

	

	
Unit

	
Initial Situation

	
A

	
B

	
C

	
D

	
E






	
WMPS1+

	
Quality water consumed

	
Unitless

	
0.5123

	
0.5123

	
0.5131

	
0.5201

	
0.5259

	
0.5387




	
Indoor air pollution (PM 2.5)

	
μg/m3

	
176

	
176

	
176

	
172

	
164

	
160




	
Diseases attributable to water

	
% people

	
0.017

	
0.017

	
0.017

	
0.017

	
0.017

	
0.016




	
Children with respiratory disease

	
‰ people

	
0.41

	
0.41

	
0.4

	
0.4

	
0.39

	
0.38




	
WMPS1-

	
Quality water consumed

	
Unitless

	
0.5123

	
0.5123

	
0.5129

	
0.5134

	
0.5169

	
0.5174




	
Indoor air pollution (PM 2.5)

	
μg/m3

	
176

	
176

	
176

	
175

	
175

	
174




	
Diseases attributable to water

	
% people

	
0.017

	
0.017

	
0.017

	
0.016

	
0.014

	
0.014




	
Children with respiratory disease

	
‰ people

	
0.41

	
0.41

	
0.41

	
0.41

	
0.41

	
0.41




	
WMPS2+

	
Quality water consumed

	
Unitless

	
0.5123

	
0.5123

	
0.5128

	
0.519

	
0.5234

	
0.5309




	
Indoor air pollution (PM 2.5)

	
μg/m3

	
176

	
176

	
176

	
174

	
172

	
169




	
Diseases attributable to water

	
% people

	
0.017

	
0.017

	
0.017

	
0.017

	
0.017

	
0.016




	
Children with respiratory disease

	
‰ people

	
0.41

	
0.41

	
0.41

	
0.41

	
0.41

	
0.4








Source: Own work.
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