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Abstract: This study aims to evaluate various waste-to-energy conversion scenarios in
terms of their potential to reduce greenhouse gas (GHG) emissions and improve sustain-
ability based on economic and environmental outcomes. To achieve this, a comprehensive
waste management model was developed using the system dynamics approach in the
Vensim software to predict waste generation and composition and compare pyrolysis, incin-
eration, gasification, and sanitary landfill scenarios with the baseline scenario over 25 years
(2025-2050). The analysis of different waste management scenarios highlights the superior
performance of pyrolysis in terms of energy recovery, economic profit, GHG emissions
reduction, environmental outcomes, and long-term sustainability. Results show that the
pyrolysis scenario generates the highest electricity, with a cumulative net electricity output
of 10,469 GWh. Although pyrolysis has GHG emissions due to energy consumption and
direct process emissions, it results in the largest net reduction in GHG emissions, primarily
due to avoided emissions from increased electricity generation, leading to a 346% reduction
compared to the baseline scenario. Furthermore, the pyrolysis scenario demonstrates the
highest economic profit at 354 million USD and the highest sustainability index (SI) at
499 million USD. The cumulative SI from 2025 to 2050 shows a 503% increase compared to
the business-as-usual scenario, highlighting its superior sustainability performance. This
study highlights the importance of strategic waste-to-energy planning in reducing GHG
emissions and promoting sustainability. It also offers valuable insights for policymakers
and researchers, supporting the development of sustainable waste management strategies
and effective efforts for climate change mitigation.

Keywords: waste-to-energy (WtE); greenhouse gas (GHG) emissions; sustainability index
(SI); system dynamics modeling; climate change mitigation

1. Introduction

The amount of municipal solid waste (MSW) is expected to rise from 2.1 billion tons in
2023 to 3.8 billion tons by 2050 [1], posing a significant global challenge. This rapid increase,
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driven by urban growth and population expansion, exacerbates environmental issues,
particularly greenhouse gas (GHG) emissions such as methane (CHy) and carbon dioxide
(COy), which contribute to climate change [2,3]. Traditional waste disposal methods, such
as landfilling, remain prevalent but are increasingly recognized for their environmental
drawbacks, including air and water pollution and substantial GHG emissions [4].

In 2021, U.S. municipal solid waste (MSW) landfills emitted approximately 122.6 mil-
lion metric tons of CO; equivalent in methane, accounting for about 16.9% of total U.S.
methane emissions. This underscores the critical need to adopt more sustainable waste
management practices to mitigate climate change [5]. Inefficient waste management also
contributes to biodiversity loss, water contamination, and public health risks, particularly
in rapidly urbanizing regions with inadequate waste infrastructure [6-8]. To address these
challenges, adopting an appropriate waste management approach is essential [9,10].

Moreover, to meet global climate targets, including net-zero emissions by 2050, shifting
to sustainable waste-to-energy (WtE) solutions is crucial [11,12]. Utilizing MSW for energy
generation offers dual benefits: reducing waste volume while increasing renewable energy
supply [13,14]. International agreements such as the Paris Agreement and the United
Nations Framework Convention on Climate Change emphasize the need for low-carbon
energy alternatives, further underscoring the importance of WtE technologies [11].

Several WtE technologies facilitate energy recovery from waste, including incineration,
pyrolysis, gasification, and landfilling with energy recovery [15,16]. Incineration, a widely
used method, involves complete oxidation of waste at high temperatures (>1600 °F) in
excess oxygen, converting it into water vapor, CO,, and ash. This process reduces waste
volume by 60-90% and generates heat and electricity, making it a cost-effective option,
particularly for repurposing coal power plants [17]. Pyrolysis, by contrast, thermally
decomposes waste in an oxygen-free environment at approximately 550 °C, producing
solid char (35%), liquid biofuel (40%), and synthetic gas [17]. This method offers multiple
energy outputs with lower emissions than combustion, enabling direct product utilization,
such as converting plastic waste into oil or gas [17]. Gasification involves partial oxidation
of biomass at around 1400 °C, generating a combustible syngas composed of CHy4, CO,
Hy, and Njy. It converts low-value waste into a high-energy gas suitable for large-scale
heat and power production, offering both economic and environmental advantages [17].
Sanitary landfill with energy recovery captures methane produced during the anaerobic
decomposition of waste. This method is economically viable, particularly for smaller
municipalities, with studies indicating favorable contributions from rate-payers and high
internal rates of return. However, effective methane capture infrastructure is required to
minimize GHG emissions [18].

The imperative for sustainable waste management is underscored by the European
Union’s “Fit for 55” package, aimed at reducing GHG emissions by at least 55% by 2030
and achieving climate neutrality by 2050 [19]. While various studies have examined the
technical, economic, and environmental aspects of WtE technologies, there remains a
need for comprehensive assessments that integrate these dimensions to support informed
decision-making [20,21]. Specifically, evaluating the sustainability of different WtE scenar-
ios, considering both GHG emission reductions and economic and environmental outcomes,
is crucial for developing effective waste management strategies [22,23].

This study aims to address this gap by developing a system dynamics model to
compare the performance of incineration, gasification, and sanitary landfilling against a
baseline scenario over 25 years (2025-2050). By assessing long-term energy generation,
GHG emissions, economic profit, environmental outcomes, and the sustainability index, this
research provides valuable insights for policymakers and researchers seeking to advance
sustainable waste management and climate change mitigation. The novelty of this study
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can be emphasized through its comparative assessment of major solid waste management
strategies regarding key environmental and economic indicators.

2. Materials and Methods

The research design was developed to ensure a systematic comparison of waste
management strategies over a 25-year horizon. It combines system dynamics modeling
with environmental, economic, and sustainability assessments.

2.1. Model Structure

System dynamics (SD) is a simulation and analysis methodology for examining tem-
poral behaviors, enabling the comprehensive investigation of complex system structures,
interactions, and behavioral patterns. The SD approach has been extensively applied in the
waste management sector [24-26].

Figure 1 illustrates the conceptual system dynamics model of a waste stream. The
arrows in the figure exhibit the stream of information between the subsystems. The
subsystems of waste flow are depicted using a system dynamics diagram model [27], where
a rectangular box represents a state variable, an incoming arrow indicates the inflow to the
state variable, and an outgoing arrow represents the outflow. The clouds at the beginning
and end of the inflow and outflow signify sources and sinks, respectively. Additionally,
each arrow represents a causal relationship. The proposed model initially follows an open-
loop, unidirectional approach without significant feedback loops, a characteristic observed
in other waste management models in the literature [28-32].
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Figure 1. Conceptual model of waste flows in different scenarios.

We utilized the system dynamics model in Vensim PLE (10.3.2, Ventana Systems
Inc, Harvard, MA USA, 2020) to simulate waste management scenarios. The system
dynamics model first estimates population growth and waste generation, followed by
waste collection. The collected waste is then allocated to different management scenarios,
such as incineration, pyrolysis, gasification, and landfill with gas recovery, where input
materials (waste and energy) and outputs (energy and residual waste) are analyzed. Based
on these factors, economic profit, environmental outcomes, and the sustainability index
are calculated for each scenario. The default model represents the business-as-usual
(BAU) scenario as a baseline against which alternative scenarios were compared. Four
scenarios, including incineration (INC), pyrolysis (Py), gasification (GSF), and landfill
with gas recovery (LFG), were designed based on commonly used waste management
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technologies to evaluate the impact of proposed programs. The features and specifications
of each waste management technology (incineration, pyrolysis, gasification, and landfilling)
are presented in Table S1 of Section S1 of the Supplementary Materials. The model was
developed based on historical data from Alborz Province, Iran, including population
growth rate, mortality rate, waste composition, and quantity for the years 2011 to 2020.
After structural and behavioral validation, modeling was conducted for the period 2025 to
2050 in alignment with global net-zero emission goals. The findings can be representative
of many regions in the Middle East and the developing countries, while the model is
designed in a way that allows easy adaptation for other regions by simply replacing the
input data. The selection of the four waste management scenarios was based on their
widespread application in regional and global contexts and their relevance to sustainable
waste management and energy recovery strategies. These scenarios were chosen to reflect
common technological pathways that align with ongoing climate change mitigation efforts,
particularly in rapidly urbanizing regions such as the Middle East. The modeling period
from 2025 to 2050 was selected to align with global net-zero emission targets, ensuring the
relevance of the findings for long-term strategic planning.

2.2. Model Validation and Sensitivity Analysis Overview

The system dynamics model was thoroughly validated using several standard meth-
ods as outlined by Sterman [27]. Verification confirmed that all model assumptions and
variables were aligned with the study’s objectives. The validation procedures included
dimensional consistency tests (using the Vensim software PLE 10.3.), structure-behavior
tests, extreme condition tests, and integration error tests. These tests ensured the model’s
robustness across varying time steps. Behavioral validation was also performed by com-
paring model outputs (population and total waste generation) with historical data from
2011 to 2020, using metrics such as MAE, MSE, RMSE, and MAPE. The results showed ex-
cellent predictive performance with MAPE values of 2.9% for population and 7.5% for total
waste generation.

A sensitivity analysis was conducted to assess the response of key model outputs to
changes in per capita waste generation. The analysis revealed numerical sensitivity in the
amount of waste sent to landfills but did not show significant behavioral sensitivity.

2.3. Electrical Energy Production and Consumption

The potential of electrical energy generated from pyrolysis, gasification, incineration,
and sanitary landfill, measured in kWh, can be calculated using Equations (1)-(4), respec-
tively [33]. In addition, the energy consumption in different scenarios was calculated using
Equation (5). Finally, the net electricity output was determined by subtracting consump-
tion from production, as described in Equation (6). The parameters used to calculate the
available electrical energy for all technologies are presented in the Abbreviations.

ELp™Y = ep, x A x op, x Y (V5! x HV) (1)
K

ELPGSF = €gsr X A X 0OGSE X Z(VSSF X HVK) (2)

K
ELp™C = enc x A x opne x Y (VENC x HVg) (3)

K
Ep™F = ecp,pop X HVep,A i t (Kpre x Lo x (VllggE) x e KurExti 4)

i=1j=0.1

E L Tech V Tech 5Tech (5)
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netELTech — ELPTech _ ELCTech (6)

To calculate the amount of waste sent to landfills, the amount of residual waste in
each process in the model was determined. In the created model, based on the amount of
input waste in each process and the waste reduction coefficient, the amount of residual
waste at the end of the process for incineration and gasification processes was determined
according to Equations (7)—(9), respectively.

P
PW? = (1 - wpy) x ;VKV )
PWINC 1 _ wINC Z INC (8)
PWS = (1 — wegr) x Y_V5°F )
K

2.4. GHG Emissions

The data on GHG emissions across different waste management scenarios reveal the
environmental outcomes of both direct GHG emissions and avoided emissions. The net
GHGs in each scenario are calculated by considering both the direct emissions from pro-
cesses and input materials, as well as the avoided GHGs from the production of different
products and savings from input materials. Direct greenhouse gas emissions are calculated
using the respective coefficients in the processes of pyrolysis and incineration [33], gasifica-
tion [34], and landfilling [29], through Equations (10)-(13), respectively. All parameters in
the relations are listed in the Abbreviations section.

p p P P P
Gpry = (Vp' % EFcfy, X GWPcp,) + (V! x EFed) (10)
GHGER = (V5 x EFGEE x GWPep,) + (V5®F < EFESE) (11)

GHGPSy = (MW x VENC x CCW x FCF x CE) + (VHNC x EFJ\G x GWPy,0)  (12)
GHGppy" = (VB X EEFGEET) « GWPey, (13)

Based on the amount of electricity produced, the avoided GHGs are calculated using
the respective coefficients in the processes of pyrolysis and incineration [33], gasifica-
tion [35], and landfilling [33], through Equations (14)-(17).

P P
GHG,jjy = (ELpg x CFEG,) (14)
P
GHG,}, = (ELpg x CFE5,) (15)
GHGHF = (ELIEFE x CFE5,) (16)
GHGSYF = (EL,Y x CFES) (17)

Indirect GHG emissions due to raw material consumption and avoided greenhouse
gases due to waste diversion from landfilling, considering the fuel and electricity con-
sumption coefficients in the processes of incineration [36], pyrolysis and gasification [35],
and landfilling [37], as well as the GHG emission coefficients due to electricity consump-
tion [38], gasoline [39], and diesel [40], were determined. Considering the energy and fuel
consumption in different methods, the amount of GHG emissions due to input material
consumption was calculated using Equations (18)—(21).

GHG = (FUgly x CFY ) + (FUgly x CFE x GWPc,) + (ELg), x CEES,))  (18)
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GHGipy; = (ELNC x CFES) (19)
GHG " = (FUZPME x CFER)) + (FUEPME x CFEH, x GWPcy,) + (EL¢EME < CFES) (20)

GHGSh = (FUSS! x CESSE) + (FUSST x CFGSF < GWPcp,) + (ELgh x CEES,) (1)

Avoided GHGs due to waste diversion from landfills and the non-use of raw materials,
compared to the baseline scenario, were calculated using Equations (22) and (24).

GHG,}, = (FUgy x CEEY ) + (FUgY, x CFEHl x GWPcy,) + (ELg) x CEES )  (22)

GHGING = (FUll© x cpggz) + (FUl© x CF(% x GWPcy,) + (EL{C x CF(’%Z) (23)
GHGSYE = (FUSSE x CFggz) + (FUSSE x CP£g4 x GWPcy,) + (ELSSF x CF(%Z) (24)

Finally, the net amount of GHG emissions was calculated using Equation (25) by the
difference between the total GHG emissions of the different methods and consumed input
materials and the total avoided GHGs through product production and waste diversion
from landfills [26].

net GHG™" = (GHGLfhy + GHGI{S) — (GHG " + GHG4})) (25)

2.5. Economic Profit

The economic profit of different waste management scenarios highlights their financial
viability based on electricity sales income, residual waste landfill costs, and overall eco-
nomic efficiency. The economic profit is calculated for various waste management scenarios
by Equations (26)—(28).

EC; = EL™"p x PRg; (26)
ECc = (WL X PRyF) (27)
ECpT" = EC; — ECc (28)

2.6. Environmental Outcomes

The environmental outcomes across different waste management scenarios are cal-
culated by considering both the environmental income from carbon credits (for GHG
savings) and the environmental costs, which include the cost of carbon emissions and
the environmental cost of waste landfilling (based on USD/ton waste), as defined by
Equations (29)—(31) [41].

EN; = (GHG Ay ™" + GHG 4y ") x CC (29)
ENc = [(GHGpem ™" + GHGgm™™) x CC] + (Vi % PrF) (30)
ENg = EN; — ENc (31)

2.7. Sustainability Index

The environmental effect is monetized to facilitate its comparison with the economic
effect. This enables the development of a novel index that integrates both economic and
environmental impacts. We refer to this index as the sustainability index, capturing envi-
ronmental and economic dimensions of sustainability, to provide a more comprehensive
measure for the performance of waste management scenarios and technologies. The sus-
tainability index across various waste management scenarios reflects both environmental
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and economic profit, revealing the overall viability of each method in terms of long-term
sustainability, as defined by Equation (32).

SITech — ECy + ENp (32)

3. Results
3.1. Projected Waste Generation and Landfill Disposal

Table 1 shows the amount of waste generated, as well as the amount of organic and
dry waste, both in 2025 and 2050, along with their cumulative values over the simulation
period. In 2025, the total waste generated is 720,337 tons, slightly increasing to 726,198 tons
by 2050. The cumulative amount of total waste generated from 2025 to 2050 is projected to
be 18,720,336 tons. Organic waste, comprising biodegradable materials like food scraps,
yard waste, and other organic matter, represents 71% of the total waste generated. In 2025,
organic waste is 509,926 tons, which will increase to 514,076 tons by 2050. The cumulative
amount of organic waste over the entire period is 13,252,126 tons. Dry waste, which
includes non-biodegradable materials such as paper, plastic, glass, and metals, makes up
29% of the total waste generated. In 2025, dry waste will be 210,410.4 tons, increasing
slightly to 212,122.9 tons by 2050, with a cumulative amount of 5,468,209 tons over the
simulation period. This dry waste sector is the focus of this study as it is directly related to
waste management and energy production strategies.

Table 1. Projected waste generation and waste-to-landfill in different scenarios (tons).

Cumulative Amount from

2025 2050 2025 to 2050 Percent

Total Waste 720,337 726,198 18,720,336 100

Organic waste 509,926 514,076 13,252,126 71

Dry waste 210,410 212,123 5,468,209 29
Waste-to-landfill: LFG 166,670 165,919 4,255,938 78% dry waste
Waste-to-landfill: Py 39,670 39,384 1,011,719 19% dry waste
Waste-to-landfill: GSF 67,818 67,427 1,730,746 32% dry waste
Waste-to-landfill: INC 37,536 37,257 957,190 18% dry waste
Waste-to-landfill: BAU 166,670 165,919 4,255,938 78% dry waste

The amount of landfilling waste (direct dry waste and residual of different scenarios)
for different scenarios is presented in Table 1. In the baseline (BAU) and sanitary landfill
scenarios, 78% of the total dry waste is sent to the landfill, as some waste is separated at the
source or collected for recycling. In both scenarios, landfill waste amounts to 166,670 tons
in 2025 and 165,919 tons in 2050, with a cumulative total of 4,255,938 tons. Under the GSF
scenario, 32% of dry waste is disposed of in landfills, totaling 67,817.6 tons in 2025 and
slightly decreasing to 67,428.6 tons by 2050, with a cumulative amount of 1,730,746 tons.
Similarly, under the Py scenario, 19% of dry waste is disposed of in landfills, totaling
39,670 tons in 2025 and slightly decreasing to 39,384 tons by 2050, with a cumulative amount
of 1,011,719 tons. In the INC scenario, incineration reduces landfill waste to 18% of dry
waste, with 37,535.6 tons in 2025 and 37,257.5 tons in 2050, leading to a cumulative total of
957,190 tons. Since incineration produces less residual waste than pyrolysis and gasification,
the amount of landfill waste in the INC scenario is lower than in other scenarios.

3.2. Waste Composition Prediction

The forecasted results for the waste composition are presented in Table 2. Organic
materials constitute the largest share of the waste composition at 70.8%. The amount of
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organic waste is projected to increase from 494,705 tons in 2020 to 527,186 tons in 2050. After
organic materials, plastics represent the next largest component, accounting for 12.1% of the
waste. Wood, with only 0.3%, constitutes the smallest fraction of municipal waste. Overall,
valuable dry waste (comprising plastics, metals, and paper) makes up approximately 19.9%
of the total waste, while non-valuable dry waste (comprising textiles, wood, and other
materials) accounts for about 9.3%.

Table 2. Waste composition prediction over the simulation period (tons).

Year 2020 2025 2030 2035 2040 2045 2050 Perc(ﬁ/f)‘)tage
Organic Materials 494705 509,926 521,645 538271 536427 532,493 527,186 70.8
Paper 46,682 48119 49224 50793 50,619 50248 49,747 6.7
Plastic 84,839 87449 89459 92310 91,994 91,319 90,409 12.1
Metals 7338 7564 7737 7984 7957 7898 7820 1.1
Textiles 14606 15055 15401 15892 15837 15721 15565 2.1
Wood 2236 2305 2358 2433 2425 2407 2383 0.3
Others 48429 49919 51,067 52694 52514 52129 51,609 6.9

Net electricity output (Gwh)

12,000

3.3. Electricity Balance of Waste Management Scenarios

Figure 2A illustrates the cumulative change in net electricity output, measured from
2025 to 2050. The data reveal that Py exhibits the highest net electricity output, demon-
strated by a steep and consistent upward trend. This indicates a substantial increase in net
electricity output over the 25 years that increases sharply, and by 2050, its cumulative total
over the entire simulation period will exceed 10,469 GWh. The consistent upward trend in
electricity generation under this scenario underscores its role as a highly efficient method
for recovering energy from municipal solid waste. Conversely, the BAU scenario demon-
strates a continuous decline in net electricity output, reaching approximately —2 GWh by
2050. This negative trajectory represents ongoing energy losses due to unmanaged waste
accumulation, environmental degradation, and missed opportunities for resource recovery.

14,000
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Figure 2. Cumulative change in net electricity output (A) and consumption, production, and net
electricity output (B) in different scenarios (GWh).

The consumption, production, and net electricity output in different scenarios are
presented in Figure 2B. Among these scenarios, pyrolysis is the most efficient waste-
to-energy solution, with a total electricity consumption of 1569 GWh and a generation
of 12,038 GWh, leading to a net output of 10,469 GWh. This substantial energy yield
underscores the effectiveness of pyrolysis in converting waste into electricity. Incineration
follows as a highly efficient solution, with a total electricity consumption of 186 GWh and
a generation of 5418 GWh, leading to a net output of 5232 GWh. This demonstrates the
effectiveness of incineration in converting waste into electricity through direct combustion.
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Economic profit (million USD)
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Gasification, despite its high electricity consumption of 2803 GWh, generates 3486 GWh
of electricity, resulting in a net output of 683 GWh. The process of gasification is highly
energy-intensive, requiring significant external energy input for heating, gas cleaning, and
syngas conditioning, as waste is converted into syngas under controlled conditions with
limited oxygen at high temperatures (typically 700-1500 °C). The landfill gas (LFG) scenario
demonstrates a low electricity consumption of 2 GWh and a generation of 389 GWh, leading
to a net output of 387 GWh. In contrast, the BAU (Business As Usual) scenario demonstrates
a negative net electricity output, with 2 GWh of energy consumed and no electricity
generated, resulting in a net loss of —2 GWh. This highlights the inefficiency of traditional
waste management practices that do not incorporate energy recovery technologies.

3.4. Net Economic Profit of Waste Management Scenarios

Among all scenarios, Py emerges as the most economically advantageous option. The
net economic profit increases sharply during the simulation period (2025-2050), reaching
USD 354 million by 2050. Compared to the BAU scenario, INC provides a financial gain
of USD 437 million, which translates to a 529% improvement. The rapid increase in net
economic profit highlights the efficiency of pyrolysis in maximizing energy recovery while
keeping waste disposal costs low.

INC and GSF present a positive and continuous upward trend. The net economic profit
rose consistently during the simulation period and reached USD 150 and USD 75 million
by 2050, respectively. This represents an economic improvement of USD 232 million (281%)
and USD 156 million (189%) compared to the BAU scenario, respectively, demonstrating
the long-term financial viability (Figure 3A).
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Figure 3. Cumulative change in net economic profit (A) and revenue, cost, and net economic profit
(B) in different scenarios (million USD).

In contrast, the LFG scenario shows a continuous decline in net economic profit,
deteriorating further to USD —74 million by 2050. However, compared to the BAU scenario
in 2050 (USD —83 million), LFG performs USD 8 million better, reflecting a 10% reduction in
economic losses. Despite this relative improvement, LFG remains financially unsustainable
over the long term. The BAU scenario follows a trend similar to LFG but with even greater
economic losses. The net economic profit declines steadily, reaching USD —83 million by
2050. The persistent financial losses reflect the inefficiencies of unmanaged waste disposal,
where high landfill costs and missed energy recovery opportunities lead to worsening
economic performance over time (Figure 3A).

The cumulative amount of electricity sales revenue, residual waste landfill costs, and
overall net economic profit in the simulation period is depicted in Figure 3B. Among these,
Py emerges as the most economically beneficial solution, generating USD 374 million in
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electricity sales revenue while incurring only USD 20 million in landfill costs, resulting
in the highest net economic profit at USD 354 million. The combination of lower waste
disposal costs and substantial revenue from electricity generation makes pyrolysis the
most financially attractive waste-to-energy option. INC also demonstrates strong economic
performance, generating USD 168 million in electricity sales revenue against landfill costs
of USD 19 million, yielding a positive net economic profit of USD 150 million. This suggests
that incineration is a financially viable approach, offering high-energy recovery with a
favorable cost-benefit balance, further enhanced by its rapid and direct conversion of
waste into electricity. GSF shows a moderate net economic profit, with USD 108 million in
electricity sales revenue against landfill costs of USD 34 million, resulting in a net economic
profit of USD 75 million. This indicates that gasification is a financially viable approach,
offering high-energy recovery with a favorable cost-benefit balance. In contrast, LFG
generates USD 8 million in electricity sales revenue but incurs high landfill costs of USD
83 million, leading to a negative net economic profit of USD —74 million. Despite its
potential for electricity generation, the high costs associated with landfill maintenance
outweigh its financial benefits, while its reliance on slow methane production further
limits its economic competitiveness. The BAU scenario is the least efficient, as it gen-
erates no electricity sales revenue while still incurring USD 83 million in landfill costs,
resulting in a negative net economic profit of USD —83 million. This reflects the financial
burden of traditional waste disposal methods, where costs continue to rise without any
economic return.

3.5. GHG Emissions in Waste Management Scenarios

The data on net GHG emissions from 2025 to 2050 across different waste management
scenarios are presented in Figure 4A. The cumulative net GHG emissions for each scenario
show varying trends, highlighting the impact of different waste management practices on
reducing or increasing emissions over the simulation period. The graph for Py and INC
shows a steady decrease in emissions, with values decreasing over time, culminating in
cumulative GHG savings of 4.7 and 2.7 million tons by 2050. This reduction highlights
incineration as the most effective scenario for reducing emissions, respectively, with avoided
GHGs far outweighing the direct emissions from the process. This represents a 346% and
243% decrease for Py and INC compared to the BAU scenario, respectively.
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Figure 4. Cumulative change in net GHG emissions (A) and GHG emissions and avoided and net
GHG emissions (B) in different scenarios (million tons).

Cumulative amounts of GHG emissions, avoided GHGs, and net GHG emissions
during the simulation period, as depicted in Figure 4B, reveal significant differences across
waste management scenarios. Notably, Py emerges as the most environmentally beneficial,
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demonstrating 3.6 million tons of GHG emissions offset by 9.9 million tons of avoided
GHG:s, resulting in a substantial net GHG emission saving of —4.7 million tons. There-
fore, this highlights its impactful role in reducing the environmental footprint through
significantly outweighing direct emissions with avoided ones. Emissions from converting
pyrolysis products into electricity are carbon-neutral due to the renewable nature of the
process [42]. Similarly, INC also contributes to a notable reduction, with 1.6 million tons of
GHG emissions countered by 4.4 million tons of avoided GHGs, leading to a net saving of
—2.7 million tons, further emphasizing the effectiveness of this method in minimizing envi-
ronmental impact. In contrast, GSF, while showing 2.4 million tons of GHG emissions and
2.9 million tons of avoided GHGs, results in a net emission of 1.3 million tons, indicating a
reduction compared to the BAU scenario but still contributing to net emissions. Likewise,
LFG, with 0.8 million tons of GHG emissions and 0.5 million tons of avoided GHGs, leads
to a net emission of 0.3 million tons, showing some reduction but ultimately adding to net
emissions. However, in stark contrast, the BAU scenario, representing traditional waste
management practices, contributes 1.9 million tons of GHG emissions without any avoided
emissions, resulting in a net emission of 1.9 million tons, thus underscoring its failure to
offset emissions through energy recovery or waste reduction and consequently maintaining
a higher environmental footprint.

3.6. Net Environmental Outcomes in Waste Management Scenarios

The net environmental outcomes of different waste management methods vary over
the period from 2025 to 2050 (Figure 5A). Py emerges as the most beneficial option, achiev-
ing a total environmental outcome of USD 145 million by 2050, which represents a 429%
improvement compared to the BAU scenario and highlights its effectiveness in reducing
greenhouse gas emissions and generating significant income from carbon credits. INC
follows, providing substantial environmental outcomes of USD 66 million by 2050, demon-
strating a 250% improvement over BAU and indicating its strong potential for emissions
reduction and financial returns from carbon credits. GSF also results in a positive cumula-
tive environmental outcome of USD 12 million, reflecting a net positive financial impact as
the income from carbon savings outweighs the costs of emissions and waste management,
leading to a 126% improvement compared to BAU. In contrast, the LFG scenario results
in negative cumulative environmental outcomes of USD —7 million by 2050, indicating
that carbon emissions and landfill operation costs exceed the potential savings from carbon
credits, yet it still performs 38% better than BAU. Finally, the BAU scenario has the high-
est negative cumulative environmental impact, amounting to USD —44 million by 2050,
reflecting the high costs of carbon emissions and waste management, which significantly
outweigh any potential financial outcomes.
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Figure 5. Cumulative change in net environmental outcomes (A) and environmental cost, income,
and outcomes (B) in different scenarios (million USD).
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Figure 5B highlights the environmental cost, income, and net outcomes of each sce-
nario, with Py exhibiting the highest environmental outcomes, as its environmental cost of
USD 84 million is outweighed by an environmental income of USD 229 million from carbon
savings, resulting in a net positive environmental outcome of USD 145 million, making
it the most environmentally advantageous option. INC follows, with an environmental
cost of USD 37 million and an environmental income of USD 103 million, yielding net
environmental outcomes of USD 66 million, demonstrating that incineration effectively
offsets its environmental costs while providing substantial environmental gains. The GSF
scenario, with an environmental cost of USD 55 million and an environmental income of
USD 66 million, achieves net positive environmental outcomes of USD 12 million, indicat-
ing that gasification is a viable, environmentally beneficial alternative, as carbon savings
exceed emissions and associated costs. In contrast, the LFG scenario, with an environmental
cost of USD 18 million and an environmental income of USD 11 million, results in negative
environmental outcomes of USD —7 million, signifying that the environmental costs from
greenhouse gas emissions and landfill operations surpass the carbon savings, making LFG
an economically inefficient option. Finally, the BAU scenario, representing traditional
waste management practices, incurs an environmental cost of USD 44 million without any
environmental income from carbon savings, leading to a negative environmental outcome
of USD —44 million and underscoring the high environmental burden of conventional
waste management due to the absence of carbon reduction strategies.

3.7. Sustainability Index in Waste Management Scenarios

The accumulated sustainability index (SI) for the LFG scenario is USD —78 million,
reflecting a significant negative value that indicates an unsustainable trajectory in both
environmental and economic profits. Over the simulation period from 2025 to 2050, LFG
shows a consistently negative trend, improving by 39% compared to the BAU scenario, yet
remaining unsustainable due to its steadily worsening sustainability. In contrast, the GSF
scenario demonstrates a positive trend, with a sustainability index of USD 86 million by
2050, indicating consistent growth in environmental and economic profits. This scenario
shows a 168% improvement over BAU in 2050, reflecting its superior sustainability. The
INC scenario achieves a sustainability index of USD 216 million by 2050, maintaining a
continual upward trajectory with significant increases in both environmental and economic
profits, culminating in a 271% improvement over BAU by 2050. However, the pyrolysis
(Py) scenario reaches the highest sustainability index of USD 499 million by 2050, with a
296% improvement over the BAU scenario, making it the most sustainable option over the
simulation period, showcasing exceptional environmental and economic profits throughout
(Figure 6A).
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Figure 6. Cumulative change in sustainability index (A) and net environmental outcomes, net
economic profit, and sustainability index (B) in different scenarios (million USD).
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The data presented in Figure 6B reveal the environmental outcomes, economic profit,
and sustainability index (SI) for each waste management scenario, providing a compre-
hensive measure of sustainability. The pyrolysis (Py) scenario stands out with the highest
performance, showing an environmental outcome of USD 145 million, an economic profit
of USD 354 million, and a sustainability index of USD 499 million. This makes pyrolysis
the most sustainable option overall, as it offers the highest environmental and economic
value, making it the most favorable choice among all scenarios. The INC (incineration)
scenario follows closely, exhibiting an environmental outcome of USD 66 million and an
economic profit of USD 150 million, resulting in a sustainability index of USD 216 million.
This positions INC as a highly sustainable option, with both significant environmental
outcomes and strong economic returns. The GSF (gasification) scenario demonstrates an
environmental outcome of USD 12 million, an economic profit of USD 75 million, and a
sustainability index of USD 86 million. This indicates that GSF is both environmentally
and economically advantageous, offering a more sustainable option than both the LFG and
BAU scenarios, though it is not as favorable as pyrolysis or INC. For the LFG (landfill gas)
scenario, the environmental outcomes amount to USD —7 million, and the economic profit
is USD —74 million, resulting in a negative sustainability index of —77. This highlights that
LFG leads to a net loss in both environmental and economic terms, remaining unsustainable
despite slight improvements compared to the BAU scenario. Finally, the BAU (Business As
Usual) scenario demonstrates the least favorable outcomes, with an environmental outcome
of USD —44 million, an economic profit of USD —83 million, and the lowest sustainability
index of USD —127 million. BAU remains highly unsustainable, serving as the baseline for
comparison in terms of both environmental and economic performance.

4. Discussion

This study aims to investigate the reduction of greenhouse gas (GHG) emissions and
assess the sustainability index based on economic and environmental efficiency across
different waste-to-energy conversion scenarios. To achieve this, a comprehensive waste
management model was developed using the system dynamics approach in the Vensim
software to predict waste generation and to compare incineration, gasification, and sanitary
landfill scenarios with the baseline scenario over 25 years (2025-2050).

Results indicate that pyrolysis demonstrates the highest net electricity output, exhibit-
ing a continuous upward trend and highlighting its efficiency in energy recovery from
municipal solid waste. Studies have confirmed that pyrolysis is the most effective waste-
to-energy solution, significantly outperforming other technologies in terms of electricity
generation. It shows the highest energy recovery potential, making it a highly efficient
method for converting waste into electricity [43]. These findings align with studies em-
phasizing the superior efficiency of pyrolysis in waste-to-energy systems [44,45]. Waste
incineration, also effective, continues to be a reliable method for electricity generation [46].
Gasification, while capable of electricity production, requires substantial external energy
input for heating, gas cleaning, and syngas conditioning due to its high-temperature opera-
tion, making it less efficient in net energy recovery. Research indicates that gasification’s
high-energy demand reduces its overall effectiveness compared to direct combustion meth-
ods [47]. In contrast, traditional waste management without energy recovery results in
ongoing energy losses and missed resource recovery opportunities [48]. Previous analyses
have shown that such conventional approaches not only fail to generate electricity but
also contribute to environmental degradation, reinforcing the need for advanced waste-to-
energy strategies [49,50].

The net economic profit of various waste management scenarios reveals significant
differences in financial performance, driven by electricity sales revenue, landfill costs,
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and overall economic efficiency. Pyrolysis is the most economically advantageous option,
demonstrating the highest net economic profit and substantial revenue from electricity
sales while keeping waste disposal costs low. This makes it the best option, surpassing
other methods in both energy recovery and financial returns [51]. Incineration also shows a
strong upward trend in net economic profit, maximizing energy recovery while minimizing
waste disposal costs. Previous studies have confirmed the strong financial viability of
pyrolysis and incineration, emphasizing their ability to generate substantial revenue from
electricity sales while reducing landfill expenses [52]. Gasification also exhibits a consistent
upward trend in net economic profit, underscoring its potential as a financially viable
waste-to-energy option. However, research suggests that gasification, despite its favorable
cost-benefit balance, remains less economically efficient than pyrolysis and incineration
due to its high operational costs and energy demands [53]. In contrast, landfill gas recovery
shows a continuous decline in net economic profit, with financial losses persisting over
time. Although it performs slightly better than conventional waste disposal, studies
indicate that its high landfill maintenance costs and slow methane production make it
an unsustainable long-term solution [54]. The business-as-usual scenario results in the
greatest financial losses, reflecting the inefficiencies of unmanaged waste disposal, where
rising landfill costs and the absence of energy recovery contribute to worsening economic
performance [55]. Recent research further supports the financial viability of advanced
waste-to-energy technologies, advocating for their adoption to mitigate economic and
environmental losses [56-58].

GHG emissions vary significantly across different waste management scenarios, re-
flecting their environmental impact in terms of both direct emissions and avoided emissions.
Pyrolysis demonstrates the highest reduction in net emissions, with avoided GHGs far
exceeding the emissions generated, making it the most effective method for minimizing
environmental impact. Studies confirm that pyrolysis significantly reduces net GHG emis-
sions by offsetting fossil fuel-based electricity production and reducing methane emissions
from landfills [59]. This makes pyrolysis the most environmentally beneficial waste-to-
energy option, outperforming other methods in its ability to reduce emissions. Incineration
also shows a significant reduction in net emissions, with avoided GHGs outweighing the
emissions produced, but it is less effective than pyrolysis in terms of overall environmental
outcomes [60]. Landfill gas recovery shows some reduction in emissions compared to
traditional waste disposal, yet it still results in net positive emissions due to the slow and in-
complete capture of methane. Research indicates that while LFG reduces overall emissions,
its long-term effectiveness is limited by landfill gas capture efficiency [54]. Gasification
presents a mixed outcome, with high direct emissions but substantial avoided emissions,
leading to a moderate net reduction. Previous studies highlight that gasification can achieve
net GHG reductions when integrated with efficient energy recovery and syngas utiliza-
tion, although its overall impact is sensitive to process optimization [61]. In contrast, the
business-as-usual scenario results in a continuous rise in emissions due to the lack of energy
recovery or waste treatment measures, reinforcing its status as the least sustainable option.
Evidence suggests that unmanaged waste disposal contributes significantly to long-term
environmental degradation, further emphasizing the need for advanced waste manage-
ment solutions. Recent research further supports the adoption of advanced waste-to-energy
technologies to mitigate GHG emissions and enhance environmental sustainability [62].

The net environmental outcomes of various waste management scenarios are deter-
mined by assessing both the environmental income from carbon credits due to GHG savings
and the associated environmental costs, which include carbon emissions and landfill op-
erations. Pyrolysis stands out as the most environmentally beneficial method, achieving
the highest net environmental outcomes of USD 145 million by 2050. This is driven by
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significant carbon savings, which outweigh the environmental costs, making it the most
advantageous option for reducing greenhouse gas emissions and generating income from
carbon credits. Studies confirm that pyrolysis is highly effective in reducing emissions and
producing substantial environmental returns [51]. Incineration also provides significant
net environmental outcomes, with carbon credit savings exceeding its carbon emissions,
yielding a cumulative environmental outcome of USD 66 million by 2050. Research sup-
ports the role of incineration in reducing GHG emissions and generating financial returns
from carbon savings [62]. Gasification provides a positive net environmental outcome, with
carbon savings exceeding its environmental costs, though it is less efficient than incineration
in terms of environmental returns [58]. Landfill gas recovery, while offering some GHG
reductions, results in negative environmental outcomes, as the costs of carbon emissions
and landfill operations exceed the savings from carbon credits. Research has shown that
LFG is less effective in reducing net emissions due to its relatively low capture efficiency
and the ongoing emissions from landfill operations [63]. The BAU scenario demonstrates
the lowest environmental outcomes, underscoring the inefficiency of traditional waste
management practices. Studies emphasize that conventional waste management, which
lacks energy recovery or emission reduction measures, leads to substantial environmental
costs and missed opportunities for carbon savings [58]. These findings align with studies
emphasizing the environmental advantages of incineration and gasification [64] and the
inefficiencies of landfill-based approaches [65].

The sustainability index across various waste management scenarios highlights the
overall viability of each method. Pyrolysis stands out as the most sustainable option,
offering the highest environmental and economic outcomes, making it the most favorable
choice for long-term sustainability. Its exceptional performance stems from its ability to
significantly reduce environmental harm while generating substantial economic returns.
Incineration also demonstrates strong sustainability, showing continuous improvement in
both environmental and economic profit, though it remains less impactful than pyrolysis.
Gasification follows, offering positive environmental and economic advantages, but its
sustainability remains lower than both pyrolysis and incineration. In contrast, landfill gas
recovery (LFG), while slightly improving over traditional methods, remains unsustainable
due to the high costs of carbon emissions and landfill operations. The BAU scenario, with
no energy recovery or emission reduction strategies, shows the least favorable sustainability
outcomes, emphasizing the inefficiencies of conventional waste management practices.
This scenario continues to be inefficient, as the costs of carbon emissions and landfill man-
agement outweigh the benefits of carbon savings, similar to previous findings that point
to the inefficiencies of LFG in achieving significant sustainability [47,66]. Recent research
further supports the adoption of advanced waste-to-energy technologies to enhance sus-
tainability [67-69]. Luo et al. (2024) [70] presented that incinerating one ton of waste in a
Chinese plant recovers energy and reduces greenhouse gas emissions by 30% compared to
landfilling. Despite some toxicity impacts, the process offers overall environmental benefits,
with improvement to further sustainability. The BAU scenario, representing traditional
waste management practices, shows the worst sustainability outcomes, with a negative
sustainability index of USD —127 million, emphasizing its lack of effective environmental
or economic strategies. Kasinski et al. (2024) [71] demonstrated that traditional waste
disposal methods like landfilling and incineration pose notable environmental challenges.
However, emerging waste-to-energy (WtE) technologies, such as pyrolysis, gasification, and
improved incineration, present promising alternatives for recovering energy and utilizing
resources more effectively.

Although waste management practices have advanced considerably, addressing social
dimensions remains crucial. A major obstacle is the limited public awareness and par-
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ticipation in source separation, which is essential for enhancing recycling and recovery
processes [72]. Furthermore, while waste-to-energy (WtE) technologies are recognized as
more sustainable than landfill disposal, public perceptions often remain skeptical. It is
important to promote WtE solutions without compromising efforts to improve separate
collection systems and to strengthen more virtuous and sustainable waste management
behaviors [73]. In the context of integrated waste management, it is essential to consider the
waste management hierarchy, which prioritizes waste prevention, reuse, and recycling be-
fore energy recovery and final disposal [74]. While WtE technologies, such as pyrolysis and
incineration, offer advantages over landfilling by reducing greenhouse gas emissions and
recovering energy [46], they should not undermine efforts to enhance separate collection
and recycling practices [75]. Achieving a balance between promoting WtE and maintaining
high recycling rates is crucial for sustainable waste management. Positioning WtE tech-
nologies pragmatically within the waste hierarchy can also enhance public acceptance by
showing alignment with broader environmental and sustainability goals [76].

5. Conclusions

The comparative analysis of different waste management scenarios highlights the
advantages of pyrolysis in terms of energy recovery, economic profits, GHG emissions
reduction, environmental outcomes, and long-term sustainability. Pyrolysis emerges as
relatively more efficient for both electricity generation and minimizing environmental
impact, achieving the highest net electricity output and substantial financial returns through
carbon credit savings. Incineration also shows strong performance in terms of both energy
recovery and GHG emissions reduction, although it is slightly less effective than pyrolysis
in overall environmental and economic profits. Although gasification provides energy
recovery and offers positive environmental and economic outcomes, it is less efficient than
incineration due to its high operational energy demands and operational costs. Nonetheless,
its performance improves over the BAU scenario, indicating its potential as a viable waste-
to-energy technology. Both the LFG and BAU scenarios are shown to be relatively less
sustainable. LFG, despite some improvements over traditional waste disposal (BAU),
remains inefficient due to low methane capture rates and the ongoing emissions from
landfill operations, leading to negative environmental and economic profit.

The BAU scenario continues to show negative environmental and economic outcomes,
restating it as the least sustainable option. Thus, the study highlights the importance of
adopting advanced waste-to-energy technologies, such as pyrolysis and incineration, to
enhance both environmental and economic outcomes. Moreover, the inefficiencies of the
conventional method miss the opportunities for resource recovery, leading to environmental
degradation. The findings of this study provide valuable insights for policymakers and
researchers, emphasizing the critical need for strategic waste-to-energy (WtE) planning to
reduce greenhouse gas (GHG) emissions and promote long-term sustainability.

Limitations of the current analysis include the lack of consideration of social factors,
such as public acceptance of WtE technologies across different regions. Future research
should address these social dimensions, as public concerns regarding emissions and en-
vironmental risks can significantly affect the feasibility and successful implementation of
WHE projects. Additionally, it is important to position WtE technologies properly within
the established waste management hierarchy, prioritizing waste prevention, reuse, and
recycling before considering energy recovery options, thereby supporting a pragmatic and
widely accepted vision of sustainability.

In addition, the technical, economic, and operational feasibility of advanced technolo-
gies, particularly pyrolysis, must be critically evaluated. Although pyrolysis demonstrated
superior environmental performance, practical barriers such as regulatory constraints,
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technological risks (e.g., operational instability, toxic by-product formation), and economic
uncertainties related to market fluctuations must be carefully addressed to enable realistic
project development. Another limitation of this study lies in the modeling assumptions,
particularly the reliance on historical waste composition data. Potential rapid societal or
technological changes, such as new recycling policies or shifts in consumption patterns,
could alter future waste characteristics, thereby affecting the performance of WtE technolo-
gies. Future studies should account for these dynamic factors to improve the robustness of
modeling approaches.

Future research should also prioritize the development of hybrid WtE systems and
optimization of waste composition management as key areas for innovation. For example,
combining pyrolysis with gasification or anaerobic digestion could maximize energy re-
covery while minimizing emissions. Furthermore, the exploration of advanced pyrolysis
techniques, such as catalytic pyrolysis for higher oil yields or plasma-assisted pyrolysis for
cleaner syngas production, could reduce operational costs and enhance process scalability.
Additionally, the role of pre-treatment methods (e.g., mechanical sorting, drying) should
be examined to determine their effects on energy recovery rates and emission reductions.
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