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Abstract

:

The long-term plan of any city in Japan is to become a material recycling society. The use of all types of municipal waste is essential in maximizing the full potential of material recovery. As such, municipalities are responsible for managing their waste, including food and biodegradable waste (FBW), and this results in some complex schemes. This study uses the system dynamics approach to illustrate and investigate the benefits of separate treatment of FBW. At the same time, to understand the dynamic interactions between all aspects and elements of the current municipal solid waste management system in Oita City. The developed model includes total environmental benefit, motivation to manage waste and resources, and yield from treatment facilities. The result shows that with the introduction of an anaerobic digester (AD) plant for FBW increases the efficiency of incineration. Furthermore, the result indicates that strengthening the regulation of waste sorted and the reduction in the amount of FBW treated in incineration will improve the current system. This study concludes that any policy or regulation less than the proposed result will yield less benefit. Thus, strengthening regulation is a crucial part of the sustainability of FBW management in the long run.
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1. Introduction


Municipal solid waste management is one of the most pertinent environmental protection challenges facing most cities in Japan. Significant portions of these solid waste streams are food scraps and biodegradable waste. It barely seems possible that waste disposal should present any significant challenge; however, unseen factors make it a complex problem of enormous magnitude for even a developed nation like Japan. The current municipal solid waste (MSW) management system is hampered by large amounts of food and biodegradable waste (FBW), the concerned costs, the disposal methods, and the impact of wastes on the local and global environment [1].



Currently, measures to handle FBW are being reexamined in and across Japan, and the Food Recycling Act (enacted in 2001 and revised in 2015) is promoting the recycling of recyclable food and biodegradable resources, mostly as raw materials. There are also waste preventive measures to reduce, reuse, and recycle the amount of FBW from households collected by local authorities.



FBW has a direct and strong influence on the composition and quantity of MSW, since it represents the largest share of MSW mixed with low calorific value and high-water content [2]. Taking FBW out of the MSW mix will not only be for the benefit of renewable sources of energy, but it will also reduce the cost of treatment and the quality of recyclable materials will largely increase due to less or no contamination with FBW substances which might be wet [1,2,3].



In spite of a sound foundation for material recycling and recovery, supported by legal regulations like “Biomass Nippon Strategy” and “Food Recycling Law,” incineration remains the primary and dominant method of MSW in most cities in Japan [4,5,6]. When these wastes are incinerated, it reduces the energy and combustion efficiency [3,6,7]. Intrinsically, there are significant benefits if these wastes are turned away from the incinerator to a more reliable recycling technology such as anaerobic digestion (AD) [3,6,8]. FBW has been acknowledged as a profitable resource that can be converted into useful products via AD, which appears to be one of the most effective technologies for the treatment of FWB among others [6,8,9]. Incineration or AD alone cannot realize the maximum potential of MSW, as renewable resources, and consequently the combination of various types of waste treatment technologies should be considered [1,4,10].



Recent studies have shown that when compared with incineration in terms of economic performance and environmental impact, AD has an upper hand, also a better source of electricity and heat, and reduces more greenhouse gases (GHG) [9,11,12]. Bernstad and la Cour Jansen [7] did a comparative analysis on food waste management systems. They argued that when support fuel (extra fuel, e.g., diesel) is mixed in MSW, due to the low calorific value in wet FBW, it reduces the incentive for material recycling. They also pointed out that it hinders the recycling of other waste materials such as paper and plastics, as they are used to boost the heating value in the incinerator. Villanueva and Wenzel, [13] reported that material recycling is more beneficial than incineration in relation to energy use and energy related imparts. After evaluation of different recycling methods in Japan, Takata et. al. [14] concluded that cost and GHG emission of food recycling facilities are lower than that of incineration facilities.



While acknowledging their contribution in confirming anaerobic digestion as the better option for treating FBW, it should be noted that these evaluations or analyses where carried out of the MSW management system, and the dynamic nature of the entire system are not taken into consideration. These approaches could not reflect the complex relationship among the key factors and variables. Additionally, they focused on identifying qualitative connections between key components or quantifying and modeling only one or two components of the MSW management. Thus, the incorporation of FWB management as a separate form of MSW management is required to tackle waste problems.



For this purpose, this study presents a comprehensive model of FBW management with quantitative and qualitative analysis using system dynamics (SDs). SDs is used to evaluate the contribution of separate treatment of FBW in the MSW system and its sustainability in Oita City, Japan. Therefore, the objectives of this study were: to model various waste management strategies, to analyze policy measure scenarios, and to understand the dynamic interactions. Along with the outcomes of FBW separate treatment on socio-cultural (regulation and policy), economic (total waste budget), and environmental benefits.




2. Materials and Methods


Waste management analysis requires consideration of complex criteria and evaluation steps to find the proper solution and at the same time eradicate the overall negative impact and the consequent effect on the local environment. The proposed study is intended to demonstrate the application, flexibility, and robustness of the SDs approach in MSW management. The application of SDs in waste management, building up to the model calibration and evaluation, is discussed in the following section.



2.1. Application of the System Dynamics Approach in Waste Management


In order to understand and highlight challenges and to propose solutions associated with food and biodegradable waste management (FBWM), the SDs approach is employed. SDs presents us with helpful means for better understanding of the scale of complexity in FBWM challenges, while placing special significance on the role of information feedback and behavior [15,16,17]. SDs, being a tool designed based on system thinking, is proposed in order to analyze and simulate the relationship among various variables in the municipal solid waste management system, while managing FBW.



SD is a deep-rooted technique for studying and managing simple and complex feedback systems which are involved in building causal loop diagrams, along with stock and flow diagrams to structure an applicative system dynamics model [15,18,19,20]. Moorcroft [19] and Sterman [20] both highlighted that system dynamics is about determining managerial structure in systems and taking insights into the association of causalities over time. Simultaneously, it is an application within a framework that is founded to examine a part or a component of a system in order to understand the contest of feedback relationships within and related to other systems, instead of looking at them separately [15,19,20]. The modeling process in SD as developed by Sterman [20] contains five phases, as shown in Figure 1. These phases show the cycle of accumulating experience, learning, and getting better understanding of the model through process of testing, questioning, improving, and supporting [21].



In recent times, large numbers of studies have been undertaken to describe, develop, and simulate economic, environmental, managerial, industrial, and social systems in the contest of the SDs approach, especially in studies such as environmental and resources system modeling [16], business managerial systems [19,20], traffic safety policy in transportation [22], power grid, and solar photovoltaics installations [23,24], and the water resource management system [25,26,27]. SDs has contributed to the effectiveness to the studies of solid waste management aspects ranging from MSW generation forecasting [28,29] to the eco-design policy on packaging waste management system [30], from evaluation of MSW generation and landfill capacity [31] to hospital waste management [32], and in different aspects of construction and demolition waste [18,33,34,35,36,37].



Although from these studies there were several efforts on modeling with regards to components mentioned above, there are no studies where SD is applied to model food and biodegradable waste management system along with the MSW systems. Additionally, these studies could not effectively reveal the interactions among various aspects of waste management systems. Considering the current studies, this study aims at establishing a model for the FBW management system to evaluate how improvement on the current practice and separated treatment of FBW will influence the entire MSW management system.



Therefore, the main steps undertaken in designing the study can be described as follows. The first stage introduced the problem being addressed and the modeling objectives of the studies. Subsequently, the dynamic relationship of the main variables and elements identified in stage 1 are revealed by the causal loop diagram in the second stage. In the third stage, the causal feedback relationship was transformed into quantitative system equations to execute the simulation process. Graph function and constant variables were the two methods used to quantify the system equation. At this stage, the simulated model was calibrated and modified using the data representing Oita City’s present condition and the government’s policies on FBW and MSW management system. The fourth stage examined the model validation using several test methods, including, boundary and structure adequacy test, extreme condition test, face validity test, dimensional consistency test, and time step adequacy test, as suggested by experts [32,33,34,35,36,37]. In the last stage, the SDs model was used to simulate different policy scenarios with the aim of coming up with different policy measures to be incorporated in real life situations.




2.2. System Dynamics Model Development


2.2.1. Articulation of the Problems


The recent developments in Japan have been towards promoting different national policies that place a high emphasis on the recovery of carbon-rich and biodegradable waste through material recycling [6,38]. Amidst these national policies is the promotion of the utilization of a recyclable food waste act known as the Food Recycling Law; the Sound Material-Cycle Society in the act references the Biomass Nippon Strategy [6,14,38]. Oita Prefecture is essentially implementing this policy, with its own Oita zero-waste strategy [39]. This strategy promotes the use of FBW as a primary material for ethanolization and bio-gasification technologies [5]. It also includes measures and legislation to carry out recycling through biomass gasification, conversion of solid fuel combined with sewage sludge and animal waste, and the application of the feed-in tariff (FiT) mechanism. For this cause, the proposed framework could contribute to a significant measure to the support of the above strategy, which may perhaps also provide solutions to MSW problems in the prefecture.



Awareness of issues related to FBW management in Oita City is on the increase and has brought about more challenging and related issues in the MSW management stream. Different policies have been put in place, but still some of these challenging issues remain and pose hindrance to MSW management. As most cities in Japan still consider waste generation, separation, collection, recycling/treatment, and disposal as independent operations, and yet, these components are closely interlinked (Figure 2).



Among these challenging issues is the amount of FBW generated by households and small food-related businesses. Presently, a total of 21,976 t of food and kitchen waste is generated per month, and the conditions of these generations show that the MSW generated contains a reasonable fraction (about 38.6%) of FBW [40]. It is difficult to distinguish between household and small food-related business once these wastes are placed at the collection points. FBW and other burnable waste types are sent straight to incineration, which is mostly handled by two incineration plants.



The unusual amount of waste generated was amidst the reasons for Oita City being chosen for this empirical study. Apparently, creation of these wastes is significantly more than the handling competence of the municipal government and local authorities. The city is struggling with inappropriate FBW treatment techniques, unlawful disposal, large amounts of FBW from small food-related businesses and households, the concern cost of treatment, as well as the impact on public health. The primary challenge is the reduction of the amount of FBW that is being treated in incineration facilities, and which mainly consists of agro-forest, food, kitchen, and garden waste. Consequently, this study proposes the use of system dynamics approach to analyze, illustrate, and investigate the benefit of separate treatment of FBW in the MSW management stream. As well as to understand the dynamic interactions between all aspects and elements of the current MSW management stream. It is anticipated that the dynamic interactions would strengthen the understanding of FBW as an integral part of the MSW management system.




2.2.2. Causal Loop Diagram (CLD)


With respect to SD, causal loop diagrams (CLD) were applied to reveal the relationships of various systems. CLDs represent the information feedback in a system with the causal (i.e., cause-and-effect) relationship and loop, meaning a closed chain of cause-and-effect that generates the feedback [16]. It was applied in this study to illustrate the interrelationship through causalities (causes and effects) connecting several variables in the FBW management system, the extent of interconnectivity, and their dynamic circular influence on the main MSW management stream. In the CLD terminology, plus (+) or minus (–) sign at arrow heads were indicators showing positive or negative causal influence connecting two variables. However, the plus (+) sign symbolized a cause-and-effect relationship wherever the variables change in the same direction, while the minus (–) sign symbolized a change in the opposite direction of two variables. For instance, a plus (+) sign linking motivation to manage waste and sorting rate illustrated that an increase in motivation to manage waste would cause an increase in sorting rate, and vice versa. Additionally, the minus (–) sign linking incinerating percentage of FBW and incineration illustrated that a decrease in incinerating percentage of FBW would cause an increase in efficiency of incineration.



The CLD presented in this study is a conceptual model that targeted various aspects of MSW system and their dynamic interactions (Figure 3). The feedback loops were established by the dynamics of the CLD model presented in Figure 3. Generated waste was expected to be sorted at source, which is the current practice, and the sorted waste was collected from the collection centers and sent to AD treatment and incineration plants for treatment, respectively. The rate of waste sorting was largely dependent on the set regulation in order to avoid illegal waste disposal. The decrease in incineration of FBW would certainly yield benefits from/for both AD treatment and incineration plants that could be sold to generate revenue, which would in turn increase the waste management budget. Motivation to manage waste was influenced through reinforcement of regulation strengthening. Environmental cost savings was the cost saved by not sending FBW to landfill and dumping it illegally, which could be seen as a benefit of proper sorting of waste at source. Waste management budget was the overall financial benefit gained throughout the MSW stream, which was influenced by revenue generated from resource recovered from both AD treatment and incineration plant. Funds needed for waste management was the total cost incurred in the process of waste collection, transportation, maintenance and operation, and treatment. The only loop in the system was the waste management loop (a balancing loop), which was reinforced through regulation strengthening and waste management policy. Illegal waste disposal was reduced when material recovery is included as part of the MSW stream, which, in turn, strengthened regulation and waste management policies. The increase in illegal waste disposal would lead to the weakening and the demotivation to manage waste. As such, regulation played a very significant role in the entire MSW system.




2.2.3. Stock and Flow Diagram


Based on the principles of MSW, the management of FBW is affected by different interdependent activities, which are dynamic and complex in nature. The dynamics and complexity are two of the reasons why we chose to use system dynamics approach in this study. STELLA® software was used to dynamically evaluate the model and simulate the management of FBW in Oita City. STELLA® is a tool that provides useful ways to visually and vividly communicate in terms of system thinking on how complex ideas and systems work together. There are four basic tools in the STELLA environment for model diagram development: stocks, flows, converters, and connectors. Consequently, this study followed the procedures mentioned earlier to construct this model for evaluating the stated objectives.



The corresponding stock and flow diagram to the CLD illustrated in Figure 3 is shown in Figure 4. These aspects and elements (variables) described in Figure 3 must be formulated into mathematical system equations to simulate and analyze the model. The stock and flow diagram contains the essential details that enable the model to be simulated. For better understanding and assumptions of all the variables, initial values and constants used in the model are given below. The essential elements and all the model system equations are illustrated in Appendix A.




2.2.4. Model Variable Estimation


The formulated variables in system equations need to be quantified before any simulation is performed. These variables were quantified using two methods. The first uses the graph function tool built in the STELLA® software to illustrate the interrelationship between any two variables. The second method consists of the constant variables, it contains the inputted data used in the simulation process and can influence other associated variables in the system. The data used for the quantitative simulation and analysis was collected from existing literature: Oita City waste management department, relevant research literature, official statistics, reports, interviews, and field observations. The data and initial values of all variables used for simulating and testing the model are illustrated in (the model equations) Appendix A. Table 1 summarizes the descriptions of the main variables used in the model.




2.2.5. Definition of Elements and Assumptions


Before proceeding to the validation and model testing it is crucial to explain the underlying assumptions in order to gain better understanding of the modeling process and applicability.



In Oita City, waste is usually separated at the point of generation into burnable, non-burnable and recyclable waste, and, for the benefit of this study, only burnable waste (about 78%) is considered. In addition, the composition of the total burnable waste is about 39% kitchen food waste and garden waste, while instant food containers, plastic containers of all sorts, tissue, cardboard and newspaper, book, cellophane wrap, and Styrofoam make up the remaining 62% [40]. However, in this model, waste generation was the total amount of burnable waste generated in Oita City per year and it was the product of burnable waste and rate of waste generation expressed in ton/year. The rate of waste generation was the amount of waste generated per capita in a year.



Sorted waste was the amount of waste that was already sorted to be collected and disposed/treated of in either an incineration plant or an AD treatment plant. In most cities in Japan waste is sorted at source/home, which makes it easier for collection, and this current practice was used as the basis for waste sorting in this model.



Regulation refers to the legislative guideline for MSW management that includes proper measures to encourage waste reduction and prevention, and waste harmfulness along with material recovery through recycling, reuse, reclamation of secondary raw materials (syngas), and energy recovery. Currently, the waste management regulation only allows for big food-related industries to manage their waste, while the small ones rely mainly on the local authorities. In this study, it was assumed that the situation will improve gradually over time as local authorities enforce regulation measure on the small food-related businesses to sort and send the FBW to be treated in an AD plant. In this case, regulation was set at the range of 0 to 1, where 0 is the worst case and 1 is the best case.



Resource yield (resource recovery) refers to the extraction of materials from waste after treatment in either an incineration plant or an AD treatment plant and this can be in the form of energy generation (power and heat), biogas, syngas (hydrogen gases), and fertilizer. It was assumed that these resources are readily available for market consumption.



In order to maximize the benefit of the already established waste and recycling market, it was important to know the quantities, locations, and potential demand for the various types of byproducts. Furthermore, demands for these byproducts may vary over time, which makes it essential to consider potential future developments in the various scenarios. In this study, the SD model was framed based on an assumed demand–supply balance, with the possibility to support the current and potential future waste market.



Funds needed for waste management is the total annual cost managing MSW and it includes the cost of treatments, operation and maintenance, and collection and transportation. Waste management budget refers to the annual total available fund for MSW management and it is the sum total of all revenue from sold resource recovered minus the fund needed for waste management.



The increase in motivation to manage waste could significantly enhance the reduction of incinerating FBW. It was assumed that motivation to manage waste is affected by regulation and subsequently influences the reduction of the amount of FBW incinerated. In this case, the graph function was used to illustrate this interrelationship.



A total of 80% of the general waste (MSW) generated in Japan is incinerated and only 28% of these incineration plants have the capability of energy recovery [5,51]. In this study, incineration refers to an energy recovery incineration plant (gasification plants) with the potential of producing syngas, chemical products, synthetic fuels, ammonia, hydrogen, electric power, and the ability to capture carbon dioxide.






3. Simulation Results and Discussion


3.1. Model Testing and Validation


After describing the assumption and variables used in the SDs model we must ascertain whether the model implements the assumptions correctly, and whether the assumptions, which were made, were reasonable with respect to the objectives of the study. Hence, it was essential to test and validate the model to gain confidence in the robustness and reliability of its output and the information extracted corresponding and representing the stated objective of the study. Validation was carried out using methods of validation suggested by Sterman [20] and Ford [16]. These tests included: (a) model verification, (b) detailed model check (boundary and structure adequacy test), (c) dimensional consistent tests, (d) time step adequacy test, and (e) the extreme condition test.



(a) Model verification is concerned with whether the model has all the essential assumptions and variables that are representative of the objectives of the study. This test was achieved by checking if all variables in the CLD are consistent with the SDs model. Subsequently, the test showed that each of the variables and assumptions were closely linked to the objectives of the study, which was to examine the benefit of FBW management in the MSW management system.



(b) Detailed model check (boundary and structural validation) is useful in confirming the logical and essential structure of the model. This was done by comparing the CLD and the SDs model with the real-life MSW management system. Apparently, the feedback loops and cause-and-effect chains illustrated in both the CLD and the SDs model were founded upon acknowledged knowledge in MSW management.



(c) Dimensional consistent tests entail that all measurement units in the SD model conformed to physical laws. The “units check” function in the STELLA® software was used to achieve this task and confirmed that all units of measurement and dimensions were satisfactory.



(d) Time step adequacy test allows the SDs model to be tested on the rate at which the numerical integration is conducted, which in the case of this model was one year. In other words, time step adequacy test subjects a model that has been created with a defined time step by changing the value of its delta time (DT) in order to examine the model at a different time step. The test was performed by decreasing the time step to half a year, as suggested by Sterman [20], and further tests of quarter to one tenth of a year were also conducted. Apparently, there were no significant changes in the behavior of the simulated results.



(e) The extreme condition test was performed to examine the model system behavior and whether logical results could be achieved when extreme parameter values were applied. For example, the parameters “Resources Yield from AD Plant” and “Amount of FBW Incinerated” were used as illustrations (in Figure 5) to investigate how “Resources Yield from AD Plant” would change when extreme values were assigned to “Amount of FBW Incinerated.” The test result in Figure 5 illustrates the resultant value of “Resources Yield from AD Plant” while changing the value of “Amount of FBW Incinerated” from 0.00 to 4.00 in five scenarios. In the case where “Amount of FBW Incinerated” was assigned to zero, a rapid increase of treated FBW and resources yield in AD plan was expected. In other words, as the amount of FBW incinerated decreases the more the yield increases in resources from AD plant due to more treatment of FBW (the lower the amount of FBW incinerated, the higher the yield in resources from the AD plant). The test and verification results certified that the essential elements and parameters that define and describe the dynamic behavior of the real MSW management system in detail were integrated in the SDs model. In addition, behavior verification test was used to compare the simulated result with actual data collected from the Oita City waste department (from 2008 to 2014) and the model behaved as expected [52]. Consequently, it can be concluded that since the test results were achieved, and the SDs model showed a significant amount of reliability, confidence, and robustness, it can be used for in-depth analysis and policy simulation.




3.2. Simulation Analysis


The SDs model was used to simulate and analyze the MSW management system in Oita City, and it was set to run over a period of 30 years, from 2011 to 2041, with 2011 being the base year. The simulation was performed in two parts; the first part was the base run simulation with focus on the MSW management, and the second part was the analysis of different scenarios of policy measure such as “regulation” and “unit cost of incineration” on “sorted waste,” “total environmental benefit,” “total waste management budget,” and “amount of FBW incinerated.”



3.2.1. Base Run Model


The base run simulation results were achieved by using parameter values illustrated in Table 1. These results show that regulation strengthens (increases) the necessity to manage waste (motivation to manage waste) increase due to increase in the amount of sorted waste (Figure 6a). Additionally, the rate of general waste (ton/year) increases with time, while the FBW generation (ton/year) is affected significantly by the level of sorting process at home or source of waste generation. As the amount of general waste grows, the sorted waste also increases attaining stability after the first eight years (i.e., 2018). The steady increase in the sorted waste would be adequate to provide bigger amounts of FBW to be the treated in the AD plant. The amount of FBW treated in the AD plant would increase as the amount of FBW incinerated decreases, also the total environmental benefit will increase as the amount of FBW incinerated decreases (Figure 6a). The amount of resources yield in both the incineration and AD plant increases with time; however, the amount of resources yield in incineration remains lower than that of the AD plant. The revenue generated from both the incineration and AD plant was added up to make the total waste management budget and approximately five years would be required for the total waste management budget to become positive, meaning income generation from 2016 is valuable to the MSW management system (Figure 6b). This implies that it would be beneficial to treat FBW separately. The base run results demonstrate that the use of an AD plant as a treatment for FBW would increase the efficiency of incineration.




3.2.2. Policy Scenarios Analysis


After examining the base run results, the policy scenarios analysis is focused on using different scenarios to study and investigate whether regulation measures and unit cost of incineration could definitely contribute to the changes in sorted waste, amount of FBW incinerated, total waste management budget, and total environmental benefits. Thus, two sets of policy scenarios were developed to test the effect of separate treatment of FBW in the MSW management system:




	
Policy Scenario 1 (PS1): This policy scenario analysis is concerned with whether improvements in the regulation would have an effect on the amount of sorted waste, total waste management budget, and total environmental benefits. Four alternative values of regulation (regulation strengthening) ranging from 0 to 6 (0, 2, 4, and 6, respectively) are assigned and simulated.



	
Policy Scenario 2 (PS2): In this policy scenario analysis, five alternatives of the Unit Cost of Incineration, including the base run set at 100 (Case 1), 200 (Case 2), 300 (Case 3), 400 (Case 4), and 500 (Case) dollars/ton, respectively, are simulated to examine its influence on the amount of FBW incinerated, total waste management budget, and total environmental benefits. The main aim is to examine the influence of Unit Cost of Incineration on the base run simulated result.








Policy Scenario 1—Regulation


The simulated results in Figure 7a show that as regulation strengthens (increases) the amount of sorted waste, it also increases it. Although, the corresponding values for all the four cases are not linearly correlated. In the first case (Case 1) where the value of regulation is set at 0, the result shows a steady increase at the rate of 20% of the total general waste generated at the end of 2041. The Case 2 result shows the same pattern as that of case 1 but reaches equilibrium in 2030 at the rate of 9%. Case 3 and Case 4 show a rapid increase for the first 10 years followed by a longer-term equilibrium. With the stable rate of 7% and 6%, respectively, a larger amount of sorted waste is achieved at the end of 2041. Thus, regulation strengthening is significant and the influence of regulation on waste sorting plays a vital role in the MSW management system. This implies that the stronger the regulation is, the more waste is sorted, which is in accordance with the present practice of MSW management in Japan.



Having seen the result of the influence of regulation on sorted waste, it was also necessary to study the influence of regulation change on total waste budget and the total environmental benefits. To perform the simulation, the same values of regulation (regulation strengthening) used in sorted waste were applied. The cases (Case 1 to 4: 0, 2, 4, and 6, respectively) are designed to perform different states of regulation strengthening. Figure 7b,c show that the environmental benefit and total waste budget achieved from managing the MSW increases as the regulation is strengthened, signifying that the success of FBW management can be improved by establishing a sound regulation. Figure 7b,c show an identical pattern and they are linearly correlated. The trend is similar to both variables when the regulation is 0. In Case 1 the predicted value decreases by 7.35% (7% for environmental benefits) on the base run simulation. In terms of Case 2(2), 3(4), and 4(6) which are on the increase, the values achieved are 15.01% (15%), 24.78% (24%), and 27.44% (27%), respectively. Nonetheless, for both environmental benefit and total waste budget it is substantial to say that the best policy for regulation is between Cases 2 and 3, and there is an apparent variance between Cases 1 and 2. Consequently, enforcement of the base run regulation and those in Cases 2 to 4 will result in an increase and any policy regulation less than the base run simulation will yield less benefit in general. Judging from the result illustrated above, it could be said that regulation has a crucial and significant part and role in sustainable FBW management in the long run.




Policy Scenario 2—Unit Cost of Incineration


Simulation results in Figure 8a illustrate the amount of FBW that has to be treated in the AD plant due to high cost of incineration of waste. It can be seen that if the cost of incineration goes higher, the amount of FBW will decline, and this pattern is seen in all cases. In terms of the decreasing rate of the amount of FWB incinerated, the values achieved for Cases 1 to 5 are 0.70 ($100/ton), 0.63($200/ton), 0.30($300/ton), and 0.00, starting from year 2030 ($500/ton), respectively, at the end of the simulated year (2041). Case 5 implies that a very high cost of incineration will lead to no incineration of FBW by the year 2030. Additionally, higher unit cost of incineration of waste can encourage the municipal government to seek other means of sustainable waste treatment. Cost of incineration plays a significant role in the sustainability of the FBW treatment in the long run, because the cheaper the unit cost of incineration is the less chance of treating FBW in a separate waste treatment plant (AD plant) gets. The current unit cost of incineration of general waste is estimated at 100 dollars per ton in Japan.



As illustrated in Figure 8b, the total amount of environmental benefits increases throughout the simulation period of 30 years. It is indicated that there is an overall trend of decline in the amount of environmental benefits in Case 4 and Case 5 when the unit cost of incineration is higher. In other words, the marginal utility of increasing the unit cost of incineration (on maximizing the environmental benefits) declines when the unit cost of incineration is set at $400/ton and $500/ton (Cases 4 and 5). In terms of Cases 1 to 3, when the unit of incineration is raised between $100/ton to $300/ton there was no significant difference in the trend of environmental benefits. This implies that the best unit cost of incineration should be between $100/ton to $300/ton (Case 1 to 3) in order to make the most use of the waste resources.



The simulation in Figure 8c illustrates the influence of unit cost of incineration on the total waste management budget under different cases mentioned above. The result implies that under all the five cases, extra investment of resources by the municipal government is needed in order to manage the MSW system during the first few years of commencement. Apparently, the result is similar to Figure 8b, and it shows extra benefits of managing waste under the unit cost of incineration between $100/ton and $300/ton (e.g., Cases 1 to 3). Additionally, under these five cases of unit cost of incineration (from Cases 1 to 5), extra benefits (i.e., the profit margin will start in the years 2016 (sixth), 2017 (seventh), 2018 (eighth), and 2019 (ninth), respectively). However, the marginal utility of increasing the unit cost of incineration on maximizing the total waste management budget obtained declines when the unit cost of incineration is set at $400/ton and $500/ton (Case 4 and 5). This shows that it will be better to set the basic unit cost of incineration between $100/ton and $300/ton in order to make the most use of the resources yield from MSW management. Thus, it is reasonable to say that the appropriate unit cost of incineration of waste as described above should be set between $100/ton and $300/ton and should not be higher than $300/ton. Further increase will yield less benefit in the long run.







5. Conclusions


The SDs approach was employed to illustrate and investigate the benefit of separate treatment of FBW in the MSW management stream. At the same time, to understand the dynamic interactions between all aspects and elements of the current MSW management system in Oita City through the use of a causal loop diagram. It was anticipated that the dynamic interactions would strengthen the understanding of FBW as an integral part of the MSW management system. In turn, this serves as a decision-making instrument for assessment of different policy measures.



The simulated results illustrate that an increase in regulation, sorted waste, and the reduction in the amount of FBW treated in incineration will improve the current MSW management system in Oita City. It is also demonstrated that waste sorting at home/source plays a significant role in determining which treatment plant is suitable for treating each kind of waste. As the amount of FBW incinerated decreases the total waste management budget, total environmental benefit, and the amount of resources yield in both incineration and the AD plant increases with time. The base run simulated results imply that the use of an AD plant as a treatment for FBW would increase the efficiency of incineration. The first five years would require extra financial support from the municipal council, and from 2016 the profit margin for the total waste management budget will become positive.



The SD model was further used to simulate policy measures under different scenarios such as regulation and unit cost of incineration, in order to achieve the benefit of separate treatment of FBW under different conditions. The analysis was performed using two sets of policy scenarios with PS1 (regulation) in four different cases and PS2 (unit cost of incineration) in five different cases.



The result in PS1 shows that regulation strengthening is significant and the influence of regulation on waste sorting plays an important role in the MSW management systems. Consequently, the reinforcement of stronger regulation would apparently increase both the total waste management budget and the environmental benefits, and any policy regulation less than the base run simulation will yield less benefit to the MSW management system. This signified that regulation strengthening is a crucial part in the suitability of FBW management.



In the case of PS2, the unit cost of incineration was used as an economic policy measuring instrument and the result illustrates that the effective unit cost of incineration is between $100/ton and $300/ton. Additionally, the total amount of environmental benefits and the total waste management budget increase throughout the simulation period of 30 years (2011 to 2041), and the general trend declines as the unit cost of incineration goes higher. However, the influence of the cost of incineration on the amount of FBW incinerated shows that as the cost of incineration goes higher the amount of FBW will decline in all cases examined. This indicates that higher unit cost of incineration of waste can encourage the municipal government to seek other means of sustainable waste treatment. Thus, cost of incineration plays a significant role in the sustainability of the FBW treatment in the long run, because the cheaper the unit cost of incineration, the less chance of treating FBW in a separate waste treatment plant (AD plant).



The SDs model developed was applied to the case of Oita City in this study. However, this SD model can still be applied to any city in Japan to analyze and simulate policy mechanisms for material recovery efficiency, as the model is developed based on the waste management law in Japan [53]. Furthermore, the boundaries of the system can be expanded by adding new policy instruments, variables, and elements (e.g., waste market). The contribution of this study is demonstrated in the interdependent relationships between the major elements and variables depicted by the causal loop diagram, which have helped in enriching and deepening the understanding and research on FBW management. Another contribution is the SDs model, which can be used as an experimental simulation platform for simulating and testing various policy measures and management strategies of FBW management. Finally, the results achieved, and inferences drawn from this study offer insights into policy measures and management strategies that could play a significant role in the sustainable management of FBW in the long run.



Further research could be directed to reconstructing a more comprehensive model and scenarios that depict detailed financial (circular economy) and population impact on the FBW management system. The consequences of managing waste differ in different sectors (from household to large food-related businesses) and incorporating this in the model should be considered as this may have a major impact on the sustainability of FBW management.
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Appendix A


Equations of the SDs Model



The AD Plant Treatment (t) = AD Plant Treatment (t – dt) + (Waste Treated in AD Plant – Resources Gained From AD) x dt



INIT AD Plant Treatment = 0



INFLOWS:



Waste Treated in AD Plant = Collected Waste x Rate of Treatment



OUTFLOWS:



Resources Gained from AD = AD Plant Treatment



Amount of FBW Incinerated (t) = Amount of FBW Incinerated (t – dt) + (Decreasing Rate – Increasing Rate) x dt



INIT Amount of FBW Incinerated = 1



INFLOWS:



Decreasing Rate = GRAPH (1—Motivation to Manage Waste)



(1.00, 0.01), (1.40, 0.02), (1.80, 0.03), (2.20, 0.04), (2.60, 0.04), (3.00, 0.05), (3.40, 0.06), (3.80, 0.07), (4.20, 0.08), (4.60, 0.09), (5.00, 0.1)



OUTFLOWS:



Increasing Rate = GRAPH (Unit Cost of Incineration)



(0.00, 0.01), (90.0, 0.02), (180, 0.02), (270, 0.03), (360, 0.04), (450, 0.05), (540, 0.06), (630, 0.07), (720, 0.08), (810, 0.09), (900, 0.1)



Collected Waste (t) = Collected Waste (t – dt) + (Waste Collection – Waste Treated in AD Plant – Incineration Rate) x dt



INIT Collected Waste = 0



INFLOWS:



Waste Collection = Sorted Waste x Rate of Collection



OUTFLOWS:



Waste Treated in AD Plant = Collected Waste x Rate of Treatment



Incineration Rate = Collected Waste x Amount of FBW Incinerated



Incineration (t) = Incineration (t – dt) + (Incineration Rate – Resource Gained from INC) x dt



INIT Incineration = 0



INFLOWS:



Incineration Rate = Collected Waste x Amount of FBW Incinerated



OUTFLOWS:



Resource Gained from INC = Incineration



Regulation (t) = Regulation (t – dt) + (Regulation Strengthening) x dt



INIT Regulation = 1



INFLOWS:



Regulation Strengthening = GRAPH (1—Amount of FBW Incinerated * Regulation)



(0.00, 0.005), (0.1, 0.01), (0.2, 0.015), (0.3, 0.025), (0.4, 0.045), (0.5, 0.065), (0.6, 0.085), (0.7, 0.105), (0.8, 0.12), (0.9, 0.145), (1, 0.165)



Resources Yield from AD (t) = Resources Yield from AD (t – dt) + (Resources Gained From AD) x dt



INIT Resources Yield from AD = 0



INFLOWS:



Resources Gained from AD = AD Plant Treatment



Resources Yield from INC (t) = Resources Yield from INC (t – dt) + (Resource Gained from INC) x dt



INIT Resources Yield from INC = 0



INFLOWS:



Resource Gained from INC = Incineration



Sorted Waste (t) = Sorted Waste (t – dt) + (Waste Sorting – Waste Collection) x dt



INIT Sorted Waste = 0



INFLOWS:



Waste Sorting = Waste Generation x Sorting Rate



OUTFLOWS:



Waste Collection = Sorted Waste x Rate of Collection



Waste Generation (t) = Waste Generation (t – dt) + (Burnable Waste – Waste Sorting) x dt



INIT Waste Generation = 0



INFLOWS:



Burnable Waste = Generated Waste x Rate of Waste Generation



OUTFLOWS:



Waste Sorting = Waste Generation x Sorting Rate



Ammonia = Syngas x 0.64 x Unit Price of Ammonia



Biogas Power Generation = Resources Yield from AD * MWh per Ton Biogas * Unit Price of Power Biogas



CO2 = Syngas x 2.07 x Unit Price of CO2



Cost of Collecting and Transportation = Collected Waste x Unit Cost of Collecting and Transportation



Cost of Incineration = Incineration x Unit Cost of Incineration



Cost of O&M AD Plant = AD Plant Treatment x Unit Cost of O&M AD



Cost of O&M Incineration = Incineration x 47



Environmental Cost Savings = Unit Cost of ECS x Incineration



Fertilizer = (Resources Yield from AD * Unit Price Fertilizer) * 0.75



Fund Needed for Waste Management = Cost of Collecting and Transportation + Cost of Incineration + Cost of O&M AD Plant + Cost of O&M Incineration



Generated Waste = 132151.81



GWP Cost Saving = Ammonia + CO2



MWh per Ton Biogas = 0.6



MWh per Ton Incineration = 0.52



Power Generation = Resources Yield from INC * MWh per Ton Incineration



Rate of Collection = 0.99



Rate of Treatment = IF Amount of FBW Incinerated < 0.1 THEN 0.83 ELSE IF Amount of FBW Incinerated < 0.2 THEN 0.72 ELSE IF Amount of FBW Incinerated < 0.3 THEN 0.61 ELSE IF Amount of FBW Incinerated < 0.4 THEN 0.50 ELSE IF Amount of FBW Incinerated < 0.5 THEN 0.40 ELSE IF Amount of FBW Incinerated < 0.7 THEN 0.30 ELSE 0.83



Rate of Waste Generation = 1.47



Revenue from AD Plant = Biogas Power Generation + Fertilizer



Revenue from Incineration = Power Generation x Unit Price of Power waste



Sorting Rate = Amount of FBW Incinerated * Motivation to Manage Waste



Syngas = Resources Yield From INC



Total Environmental Benefit = Environmental Cost Savings + GWP Cost Saving



Total Waste Budget = Total Revenue Funds Needed for Waste Management



Total Revenue = Environmental Cost Savings + GWP Cost Saving + Revenue from AD Plant + Revenue from Incineration



Unit Cost of Collecting and Transportation = 100



Unit Cost of Incineration = 100



Unit Cost of O&M AD = 48



Unit cost of ECS = 63.1



Unit Price Fertilizer = 100



Unit Price of Ammonia = 150



Unit Price of CO2 = 27.594



Unit Price of Power Biogas = .40



Unit Price of Power waste = 0.17



Motivation to Manage Waste = GRAPH (Regulation)



(0.00, 0.00), (1.00, 0.12), (2.00, 0.205), (3.00, 0.31), (4.00, 0.395), (5.00, 0.48), (6.00, 0.54), (7.00, 0.64), (8.00, 0.725), (9.00, 0.82), (10.0, 0.955)
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Figure 1. The modeling process in system dynamics. 
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Figure 2. Conceptual model of the municipal solid waste management system in Japan. 
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Figure 3. The causal loop diagram depicting various aspects of municipal solid waste system and their dynamic interactions. 
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Figure 4. The stock and flow diagram. 
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Figure 5. Extreme condition test. 
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Figure 6. Base run simulation results: (a) waste management regulation; (b) waste management revenue. 
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Figure 7. Policy scenario 1—regulation: (a) sorted waste; (b) total environmental benefit; (c) total waste budget. 
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Figure 8. Policy scenario 2—unit cost of incineration: (a) amount of food and biodegradable waste incinerated; (b) total environmental benefit; (c) total waste budget. 
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Table 1. Summary of the main variables estimates used in the model.
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	No
	Variables (Unit)
	Description
	Sources





	1
	Total Annual Generated Waste (ton/year)
	Burnable waste generated from different sectors including household and small businesses.
	[40]



	2
	Annual Rate of Waste Collection and Sorting (ton/year)
	The amount of sorted waste collected at the collection centers.
	[40]



	3
	Annual Amount of FBW Waste Generated (ton/year)
	The fraction of burnable waste that can be treated in an AD plant.
	[40]



	4
	Annual Increase Rate of FBW (percentage)
	The increasing rate of treating FBW in AD plant.
	[40]



	5
	Rate of Incinerating FBW (percentage)
	The decreasing rate of incinerating FBW in incinerator.
	



	6
	Motivation to Manage Waste (dimensionless)
	The incentive to sort and dispose of FBW appropriately, illustrate with the graph function.
	



	7
	Waste Management Regulation (dimensionless)
	Legislative standard for proper FBW management demonstrated with a graph function.
	



	8
	Annual Resources Yield from AD and Incineration (ton/year)
	The extracted materials from waste after treatment in either incinerator or AD plant (e.g., power and heat, biogas, syngas, and fertilizer).
	[3,41,42]



	9
	Annual Cost of Waste Collection and Transportation ($/ton)
	The fund needed to cover the cost of collecting and transporting waste from collection centers to the incinerator and AD Plant.
	[5,43]



	10
	Annual Cost of Operating and Maintaining both Incinerator and AD Plant ($/ton)
	Fund available for maintaining the operations of both incinerator and AD Plant.
	[5,44,45,46,47,48]



	11
	Annual Cost of Resources Yield ($)
	The revenue generated from recovered resources.
	[49,50]











© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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