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Abstract: Urban solid waste management is a complex system due to the many variables that
compose it, which makes it difficult for managers to make decisions. Among the decision-making
tools is system dynamics. To identify the gaps between the literature and the studies about urban
solid waste management by using system dynamics method, a survey of published papers on the
subject was made, which were later analyzed using some defined criteria, such as the level of the
study, the software used for modeling, the variables included in the model, among others. The
research identified that, among the stages of solid waste management, the collection process is still
little incorporated in the models, being mentioned in only nine studies analyzed. Besides, the
environmental, financial and institutional requirements were not adequately explored in the models.
Future research should endeavor to include these elements in the models, which will allow the
proposed system to be approximated to the complex reality of solid waste management.

Keywords: Waste system; System dynamics; Bibliographic review.

Resumo: A gestdo de residuos solidos urbanos é um sistema complexo em termos das inUmeras
variaveis que o compdem, o que dificulta a tomada de deciséo por gestores. Dentre as ferramentas
utilizadas para o auxilio na tomada de decisdo nestes sistemas esta a dinamica de sistemas.
Visando identificar os gaps entre a literatura e os estudos ja realizados acerca de gestéo de residuos
sélidos urbanos a partir do método de dinamica de sistemas, fez-se um levantamento de pesquisas
ja publicadas sobre o assunto que, posteriormente, foram analisadas a partir de alguns critérios
definidos, tais como nivel da aplicagao do estudo, software utilizado para a modelagem, variaveis
utilizadas no modelo, entre outros. A pesquisa identificou que, entre as etapas de gestéo de residuos
solidos, o processo de coleta ainda € pouco abordado nas modelagens analisadas, sendo citado
em apenas nove estudos analisados. Além disso, os quesitos ambiental, financeiro e institucional
nao foram adequadamente explorados nos modelos. Pesquisas futuras devem se esforcar em
incluir estes elementos nos modelos, o que permitira a aproximagdo do sistema proposto a
complexa realidade da gestao dos residuos soélidos.
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The use of system dynamics on urban solid waste management...

1 Introduction

Globalization has provided new life perspectives and triggered behavioral changes
due to the development achieved (Rosa & Andrade, 2016). Among the negative aspects
of these changes, there is an increase in the generation of solid waste and its inefficient
management, which results in large volumes of waste disposed inadequately, especially
in developing countries. Among the types of solid waste, Urban Solid Waste (USW) is
generated in large volumes. In 2018, 79 million tons of MSW were generated in Brazil,
which is about 1% higher than in 2017 (ABRELPE, 2018).

Solid waste management aims to minimize the environmental impact and include
activities such as reduction, reuse, collection, sorting, recycling, transportation, treatment
and final disposal of waste (Pisani et al., 2018). A viable alternative for dealing with complex
systems, which includes solid waste management planning, is the use of quantitative
techniques. These tools enable the representation of reality to study their behavior and make
decisions based on the conclusions obtained (Simonetto & Lobler, 2014).

Among the quantitative techniques, the System Dynamics (SD) method is used to
describe, model, simulate and analyze dynamically complex problems and / or systems in
terms of processes, information, organizational limits and strategies (Pruyt, 2013). The
simulation of different scenarios by the DS method allows users to accelerate the
collective learning about possible behaviors and impacts of complex systems; model and
test policy and program design options; analyze and improve business processes; design
and test new strategies that can conduct to better results; and lead to realistic decisions
and more likely to achieve your goals (Healthy London, 2018). Therefore, this article aims
to analyze the worldwide scientific production about DS modeling in the scope of MSW
management. From the survey carried out in the literature demonstrated in Section 2 of
this article, it was possible to define the criteria for analyzing published research.

2 Brief theoretical review

The legislation establishing the Brazilian Solid Waste Policy defines Urban Solid Waste
(USW) as that coming from households and urban cleaning (Brasil, 2010). USWs make
up a significant portion of solid waste and can be harmful to the environment and health if
disposed inappropriately. Its management is necessary to guarantee environmental
quality (Pisani et al., 2018).

Solid waste management includes the stages of segregation, collection, transport,
treatment and final disposal (Satori et al., 2018). However, its proper implementation is not
simple, especially in developing countries, which deal with a rapid increase in the generation
of their USW (Wilson et al, 2012). Guerrero et al. (2013) raised the main factors that
influence the performance of waste management systems in developing countries. The
grouped data resulted in eleven groups: (i) Generation and separation; (ii) Collection,
transfer and transportation; (iii) Treatment; (iv) Disposal; (v) Recycling; (vi) Technician; (vii)
Environment; (viii) Finance / Economy; (ix) Sociocultural; (x) Institutional / Organizational;
(xi) Political / Legal.

These indicate the many variables that influence the management of USW and, therefore,
several authors point out that solid waste management as a complex system (Abeliotis et al.,
2009; Kollikkathara et al., 2010; Ojoawo et al., 2012; Al-Khatib et al., 2015; Giannis et al.,
2016). SD method helps to conceptualize and rationally analyze the structure, interactions and
behavior of complex systems and subsystems to explore, assess and predict their impacts in
an integrated manner (Kollikkathara et al., 2010). It is a methodology based on feedback
systems, derived from the control theory, which can easily deal with nonlinear structures and
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time delay and multi-loop structures (Bala et al., 2017). It applies to any systems characterized
by interdependence, mutual interaction, information feedback and circular causality with
temporal dynamics (System Dynamics Society, 2018).

Popli et al. (2017) conducted a survey of studies on solid waste management using
the SD method. The research concluded that this method is ideal for finding quantitative
and qualitative relationships between the different variables of waste management to face
environmental, social, technological and economic problems. To understand the
components of the proposed models, an analysis of the literature was carried out, based
on criteria defined according to the procedures presented below.

3 Methodology

The steps followed for the development of this study are shown in Figure 1.

Download Definition
Keyword Paper chosen of analyses'
definition research papers criteria
o (o) (o) (o) (o) o o o
Database Paper Categorization Analyse
choice filter of papers results

Figure 1. Research steps.

The theme of this research is the modeling of solid urban waste management using the
DS method. The main words related to the subject were identified, namely: “residuos solidos
urbanos”, “dindmica de sistemas”, “municipal solid waste”, “system dynamics”, “urban solid
waste”, “urban waste management’, “urban solid waste management’, “municipal waste
management’, “glass waste”, “metal waste”, “paper waste” and “plastic waste”.

The search for articles used two platforms: Web of Science and Google Scholar. The
Web of Science platform connects publications and researchers through citations and
controlled indexing in curated databases that cover all disciplines (Clarivate, 2018). Its
choice was due to its relevance since its collection covers more than 33000 journals and
makes it possible to search for recognized authors in the area of interest, in addition to
being freely accessible to public Brazilian research institutions (Motta & Quintella, 2012).
In this case, only the combinations of keywords in English were used.

Google Scholar is a Google search tool that makes it possible to search for papers,
theses, books, abstracts and opinions from courts, academic publishers, professional
societies, online repositories, universities, and other websites. Among its features, there
is the creation of a public author profile and the monitoring of citations of its publications
(Google, 2018). It allows a broader range of research, making it possible to search not
only journal articles, but also papers presented at congresses and undergraduate, master
or doctoral theses. The use of both platforms allows a more complete analysis. The search
in the Google Scholar database took place during the months of April and May 2018, in
any language and at any time, including patents and citations. The search on the Web of
Science took place in September 2018. The search used the Boolean expression ‘AND’,
which allows the combination of two or more words.

Some points must be considered regarding the platforms used. The first refers to the
inconsistency between the approximation of results that the Google Scholar platform
informs and the number of results provided. When searching for "municipal solid waste"
AND "system dynamics", for example, the Google Scholar platform reported an error in
the system starting on page 99, so that 1230 results were not shown.
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From the preliminary analysis of the title, keywords and abstract, papers were selected
according to the scope of the project. After this first filter, 166 articles were obtained by Google
Scholar and 21 articles by Web of Science. After removing the repeated documents, the sample
resulted in 72 studies. When starting to read the publications, he came across articles that did
not fit the purposes of this study (did not present the SD model, for example) and, therefore, were
excluded. The bibliographic portfolio evaluated contains 67 publications, of which approximately
64% refer to journal articles, 24% to papers presented at congresses and 12% to undergraduate,
master and doctoral theses.

In the next stage, the publications started to be read to perform a critical analysis of the
articles. For this, the following criteria were adopted: (1) the level of application of the model; (2)
the software used for simulation; (3) the nature of the data used in the model, which may be real
or estimated; (4) how waste is addressed, that is, whether it is considered by its typology or in an
aggregated way; (5) the variables simulated in the proposed scenarios; (6) and, finally, if other
methods were combined with DS. These subdivisions of the criteria were determined according
to the literature (already applied or suggestions from the studies) according to Table 1.

Table 1. Criteria for the classification of publications.

Application Level Software Data Waste Simulated Variables Additional Methods
Municipal Vensim Real Aggregated Generation Multicriteria analysis
State Stella Estimated Dissociated Collection Soft Systems
National Powersim Real and estimated Treatment Multi-objective optimization
Regional iThink Disposal Delphi
Local DYNAMO Technical factors Fuzzy TOPSIS
Simile Environmental factors Fuzzy logic
Sociocultural factors  Hierarchical Process Analysis
Economy Multiple Linear Regression
Government

In the scope of application, studies involving the city or its subdivisions, such as
neighborhoods and regions, are considered municipal. The state level comprises studies
covering more than one city, a specific region of the state or even the entire state. Similarly, at
the federal scale, studies covering several states, regions of the country or the entire country are
considered. The regional scale involves a set of countries. Finally, there are studies with
applications in specific locations, such as universities or other locations that do not fall under the
previous categories, so it was decided to classify them separately as 'Local'. Figure 2 shows the
list of publications by application level, i.e., by the scope of the modeling proposed by the authors.

45 40
(60%)
40
35
30 T
25
20 T
15 T 10
o (15%) 6 6
(9%) (9%) 3
5 I r:‘ ’:‘ ( 1 ) ( 1 ) (4%)
1% 1%
. | 22 e
Municipal Federal State Local Regional Not Not

applicable included

Figure 2. Modelling level of application.
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Considering the research design, it was possible to verify in which countries the studies
on the modeling of USW management by the SD method are more concentrated. First,
Brazil appears, with a total of 11 studies, followed by India (7), Thailand (6), China (5),
Bangladesh (4) and the USA (3), even with the keywords used in the search were mostly
in English. Brazil stood out ahead of India (2nd) and China (4th), countries belonging to
the BRICS, in addition to other developed countries such as the USA (6th), Latvia,
Singapore, Switzerland, and Spain (all four tied for 7th), Greece, Germany, Belgium,
Estonia and Lithuania (8th). This is due to the search for Portuguese words in the Google
Scholar database. In addition, among the 11 Brazilian articles, 8 belong to the same
author indicating the concentration of papers. These articles deal with the same problem
situation, in the same place of application. Therefore, the SD method still has little
representation in the country, indicating the opportunity to represent and simulate USW
management systems in other regions of Brazil.

There are several SD modeling software on the market, of which 7 were used by the
studies analyzed: Vensim, which has a free version (Ventana Systems, 2018), Stella and
iThink, belonging to the same platform (isee systems), Powersim, DYNAMO, and Simile.
As for the provenance of the data, the studies analyzed used real, estimated data or both.
In the first case, the data are obtained by government agencies, research institutes,
associations, among others. In case this is not possible, or even if it is a hypothetical
study, the data were estimated. The two types of data were combined when real data for
simulated variables were not available.

Regarding the waste approach, it can be considered aggregated, that is, without
distinction of each typology, or dissociated, showing each category of material that is
being addressed. It allows the simulation of specific measures for each typology. As
indicated in Table 1, the simulated variables presented were defined according to the
literature review related to the factors that influence the solid waste management system.
In this theoretical review, it was found that SD was often used together with other methods.
The methods indicated in Table 1 were those found in the analyzed sample.

4 Results and discussion

Among the various software used for modeling USW management, in the study sample
Vensim, Stella and Powersim software were the most used. Figure 3 shows the software
used by the studies that compose the analyzed bibliographic portfolio.

35 30
(45%)
30
25
20
14
15 11 (21%)
(16%)
10 6
(9%) 3
5 (4%) 1 1 1
1% (% (1%
0 — — —
Vensim Stella Powersim Ithink DYNAMO Simile Not Not

applicable included

Figure 3. Softwares used in the papers analyzed.
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The predominance of studies that used the Vensim software for modeling and
simulation can be explained by the existence of its free version for educational
purposes, in addition to being easy to understand and apply. The software has a
very strong position in the market, but also in the academic area (Bures$, 2015).
Analyzing the distribution of software usage over the years, before 2002 there are
no studies between the analyzed papers that used Vensim. This behavior can be
explained by the fact that the free version, Vensim PLE (Personal Learning Edition),
was launched in 1996, expanding access to this tool.

The second most used software was Stella. Its target audience is students,
professors and researchers (Bure$§, 2015). Stella was one of the first dynamic
modeling systems to achieve widespread recognition and use, mainly due to its
easy-to-use graphical interface (Costanza & Voinov, 2001). Powersim is focused on
risk simulation, analysis, management and optimization, which helps organizations
to develop strategic plans and identify practical solutions (Bure$, 2015). The
process of building the models, as well as defining the variables, is very similar to
that of Stella (Santos, 2006). As the portfolio under analysis is composed of
scientific research, and Powersim's focus is on business simulations, the position of
third place among the others is justified.

IThink, being from the same manufacturer as Stella, has a very similar language,
however, they are marketed to different audiences (Barlas, 2009). While Stella
targets researchers, iThink targets business consumers (Bure§, 2015). DYNAMO
was the first SD simulation language and explicitly displayed the equations used to
assist apprentice SD users (Barlas, 2009). However, it does not have a graphical
interface of the causal loop diagrams or the flow diagrams of the created model,
which compromises its visualization. Besides, this software only has paid versions
(Figliuolo et al., 2013), which may explain its small use in the analyzed papers.
Simile, on the other hand, is a software aimed at developing models for analyzing
environmental, ecological and biological systems, restricting the variety of problems
that can be treated with this tool (Santos, 2006). Its specificity justifies its low use,
although the subject of study is within its scope.

The data used in the modeling was predominantly (88%) real, followed by 6%
estimated, and 3% combined. However, 3% of the papers did not inform the origin
of the data used in the SD simulation. The four studies that used estimated data in
their models indicated the lack of reliable or incomplete historical data available as
obstacles. Other studies do not reflect the situation of a specific location. As it is a
general model applicable to several realities, estimated data were used for testing
(Pai et al., 2014; Rong, 2004).

The studies predominantly address waste in aggregate (41 papers). This fact was
already expected due to the less complex models involving the USW without distinction
of typologies. The other 26 papers address waste in a disaggregated manner, in which
several specific types of waste are considered or focus on only one. There are also studies
that, instead of classifying waste by its composition, categorize by recycling capacity or
by its origin (industrial and domestic, for example).

4.1 Proposed modeling

Analyzing the models proposed in the bibliographic portfolio, the main variables
addressed for each stage of USW management were identified, as well as the external
factors that interfere in this process, as summarized in Table 2.
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Table 2. Main factors influencing USW management.

Generation

and sorting Population (55), gravimetric composition of the waste (12), sorting on source (8)

Collection and

Efficiency / Effectiveness of the transportation and collection service (9)
transport

Recycling (50), incineration (16), compost (17), anaerobic digestion (2),
Treatment production of waste fuel (3), generation of electricity / energy from USW (10),
informal recycling system (5), treatment efficiency (5), treatment energy (2)

Disposal Sanitary landfill (33), uncontrolled disposition (6), gas generation in landfills (6)

Note: the number of studies that considered the factors in their models is shown in parentheses.

There is a strong relationship between population variation and the generation of waste, this
variable is used by 75% of the analyzed works, in addition to the highlight of recycling (~ 70% of
papers) as a waste treatment option, and the final destination of these in landfills (45%). One of
the factors that influence the management of USWs is the operational / technical elements, which
involve the infrastructure for the system. Approximately 18% of the models proposed considered
the presence of such a factor, classified in labor, collection vehicles and equipment and their
effectiveness, and the availability of urban bins.

Guo et al. (2016) included in their modeling the variable “availability of street bins”. The
authors modeled the decision to dispose of domestic waste according to a weighted sum
of descriptive and injunctive norms, financial incentives and availability of street bins.
Given a high number of bins, inadequate waste disposal can be reduced. However, it is
possible to generate an undesirable effect by stimulating chaotic dumping in large
quantities, which, in turn, contributes to the population growth of rats in the municipality.

Regarding labor, 11 studies (Sufian & Bala, 2007; Akinyemi, 2014; Rahayu et al.,
2013; Bala et al., 2017; Bala, 2009; Kum et al., 2005; Manasakunkit & Chinda, 2017;
Manasakunkit & Chinda, 2014; Manasakunkit, 2013; Matos, 2012; Sukholthaman &
Sharp, 2016) used the human strength necessary for the entire USW management
process as variables, such as the wages of employees of collecting vehicles (collection)
and waste sorting. The inclusion of such a variable allows for a more realistic analysis of
the process since it is a factor that interferes on the costs of the system.

Collection vehicles and equipment are considered in some models (~ 12% of the sample),
which makes it possible to relate the collection capacity, the number of trips required, purchase
price and fuel consumption, impacting the total collection costs (Sufian & Bala, 2007; Akinyemi,
2014; Rahayu et al., 2013; Bala et al., 2017; Bala, 2009; Sukholthaman & Sharp, 2016; Vélez &
Mora, 2016; Paucar & Ataucusi, 2017). It is necessary to analyze, in a complementary way, the
effectiveness of the labor, vehicles and collecting equipment, to simulate policies that interfere in
the productivity of the process (Akinyemi, 2014).

4.1.1 Environmental approach

Some authors address the generation of environmental pollution from the non-
collected, untreated and improperly disposed waste, which deteriorates the quality of
health and the environment (Sufian & Bala, 2007; Sufian & Bala, 2006; Cai & Liu, 2013;
Rong, 2004; Guzman, 1998; Kum et al., 2004). An example of this decrease in quality is
presented by the model proposed by Pai et al. (2014), which relates pollution to population
variation (births and deaths). However, the authors do not specify the source of such
pollution. Besides them, Paucar & Ataucusi (2017) modeled the contamination generated
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by the emission of gases and leachate from controlled landfills, which is an influential
variable in the death rate.

Rodrigues et al. (2017) and Rizzetti et al. (2016) proposed a model for the use of cooking
oil, from University Restaurants, as a raw material for the production of biodiesel, to be used
as fuel for city collection trucks. The authors inserted a variable to calculate the potential
reduction in water pollution due to incorrect disposal of the oil used, in addition to estimating
the amount of CO. gas emitted by the collection trucks (this value tends to decrease with the
addition of biodiesel). Similarly, Ocoré & Guzman (2014) modeled the accumulation of CO2 in
the atmosphere from waste incineration, consumption of virgin PET and disposal of solid waste
in landfills. The authors concluded that the implementation of mechanisms for recycling waste
can decrease the amount of CO2 emissions.

It is still possible to relate pollution to waste collection rates. Kum et al. (2004) modeled
the population's willingness to pay for the collection service and concluded that, as the
pollution rate increases, the number of citizens willing to pay the collection fee also
increases. Other policies analyze the impact of environmental policies on waste
generation, such as the ban on free plastic bags (Long et al., 2012), and the availability of
the municipal budget for the management of USW (Ahmad, 2012; Alam & Ahmad, 2015;
Sufian & Bala, 2006; Sufian & Bala, 2007; Akinyemi, 2014; Rahayu etal., 2013;
Bala et al., 2017; Bala, 2009; Rong, 2004; Sudhiretal., 1997; Zanjani et al., 2012;
Sukholthaman & Sharp, 2016; Kum et al., 2004).

4.1.2 Economical approach

As for economic aspects, many authors identified the proportional relationship
between the amount of USW generated and the population and economic variation (GDP,
average income per capita, or both), being modeled by 30 articles (Ahmad, 2012; Alam &
Ahmad, 2015; Sufian & Bala, 2007; Sufian & Bala, 2006; Akinyemi, 2014; Yeh et al., 2002;
Chenetal.,, 2012; Giannisetal., 2016; Rahayuetal.,, 2013; Pubule etal., 2014;
Vivekananda & Nema, 2014; Bala et al., 2017; Bala, 2009; Rong, 2004; Guzman, 1998;
Estay-Ossandon & Mena-Nieto, 2018; Estay-Ossandon et al., 2018; Inghels & Dullaert,
2010; Sudhir et al., 1997; Kollikkathara et al., 2010; Zanjani et al., 2012; Dyson & Chang,
2005). In addition to the two economic parameters mentioned, other factors can be used,
as proposed by Dyson and Chang (2005), which suggest the income growth rate of the
economic bloc (whose city of study belongs) as a factor of influence in the generation of
waste.

Some studies combined different levels of income or population densities and
assessed the impact of these changes on the generation of waste, as did Pai et al. (2014)
when classifying the population into three income groups (low, medium and high) and
simulating the generation of waste for each income level. Similarly, Chinda (2015)
combined three income ranges (low, medium and high) with three population density
scales (low, medium and high) when proposing a model for recycling household waste.
The simulation concluded that middle and high-income households recycle more waste
than low-income households. The study concluded that this fact can be explained by the
difference in education and knowledge about recycling. This result is in line with the model
developed by Rong (2004), which identified the relationship between GDP per capita and
recyclable waste: as GDP increases, the amount of recyclable waste generated is greater.

Kollikkathara et al. (2010) used GDP to calculate the generation of waste according to
the level of prosperity (very high, high, medium and low), which involves, in addition to
GDP, the agricultural labor force, infant mortality rate, average family size, population
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between 15 to 59 years and life expectancy. More categorically, Chen et al. (2012) and
Giannis et al. (2016) used the industrial GDP to relate to the generation of industrial waste.
Yeh et al. (2002) also used the categorized GDP and classified the sources of waste as
industrial, agricultural and services. Finally, Long et al. (2012) and Long etal. (2010)
categorized the municipal plastic waste system into four sources of generation, with GDP
influencing the generation of waste in public business places.

Other applications for GDP were addressed by Dace et al. (2014) and Massote et al.
(2015) to estimate packaging consumption. After becoming a waste, the packaging
impacts the value of the municipal budget, which in turn influences the financial resources
available for the management of USW (Ahmad, 2012; Alam & Ahmad, 2015; Sufian &
Bala, 2007; Sufian & Bala, 2006; Rahayu et al., 2013; Bala et al., 2017; Bala, 2009; Rong,
2004). Other authors use green GDP, an indicator that refers to the difference between
commonly used GDP and economic losses caused by factors such as environmental
pollution and degeneration of natural resources to determine the relationship with the
USW (Yeh et al., 2002; Cai & Liu, 2013).

The models proposed in the analyzed articles still consider the revenue obtained from
the sale of recyclable materials (Ahmad, 2012; Rahayu et al., 2013; Sudhir et al., 1997;
Al-Khatib et al., 2015; Kum et al., 2005; Zanjani et al., 2012; Manasakunkit & Chinda,
2017; Manasakunkit & Chinda, 2014; Manasakunkit, 2013; Matos, 2012; Ribeiro, 2012),
electricity generated from landfill gases (Ahmad, 2012), electricity generated from waste
incineration (Rahayu et al., 2013), composting (Ahmad, 2012; Rahayu et al., 2013;
Zanjani et al., 2012) and the disposal and facilities of waste treatment (Ahmad, 2012). So,
in these papers, the revenue with different activities related to the USW management was
also included in the SD model.

On the other hand, the USW management system is also influenced by the operational
costs of the process, which includes the stages of collection, separation, treatment and
disposal of waste. This cost variable is present in approximately 40% of the articles,
demonstrating its relevance for analysis of policy implementation, more realistic estimates
of the municipal budget necessary for the maintenance of the system and identification of
process improvement (Ahmad, 2012; Alam & Ahmad, 2015; Sufian & Bala, 2007;
Akinyemi, 2014; Yeh et al., 2002; Chen et al., 2012; Giannis et al., 2016; Rahayu et al.,
2013; Cai & Liu, 2013; Bala et al., 2017; Bala, 2009; Rong, 2004; Sudhir et al., 1997;
Massote et al., 2015; Al-Khatib et al., 2015; Kum et al., 2005; Zanjanietal., 2012;
Manasakunkit & Chinda, 2017; Manasakunkit & Chinda, 2014; Manasakunkit, 2013;
Matos, 2012; Chinda, 2015; Karavezyris etal., 2002; Ulli-Beeretal.,, 2004a, b;
Sukholthaman & Sharp, 2016; Vélez & Mora, 2016; Kum et al., 2004; Rodrigues et al.,
2017).

The SD method also makes it possible to estimate the savings generated from the
implementation of USW management system or to assess the cost-benefit of a given
policy. Some authors have evaluated the electric energy savings provided by recycling
each type of waste, that is, the difference in electric energy required for production from
the raw material and using recycled material (Simonetto & Lobler, 2013; Simonetto et al.,
2013), which allows evaluating financially the gains obtained by recycling waste,
according to Simonetto et al. (2014) and Rizzetti et al. (2016) modeled. These authors
simulated the use of oil used in university restaurants for the production of biodiesel and
identified savings of more than R$ 120,000.00 in the acquisition of diesel over 10 years.

Manasakunkit & Chinda (2017), Manasakunkit & Chinda (2014) and Manasakunkit
(2013) evaluated the decision to hire employees for the municipal recycling program
based on the program's cost and benefit. Costs involve labor wages and transporting
waste to recycling centers, while the benefits consist of savings in the costs of transporting

Gestédo & Produgéo, 28(3), 5336, 2021 9/18



The use of system dynamics on urban solid waste management...

waste to the landfill, in addition to the revenue obtained from the sale of recyclable
materials. That way, if the benefits outweigh the costs, new employees would be hired.
Similarly, Chinda (2015) used cost and benefit analysis to assess the implementation of
a recycling program. To this end, transport costs and revenue from the sale of recyclable
materials were considered.

Itis also possible to relate the proportion of people employed in the USW management
system. Dyson & Chang (2005), for example, used the job growth rate to predict per capita
income and population growth, which influences the USW in the city under study. Another
option is the association between the proportion of people employed and the generation
of waste in non-public places (Long et al., 2012; Long et al., 2010).

4.1.3 Social approach

Papers also address the formalization of the informal recycling sector. Ribeiro (2012)
modeled a cooperative management system for recyclable material collectors, which is
one of the alternatives for collectors to obtain better working conditions, social recognition
and social inclusion. The model considers the financial inputs and outputs of the
cooperative, including quotas for each member. Vélez & Mora (2016) simulated the effect
of formalizing the informal sector on the USW management system, to analyze how this
process can solve social and environmental questions. Regarding the social, there was
an improvement in income that could lead to better living conditions for the population. By
the environmental sphere, it is possible to reduce the amount of waste to be collected and
discarded, raw materials used in the production processes and, thus, the energy
consumption during the manufacture of new products. The simulation also indicated an
increase in tax collection by the municipality, a reduction in system costs and an
improvement in the social problem. However, this approach was not involved in-depth in
the papers that constitute the sample.

4.1.4 Behavior approach

Many authors simulate the environmental awareness of the community. Environmental
pollution increases the annoyance and irritation of the population. Thus, the public concern
develops to reduce the generation of waste and separate recyclable waste at the source
(Sufian & Bala, 2007; Sufian & Bala, 2006; Bala et al., 2017; Bala, 2009; Sudhir et al.,
1997). Guzman (1998) highlights the situation in which this concern leads the population
to pressure the government on the management of USW in the city.

The relationship between the population's environmental concern and the generation
of waste is identified by many authors (Sufian & Bala, 2007; Sufian & Bala, 2006;
Long et al., 2012; Bala et al., 2017; Bala, 2009; Long et al., 2010; Sudhir et al., 1997;
Kollikkathara et al., 2010). As the population becomes aware of environmental impact and
the importance of reducing waste production, the total waste generated decreases. Such
awareness can be increased through advertising or political guidance, advocating the
minimum use of plastic products (Long et al., 2012).

Many authors have modeled the impact that population's environmental behavior
causes in waste recycling. Dace et al. (2014), for example, classified the population into
four groups based on their motivations and habits: people who do not separate waste and
are not willing to separate; people concerned about the environment and who would like
to separate the waste but do not have access to the sorting facilities; people who perform
the separation because they care about the environment; and people who perform the
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separation for economic reasons (or survival). It is assumed that the motivation for sorting
is mainly driven by the environment (number of environmentalists in the vicinity) and the
prevailing economic circumstances (waste management costs). Similarly, Zanjani et al.
(2012) used a stock variable to quantify the population willing to separate their waste with
public pressure (manifested from environmental pollution) and a municipal incentive plan
as motivators.

Karavezyris et al. (2002) also simulated the environmental behavior of the population,
relating to the habits of handling and separating waste in their homes. The increase in
community awareness leads to a higher rate of waste recycling. Inghels & Dullaert (2010)
considered the selective collection behavior of the inhabitants as one of the influential
factors in the generation of waste in the city. The authors indicated, as future work, the
insertion of the tax policy related to waste disposal and to verify its impact on the
separation behavior at the source to analyze the effect generated.

Ulli-Beer et al. (2004a, b) analyzed the influence of human behavior and public policies
on the decision to separate waste or not. The authors classified the population into two
main groups (willing to separate and unwilling), subdivided into two more subgroups that
represent citizens in transition, combining experience with the willingness to separate.
This transition between groups is attributed by the authors to the perceived social norms
of separation. The habits of the community influence the decision, as well as the costs
involved in the incineration of the waste, since an increase in such costs can lead to a
reduction in the quality of the separated waste (from the mixture of recyclable and
incinerable materials). As for public policies, a tax on waste was simulated to promote the
separation of waste in the municipality, in addition to prepaid disposal fees to alleviate
public accounts. The authors concluded that the implementation of this prepaid rate
demonstrated an effective incentive for waste separation.

Sukholthaman & Sharp (2016) addressed the factors that affect human attitudes in
waste separation in their model. The change in the attitude of separation was calculated
from different levels of incentives or knowledge provided about USW management. In
addition to the waste separation behavior, some authors analyzed the decision to reduce
generation, waste disposal, and packaging reuse. To analyze this behavior, Guo et al.
(2016) took into account the influence of social, injunctive and descriptive norms.
Descriptive norms refer to what most people do, while injunctions focus on what the
majority approves or disapproves. Regarding the option of reusing waste, Babader et al.
(2016) developed a model that identifies the influence of social norms (of friends and
family) and the effect of practitioners of packaging reuse, in the awareness of uninformed
people about packaging reuse. The model also assesses people's behavioral adaptation
to become practitioners of packaging reuse through the best product packaging conditions
and the perceived convenience in reusing it.

Lilley (1997) drew an average profile of the inhabitants determined by seven socio-
demographic variables: age, political ideology, income, environmental knowledge, level of
education, gender and house location. In its model, the behavior is influenced by the
community's intention to adopt such behavior, resulting from the weighted sum of the
attitude and subjective norms, external laws for the prevention of solid waste, incentives
(for example, financial), besides the barriers for such behavior, such as the absence of a
recyclable collection system in the community. Another factor considered is the behavioral
belief, resulting from the perception of efforts to reduce the generation of waste and the
training offered on the proper procedure, such as programs to help on which materials are
recyclable and the frequency of collection (Guo et al., 2016).

In addition to this study, Kollikkathara et al. (2010) analyzed the effects of public and
internal waste prevention measures in Newark (USA). Such measures are the promotion
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of repair services, reusable goods and rental services; intensified municipal public
relations; home composting; reusable material; use on both sides of paper. The authors
realized that there is an increasing tendency to increase the fraction of waste not collected
each year. As a result, the cost of waste treatment and disposal in landfills increases,
making recycling the preferred option for non-collected waste. Kollikkathara et al. (2010)
recommend the creation of new policy measures that reduce the cost of recycling to
increase the efficiency of operations and the markets for recyclable materials.

Other factors considered were educational level, modeled by Estay-Ossandon et al.
(2018), and the relationship between genders (female and male) proposed by Chinda
(2015). According to the authors’ research, the proportion of waste recycled by men and
women is different. Therefore, they suggest including gender analysis in research on
recycling and the simulation of different policies specific to each group.

Some studies also simulate population resistance. In the first case, Rong (2004)
considers the community's opposition to the installation of a landfill. The proposed way to
overcome resistance was to offer compensation to the population, which leads to an
increase in the investment cost of the facility (waste disposal costs). The second example
refers to the model developed by Adamides et al. (2009), whose problem involves public
resistance to new waste processing technologies that delay the development of waste
treatment capacity. This variable is influenced by the flow of waste disposed in an
unmonitored manner for properly treated (landfill and new technologies), as well as by the
degree of technical awareness and participation in public decision-making. With CATWOE
(Customers, Actors, Transformation, World View, Owner e Environment constraints), the
authors proposed a system to promote public awareness that, with the help of the
population, plans and implements actions to increase public awareness of the methods
and technologies available for waste management and its effects on the environment and
humans.

4.1.5 Regulation approach

Approximately 34% of the articles consider the influence of policies and regulations on
their models, which includes incentives, laws, taxes, programs, among others. As for the
programs, Zanjani et al. (2012) proposed a municipal incentive plan to motivate the
population to separate waste. This plan could involve discounts on city commerce or tax
cuts, so that citizens' enthusiasm for separation would increase recycling efficiency. In
addition, the authors consider the presence of a tax on the generation of waste in the
population; however, this variable is not discussed throughout the article. Another
municipal incentive was included in the model proposed by Chinda (2015). It simulated
government support in activities related to recycling, such as the provision of recycling
bins and the promotion of recycling programs through various media channels; so that, as
the population acquires knowledge, the amount of waste recycled increases.

It is also possible to promote a financial incentive for the population, as proposed by
Guo et al. (2016). The authors simulated the presence of such incentives to reduce
incorrect waste disposal and encourage recycling. Among the simulated interventions, the
combination of improved social norms and financial incentives resulted in better promotion
of appropriate behaviors related to waste. Seeking a stricter control, certain authors
addressed the presence of laws and regulations on the management of USW, such as
the model proposed by Pubule et al. (2014), which includes a governmental directive on
minimizing the destination of organic waste to landfills.

12/18 Gestédo & Produgéo, 28(3), 5336, 2021



The use of system dynamics on urban solid waste management...

Regarding recycling, Kum et al. (2005) identified the dependency relationship between
waste separation and the population that is motivated (in many cases) by the recyclables
price. As recycling is not dependent on this factor, the authors simulated the insertion of
a regulation on the separation of waste by the inhabitants. Similarly, Sukholthaman &
Sharp (2016) also simulated the insertion of regulations in which the separation of waste
(recyclable and organic) by citizens is mandatory. The results show a decrease in the
amount of waste destined for landfills, which leads to a reduction in transport costs and
thus provides savings to municipal funds. Given the large volume of waste disposed of
illegally, it becomes relevant to model a regulatory variable regarding the illegal disposal
of waste, as proposed by Karavezyris et al. (2002). This measure was simulated
according to the strictness or relaxation of the regulation, resulting in lower proportions of
residues illegally disposed, for the first case.

Massote et al. (2015) discussed the limitations and perspectives of the implementation
of the reverse logistics model in companies aiming at complying with the National Solid
Waste Policy in Brazil. The authors concluded that the policy is not a powerful tool for
changing investments in research and product development, while increasingly complex
packaging is expected to reduce recycling efficiency. Therefore, a fiscal incentive must be
integrated into the policy in order to encourage companies to invest in eco-innovation.

When regulations are included in the model, it is important to consider the pressure
from the private sector. Guzman (1998) portrays in his model the existence of the private
sector, together with the public, in the management of USW. The author indicates the
pressure exerted by this sector to collect and dispose the urban waste. As such, the total
pressure exerted under the government is composed of public pressure and the private
sector.

5 Final considerations

With the increase in environmental concern, the number of studies on the management
of urban solid waste has increased. The use of the system dynamics method for
representing and simulating such a system has emerged as a viable strategy to deal with
the complexity involved. Among the analyzed bibliographic portfolio, the first study was
published in 1993 in the United States. Only 10 years later, research using this method
was found in Brazil, demonstrating the delay between access / knowledge of new
methodologies in the country. Although Brazilian articles stood out in quantity, as a
characteristic of the intention to verify studies at the national level, the articles are
restricted to a few authors, demonstrating the limited use of the method.

Among the variables addressed in the models, the influence of population size on
waste generation was evident, in addition to the effectiveness of using treatment methods
and correct options for final disposal. Economic and behavioral factors have been
privileged in the analyzed models. Despite this, new variables can be inserted in the
models such as consumption habits of the population, level of education, seasonal
population, market prices of goods made from recycled waste, society's effort to separate
waste between the various population groups (human behavior).

Therefore, it is possible to notice gaps when analyzing the literature related to the
absence of factors about collection, such as route planning; environment, such as the
control and assessment of environmental impacts; finance, such as private sector
participation in management systems; and the institutional scope, such as the knowledge
of municipal administrators about waste, prioritizing waste problems and the effectiveness
of municipal management. As study opportunities pointed out by the analyzed studies, the
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disaggregated waste approach stands out, to insert treatment and destination options
geared to each type of material. Another suggestion refers to private investment to provide
another source of financing for structuring the logistics and waste management network,
interventions that focus on reducing waste at the source, and incorporating delays
between the stages of production - consumption - waste for consumers major USW
groups.
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