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Abstract: This study aims to develop a comprehensive model for life cycle assessment and envi-
ronmental damage cost calculations considering avoided emissions in different waste management
scenarios using the system dynamics (SD) approach. Our analysis reveals that under the business-
as-usual (BAU) scenario for the period 2020–2050, the total net greenhouse gas (GHG) emissions
reach 12.5 Mt, with the highest environmental damage cost being USD 689 million. In contrast,
an integrated management strategy encompassing recycling, composting, anaerobic digestion, and
incineration results in a 195% reduction in net GHG emissions compared to the BAU Scenario. Con-
currently, the environmental damage cost drops to USD 277 million, incorporating USD 347 million
in savings, leading to a net environmental damage cost of USD −71 million. The findings affirm that
accounting for emissions avoided across various treatment methods offers a more accurate estimate
of environmental damage costs. Additionally, policies centered on integrated waste management
are more likely to achieve sustainability. The study also demonstrates the utility of the SD approach
in providing a holistic view of waste management systems and in evaluating the effectiveness of
various policy strategies for sustainable waste management.

Keywords: waste management scenarios; environmental saving; system dynamics approach; life
cycle impact assessment method (LIME); environmental damage cost

1. Introduction

Solid waste management is one of the most urgent and significant issues in the world.
The importance of this issue can be perceived from the fact that twelve out of seventeen
United Nations’ Sustainable Development Goals are directly related to solid waste [1].
With population growth, rapid urbanization, and economic development, municipal solid
waste generation rates are steadily increasing, and coupled with the feeble performance of
managers in choosing the right treatment, this can worsen such conditions, especially in
developing and emerging countries [2–4]. It is widely documented that insufficient waste
management negatively affects air, soil, and water quality, as well the climate, public health,
and, ultimately, the economy [5–7].

Many countries are looking for an appropriate waste management system to reduce
the volume of waste and the related environmental impacts [8]. A capable and sustainable
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waste management system is vital both for human health and environmental protection [9].
Undoubtedly, sustainable waste management is an innovative solution for solid waste
treatment to improve practicality and to meet the goals of reduction, reuse, recycling, and
treatment strategies with the lowest environmental damage cost [10]. Recycling, compost-
ing, anaerobic digestion, and incineration are suitable options for waste treatment [11].
However, different treatment methods have different emissions and environmental im-
pacts [12]. The life cycle assessment (LCA) and life cycle inventory (LCI) methods have been
broadly used as tools to estimate the environmental performance of waste management
systems [13]. The life cycle impact assessment method based on endpoint (LIME) assists
decision-makers in selecting the best option with a minimal impact on the environment by
quantifying the life cycle environmental impacts of different waste treatment options [14].

In recent years, researchers have focused more on assessing environmental damage
costs as a concept of environmental economics or external environmental costs. In this
regard, Dijkgraaf and Vollebergh [15] compared environmental damage costs caused by
landfilling and incineration and found that converting waste to energy is better than
transferring it to landfill. Yi et al. [16] applied the LIME model to investigate municipal
solid waste management scenarios based on the midpoint and endpoint approaches. Liu
et al. [17] investigated the environmental damage cost of different waste treatment scenarios
using the LIME3 method. The analysis showed that fermentation has the least and landfills
have the most environmental damage cost.

These studies appraised the environmental damage cost based on the emissions of
different waste treatment methods. However, the avoided emissions from the waste
treatment products that could potentially offset GHG emissions were not considered.
Calculating avoided emissions due to waste-based products shows a more accurate view
of the environmental effects of waste management and can offset GHG emissions from
other sectors and lead to net negative emissions from the waste management sector [18].
Amaral et al. [19] stated that the use of appropriate waste management methods could
transform the waste management system in a country from a GHG producer to a net-zero
GHG producer.

The open dumping of waste (both controlled and uncontrolled) is the ultimate option
for collected waste in Iran, which poses lack of land and environmental and health chal-
lenges for city residents [20]. The local government has founded a policy action known
as Vision 2030 to manage the massive generation of waste and minimize its disposal for
economic and environmental benefits. The available relevant solutions concentrate mostly
on evaluating the environmental damage from prevailing treatment techniques, such as
landfilling [21], incineration [22], and biochemical treatment [23], as well as an integrated
waste management system [24].

To investigate the consequences of waste treatment methods, it is necessary to se-
lect acceptable approaches and develop a comprehensive model. Simulation models, as
appropriate tools for scenario analysis, can help decision-makers in the decision making
and performance review of waste management policies [25]. System dynamics (SD) is an
analysis and simulation methodology of temporal behavior that can help investigate the
structure, interactions, and behavior styles of complex systems and assess their impacts
in a comprehensive manner [26]. The SD approach has been widely used to study the
waste management sector, such as waste separation [27,28], analysis of new policies [29–31],
waste generation prediction [32,33], and converting waste to energy [34].

However, to our knowledge, the existing literature lacks a comprehensive system
dynamics model to evaluate the life cycle of waste management systems, particularly in
developing countries. To address this gap, a comprehensive waste management model has
been developed to assess the life cycle based on the endpoint approach and the environmen-
tal damage cost using Vensim PLE software (Ventana Systems, USA, 2015). The proposed
model also takes into account the avoided emissions of valuable products using different
treatment methods to investigate the emissions mitigation potential. The developed model
can be used as a reference for other places facing the problem of waste management. The
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innovation of this research is due to the development of a comprehensive waste flow model
and quantifying the environmental damage cost by considering avoided emissions for the
analysis of different scenarios.

Household waste is an important focus of this study because it includes the composi-
tion of heterogeneous resources, which can potentially be recovered if proper separation,
collection, and treatment methods are accomplished. The model investigates all sepa-
rated recyclable and residual waste streams, as well as representative technologies for the
treatment of individual waste streams. The model is designed to be extensible, allowing
for the future incorporation of more complex system dynamics (SD) variables, including
socioeconomic and environmental factors and potential policy-related feedback loops.

2. Materials and Methods

2.1. SD Model

The system dynamics (SD) model was developed through a series of steps outlined
in the following sections. First, the structure of the model is explained in Section 2.2.
Second, greenhouse gas (GHG) emissions and avoided GHGs from the waste stream are
presented in Section 2.3. Third, the LIME model, which is used to calculate environmental
damage costs, is described in Section 2.4. Fourth, in Section 2.5, the model’s quantification
and implementation were conducted using data on Alborz Province, which is located in
Iran. In addition, various scenarios were developed that are closely aligned with Alborz
Province’s waste management strategies and that considered both local structural factors
and international guidelines.

2.2. Model Structure

The SD model has been used in articles to analyze waste streams to investigate en-
vironmental damage cost scenarios using an equation-based model [34–37]. Figure 1
characterizes the conceptual system dynamics model of a waste stream. The arrows in
the figure exhibit the stream of information between the subsystems. The waste stream
subsystems are depicted using the system dynamics diagram model [38], in which a rect-
angular box characterizes a stock, a pipe arrow pointing to a reservoir characterizes an
inflow, a pipe arrow out of a stock characterizes outflows, valves on the pipes control the
flows, clouds show sources/sinks, and each connected arrow shows a causal relationship.
The proposed model is initially an open-loop, unidirectional model without significant
feedback loops, a feature also observed in other solid waste models in the existing litera-
ture [34–37]. Even so, the use of SD as a modeling tool remains reliable, especially in large
systems with multiple variables that interact in complex ways, not necessarily following
linear relationships. Generally, both closed-loop and open-loop system simulations are
recognized as reliable methods for gaining an overview of dynamic systems [39].

The presented model includes four subsections: (1) waste generation and recycling,
(2) collection, (3) waste treatment, and (4) the LIME model. The model is constructed in
such a way that the output(s) of a previous module is transformed into the input of the
next module following a main direction of computation. The details of the model are
explained below.

The waste generation submodule estimates the information on population growth and
the total waste generated and waste composition. The submodule of recycling refers to the
amount of valuable dry waste. The variable “recycling waste from the origin” shows the
amount of separated dry waste at the source at any time and affects the “separated rate
of valuable dry waste by waste scavengers”. The waste collection submodule represents
the amount of collected waste (i.e., mixed waste) in the same period as that obtained by
removing recycled waste from the origin and recycled waste by scavengers from the total
waste generated. The material recycling facility (MRF) submodule refers to the amount of
valuable dry wastes that are separated at the receiving site.
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by removing recycled waste from the origin and recycled waste by scavengers from the 
total waste generated. The material recycling facility (MRF) submodule refers to the 
amount of valuable dry wastes that are separated at the receiving site.

Waste treatment and disposal submodels represent the final fate of waste through the 
process of composting, anaerobic digestion, waste incineration, and landfilling. Solid 
waste may be directly transferred to the landfill or enter other processes according to the 
type of waste. In addition, each of the processes also has residual materials that eventually 
enter the landfill. The amount of net GHGs in each submodule is calculated using the 
GHG emissions (direct emissions from processes and input materials) and avoided GHGs 
(production of different products and savings from input material). According to the GHG 
emissions factor per liter of fuel required, the amount of GHG emissions using the collec-
tion and transportation of waste is determined. The LIME submodel refers to the environ-
mental damage cost according to the amount of waste sent to the landfill and the GHG 
emissions in each method. The full details on the submodels (Figures S1–S9) and the 
amount of parameters used along with their sources (Tables S1 and S2) are provided in 
the Supplementary Materials.

 

Figure 1. Conceptual system dynamics model of a waste stream for different processes.

2.3. GHGs in Waste Stream
The direct emission of GHGs is calculated using the relevant coefficients in the pro-

cesses of collection [40], recycling [41], composting [42], anaerobic digestion [41,43], incin-
eration [35,37], and landfill [34,43] with Equations (1)–(6), respectively. All of the param-
eters for the equations are mentioned in the list of abbreviations.
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Figure 1. Conceptual system dynamics model of a waste stream for different processes.

Waste treatment and disposal submodels represent the final fate of waste through
the process of composting, anaerobic digestion, waste incineration, and landfilling. Solid
waste may be directly transferred to the landfill or enter other processes according to the
type of waste. In addition, each of the processes also has residual materials that eventually
enter the landfill. The amount of net GHGs in each submodule is calculated using the
GHG emissions (direct emissions from processes and input materials) and avoided GHGs
(production of different products and savings from input material). According to the
GHG emissions factor per liter of fuel required, the amount of GHG emissions using the
collection and transportation of waste is determined. The LIME submodel refers to the
environmental damage cost according to the amount of waste sent to the landfill and the
GHG emissions in each method. The full details on the submodels (Figures S1–S9) and the
amount of parameters used along with their sources (Tables S1 and S2) are provided in the
Supplementary Materials.

2.3. GHGs in Waste Stream

The direct emission of GHGs is calculated using the relevant coefficients in the pro-
cesses of collection [40], recycling [41], composting [42], anaerobic digestion [41,43], inciner-
ation [35,37], and landfill [34,43] with Equations (1)–(6), respectively. All of the parameters
for the equations are mentioned in the list of abbreviations.

GHGCOL
DEM = (FUCOL

RG × EFCOL
CO2

) + (FUCOL
RG × EFCOL

CH4
× GWPCH4) (1)

GHGRC
DEM = VRC

M,P,PL × EFRC
CO2

(2)

GHGCOM
DEM = (VCOM

OW × EFCOM
CH4

× GWPCH4) + (VCOM
OW × EFCOM

N2O × GWPN2O) (3)

GHGAD
DEM = (VAD

OW × EFAD
CH4

× GWPCH4) (4)

GHGINC
DEM = (MW × V INC

P,PL,NVD × CCW × FCF × CE) + (V INC
P,PL,NVD × EFINC

N2O × GWPN2O) (5)
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GHGLF,LEF
DEM = (VLF,LEF

OW × EEFLF,LEF
CH4,OW + VLF,LEF

D × EEFLF,LEF
CH4,D ) ∗ GWPCH4 (6)

Based on the amount of recycled waste, compost fertilizer, and electricity produced,
avoided GHGs are calculated based on the relevant coefficients in the processes of recy-
cling [36], composting [44,45], anaerobic digestion [44,46], incineration, and landfilling [47]
using Equations (7)–(11).

GHGRC
AV = (VRC

M × CFM
CO2

) + (VRC
P × CFP

CO2
) + (VRC

PL × CFPL
CO2

) (7)

GHGCOM
AV = (N COM

SV × CFUR
CO2

) + (P COM
SV × CFDAP

CO2
) + (K COM

SV × CFSOP
CO2

) + (C COM
SV × CFHU

CO2
) (8)

GHGAD
AV = (N AD

SV × CFUR
CO2

) + (Ph AD
SV × CFDAP

CO2
) + (K AD

SV × CFSOP
CO2

) + (C AD
SV × CFHU

CO2
) + (EL AD

PR × CFEL
CO2

) (9)

GHGAD
AV = (EL INC

PR × CFEL
CO2

) (10)

GHGLFE
AV = (EL LFE

PR × CFEL
CO2

) (11)

Indirect GHG emissions and avoided GHGs are determined according to the coeffi-
cients of fuel and electricity consumption in the processes of recycling [48], composting [49],
anaerobic digestion [50], incineration [51], and landfilling [52], as well as, the coefficient of
GHG emissions due to the consumption of electricity [53], petrol [54], and diesel [55].

Considering the different energy and fuel consumptions in various treatment methods,
the amount of GHG emissions because of the consumption of input materials is calculated
using Equations (12)–(16).

GHGRC
IEM = ELRC

RQ × CFEL
CO2

(12)

GHGCOM
IEM = (FUCOM

RQ × CFFU
CO2

) + (FUCOM
RQ × CFFU

CH4
× GWPCH4) + (ELCOM

RQ × CFEL
CO2

) (13)

GHGAD
IEM = (ELAD

RQ × CFEL
CO2

) (14)

GHGINC
IEM = (ELINC

RQ × CFEL
CO2

) (15)

GHGLF,LFE
IEM = (FULF,LFE

RQ × CFFU
CO2

) + (FULF,LFE
RQ × CFFU

CH4
× GWPCH4) + (ELLF,LFE

RQ × CFEL
CO2

) (16)

Because of diverting waste from landfills, the avoided GHGs due to the non-use of
raw materials compared to the BAU Scenario is calculated with Equations (17)–(20).

GHGRC
IAV = (FURC

SV × CFFU
CO2

) + (FURC
SV × CFFU

CH4
× GWPCH4) + (ELRC

SV × CFEL
CO2

) (17)

GHGCOM
IAV = (FUCOM

SV × CFFU
CO2

) + (FUCOM
SV × CFFU

CH4
× GWPCH4) + (ELCOM

SV × CFEL
CO2

) (18)

GHGAD
IAV = (FUAD

SV × CFFU
CO2

) + (FUAD
SV × CFFU

CH4
× GWPCH4) + (ELAD

SV × CFEL
CO2

) (19)

GHGINC
IAV = (FU INC

SV × CFFU
CO2

) + (FU INC
SV × CFFU

CH4
× GWPCH4) + (ELINC

SV × CFEL
CO2

) (20)

Finally, the net amount of GHGs is calculated based on Equation (21) through the dif-
ference between the total emission of GHGs because of different treatment methods and con-
sumed input materials, and the total avoided GHGs through the production of products and
diversion of waste from landfill using different methods. The value of the coefficients in the
equations along with their sources are provided in the Supplementary Materials (Table S2).

netGHGTech = (GHGTech
DEM + GHGTech

IEM)− (GHGTech
AV + GHGTech

IAV ) (21)
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2.4. LIME Model

The LIME model was expanded with the support of Japan’s Ministry of Economy,
Trade, and Industry (METI) to reflect the environmental and social conditions [56,57]. After
improving LIME1 and LIME2, LIME3 was developed and has been used to assess the
environmental impacts on a global scale since 2016 [58]. This method includes all of the
main steps of a life cycle impact assessment, including characterization, damage assessment,
and weighting [59].

After determining the inventory data in the SD model of the waste management sys-
tem, three indicators are used to convert the impact category into damage cost and the final
single index. The damage factor (DF) index is used to assess the amount of damage to each
of the four conservation issues, namely, “human health”, “social assets”, “biodiversity”, and
“primary productivity”. The weighting factor/coefficient (WF) is used to merge the damage
rate of the four protection objectives and convert them into a single index. The WF values
for each country are given in the LIME model. The integration factor index (IF) is obtained
by multiplying the damage factor (DF) by the weight factor (WF). Then, the total envi-
ronmental damage cost (single index) I is determined using Equations (22) and (23) [17].
The corresponding coefficients of the LIME model is obtained from its official database
(https://lca-forum.org/english/lime/, accessed on 1 November 2018).

I = ∑ Impact∑ sa f e∑ x Inv(X) ∗ DF(Sa f e, X) ∗ EV(Sa f e) (22)

= ∑ Impact∑ x Inv(X) ∗ IF(X) (23)

where Inv (X) indicates the inventory data of contaminant X; DF (Safe, X) indicates the
damage factor caused by the conversion of “safe” subjects with contaminant X; and
EV (Safe) is the economic value conversion factor due to the damage of one unit of
the “safe” conservation area. The values of the model parameters are presented in the
Supplementary Materials (Table S1).

This study presents environmental damage through both emissions and net emissions.
Thus, LCIA outcomes are indicated as “net emissions”, representing “system emissions
from each scenario” minus “avoided emissions”. System emissions include common
GHG emissions from waste processes and input material. Avoided emissions include
GHG emissions savings from the production of different products and use of different
input materials.

2.5. Model Quantification, Implementation, and Scenario Settings

We applied the system dynamics model exhibited in Figure 1 in the educational version
of Vensim PLE software (Ventana Systems USA, 2015). We determined the SD model based
on the models in [34–37]; in addition, we added the LIME model that was used in the work
of Liu et al. (2021) [17] to calculate the environmental damage cost. Details on the model
and the equations in the model are supplied in the Supplementary Materials (Figures S1–S9;
Tables S1 and S2). The default SD model indicates a BAU Scenario, or the base case. Also,
to test the model and compare its results with the base scenario, several other scenarios
were also implemented. Alborz Province was selected as the case study due to its programs
for sustainable waste management. The study period was from 2020 to 2050, since 2050 is
the key year for zero global emissions.

The National Waste Management Law of Iran and its executive regulations state that
all Iranian municipalities must provide a Municipal Plan of Integrated Solid Waste Man-
agement, with specified objectives for waste separation and waste destination. Therefore,
the scenarios were expanded to consider plans for waste management strategies for the
nearby Alborz Municipal Waste Management Organization, and it took into account local
structural factors, as well as international guidelines. Six scenarios were determined to
simulate the outcome of the desired programs of the organization based on these purposes
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(Table 1). The variables and equations related to the implementation of the scenarios are
shown in the Supplementary Materials (Table S3).

Table 1. Description of the scenarios’ design.

Scenario Name Purposes Assumptions

BAU Scenario
Unmanaged
landfilling

Investigating the environmental
effects of continuing the

current conditions

Continuation of the current situation, in which
only 10% of the valuable dry waste is separated

at the source and the rest is disposed of in an
unmanaged landfill.

Scenario S1 Recycling

Predicting the plan of
municipalities regarding source

separation to achieve sustainable
development

Increase in the participation of citizens in
valuable dry waste separation from 10% in the

current situation to 70% starting in 2035.

Scenario S2 Sanitary landfilling
Reducing GHG emissions,

electricity production

Change from an unmanaged landfill in the BAU
Scenario to a sanitary landfill for

energy extraction.

Scenario S3 Composting
Reducing the landfill, further
exploitation of the landfill site

Application of the compost process to 50% of the
organic waste in 2023 to modify the effect of the

organic waste treatment’s structure and the
optimization of the treatment’s structure.

Scenario S4 Anaerobic digestion
Reducing the landfill, further
exploitation of the landfill site

Application of the anaerobic digestion process to
50% of the organic waste in 2025 to modify the
effect of the organic waste treatment’s structure
and the optimization of the treatment’s structure.

Scenario S5 Incineration
Management of residual dry
waste and energy production

Application of incineration to residual dry waste
in 2025.

Scenario S6 ISWM Taking advantage of all scenarios

Simultaneous implementation of the recycling,
composting, anaerobic digestion, and

incineration scenarios for the integrated
management of all waste.

2.6. Model Validation Test

The created model was tested for its structural validation and behavior validation [60,61].
Structural validity was evaluated by conducting a (1) dimensional consistency test and
an (2) extreme condition test. The validation results for the model are provided in the
Supplementary Materials (Figures S10–S13).

The behavioral validation of an SD model with historical data was conducted using the
mean absolute error (MAE), mean squared error (MSE), root mean squared error (RMSE),
and mean absolute percentage error (MAPE) based on Equations (24)–(27) [62,63]. The
validation is performed by comparing the relative error between the actual and estimated
value. According to the available data, the population and total waste generated variables
were used for the validation test in the period of 2011 to 2020. The error between the actual
and estimated values is shown in Table 2.

MAE =

n

∑
i=1

|At − Et|

n
(24)

MSE =

n

∑
i=1

(At − Et)
2

n
(25)
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RMSE =

√

√

√

√

√

n

∑
i=1

(At − Et)
2

n
(26)

MAPE =

n

∑
i=1

∣

∣

∣

At−Et
At

∣

∣

∣

n
× 100 (27)

where At is the actual observations, Ft is the estimated value, and n is the number of data.

Table 2. Validity test for the total population and total waste generated.

Year Total Population (Ten Thousand Persons) Total Waste Generated (Million Tons)

Actual Estimated Error Actual Estimated Error

2011 241.25 241.25 0.00 0.557 0.567 −0.009
2012 245.70 246.56 −0.86 0.602 0.592 0.010
2013 250.20 252.15 −1.95 0.634 0.619 0.015
2014 254.80 257.91 −3.11 0.667 0.647 0.020
2015 259.40 264.05 −4.65 0.664 0.676 −0.012
2016 271.24 270.39 0.85 0.606 0.706 −0.100
2017 276.60 276.71 −0.11 0.609 0.722 −0.112
2018 281.60 282.97 −1.36 0.619 0.730 −0.111
2019 286.50 288.67 −2.17 0.643 0.737 −0.094
2020 291.30 293.80 −2.50 0.697 0.742 −0.045

The values for the MAE, MSE, and RMSE for the population were 1.76, 4.94, and 2.22,
respectively, and for the total waste were 0.053, 0.005, and 0.068, respectively (Table 3). The
MAPE results are classified into four types: excellent (MAPE < 10), good (MAPE = 10),
acceptable (MAPE = 20–50), and unacceptable (MAPE > 50) [64]. The values for the
MAPE for the population and total waste were 0.66% and 8.43%, respectively, which
indicate an excellent prediction value (Table 3). Graphs of the actual and estimated values
for the population and total waste variables are shown in Figures S14 and S15 in the
Supplementary Materials.

Table 3. Model validation results.

Variable MAE MSE RMSE MAPE (%)

Population 1.76 4.94 2.22 0.66
Total waste generated 0.053 0.005 0.068 8.43

3. Results and Discussion

3.1. Amount of Waste Sent to Landfill

Figure 2a demonstrates the amount of waste sent to the landfill in each scenario, which
depends on the recycling percentage, composting, anaerobic digestion, and incineration
rates (auxiliary variables). The amount of waste sent to the landfill in the BAU Scenario
(unmanaged landfill) and S2 (sanitary landfill) are the same, since the remaining waste after
recycling dry waste is transferred to the landfill in both scenarios. The amount of waste
landfilling in these two scenarios increased by 54.3% during the simulation periods, rising
from 0.68 Mt in 2020 to 1.04 Mt in 2050. The continual population growth and urbanization
over the past decades caused a significant increase in waste production [65–67].
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urbanization over the past decades caused a significant increase in waste production [65–
67].

The difference in the total amount of waste sent to the landfill during the simulated 
periods when comparing the BAU Scenario and Scenario S1 is 1.58 Mt, which indicates a 
6% decrement, considering only the difference perceived in the last semester of the simu-
lations, and it is feasible to apperceive a reduction of 0.08 Mt, representing an 8.12% re-
duction. The increase in waste separation caused an extra amount of 1.6 Mt of recycled 
waste comparing the BAU Scenario during the simulation period. The implementation of 
each of the scenarios leads to the diversion of waste from the landfill; therefore, with the 
implementation of Scenario S3 starting from 2023 and Scenarios S4 and S5 from 2025, the 
amount of waste sent to the landfill decreases significantly. The composting (Scenario S3), 
anaerobic digestion (Scenario S4), and incineration (Scenario S5) processes compared to 
the BAU Scenario leads to a decrease of 31.1%, 34.2%, and 17.6% in waste landfilling. The 
least amount of waste landfilling was observed with the simultaneous implementation of 
the recycling, composting, anaerobic digestion, and incineration programs in Scenario S6, 
which indicated a 71.92% decrement. 
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The difference in the total amount of waste sent to the landfill during the simulated
periods when comparing the BAU Scenario and Scenario S1 is 1.58 Mt, which indicates
a 6% decrement, considering only the difference perceived in the last semester of the
simulations, and it is feasible to apperceive a reduction of 0.08 Mt, representing an 8.12%
reduction. The increase in waste separation caused an extra amount of 1.6 Mt of recycled
waste comparing the BAU Scenario during the simulation period. The implementation of
each of the scenarios leads to the diversion of waste from the landfill; therefore, with the
implementation of Scenario S3 starting from 2023 and Scenarios S4 and S5 from 2025, the
amount of waste sent to the landfill decreases significantly. The composting (Scenario S3),
anaerobic digestion (Scenario S4), and incineration (Scenario S5) processes compared to
the BAU Scenario leads to a decrease of 31.1%, 34.2%, and 17.6% in waste landfilling. The
least amount of waste landfilling was observed with the simultaneous implementation of
the recycling, composting, anaerobic digestion, and incineration programs in Scenario S6,
which indicated a 71.92% decrement.

The total amount of waste sent to the landfill during the simulation period was
26.25 Mt, 24.67 Mt, 26.25 Mt, 18.09 Mt, 17.28 Mt, 21.63 Mt, and 7.37 Mt for the BAU
Scenario, Scenario S1, Scenario S2, Scenario S3, Scenario S4, Scenario S5, and Scenario
S6, respectively. Based on the studies carried out in the only active landfill site in Alborz
Province, Halghedare [68], the remaining capacity of this landfill center is estimated at
10 Mm3. The required capacity based on the waste sent to the landfill during the simulation
period for the BAU Scenario, Scenario S1, Scenario S2, Scenario S3, Scenario S4, Scenario S5,
and Scenario S6 is 58.52 Mm3, 55.07 Mm3, 54.58 Mm3, 40.40 Mm3, 38.66 Mm3, 48.30 Mm3

and 15.79 Mm3, respectively, which is more than the remaining capacity for all scenarios,
with the difference that in the BAU Scenario, Scenario S1, Scenario S2, Scenario S4, and
Scenario S5, the landfill capacity will be reached in 2027, while for Scenario S3 and Scenario
S6 it will be in 2028 and 2035, respectively (Figure 2b).

3.2. GHGs in Different Scenarios

The net GHG emissions were calculated using the difference between the GHG emis-
sions and avoided GHGs. The net GHG emissions caused by the scenarios of recycling
(S1), sanitary landfilling (S2), composting (S3), anaerobic digestion (S4), and incineration
(S5) from 2020 to 2050 are represented in Figure 3. During 2020–2050, Scenario S6 (IWMS)
had the highest net GHG emissions mitigation potential, followed by Scenario S4. Notably,
the net GHG emissions under Scenarios S6 and S4 were negative after implementation,
representing that the waste sector acts as a considered GHGs sink. The key reason for
the negative net GHG emissions (i.e., GHGs sink) is the diversion of waste from landfill
that not only leads to the reduction of GHG emissions but also avoids GHGs through the
products of waste treatment processes that can mitigate the effect of GHG emissions.
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The net GHG emissions under the BAU Scenario and Scenario S1 demonstrate an in-
creasing trend during 2020–2050 from approximately 0.33 Mt in 2020 to 0.52 Mt and 0.45 Mt
in 2050, respectively (representing a 54% and 35% increase, respectively). This increase is
due to the transfer of organic waste to traditional landfills and their decomposition under
anaerobic conditions, which is one of the most important human sources of GHG emissions
and contributes to global warming [69,70].

The net GHG emissions with the implementation of Scenarios S2 and S3 in 2023
reached 0.06 and 0.14 Mt, respectively, with 83% and 58% reductions compared to 2020,
which compared to the BAU Scenario (0.35 Mt in 2023) decreased by 83% and 60%, respec-
tively. However, the net GHG emissions in Scenarios S2 and S3 from 2023 to 2050, with an
increase of 48%, will reach 0.09 and 0.21 Mt, respectively, because of the increase in waste
production starting from 2023. Moghadam et al. [71] showed that, assuming the opening of
a landfill site in 2012 and considering the 20-year planned period for its use, the total GHG
emissions from sanitary landfills in Iran in 2032 is equal to 3,844,000 Mg/year. The use of
gas collection systems in sanitary landfills is suggested as the best option to prevent GHGs,
which with an increase of 48%, will reach 0.09 and 0.21 Mt, respectively, due to the increase
in waste production starting from 2023. The use of a gas collection system in sanitary
landfills is suggested as the best option to prevent GHG emissions due to the prevention of
unwanted gas dispersion in the atmosphere and the production of electricity [72,73]. In
addition, the composting process plays an important role in reducing GHG emissions by
the diversion of waste from landfills and production of organic fertilizer [74].

The net GHG emissions in 2025 with the performance of Scenarios S4 and S5 reached
−0.05 and 0.2 Mt, with a 116% and 40% reduction compared to 2020, respectively, and in
contrast to the BAU Scenario (0.35 million tons) decreasing by 115% and 44%, respectively.
However, despite the increase in waste production starting from 2023, the net GHG emis-
sions from 2023 to 2050 in Scenario S5 increased by 44% to 0.29 Mt, while in Scenario S4
decreased by 44% to −0.08. Converting waste to energy through anaerobic digestion and
incineration, in addition to reducing landfill waste through energy production using waste
as an alternative fuel, has a high potential to reduce GHG emissions [74].

Regarding Scenario S6, with the simultaneous implementation of Scenarios S2 and
S3 starting from 2023, the net GHG emissions decreased from 0.33 Mt in 2020, with a
116% reduction, to −0.05 Mt in 2023, while with the simultaneous implementation of
Scenarios S1, S2, S3, S4, and S5, with a 231% decrease, reached −0.44 in 2025. Despite
the increase in waste production during the simulation period, the amount of net GHG
emissions decreased reaching −0.61 Mt in 2050, which is a decrease of 282% and 39%
compared to 2020 and 2025. Figure 4 illustrates the contributions of recycling, composting,
anaerobic digesters, incineration, and sanitary landfilling in the net GHG emissions in
Scenario S6. The contribution of the anaerobic digester and sanitary landfill in reducing the
net GHG emissions was 73%, and it was 40% and 33% of the contribution for each of the
methods, respectively. With the difference, the slope of the net GHG emissions reduction
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for the anaerobic digester was higher during the simulation period and was less than zero
for the entire simulation period. In addition, the implementation of composting, waste
incineration, and recycling contributed to a reduction in the net GHG emissions by 14%,
9%, and 4%, respectively.Figure 3. Amount of net GHG emissions in different scenarios during the simulation period.
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Several factors are effective in reducing net GHG emissions: first, the diversion of
waste from the landfill [75]; second, applying organic waste as fertilizer [76,77]; and, third,
using biogas to produce electricity in an anaerobic digester, incinerator, and landfill [78].
These factors have caused the S6 scenario to be a GHG sink despite the increase in waste pro-
duction over the simulation period, and this is due to the greater amount of avoided GHGs
than produced GHG emissions. Panepinto and Genon [79] showed that the minimum GHG
emissions were attained through anaerobic digestion and landfilling process.

3.3. Cumulative Amount of GHGs under Different Scenarios

The cumulative amount of GHG emissions and avoided GHGs in each scenario over
the entire simulation period is shown in Table 4. The GHG emissions in each scenario are the
direct emissions because of the different waste treatment methods and indirect emissions are
the result of the input materials used for each process. In the entire simulation period, the
highest amount of direct GHG emissions can be seen for Scenario S1 (dry waste recycling), in
which the unmanaged landfilling of waste and the failure to implement landfill gas control
measures had the most significant contributions to emissions; in addition, the recycling of
dry waste can cause GHG emissions [41]. In contrast, the lowest amount of GHG emissions
was observed in Scenario S2, with 7.91 Mt for the entire simulation period. The lowest
amounts of indirect GHG emissions were observed in the BAU Scenario and Scenario S2,
because the energy required for the landfill process is less than the other processes (0.283
Mt for the entire simulation period). At the same time, the highest amount of indirect GHG
emissions was observed in Scenario S6 due to the use of different waste treatment methods
and consumption of input materials (1.716 Mt for the entire simulation period).

In order to more accurately investigate GHGs, in addition to the amount of GHG
emissions, the avoided GHGs through different waste management methods should be con-
sidered [80,81]. Avoided GHGs are obtained by reducing transportation and the recovery
of materials as a result of recycling (S1), production of fertilizer as a result of composting
(S3) and aerobic digestion (S4), and the production of electricity as a result of anaerobic
digestion (S4), waste incineration (S5), and sanitary landfilling (S2). Using a combination
of all of the treatment methods in Scenario S6, the highest amount of avoided GHGs was
23.19 Mt for the entire simulation period, while the lowest amount of avoided GHGs was
2.39 Mt in the BAU Scenario. Reducing energy consumption by diverting waste from land-
fills can also lead to avoided GHGs, whose contribution to GHG flow is insignificant, so the
highest avoided GHGs in Scenario S6 was 0.046 Mt for the whole period of the simulation.
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Table 4. Cumulative amount of avoided GHGs and GHG emissions under different scenarios during
2020–2050.

Scenarios

Emission (Mt) Avoided (Mt)
Accumulated

Net GHGs
2020–2050 (Mt)

Accumulated Net
GHGs Compared to
BAU Scenario (Mt)

GHGs from
Different
Treatment

GHGs from
Input Material

GHGs from
Products

GHGs from
Input Material

Reduction

S6 9.67 1.716 23.19 0.046 −11.86 24.3 (−195%)

S5 15.18 1.010 8.47 0.017 7.70 4.8 (−38.3)

S4 12.42 0.941 13.26 0.023 0.08 12.4 (−99.3%)

S3 14.13 1.514 10.01 0.023 5.62 6.9 (−55%)

S2 7.91 0.283 5.27 0.010 2.91 9.6 (−76.7)

S1 15.43 0.508 4.55 0.019 11.37 1.1 (−8.9)

BAU 14.59 0.283 2.39 0.010 12.48 0

In general, the cumulative net GHG emissions would reach 12.48 Mt if no management
measures were taken into consideration (i.e., BAU Scenario), in which direct GHG emissions
from an unmanaged landfill were the main contributions. However, the net accumulated
GHG emissions in Scenario S6 become negative after 2028 and reached −11.86 Mt, which
is a 195% decrease, and the avoided GHGs had the largest role in the GHG mitigation
(Table 4). The recycling of recyclable products from valuable dry waste and the production
of products in different treatment methods offset the emission of GHGs produced by
burning coal or natural gas. An EPA report found that for each 1 ton of waste treated, this
decreases approximately 1 ton of CO2 emissions [74].

3.4. Damage Assessment through the Endpoint Approach

The amount of damage to safeguard subjects is presented in Table 5. Damage to
human health (in units of DALY) results from GHG emissions. The lowest damage to
human health was observed in Scenario S2, at 3.1 × 103 DALY, which was reduced by 46%
compared to the BAU Scenario. While considering the DALY savings, the least damage
to human health was in Scenario S6, at −8.3 × 10−3 DALY, which is 222% less than in the
BAU Scenario. The greatest damage to human health is in Scenario S1, which increased by
6% compared to the BAU Scenario; considering the DALY savings, the damage to human
health reduced by 9% compared to the BAU Scenario. Irrespective of the DALY savings,
in Alborz Province, the amount of damage to human health for 2.7 million people over a
lifespan of 76 years in Scenario S1 was equal to 7.77 × 10−5 for each person. The DALY
savings, especially in Scenarios S4 and S6, were significant enough to offset the human
health losses. Therefore, the actual human health damage is represented by considering
the DALY savings through the net damage, which represents the negative outcomes and
compensates for the damage to human health.

Biodiversity damage, expressed as EINES, results from GHG emissions, waste disposal,
and land use. The results show that the most significant damage to biodiversity is in
Scenario S1, with 1.6 × 10−11 EINES per ton of waste, which is due to the emission of
GHGs in the processes of recycling and landfilling waste and from the increasing land
use. While in Scenario S2, with the transfer of all wastes to the landfill, the least damage
to biodiversity with 5.4 × 10−3 EINES was observed, which is due to landfill gas control.
Damage to biodiversity is offset by EINES savings; in relation to Scenarios S6 and S4, the
net damage to biodiversity was negative, indicating compensation for biodiversity damage.
Although the damage to human health and biodiversity in Scenario S2 from the sanitary
burial was less than the other processes, considering the damage savings, however, the
anaerobic digestion in Scenario S4 had the least damage to human health and biodiversity.
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Table 5. The amount of damage to the four safeguard subjects under different scenarios.

Unit BAU S1 S2 S3 S4 S5 S6

SA
USD 1.7 × 108 1.5 × 108 1.5 × 108 1.1 × 108 1.5 × 108 1.3 × 108 4.3 × 107

USD 4.3 × 108 4.0 × 108 4.0 × 108 3.0 × 108 4.0 × 108 3.2 × 108 1.1 E× 108

PP
Kg 2.3 × 108 2.1 × 108 2.1 × 108 1.6 × 108 2.1 × 108 1.7 × 108 5.8 × 107

USD 1.3 × 107 1.2 × 107 1.2 × 107 8.9 × 106 1.2 × 107 9.5 × 106 3.2 × 106

HH
DALY 5.9 × 103 6.3 × 103 3.1 × 103 5.7 × 103 6.3 × 103 6.2 × 103 3.9 × 103

USD 1.4 × 108 1.5 × 108 7.5 × 107 1.4 × 108 1.5 × 108 1.5 × 108 9.2 × 107

Net
HH

DALY 8.2 × 10−3 7.4 × 10−3 1.7 × 10−3 3.5 × 10−3 7.6 × 10−3 4.9 × 10−3 −8.3 × 10−3

USD 9.0 × 107 8.2 × 107 1.8 × 107 3.9 × 107 8.4 × 107 5.4 × 107 −9.1 × 107

BD
EINES 9.9 × 10−3 1.0 × 10−2 5.4 × 10−3 9.6 × 10−3 1.1 × 10−2 1.0 × 10−2 6.6 × 10−3

USD 1.1 × 108 1.2 × 108 5.9 × 107 1.1 × 108 1.2 × 108 1.1 × 108 7.2 × 107

Net
BD

EINES 8.2 × 10−3 7.4 × 10−3 1.7 × 10−3 3.5 × 10−3 7.6 × 10−3 4.9 × 10−3 −8.3 × 10−3

USD 9.0 × 107 8.2 × 108 1.9 × 107 3.9 × 107 8.4 × 107 5.4 × 107 −9.1 × 107

Damage to social assets (in USD units) and primary productivity (in Kg units) is caused
by waste landfilling and land use; in the BAU Scenario, the most damage was caused to
social assets and primary productivity, while the least damage was observed in Scenario S6.
The main reason for the reduction in the damage to social assets and primary productivity
in Scenario S6 was the diversion of waste from the landfill to other processes, which led
to less land use. The amount of damage to social assets and primary productivity in the
BAU Scenario per ton of waste was USD 5.9 and 8.1 Kg, respectively, while in Scenario S6,
it is USD 1.5 and 2.1 × 100 Kg, respectively. Despite the deviation of 50% of the organic
materials in the landfill in Scenarios S3 and S4, the anaerobic digester process had the least
damage to social assets and primary productivity among the different processes due to
less residue.

In general, considering that Scenario S6 is the result of the management of all wastes
in the different proposed processes, the least damage to safeguard subjects was observed
in this scenario. Among the different processes, anaerobic digestion, due to less residual
and more damage savings because of the production of electricity and compost production,
showed the least damage in terms of safeguard subjects compared to the other processes.

3.5. Damage Cost Assessment through the Endpoint Approach

The arrangement among the safeguard subjects in terms of monetary damage, based
on USD, in all of the scenarios was social assets > human health > biodiversity > primary
productivity (Table 5). The irrational disposal of waste demolishes a large amount of social
resources to reduce its environmental damage [17].

The social assets damage cost in the BAU Scenario in the simulation period was
USD 428 million, while in Scenarios S1, S2, S3, S4, S5, and S6 reached USD 401 million,
USD 398 million, USD 302 million, USD 291 million, USD 323 million, and USD 109 million
with a 6%, 7%, 29%, 32%, 24%, and 74% reduction compared to the BAU Scenario, respec-
tively. The amount of primary productivity damage in the simulation period for the BAU
Scenario was USD 12.6 million; in Scenarios S1 and S2, it reached USD 11.8 and 11.7 million
with a 6% and 7% decrease compared to the BAU Scenario, respectively. Moreover, damage
to the primary productivity in S3, S4, S5, and S6 reached USD 8.9 million, USD 8.6 million,
USD 9.5 million, and USD 3.2 million, respectively (Table 5).

In connection with the two other issues, human health and biodiversity, taking into
account the damage savings, the net damage was obtained through the difference between
the damage and damage savings. Unlike social assets and primary productivity, the lowest
human health and biodiversity damage cost was in Scenario S2, which were USD 75 million
and USD 59 million, respectively. However, considering the damage cost savings, the lowest
amount of net human health and biodiversity damage cost were observed in Scenario S6,
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and the net amount of damage to human health, taking into account the USD 92 million
damage cost and USD 184 million damage cost savings, reached USD −91 million. In
addition, the net amount of damage to the biodiversity also reached USD −91 million,
taking into account the USD 72 million damage cost and the USD 163 million damage cost
savings (Table 5).

3.6. Environmental Damage Cost

According to the amount of landfilled waste and GHG emissions in each scenario, the
environmental damage cost was determined based on the LIME model [17]. In addition, in
this study, taking into account the emission and avoided GHGs from the input materials
and the production of products in different scenarios, the net environmental damage cost
was determined and is presented in Figure 5.

savings, the net environmental damage cost per ton of waste in this scenario was USD 
−2.5. In general, Scenario S6 not only had no environmental costs but also had environ-
mental damage cost savings.

In an integrated system, first, the valuable dry wastes are separated for recycling at 
the source, organic materials enter the mechanical biological treatment process (compost-
ing and anaerobic digestion), and then the remaining dry wastes that have a high calorific 
value enter the waste incinerator to produce energy. Finally, the residuals of the waste 
and treatment processes enter the sanitary landfill [75,82]. The use of the advantages of 
each waste management method, as obtained in Scenarios S1 to S5, is the reason for the 
better performance of Scenario S6. In the EU, the gradual transition from MSW manage-
ment based on landfilling to integrated management based on the optimum use of existing 
technologies (i.e., composting, anaerobic digestion, recycling, incineration with energy re-
covery, and landfilling) has caused a reduction in GHG emissions, as well as the avoidance 
of emissions. Therefore, the emissions due to this waste management system are close to 
or already a carbon sink [78].

  

  

  

 

Figure 5. Cumulative amount of EDC, EDC savings, and net EDC in different scenarios.

The BAU Scenario had the highest environmental damage cost, with USD 689 million
for the simulation period, and with only USD 69 million in environmental damage cost
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savings, the net environmental damage cost in this scenario was USD 620 million. The
total environmental damage cost under Scenario S1 (after the separation of valuable dry
waste) in the simulation period was USD 676 million, which is only 1.9% less than the
BAU Scenario (without waste separation). This indicates that waste separation did not
have a significant effect on the environmental damage cost reduction. Considering the
environmental damage cost savings in this scenario, which was USD 99 million, the net
environmental damage cost for the entire simulation period was USD 576 million. Landfill
gas recovery in the sanitary landfill, in addition to the lower environmental damage cost, led
to environmental damage cost savings through the production of electricity in the landfill,
so the net environmental damage cost compared to the BAU Scenario decreased by 27.9% to
USD 447 million. Scenarios S3 and S4 can further reduce the environmental damage cost by
USD 137 and 178 million, respectively, demonstrating the advantage of anaerobic digestion
over composting in reducing the environmental damage cost due to lower amounts of
GHG emissions and residuals. In addition, because of the use of electricity and production
of compost, the amount of environmental damage cost savings in Scenario S4 at the end of
the simulation period was USD 217.1 million, with a 33% increase compared to Scenario
S3. The net environmental damage cost was USD 388 million in Scenario S3 and USD
294 million in Scenario S4, which decreased compared to the BAU Scenario by 37% and
53%, respectively. The total environmental damage cost in Scenario S5 decreased by USD
98 million compared to the BAU Scenario and reached USD 591 million. Considering the
environmental damage cost savings of USD 150 million due to electricity production with
the incinerator, the net environmental damage cost for the entire simulation period was
USD 441 million, which is a decrease of 29% compared to the BAU Scenario.

With the implementation of ISWM in Scenario S6, on the one hand, the environmental
damage cost increased to a lower slope and by the end of the simulation period it had
reached USD 277 million. On the other hand, the amount of environmental damage
cost savings due to the exploitation of electrical energy and compost production from
the various processes increased and reached USD 347 million, so the net environmental
damage cost was USD −71 million at the end of the simulation period. As can be seen in
Figure 5, the net environmental damage cost had been less than zero since 2038 with the
increase in the environmental damage cost savings compared to the environmental damage
cost. As shown in Figure 6, the environmental damage cost per ton of waste in the BAU
Scenario was USD 24.6, which considered the environmental damage cost savings, and the
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In an integrated system, first, the valuable dry wastes are separated for recycling at the
source, organic materials enter the mechanical biological treatment process (composting
and anaerobic digestion), and then the remaining dry wastes that have a high calorific
value enter the waste incinerator to produce energy. Finally, the residuals of the waste and
treatment processes enter the sanitary landfill [75,82]. The use of the advantages of each
waste management method, as obtained in Scenarios S1 to S5, is the reason for the better
performance of Scenario S6. In the EU, the gradual transition from MSW management based
on landfilling to integrated management based on the optimum use of existing technologies
(i.e., composting, anaerobic digestion, recycling, incineration with energy recovery, and
landfilling) has caused a reduction in GHG emissions, as well as the avoidance of emissions.
Therefore, the emissions due to this waste management system are close to or already a
carbon sink [78].

3.7. Contribution of Safeguard Subjects to EDC

The contribution of the safeguard subjects to the environmental damage cost is shown
in Figure 7. Social assets had the greatest effect on the environmental damage cost in all
of the scenarios; this was due to the transfer of waste to the landfill either directly or as a
residual of the processes. In addition, by considering the damage savings, the contribution
of human health and biodiversity damage decreased while the contribution of social assets
damage increased.
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The contribution of social assets in Scenarios BAU, S1, and S2 was greater than in
the other scenarios, with the difference being that in Scenario S2 (i.e., sanitary landfill), by
reducing the contribution of the damage to human health and biodiversity through landfill
gas control, the contribution of social assets damage increased. The contributions of social
assets, human health, biodiversity, and primary productivity in Scenario S2 were 73%, 14%,
11%, and 2%, respectively (Figure 7a); by calculating the damage savings, the contribution
of human health and biodiversity was reduced to 4%, and the contribution of social assets
increased to 89% (Figure 7b).

In Scenarios S3, S4, and S5, on the one hand, the contribution of social assets decreased
with the diversion of waste from the landfill. On the other hand, in terms of GHG emissions,
through the processes of composting, anaerobic digestion, and incineration, this led to a
reduction in the share of social assets and an increase in the share of human health and
biodiversity. Considering the damage savings, the share of human health and biodiversity
will decrease drastically; instead, the contribution of social assets will increase. Therefore,
the contribution of social assets in Scenario S4 was 99%, and the contribution of human
health and biodiversity was 1% in the calculation for the net environmental damage cost.

In Scenario S6, only the residual waste of the various methods was transferred to the
landfill. Accordingly, the contribution of the social assets damage was less than in the other
scenarios. In addition, the contribution of human health and biodiversity damage increased
because of the GHG emissions in the different processes (Figure 7a). However, taking into
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account the savings damage, the net environmental damage cost was USD −91 million, for
which human health and biodiversity played the main role in the environmental damage
cost savings (Figure 7b).

4. Conclusions

Waste management planning requires a comprehensive model to analyze possible
scenarios for choosing an appropriate solution with the minimum environmental impact
and maximum resource recovery. An accurate estimation of the environmental damage
cost is possible through the emission inventory of different methods along with the avoided
effects caused by waste-based products. Life cycle assessment methods have been widely
used as a tool to estimate the environmental performance of waste management systems.
The life cycle assessment method helps decision-makers choose the best option by quan-
tifying the impacts of different waste treatment options. The SD approach is suggested
as a suitable tool for waste flow modeling; accordingly, this approach was used in order
to create a comprehensive model to evaluate the life cycle of different waste scenarios in
this study.

The results show that under the BAU Scenario during 2020–2050, the volume of waste
accumulated in the landfill reached over 58.5 Mm3, six times higher than the remaining
capacity of the landfill center, and the accumulated net GHG emissions reached 12.5 Mt.
However, with the simultaneous implementation of the recycling, composting, anaerobic
digestion, and incineration programs (Scenario S6), the least volume of landfilled waste was
observed, which indicates a 73% decrement compared to the BAU Scenario; in addition, the
highest mitigation potential of the net accumulated GHGs was observed, which indicates a
195% reduction compared to the BAU Scenario in the simulation period.

The most damage related to SA, NPP, BD, and HH, as well as the highest environmental
damage cost, was observed in the BAU Scenario because of the transfer of all wastes to the
landfill. With the implementation of integrated waste management in Scenario S6, on the
one hand, the environmental damage cost decreased compared to the BAU Scenario, and it
reached USD 277 million. On the other hand, the amount of EDC savings increased to USD
347 million, so the net EDC became negative from 2038 onwards and was USD −71 million
at the end of the simulation period.

It can be concluded that considering the avoided emissions using different treatment
methods shows a more accurate estimate of the environmental damage cost. In addition, a
beneficial integrated solid waste management system for all waste components generates a
win–win status in which waste management is accompanied by social benefits (providing
advantages to people, employment of a significant number of people, and reducing health
risks), environmental benefits (preventing local pollution, conserving a significant amount
of resources, and maximizing environmental protection), and economic benefits (generating
income for local authorities and stakeholders in the recycling process chain) [83,84]. These
further advantages of waste management are commonly called co-advantages [77]. From
the results, it is proposed that waste management policies that focus on integrated waste
management by strengthening waste segregation and using biological treatment methods,
incineration, and sanitary landfills are likely to be more sustainable and, ultimately, achieve
the goal of a circular economy by increasing material recovery. The SD modeling approach
can be applied by providing an overview of the waste management system and testing
different policies and strategies for sustainable waste management. In addition, it is
possible to develop the model by adding new instruments, variables, and policy elements.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su152316158/s1, Figure S1: Stocks and flows of waste generation
subsection; Figure S2: Stocks and flows of waste recycling subsection; Figure S3: Stocks and flows
of material recycling facility (MRF) subsection; Figure S4: Stocks and flows of waste collection
subsection; Figure S5: Stocks and flows of composting treatment subsection; Figure S6: Stocks
and flows of anaerobic digestion treatment subsection; Figure S7: Stocks and flows of incineration
treatment subsection; Figure S8: Stocks and flows of landfill subsection; Figure S9: Stocks and flows
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of environmental damage cost subsection; Figure S10: The result of the dimensional compatibility test;
Figure S11: Behavior of population and total waste generated variables; Figure S12: Amount of waste
in anaerobic digestion, incineration, and composting in the BAU Scenario; Figure S13: The result of
the extreme condition test for recycling waste from the origin; Figure S14. Behavior reproduction tests
for the population; Figure S15: Behavior reproduction tests for the total waste; Table S1: Integration
and damage factor for environmental emissions in the MSW treatment; Table S2: Values of the
variables and equations of the system dynamics model; Table S3: The variables and equations related
to the implementation of the scenarios. References [85–105] are cited in Supplementary Materials.
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Abbreviations

List of Abbreviations ISWM Integrated Solid Waste Management
AD Anaerobic Digestion J Types of Waste (OW, M, P, PL, D)
AV Avoided GHGs from Using Tech K Potassium
BD Biodiversity LCIA Life Cycle Impact Assessment
C Carbon LF Conventional Landfill without Gas Recovery
CCW The Ratio of Carbon in Household Waste LFE Landfill with Gas Recovery

CE
The Combustion Efficiency of the Waste Incin-
erator

M Metal

CFCO2Z The Coefficient of CO2 Emission from Z Mm3 Million Cubic Meter
COM Composting MSW Municipal Solid Waste
D Dry Waste Mt Million Ton
DALY Disability-Adjusted Life Years MW The Molecular Weight Proportion of CO2/C
DAP Diammonium Phosphate N Nitrogen
DEM Direct Emission of GHGs from Tech Net

GHGTech
The Net GHG Emissions Y in Tech

DF Damage Factor NVD Nonvaluable Dry Waste
EDC Environmental Damage Cost OW Organic Waste
EFX

Tech The Estimated Factor of X Emission in Tech P Paper

EEFX,J
Tech The Estimated X Emission Factor for K Types

in Tech
Ph Phosphor

EINES Expected Increase in Number of Extinct Species PL Plastic and Rubber
EL Electricity PP Primary Productivity

FCF The Fraction of Fossil Carbon in Waste PR
The Produced Energy Using Different Technolo-
gies

FU Fuel RC Recycling
FURQ

Tech The Required Fuel by Different Tech RG The Required Energy by Different Technologies
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FUSV
Tech The Savings in Fuel from Using Different Tech SA Social Assets

GHG Greenhouse Gas SD System Dynamics
GHGY

Tech The GHG Emissions of Y in Tech SOP Potassium Sulfate
GWP Global Warming Potential SV Saving

HH Human Health Tech
Different Technologies (LFE, LF, INC, RC, COM,
AD)

HU Humus UR Urea
IAV Avoided GHGs from Input Material Savings VJ

Tech The Volume of Waste Type K Used in Tech
IEM GHG Emissions from Input Material WF Weighting Factor
IF Integration Factor X Types of GHGs (CO2, CH4, N2O)
INC Incineration Y Types of Emissions (DEM, IEM, AV, IAV)
IPCC Intergovernmental Panel on Climate Change Z (FU, EL, UR, DAP, SOP, HU)
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