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Rapid urbanization and increased consumption patterns have intensified 

municipal solid waste (MSW) challenges in developing cities. This study applies 

a system dynamics model to project waste generation, management costs, and 

landfill requirements in Bengkulu City, Indonesia, over a 20-year period. Four 

scenarios were simulated: business-as-usual, minimum (25%), moderate (50%), 

and optimistic (65%) waste reduction. The model integrates critical parameters 

including population growth, waste generation rates, recycling capacity, and 

community participation. Results indicate that without intervention, cumulative 

waste volume will overwhelm landfill capacity and escalate operational costs. 

Conversely, implementing waste reduction strategies—such as strengthening 

source separation, expanding composting and waste banks, adopting advanced 

technologies, and enforcing supportive policies—substantially reduces landfill 

dependency and operational expenses. The optimistic scenario demonstrates the 

highest efficiency, reducing required landfill land by over 85% and significantly 

lowering management costs. This study highlights the importance of multi-

stakeholder collaboration, digital monitoring integration, and circular economy 

principles in urban waste governance. The model offers a practical decision-

support framework for policymakers aiming to develop resilient, inclusive, and 

sustainable waste management systems in similar urban contexts. 
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HIGHLIGHTS 

This study highlights a dynamic system model in solid waste management (SWM) that integrates waste reduction, 

landfill needs, management costs, and emphasizes the contribution of costs as environmental services to reduce 

dependence on regional budgets through the “Waste Independence-Waste Independence” strategy, which focuses on 

community awareness, infrastructure, and cross-sector collaboration. 

1. INTRODUCTION

Solid waste management (SWM) has become 

an increasingly critical global issue due to the rapid 

urbanization and rising consumption patterns that 

contribute to escalating waste volumes. By 2050, 

global municipal solid waste is projected to reach 3.4 

billion tons annually, with the steepest growth 

observed in developing countries. Currently, 

approximately 40% of waste is landfilled, 33% is 

openly dumped, 19% is recycled, and 11% is 

incinerated, with the remainder managed through 

other conventional methods (Govani et al., 2021). In 

many developing countries, SWM still relies on the 

basic “collect-transport-dispose” model. Improperly 

managed waste especially when uncollected or 

untreated leads to environmental degradation, 
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including clogged waterways, contaminated water 

bodies, and increased disease vectors such as 

mosquitoes and rodents (Guerrero et al., 2013).  This 

solid waste consists not only of organic and inorganic 

materials but also includes agricultural residues, 

hazardous substances, and microplastics, which have 

detrimental effects on aquatic life and, ultimately, 

pose broader risks to human health and the 

environment  (Ferronato and Torretta, 2019; Rahman 

et al., 2023). In addition, the uncontrolled 

decomposition of organic waste in landfills produces 

methane, a potent greenhouse gas that significantly 

contributes to climate change (Lee et al., 2017). 

Recent research has emphasized the importance 

of integrated, sustainable approaches to waste 

management that go beyond conventional practices. 

Biotechnological innovations, for instance, are being 

employed to detect and mitigate microplastic pollution 

through the use of biosensors, enzymatic degradation, 

and specialized microorganisms, while the 

development of biodegradable alternatives to single-

use plastics offers promising long-term solutions (Mai 

et al., 2018; Rahman et al., 2023). Parallelly, the 

paradigm of urban wastewater management is shifting 

toward decentralized systems, resource recovery, and 

water reuse, which align closely with solid waste 

reduction and environmental protection goals. 

Additionally, the valorization of agricultural waste 

biomass for bioenergy production—such as biogas, 

bioethanol, and biochar—can simultaneously reduce 

landfill loads and support renewable energy transitions 

(Pfister et al., 2005). These strategies are essential for 

mitigating methane emissions from landfills, a major 

contributor to climate change (do Carmo Precci Lopes 

et al., 2022; Sołowski et al., 2020). 

Furthermore, the transition toward a sustainable 

environment must be underpinned by the integration 

of green energy technologies (Hla and Roberts, 2015). 

While renewable energy sources such as solar, wind, 

and bioenergy present both advantages and 

limitations, their incorporation into waste and water 

management systems fosters resilience and lowers 

carbon footprints (Bruno et al., 2021; Zhang et al., 

2024). Innovations in agricultural production, such as 

speed breeding, indirectly influence waste generation 

by increasing crop outputs, and consequently, 

agricultural residues (Meena et al., 2023). When 

properly harnessed, these residues serve as valuable 

feedstocks for energy production. In this context, 

sustainable solid waste management is no longer 

solely a matter of disposal but must be viewed as a 

complex, interdisciplinary challenge—requiring 

biotechnological, agricultural, and infrastructural 

innovations to ensure long-term ecological and human 

well-being (Moya et al., 2017). 

Effective waste management is a 

multidimensional process that encompasses various 

interrelated aspects, each critical to ensuring 

environmental sustainability and public health. 

Effective management begins with understanding 

waste composition and implementing proper 

collection and source separation to enhance recycling 

and resource recovery. Treatment technologies such as 

composting, anaerobic digestion, and incineration 

help reduce landfill dependence and recover energy. 

Equally important are robust policy frameworks and 

active community participation, which are essential 

for sustainable and inclusive waste system (Kumar 

and Samadder, 2017; Wilson et al., 2006). 

As a potential solution, the system dynamics 

approach provides a comprehensive framework for 

integrated waste management by capturing the 

complex interrelationships among waste reduction 

efforts, cost efficiency, landfill performance, and 

active community involvement. This methodology 

facilitates the simulation and assessment of diverse 

policy scenarios, such as economic incentives and 

public awareness campaigns, supporting the 

development of sustainable and adaptive waste 

management strategies. By incorporating dynamic 

feedback mechanisms and temporal variations, system 

dynamics provides policymakers with tools to identify 

critical leverage points for effective intervention. 

Ultimately, it enables the alignment of environmental 

objectives with the social and economic conditions of 

rapidly evolving urban environments (Bornstein, 

2018; Radosavljevic et al., 2023; Sondh et al., 2024; 

Thatcher et al., 2024).  

Dynamic systems modeling has been used by 

numerous researchers to analyze complex (Li et al., 

2024), and the circular economy of waste (Ibarra Vega 

and Bautista-Rodriguez, 2024). This method has been 

applied in various fields such as the social sciences 

(Blakeslee et al., 2017; Smith and Thelen, 2003), 

fisheries (Free et al., 2023), mining (Friederich et al., 

2022), wastewater management (Fragkoulis et al., 

2011), agriculture (Pfister et al., 2005), food wast (Lam 

et al., 2018), and many other areas. The dynamic 

modeling approach allows policymakers and urban 

planners to simulate and evaluate the long-term impacts 

of various waste management strategies, integrating 
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socioeconomic and environmental dimensions (Dyson 

and Chang, 2005; Forrester, 1961).  

This study introduces a waste management 

model designed to guide the development of effective 

waste reduction strategies. The model outlines four 

main scenarios: the first assumes no waste reduction 

efforts; the second, the Minimal Reduction scenario, 

targets a 25% reduction through basic recycling and 

composting; the third, the Moderate Reduction 

scenario, aims for a 50% reduction by expanding 

community-based programs and implementing green 

technologies; and the fourth, the Optimistic Reduction 

scenario, seeks a 65% reduction through a combination 

of stringent policy enforcement, technological 

innovation, and widespread public participation. The 

simulation of these four scenarios dynamically 

influences waste generation sent to landfills, waste 

management costs, fees, and the required landfill area 

over the next 20 years. Population projections, which 

reflect waste generation patterns, are based on historical 

demographic data and economic growth, measured by 

the Gross Regional Domestic Product (GRDP), in Kota 

Bengkulu from 2013 to 2022. 

The novelty of this study lies in the application 

of a dynamic systems modeling approach specifically 

tailored to municipal solid waste management in 

Bengkulu City, integrating waste generation 

dynamics, financial management, landfill land 

requirements, and community participation into a 

single, interrelated framework. Unlike previous 

studies that typically focus on isolated aspects of waste 

management, this research offers a comprehensive, 

scenario-based simulation over a 20-year projection 

period, evaluating the long-term impacts of varying 

levels of waste reduction interventions. The study also 

provides a decision-support tool that enables 

policymakers to assess the trade-offs between 

operational costs, landfill capacity, and environmental 

impacts under different policy scenarios, thus bridging 

the gap between theoretical modeling and practical, 

locally adaptable waste management planning.  

2. METHODOLOGY

2.1 Study site

Bengkulu City is the capital of Bengkulu 

Province, located on the western coast of Sumatra 

Island, directly facing the Indian Ocean. 

Geographically, it lies between 3°45′-3°59′ South 

Latitude and 102°14′-102°22′ East Longitude. The city 

covers   a   total   area   of   539.3   km2,  consisting   of 

151.7 km2 of land and 387.6 km2 of sea. Due to its 

coastal location, Bengkulu City is exposed to strong 

ocean waves, making the area vulnerable to natural 

coastal erosion or abrasion. Topographically, Bengkulu 

City is relatively flat. The majority of the land—

approximately 142.24 km2, or 98.42% of the total 

area—has a slope of 0-15%. Only a small portion, about 

2.28 km2 or 1.58%, has steeper slopes ranging from 15-

40%. The flattest areas are located along the coastline, 

with elevations ranging from 0 to 10 meters above sea 

level. In contrast, the eastern part of the city rises 

slightly higher, with altitudes ranging from 25 to 50 

meters above sea level. 

2.2 Solid waste management in Bengkulu 

Waste management in Bengkulu City is carried 

out by the local government through the 

Environmental Agency (Dinas Lingkungan Hidup, 

DLH). The institutional framework for waste 

management is outlined in the Bengkulu City Mayor 

Regulation No. 08 of 2018 concerning the 

establishment of a Technical Implementation Unit for 

Waste Management within the Environmental Agency 

of Bengkulu City. The institutional aspects of waste 

management in Bengkulu City are also detailed in the 

Strategic Plan of the Environmental Agency for the 

years 2019-2023, which designates the Environmental 

Agency as the authority responsible for waste 

management in the city. Within the agency, one of the 

departments with a primary responsibility for waste 

management is the Cleanliness Division. Additionally, 

the Environmental Services include the Waste and 

Hazardous Waste Management Division, which 

oversees the Waste Reduction Section, Waste 

Handling Section, and Hazardous Waste Section. 

The actual waste management service in 

Bengkulu City begins with waste collection at the 

source and continues with transportation to the final 

processing site, following the “collect-transport-

dispose” approach. Waste generation comes from 

household waste as well as similar waste from 

residential areas, commercial establishments, 

restaurants, hotels, offices, educational institutions, 

public facilities, and street sweeping activities, with 

organic waste dominating the composition. The 

majority of waste is transported directly to the landfill 

without any sorting efforts, except by scavengers who 

separate and collect waste at the landfill 

(Environmental Services of Bengkulu City, 2022). 
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2.3 Dynamic system 

System dynamics, introduced by Jay Forrester 

in the 1960s at MIT, is a quantitative method for 

analyzing complex systems and long-term decision-

making (Sterman, 2001). The analysis begins with 

identifying key problems, critical variables, and 

system boundaries using causal loop diagrams. This 

initial understanding forms the foundation for 

developing formal models that are applied across 

various fields, such as business, environment, and 

politics (Dyson and Chang, 2005; Zulkipli et al., 

2018). The next stage involves developing hypotheses 

and stock-flow models to illustrate variable 

interactions. Model validation is conducted through 

structural and behavioral testing to ensure alignment 

with real-world patterns. Various policy scenarios are 

then tested to assess their effectiveness, providing a 

data-driven foundation for more accurate decision-

making.  

This study used PowerSim Studio 10 as a 

simulation tool to model the dynamic and interrelated 

nature of the waste management system. The software 

integrates key subsystems, such as waste production, 

reduction, landfill land requirements, management 

costs, and service charges. This enables scenario-

based analysis to support long-term planning. 

PowerSim’s causality and stock flow modeling 

features provide valuable insights into system 

behavior, helping stakeholders evaluate the impact of 

different strategies and make informed decisions for 

more sustainable and adaptive waste management. 

The stages of dynamic system analysis in this study 

are presented in Figure 1. 

The dynamic system method is a structured 

framework commonly employed in the analysis of 

complex systems and policy design. It combines both 

qualitative and quantitative approaches to model 

dynamic behaviors over time. This methodology 

begins with system analysis, where researchers 

identify the key problems, variables, system 

boundaries, and time horizon relevant to the study. 

Establishing these fundamental components ensures 

that the scope and focus of the analysis are clear and 

aligned with the objectives of the research. 

Following system analysis, the next stage is 

hypothesis development, where assumptions about 

causal relationships between variables are formulated. 

These hypotheses provide the theoretical basis for 

constructing the system dynamics model. In the 

subsequent stage, model development, the identified 

variables and hypothesized relationships are 

visualized through causal loop diagrams and stock-

and-flow diagrams. This visual modeling enables a 

deeper understanding of the interactions within the 

system and allows researchers to simulate the system’s 

behavior under various conditions. 

Figure 1. Stages of dynamic system methods 

Quantitative 

Approach 

Focus on the Problem: Identify 

key variables, time horizon, 

and boundaries masalah 

Mapping: Causal loop 

diagram, stock level diagram, 

model boundaries 

Visualize problems into stock 

and flow diagrams. 

Validation tests:  structure test 

and behavior test 

Stage  I 

System Analysis 

Stage  II 

Hypothesis Development 

Stage  III 

Development of the System 

Dynamics model 

Stage IV 

Validation 

Stage V 

Policy design 

and evaluation 

Qualitative 

Approach 
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The fourth stage is validation, where the 

model undergoes structure and behavior tests to ensure 

its accuracy and reliability. Structure tests verify the 

internal consistency of the model, while behavior tests 

compare the simulated outputs against historical data. 

Once validated, the final stage, policy design and 

evaluation, involves using the model to simulate 

alternative scenarios and assess their potential 

impacts. This enables decision-makers to select the 

most effective policy options based on evidence 

derived from model simulations. Through this 

systematic process, dynamic system methods offer a 

robust tool for analyzing complex problems and 

supporting strategic policy formulation. 

2.3.1 System identification: Key parameters for 

effective waste reduction 

This study proposes a dynamic system model 

for sustainable municipal solid waste management in 

Bengkulu City, focusing on the issues of increasing 

waste generation, limited landfill capacity, and 

financial challenges faced by the local government. 

The system integrates key subsystems, including 

waste generation, waste reduction at source, waste 

collection and transportation, landfill land 

requirements, and financial management through 

government budgets and household waste fees. 

Critical variables modeled include the waste 

generation rate, percentage of waste reduction, volume 

of waste transported to the landfill, required landfill 

area, operational costs, and revenues from waste fees. 

These variables interact dynamically over time, 

influenced by population growth, economic activities, 

and community participation. The system boundaries 

are set within Bengkulu City’s administrative area, 

covering household and similar domestic waste types 

over a 20-year planning period (2025-2045). 

Four simulation scenarios are developed to 

assess policy effectiveness: Business as usual (0% 

reduction), minimum (25%), moderate (50%), and 

optimistic (65%) waste reduction by 2045. Each 

scenario will be analyzed for its impact on total waste 

generation, landfill land demand, operational costs, 

and financial sustainability, including government 

budget allocations and public waste collection fees. 

The dynamic model aims to produce evidence-based 

projections to guide strategic decisions, offering 

insights into how varying levels of waste reduction 

influence infrastructure needs, environmental 

outcomes, and municipal financial performance. This 

approach is expected to support the formulation of 

integrated, realistic, and sustainable waste 

management policies for Bengkulu City over the long 

term. Effective waste reduction is underpinned by 

several critical parameters that must be addressed 

systematically. Foremost among these is the 

strengthening of waste segregation at the source, 

which serves as the foundational step in minimizing 

overall waste volume. In parallel, implementing 

composting initiatives at both community and city 

scales can substantially decrease the amount of 

organic waste destined for landfills. The expansion of 

waste bank networks is equally essential, as it 

broadens public access to recycling opportunities and 

encourages community participation.  

The reduction scenarios simulated in this 

dynamic model aim to generate evidence-based 

projections to guide strategic decisions, offering 

insights into how different levels of waste reduction 

affect the infrastructure needs, environmental 

outcomes and financial performance of the city. This 

approach is expected to support the formulation of 

integrated, realistic, and sustainable waste 

management policies for Bengkulu City in the long 

term. Furthermore, the adoption of advanced waste 

management technologies enhances operational 

efficiency, while the consistent enforcement of related 

policies ensures regulatory compliance and 

accountability. Collaboration with the private sector 

also plays a pivotal role by fostering innovation and 

resource mobilization. Lastly, the establishment of 

regular monitoring mechanisms is crucial for 

evaluating progress and informing policy adjustments. 

Collectively, these integrated measures contribute to 

the development of a more sustainable and responsible 

waste management system. The system identification 

in this study is shown in Figure 2. 

2.3.2 Causal loop diagram 

The black box description of the system 

performance variables is explained through the Causal 

Loop Diagram presented in Figure 3, illustrating the 

relationships between variables within the system.  

Causal Loop Diagram illustrates the dynamic 

interactions within the urban waste management 

system, emphasizing the relationship between 

population growth, waste generation, and municipal 

handling capacity. As the population increases, driven 

by the population growth rate, the number of 

households rises, leading to higher waste generation 

levels. This increase in waste generation directly 

affects the volume of both organic and inorganic 
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waste, placing greater demands on the city’s waste 

management infrastructure. The escalation in waste 

volume subsequently leads to higher handling costs 

for waste management services, creating a feedback 

loop that influences municipal financial planning and 

operational efficiency. 

Figure 2. Variables affecting system performance (black box) 

Figure 3. Causal loop diagram (CLD) 

Environmental Input 
Central, regional and local regulations10 

Uncontrolled input 

Types of Waste 

Desired Output 
 Waste reduction at the source (Integrated waste management

site, “waste bank”, composting)

 Reduction by waste producers

 Unprocessed waste transported to landfill
 Adequacy of landfill area  for > 10 years

 Cost sharing between the City Government and waste 

producers (polluter pays)

Controlled input 
 Waste generation
 Contribution fee (environmental tax) 

 Waste Management Costs the City budget

 Level of service 
 Landfill area

Unexpected output 
 A large volume of waste sent to landfill.
 Increasing landfill area

 Short operational life of landfill (landfill quickly 

overloaded) 
 Inefficient management budget

Control management 

Sustainable Waste 

Management Model 
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An essential component of the system is the 

waste reduction process, primarily through waste 

sorting activities. The reduction process helps 

decrease the volume of inorganic waste that becomes 

residual waste requiring landfill disposal. This 

reduction lowers the overall burden on the landfill, 

thereby moderating the rate of landfill area utilization. 

The feedback loop indicates that effective waste 

reduction strategies can reduce residual waste, leading 

to decreased handling costs and extended landfill 

lifespan. However, if reduction efforts are inadequate, 

residual waste will continue to accumulate, 

intensifying the pressure on landfill space and 

operational costs. 

Additionally, the diagram captures the financial 

feedback loop between waste handling costs and the 

city budget, which is influenced by household waste 

service retributions. Increased retributions from a 

growing number of households contribute positively 

to the city budget, supporting waste management 

services. Conversely, higher handling costs, resulting 

from increased waste generation and residual 

accumulation, can strain the city budget if not matched 

by adequate financial inflows. The interplay between 

these factors highlights the importance of integrated 

waste management strategies and policy interventions, 

particularly in promoting waste sorting and reduction 

programs to achieve sustainable urban waste 

management outcomes. 

In addition, the diagram captures the feedback 

cycle of five main components, namely: waste 

generation, waste reduction, landfill land requirement, 

management cost, and retribution. These five elements 

do not stand alone, but interact with each other to form 

an overall waste management system. The impact of 

the inter-subsystem linkages is very significant in 

achieving sustainable waste management. The volume 

of waste generation determines the initial burden of 

the management system, while the effectiveness of 

reduction efforts affects the amount of volume that 

must be treated or disposed of. The increase in waste 

volume drives the need for more landfill space, posing 

spatial and ecological challenges, especially in dense 

urban areas. On the other hand, an increase in 

management burden results in an increase in 

operational costs, which demands sustainability in 

terms of financing. In this case, retribution becomes an 

important instrument to cover the cost, but its 

effectiveness is highly dependent on an efficient 

collection mechanism and the level of community 

participation. The five subsystems thus form a 

dynamic system structure, which requires an 

integrated approach, intersectoral coordination and 

long-term planning to ensure a balance between 

environmental sustainability, economic viability and 

social acceptability. 

2.3.3 Stock flow diagram (SFD) 

Based on the CLD above, the SFD was made 

and is presented in Figure 4 along with the details of 

Variable Definitions in Table 1. In the SFD model, it 

can be explained that the number of residents affected 

by the population growth rate per year can be seen 

from the waste produced by each person per year, 

which is 915.5 liters/person/year. The assumption 

made for waste management planning in this study is 

the amount of waste produced in 2025, so that the 

graphs start in 2025, assuming that in 2025 waste 

management activities have been carried out in an 

integrated manner, and efforts to reduce the total waste 

are mentioned.  

The Stock Flow Diagram (SFD) presented 

illustrates a dynamic systems model for sustainable 

waste management in Bengkulu City, incorporating 

the interconnected relationships between population 

growth, waste generation, financial resources, and 

landfill land use requirements. The model begins with 

the population stock, which increases over time based 

on a predetermined growth rate. This increase in 

population directly influences the number of 

households, subsequently determining the total waste 

generation volume. Cumulative waste generation is 

calculated by multiplying the waste generation rate per 

capita by the total population, establishing the primary 

inflow to the waste management system. 

Waste generated in the city is handled through 

a waste management process at a specific handling 

rate, which determines the cumulative waste managed 

over time. The model recognizes that not all waste can 

be processed or diverted, and the residual waste—the 

portion that remains after handling and reduction 

efforts—flows into the landfill system. The reduction 

rate, which is influenced by implemented waste 

reduction scenarios (ranging from 0%, minimum 25%, 

moderate 50%, to optimistic 65%), determines the 

effectiveness of waste sorting, recycling, or other 

diversion programs. Higher reduction rates result in a 

lower volume of residual waste, reducing the 

cumulative waste sent to landfills and consequently 

limiting the need for landfill land expansion. 
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Figure 4. Stock flow diagram the proposed integrated waste management in Bengkulu City 

An essential element of the model is the 

financing mechanism for waste management 

operations. Households contribute to municipal waste 

services through a retribution fee, which collectively 

forms the city’s budget for waste management. This 

budget grows annually based on a predetermined 

growth rate. However, the model highlights a potential 

budget gap when handling costs increase at a rate 

faster than budget growth, particularly when waste 

generation surpasses the city’s management capacity. 

To address this, cost savings from waste reduction 

programs are factored into the model as a feedback 

mechanism, reducing the overall handling cost burden 

and helping to stabilize the budget. 

The diagram also integrates a spatial component 

by linking residual waste volumes to land requirements 

for landfill areas. Cumulative residual waste is 

translated into required landfill land based on landfill 

density and area rate factors. As residual waste 

accumulates, the model tracks the cumulative landfill 

area used over time. This aspect underscores the long-

term land use implications of waste management 

decisions and highlights the importance of reducing 

residual waste volumes to prevent excessive land 

conversion for landfill purposes, particularly in urban 

areas with limited land availability such as Bengkulu 

City. 

Overall, the Stock Flow Diagram serves as a 

strategic decision-support tool for evaluating the long-

term impacts of various waste management scenarios. 

By simulating changes in population, waste generation 

rates, reduction strategies, and financial capacities, 

stakeholders can forecast potential budget gaps, 

identify operational bottlenecks, and estimate future 

landfill land needs. This system dynamics approach 

enables policymakers to design adaptive, data-driven 

waste management interventions that align with 

sustainability goals, resource constraints, and urban 

development priorities in Bengkulu City through 2045. 

To offset these costs, the model factors in 

revenue streams from household and commercial 

waste retribution fees, simulating various compliance 

and collection efficiency rates. Furthermore, the 

residual waste volume—after reduction efforts—is 
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used to estimate the required landfill area, based on 

waste compaction rates and landfill design life. By 

linking population dynamics, technological 

interventions, financial viability, and spatial planning, 

this system dynamics model offers a comprehensive 

framework for evaluating long-term waste 

management strategies in Bengkulu City.

Table 1. Details of variable definitions in SFD 

Description Definition 

Population 2013-2022 2013: 334.500 

2014: 342.900 

2015: 351.300 

2016: 359.500 

2017: 366.435 

2018: 368.784 

2019: 370.135 

2020: 373.600 

2021: 378.600 

2022: 384.800 

2023: 391.045 

Growth rate Population*(GRAPH (TIME,2013,1,{0.025112, 

0.024497,0.023342,0.019291,0.00641,0.003663, 

0.009361,0.013383,0.016376//Min:0,003663, 

Max:0,025//})//Min:0, Max:1//) 

Household constants 3,41 

Household IF(TIME>2025, Population/'Constant  household',0) 

Waste generation 0.9125 tons/person/year 

Waste generation rate Population*2.5*365 

Waste handled rate 100% 

Reduction rate 'Waste handled rate '-'Residue to Landfill' 

Sampah ke TPA IF(TIME>2024,'Waste handled rate'-('Waste handled rate'*'Reduction Scenario')) 

Density 'Residue to Landfill '* 0.6 

landfill area rate (hectare) (('Residue to Landfill'-Density)/30)/10000 

Handling cost/cubic meter $ 0.88,- 

Elimination of costs due to reduction ('Reduction rate'/Cubic)*Dollar 

Retribution $ 23.35 per year/household 

Total Retribution (Household*Retribution)-'Elimination of costs due to reduction' 

Handling Cost (('Waste handled rate'-'Reduction rate')/Cubic)*Dollar 

Budget Growth Rate IF(TIME>2025,'City Budget'*'Budget Constant') 

Reduction Scenario Current (0%),  25% (minimal), 50% (moderate), 65% (optimistic) 

The system dynamics model developed in this 

study incorporates several interrelated variables to 

project the long-term implications of municipal solid 

waste management in Bengkulu City. Population data 

from 2013 to 2023 indicate steady growth from 

334,500 to 391,045 inhabitants, with an average 

annual increase ranging from 0.37% to 2.51%. Waste 

generation is estimated at 0.9125 tons per person per 

year, equivalent to 2.5 liters per capita daily. Waste 

management simulations assume 100% collection 

efficiency, with varying reduction rates based on four 

scenarios: 0%, 25%, 50%, and 65%. The model 

calculates landfill area requirements using a waste 

density of 0.6 tons/m³ and a maximum landfill depth 

of 30 meters. Financial variables include a waste 

handling cost of $0.88 per cubic meter and a 

household retribution fee of $23.35 per year. The 

model also integrates budget growth projections and 

cost savings associated with waste reduction, enabling 

comprehensive scenario-based analysis of waste 

generation, operational expenses, and revenue from 

retributions over a 20-year period. 

2.3.4 Validation 

The value of “0” is between the range of μ_1 

and μ_(2) or between (-18.724) – (+12.378); (P[(x ̄_1-

x ̄_2 )-hw ≤ μ_1-μ_(2 )≤ (x ̄_1-x ̄_2 )+hw]), so h0 is 

accepted or the simulation is valid (Table 2). There is 

no significant difference between real data and 

simulation results using Powersim software. This 

model is parameterized using historical data and 

relevant variables, allowing for the simulation of 

waste reduction across different scenarios. The waste 

reduction scenarios include a minimal scenario, which 

represents the lowest level of waste reduction; a 

moderate scenario, reflecting an intermediate level of 
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reduction; and an optimistic scenario, which achieves 

the highest level of waste reduction. 

Model validation was conducted using a t-test 

comparison between real population data and 

simulation results for the period 2013-2022. The 

results show a very close alignment between observed 

and simulated values, with the average real population 

recorded at 363,055 and the simulated value at 

366,228. The standard deviations were also nearly 

identical, at 15,959.99 and 15,959.85, respectively. 

Statistical testing using a two-tailed t-test with 18 

degrees of freedom produced a t-count of 2.1788, 

which falls within the acceptance range of the T-table 

value of 2.179 at a 95% confidence level. This 

indicates no significant difference between real and 

simulated data. The absolute error remained within 

acceptable limits, with the mean error ranging from      

-3,172 to 12,378.56. These results confirm the validity

and reliability of the dynamic system model in

accurately representing demographic trends in

Bengkulu City, providing a strong foundation for

subsequent waste generation and management

scenario simulations.

Table 2. T-test model validation 

Year Real data Simulation data 

2013 334,500.00 334,500.00 

2014 342,900.00 342,899.96 25.472.127 25.471.673 

2015 351,300.00 351,299.98 2.595.270.735.524.450 

2016 359,500.00 359,500.03 72.092.138.341.532 72.089.569.199.048 

2017 366,435.00 366,435.14 144.181.707.540.581 

2018 368,784.00 368,783.99 Df  18 

2019 370,135.00 370,134.85 T Table  2.179 

2020 373,600.00 373,599.68 Hw 2.1788 25.472.127 

2021 378,600.00 378,599.57 2.1788 7.137 

2022 384,800.00 384,799.51 15.551 

Average 363,055.40 366,228.08 -3,172.68 (18.724) 

Standard Deviation 15,959.99 15,959.85 -3,172.68 12,378.56 

3. RESULTS AND DISCUSSION

3.1 Current waste management process flow in

Bengkulu City

The process begins with the source of waste, 

which primarily originates from residential areas and 

public places such as markets, streets, and commercial 

zones. Following waste generation, the next step is 

waste collection, which is carried out by both the 

private sector and the city authority, ensuring that 

waste is gathered efficiently from different locations. 

After collection, waste is transported through the 

transportation system, which is also managed by both 

private operators and the city authority, delivering the 

waste to designated disposal sites. The final stage of 

the process is the landfill, where waste is disposed of 

through open dumping. This traditional method poses 

environmental concerns, emphasizing the need for 

improved waste management practices, such as 

sustainable disposal techniques and waste reduction 

strategies. The flow of the solid waste management 

process in Bengkulu City is presented in Figure 5. 

Figure 5. Process flow of solid waste management in Bengkulu City 
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3.2 Population projections 

The population growth of Bengkulu City has 

demonstrated a consistent upward trend over the past 

decade. Based on historical data, the population 

increased from 334,500 persons in 2013 to 384,800 

persons in 2022. In the period between 2013 and 2017, 

the city experienced a relatively steady annual growth 

rate, with the population rising from 334,500 to 

366,435 persons, driven by natural population growth 

and rural-to-urban migration (Figure 6).  

However, starting in 2018, the growth rate 

began to decelerate slightly. This slowing trend 

became more apparent during the onset of the COVID-

19 pandemic in 2020. The pandemic, which caused 

significant social and economic disruption globally, 

also impacted population dynamics in Bengkulu City. 

Although the city’s population continued to grow 

during 2020-2022, the rate of increase was moderated 

due to several factors, including restrictions on 

population movement, increased mortality rates, and 

delays in internal migration. In 2020, the population 

reached 373,600 persons, increasing modestly to 

378,600 in 2021 and 384,800 in 2022. 

Figure 6. Population projections until 2045 

Post-pandemic recovery, beginning in 2023, is 

projected to restore the city’s population growth 

trajectory. With improvements in public health 

conditions, economic activities, and mobility, 

Bengkulu City’s population is expected to continue 

increasing, reaching 559,095 persons by 2045. The 

projection suggests that, while the pandemic 

temporarily affected the growth rate, its long-term 

impact on the overall population trend remains 

limited, as growth is anticipated to steadily resume in 

the years following the pandemic. This population 

forecast provides critical input for urban planning, 

infrastructure development, and public service 

provision in Bengkulu City, ensuring that future 

growth is accommodated in a sustainable and well-

managed manner. 

3.3 Waste generation 

Based on Figure 7, the volume of waste 

generation in Bengkulu City is projected to increase 

steadily from 368,664 cubic meters in 2025 to 510,174 

cubic meters by 2045. This growth is closely linked to 

the city’s rising population, driven by natural growth 

and ongoing internal migration from rural areas to the 

urban center. The movement of people seeking better 

economic opportunities, education, and services 

contributes to a higher concentration of waste 

production, particularly in residential, commercial, 

and public areas. 
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Figure 7. Graph of total waste increase in Bengkulu City from 2025 to 2045 

In addition, Bengkulu’s improving economic 

conditions following the COVID-19 pandemic are 

expected to influence waste generation patterns. As 

household incomes rise and consumption habits shift 

towards packaged and processed goods, the volume of 

waste produced per capita will gradually increase. 

This projection underscores the urgent need for the 

city to strengthen its waste management infrastructure, 

expand waste reduction programs, and promote 

sustainable lifestyle practices to ensure environmental 

sustainability in line with future urban and economic 

development. 

Without intervention, the surge in waste could 

overburden landfills, increase pollution, and escalate 

management costs. Sustainable strategies such as 

source reduction, recycling, composting, and 

advanced waste processing technologies are crucial. 

The Integrated Solid Waste Management (ISWM) 

approach, based on the 3R (Reduce, Reuse, Recycle) 

concept, offers a systematic solution tailored to local 

conditions (Behera and Samal, 2022; Devi et al., 2023; 

Pinha and Sagawa, 2020). 

3.4 The challenges involved in solid waste reduction 

In the years ahead, Bengkulu City is expected to 

encounter serious challenges in managing and 

reducing its solid waste. The combination of rapid 

population growth, internal migration, and increasing 

economic activities will contribute to a steady rise in 

waste generation. A significant portion of this waste 

consists of organic materials such as food waste, 

leaves, and market waste, while the rest is dominated 

by plastics and other non-organic materials. Limited 

public awareness, weak waste segregation practices, 

and overdependence on the already overloaded Air 

Sebakul landfill are major obstacles in reducing the 

volume of waste disposed of at final disposal sites. 

To address these issues, Bengkulu City must 

prioritize integrated waste reduction strategies by 

promoting recycling and composting at the source. 

Community-based waste banks (bank sampah) and 

local recycling initiatives should be expanded to 

encourage residents to sort recyclable materials like 

plastics, paper, and metals. Meanwhile, composting 

programs targeting organic waste from households, 

traditional markets, and public spaces can 

significantly reduce the amount of biodegradable 

waste sent to landfills. The introduction of 

decentralized composting sites and household 

composting campaigns would help manage organic 

waste efficiently while producing valuable compost 

for urban agriculture. These combined efforts, 

supported by strong policy enforcement, public 

education, and private sector participation, will be 

crucial in creating a sustainable and effective solid 

waste management system for Bengkulu City in the 

future. 

In this study, four levels of waste reduction 

scenario simulation were conducted. Reduction 

scenarios were developed to project varying levels of 

intervention within the waste management system, 

ranging from a business-as-usual approach to the most 

ambitious reduction targets. These scenarios reflect 

not only the expected reduction rates but also the 

complexity and intensity of the efforts required at each 

level. The no reduction scenario (0%) represents the 

existing condition, where the waste management 

system operates without significant improvements. At 

this stage, most waste is collected and disposed of in 

landfills, with minimal sorting, processing, or 

recycling. The system remains focused on end-of-pipe 

 300,000

 350,000

 400,000

 450,000

 500,000

 550,000

2025 2029 2033 2037 2041 2045

T
o
n

s

Waste Generation

505



Ermayendri D et al. / Environment and Natural Resources Journal 2025; 23(6): 494-515

solutions such as collection and disposal, with limited 

upstream intervention or waste minimization 

strategies. The minimum reduction scenario (25%) 

reflects early-stage efforts to reduce waste generation. 

This includes the introduction of basic waste 

separation at the household level, as well as the 

promotion of community-scale composting and waste 

bank initiatives. Public participation begins to emerge, 

but institutional transformation remains limited. 

Waste reduction reaches approximately one-fourth of 

the total waste generated. 

The moderate reduction scenario (50%) 

represents a transitional phase toward a more 

integrated system. Institutional roles become stronger, 

with increased involvement from local governments, 

the private sector, and civil society. Waste processing 

technologies are introduced more systematically, 

regulations are enforced more consistently, and cross-

sector partnerships are established. At this stage, up to 

50% of the waste is successfully diverted through 

composting, recycling, and source reduction efforts. 

The optimistic reduction scenario (60-65%) reflects an 

ideal condition in which nearly all organic waste is 

converted into compost, while inorganic materials 

such as plastic, paper, and metal are recycled to the 

fullest extent possible. The waste management system 

becomes holistic and fully integrated, supported by 

appropriate technologies, strong policy enforcement, 

financing mechanisms, and stakeholder collaboration. 

Waste reduction reaches its highest level, 

demonstrating the realization of circular economy 

principles at the city scale. 

3.5 Waste generation with reduction 

Based on Figure 8, Bengkulu City is projected to 

generate a cumulative waste volume of 12,979,047 m3 

over the next 20 years, reflecting a significant challenge 

in waste management amid population growth and 

lifestyle changes. This increasing waste volume 

demands more effective management strategies, 

particularly in reducing waste generation at its source. 

The Air Sebakul landfill, which has been in operation 

for 32 years, is now in a critical condition with its 

capacity exceeded, making it unable to accommodate 

more waste. This challenge is further complicated by 

the Regional Spatial Planning Regulation of Bengkulu 

City 2021-2041, which does not allocate land for a new 

landfill, accelerating the urgency of waste reduction 

strategies such as composting, recycling, and reducing 

plastic use. Programs like Waste Banks, public 

education, and the development of recycling 

infrastructure are priority steps to ensure sustainable 

waste management. Without proper intervention, 

Bengkulu City risks facing an environmental crisis that 

could impact public health and overall quality of life. 

Therefore, collaboration between the government, the 

community, and the private sector is essential to 

establish a more sustainable waste management system 

and ensure Bengkulu City’s livability in the future. 

Figure 8. Simulation and projection of residue to landfill with not reduction and reduction scenarios 
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The simulation and projection results in Figure 

8 illustrate the trends of waste residue directed to the 

landfill under four reduction scenarios in Bengkulu 

City from 2025 to 2045. In the Existing Reduction 

scenario, where no substantial waste minimization 

improvements are applied, the amount of residue 

increases steadily each year, driven by continuous 

population growth and rising waste generation rates. 

The Minimum Reduction scenario, assuming a 20% 

reduction effort, results in a slightly lower but still 

increasing trend of landfill residue, indicating that 

minimal intervention is insufficient to control waste 

accumulation in the long term. These two scenarios 

demonstrate how inadequate reduction efforts will 

sustain high dependency on landfill disposal and 

threaten the availability of landfill space in the city. 

Conversely, the Moderate Reduction scenario, 

targeting a 50% reduction rate, effectively slows the 

growth of waste residue sent to the landfill. This 

projection highlights the positive impact of applying 

intermediate reduction measures such as waste 

sorting, recycling programs, and community-based 

composting initiatives. The Optimistic Reduction 

scenario, assuming a 65% reduction rate, shows the 

most promising outcome, maintaining a relatively 

stable and low volume of landfill residue throughout 

the projection period. This scenario underscores the 

importance of comprehensive and consistent waste 

reduction efforts to sustainably manage urban waste 

and minimize environmental and spatial burdens from 

landfill dependency. The comparison between these 

scenarios confirms that achieving higher reduction 

rates is essential for ensuring sustainable waste 

management in Bengkulu City over the next two 

decades. 

3.6 Projection of landfill land requirements until 

2045 

To estimate the land area required for 

landfilling purposes, the volume of waste must be 

calculated from the mass using a density-based 

conversion. According to SNI 19-2454-2002, the 

maximum waste thickness (before final closure) is 

typically 20-30 meters, depending on site-specific 

design and geological conditions. For the purpose of 

this estimation, the final depth is assumed to be 30 

meters. The density of household waste varies 

significantly depending on the level of compaction: 

uncompacted waste averages 150-250 kg/m³, medium 

compacted 300-400 kg/m³, and densely compacted 

(e.g., sanitary landfills) about 500 kg/m³ (Table 3). 

Volume (m3) =  
Density (

kg

m3)

Weight (kg)
e;   (m³) 

Table 3. Landfill area by waste weight 

Waste compaction level Density (kg/m³) Volume (m³) per ton Land area required for landfill 

(layer depth 30 m) 

Uncompacted 200 5,000 167 m2

Moderately compacted 300 3,300 111 m2

Densely compacted 500 2,000 67 m2

The implementation of waste reduction 

strategies across four distinct reduction scenarios 

demonstrates substantial potential for land use 

efficiency. The current scenario requires 29.28 

hectares, whereas the Minimum, Moderate, and 

Optimistic scenarios require only 8.78, 5.86, and 4.10 

hectares, respectively. The Optimistic scenario 

represents the smallest land increase, approximately 

0.17-0.24 hectares per year. By implementing waste 

reduction strategies, the city can save more than 23 

hectares, reduce environmental impact, and enhance 

waste management sustainability (Figure 9). Without 

intervention, waste accumulation over 20 years is 

projected to reach 8,782,842.61 m³, requiring 29.28 

hectares of land. Waste reduction by 25%, 50%, and 

65% would decrease land requirements to 8.78, 5.86, 

and 4.10 hectares, respectively. Compaction of waste 

up to 70% can save land and costs by up to 73% 

(Banerjee et al., 2023) . Moreover, landfills contribute 

15% of global methane emissions, exacerbating 

climate change (Guo et al., 2024). 

The simulation and projection results in Figure 

9 reveal the long-term implications of four waste 

reduction scenarios on cumulative landfill land 

requirements in Bengkulu City over a 20-year 

planning horizon (2025-2045). Under the Existing 

Reduction scenario, where current waste management 

practices continue without significant improvement, 

the projected landfill area requirement reaches 29.28 

hectares by 2045. This substantial land demand 
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highlights the unsustainable nature of the existing 

system, where the continuous increase in waste 

generation and minimal reduction efforts result in 

accelerated land consumption for landfill purposes. 

Figure 9. Simulation and projection of cumulative landfill area until 2045 with a reduction scenario 

In contrast, implementing higher waste 

reduction rates considerably reduces the projected 

landfill area requirements. The Minimum Reduction 

scenario (21% reduction) lowers the need to 8.78 

hectares, while the Moderate Reduction scenario 

(50% reduction) further decreases land requirements 

to 5.86 hectares. The most effective outcome is 

observed in the Optimistic Reduction scenario (65% 

reduction), which limits the cumulative landfill land 

requirement to only 4.10 hectares by 2045. These 

projections emphasize the critical importance of 

integrating progressive waste reduction strategies into 

urban waste management policies to ensure 

sustainable land use, protect environmental quality, 

and extend the operational lifespan of landfill facilities 

in Bengkulu City. 

3.7 Handling cost, total retribution and saving cost 

The simulation results demonstrate distinct 

financial patterns for waste management in Bengkulu 

City under four waste reduction scenarios over a 20-

year projection. In the Existing Scenario, both 

handling costs and total retribution steadily increase 

from 2025 to 2045, with handling costs consistently 

surpassing revenue from retributions. Although cost 

savings show gradual growth, they remain insufficient 

to offset the rising operational expenses. This trend 

highlights the financial vulnerability of maintaining 

the current waste management system without 

adopting additional reduction measures. 

Under the Minimum Reduction Scenario (20% 

reduction), financial performance improves modestly. 

Handling costs grow at a slower rate compared to the 

existing condition, while cost savings increase 

progressively due to reduced waste volumes requiring 

treatment and disposal. However, despite this 

improvement, a noticeable financial gap between 

handling costs and total retribution persists by 2045, 

suggesting that limited reduction efforts provide some 

relief but are inadequate for achieving sustainable 

financial equilibrium in waste management operations 

(Figure 10). 

The Moderate Reduction Scenario (50%) and 

Optimistic Reduction Scenario (65%) show 

considerably better financial outcomes. In the Moderate 

Scenario, handling costs grow more gradually, while 

cost savings significantly increase, gradually narrowing 

the financial gap with retribution revenue. The most 

favorable outcome appears in the Optimistic Scenario, 

where waste reduction efforts substantially limit cost 

increases, and cumulative cost savings almost match the 

total handling expenses by 2045. This indicates that 

aggressive and well-integrated waste reduction 

strategies not only alleviate environmental pressure but 

also strengthen the city’s fiscal capacity to manage 

waste sustainably in the long term. 
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Figure 10. Simulation and projection of handling costs, total retribution and cost savings until 2045 with four reduction scenario 

3.8 Scenario model 

3.8.1 Without reduction (Existing) 

In the absence of a waste reduction scenario, 

household waste volume will continue to increase, 

further burdening landfills. As these landfills fill 

quickly, they lead to soil, water, and air pollution. 

Methane emissions from decomposing organic waste 

contribute significantly to global warming, while 

landfill costs and space limitations will become 

increasingly problematic. 

Therefore, reduction strategies such as 

reducing, reusing, and recycling are essential for 

sustainable waste management and budget 

optimization (Boateng et al., 2023; Del Carmen-Niño 

et al., 2023; Nepal et al., 2023; Ugwu et al., 2021). 

3.8.2 Minimum scenario 

The growth of Waste Banks in Bengkulu City 

since 2022 has shown positive development as part of 

the government’s and community’s efforts to enhance 

the effectiveness and sustainability of waste 

management. Currently, five active Waste Bank units 

operate with a primary focus on managing recyclable 

waste, such as plastic and paper. However, the absence 

of composting programs within Waste Bank 

operations has restricted the overall waste reduction 

impact. Therefore, there is significant potential to 

expand waste management initiatives, particularly by 

integrating composting into the Waste Bank system 

and Integrated Waste Management Facilities (IWMF). 

With optimal support from the community, 

government, and private sector, Bengkulu City has the 

potential to achieve a waste reduction target of up to 

25% (Abubakar et al., 2022). Strategic measures such 

as developing waste processing infrastructure, 

educating the public on waste separation, and 

optimizing recycling and composting systems can 

enhance the effectiveness of sustainable waste 

management (Behera and Samal, 2022; Knickmeyer, 

2020; Lim et al., 2016). 

3.8.3 Moderate scenario 

Achieving a 50% waste reduction through 

programs like “Merdeka Sampah” in Bengkulu City is 

certainly a significant challenge. However, with the 

right approach, the chances of success are 

considerable. The following factors need to be 

considered: 1) public awareness and participation; 2) 

development of infrastructure and technology; 3) 

multi-sector collaboration; 4) regulations and policies; 
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and 5) community independence and innovation. 

Achieving a 50% waste reduction through the 

“Merdeka Sampah” program in Bengkulu City is 

remains possible, but it requires intensive 

collaboration between the government, community, 

and private sector. Public awareness, infrastructure 

support, enabling policies, and local innovation are 

key factors that will determine the success of this 

program remains possible. With the right strategies 

and effective implementation, the chances of reaching 

this target are high, but it will require long-term 

commitment and continuous adaptation to emerging 

challenges.  Recycling capacity can be increased from 

39% to 100% by strengthening informal recycling 

facilities (Kala et al., 2022). 

3.8.4 Optimistic scenario 

To achieve the 65% waste reduction target in 

Bengkulu City, an integrated strategy is required, 

which includes: 1) strengthening waste separation at 

the source by providing adequate facilities and 

incentives for residents, 2) developing composting 

programs at both community and city levels, 3) 

expanding Waste Banks across all neighborhoods with 

a specific focus on different waste types and 

collaboration with the recycling industry, 4) 

implementing innovative technologies, such as digital 

applications and waste-to-energy conversion, and 5) 

enforcing waste separation policies through clear 

regulations and sanctions. 

Waste reduction can be achieved by limiting the 

use of hard-to-recycle materials, promoting 

composting, and engaging the private sector. Thus, it 

is essential to include corporate social responsibility 

CSR initiatives and strategic partnerships. The 

government should play a key role by facilitating 

education and training programs, as well as providing 

incentives and recognition for successful waste 

management efforts. Additionally, regular monitoring 

and evaluation are necessary to assess impact and 

make policy adjustments. With an integrated strategy 

that includes source separation, appropriate 

management technology, supportive policies, and 

multi-stakeholder collaboration, the target waste 

reduction target of up to 65% can be achieved. 

Through strong community involvement, Bengkulu 

City has the potential to become a model for effective 

and sustainable waste management. 

3.9 Impact of parameters on achieving waste 

reduction 

Effective waste reduction strategies must 

address critical parameters that enhance the efficiency 

and sustainability of urban solid waste management 

systems. First, strengthening the waste sorting system 

at the source is essential because it improves the 

effectiveness of downstream processes, such as 

recycling and composting.  

Second, developing community- and 

municipal-level composting methods can divert large 

volumes of organic waste from landfills while 

producing valuable compost. Third, expanding the 

capacity and outreach of waste banks can incentivize 

recycling behavior and improve material recovery 

rates. Fourth, adopting advanced waste management 

technologies, such as mechanized sorting, anaerobic 

digestion, and incineration with energy recovery, can 

increase system-wide efficiency. Additionally, 

effectively enforcing policies and regulations ensures 

compliance and promotes accountability among 

stakeholders. Collaborating with the private sector is 

also vital for mobilizing investments, innovation, and 

operational expertise. Lastly, establishing 

mechanisms for periodic monitoring and evaluation 

enables data-driven decision-making, continuous 

improvement, and policy refinement. Together, these 

parameters form the foundation for a comprehensive, 

resilient waste reduction framework. 

The structured evaluation presented in Table 3 

demonstrates a clear progression in the perceived 

importance of seven key waste management 

parameters across four waste reduction scenarios: 

Existing (0%), Minimum (25%), Moderate (50%), and 

Optimistic (65%). Using a five-point ordinal scale (✰ 

to ✰✰✰✰✰), each parameter exhibits a steady 

increase in importance as the reduction targets become 

more ambitious. Descriptive statistical analysis 

reveals a strong linear trend, with the average 

importance score rising from 1.43✰ in the baseline 

scenario to 5.00✰ in the most ambitious scenario—

representing an overall increase of more than 249%. 

These findings suggest a systemic transition from 

conventional waste handling practices to more 

integrated and transformative management 

approaches. 
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Table 3. Matrix of the importance level of  parameter in each reduction scenario 

No Parameter Scenario 

Existing 

(0%) 

Minimum 

(25%) 

Moderate 

(50%) 

Optimist 

(65%) 

1 Strengthen the waste sorting system at the source ✰ ✰✰ ✰✰✰✰ ✰✰✰✰✰

2 Develop composting methods at both community and city scales ✰ ✰✰✰ ✰✰✰✰✰ ✰✰✰✰✰

3 Expand the capacity and reach of the waste bank ✰ ✰✰✰ ✰✰✰✰ ✰✰✰✰✰

4 Implement advanced waste management technologies ✰ ✰✰ ✰✰✰✰ ✰✰✰✰✰

5 Enforce policies and regulations effectively ✰✰ ✰✰✰ ✰✰✰✰ ✰✰✰✰✰

6 Foster collaboration and partnership with the private sector ✰✰ ✰✰✰ ✰✰✰✰ ✰✰✰✰✰

7 Conduct periodic monitoring and evaluation ✰✰ ✰✰✰ ✰✰✰✰ ✰✰✰✰✰

Amount 1.43✰ 2.71✰ 4.14✰ 5.00✰ 

Description: 

✰ Less important

✰✰ Quite Important

✰✰✰ Important

✰✰✰✰     Very important 

✰✰✰✰✰  Very - very important

In the baseline scenario (0%), the waste 

management system remains predominantly traditional, 

with most parameters rated as “less important” or “quite 

important.” Strategies such as composting, waste bank 

expansion, and the implementation of advanced 

technologies are not yet considered priorities. 

However, in the Minimum (25%) scenario, the average 

score increases significantly to 2.71✰—an 89.5% 

improvement—indicating an emerging recognition of 

community-based and decentralized interventions. This 

upward trajectory continues in the Moderate (50%) 

scenario, where the average importance score reaches 

4.14✰. At this stage, nearly all parameters are rated as 

“very important,” reflecting a growing institutional 

commitment to strategies that integrate technological 

innovation, policy enforcement, and multi-sectoral 

collaboration. 

In the Optimistic (65%) scenario, all parameters 

achieve the maximum rating of 5.00✰, indicating a 

consensus on the critical role each component plays in 

achieving substantial waste reduction. This uniformity 

underscores the necessity of a comprehensive and 

synergistic approach, encompassing source-level 

waste sorting, large-scale composting, expanded waste 

bank systems, advanced technological adoption, 

effective regulatory frameworks, private sector 

engagement, and continuous monitoring and 

evaluation. The high degree of linear correlation 

(R²≈0.99) between the level of reduction target and the 

average importance score further confirms that the 

prioritization of these parameters intensifies in direct 

proportion to the system’s performance goals. 

Accordingly, the realization of ambitious waste 

reduction targets necessitates multi-dimensional 

interventions that extend beyond physical 

infrastructure and formal regulation, and instead 

emphasize behavioral change, institutional integration, 

and stakeholder-driven solutions. 

Applying a dynamic system model to waste 

management in Bengkulu City provides a holistic, 

strategic approach to responding to the complexity of 

the waste management system while improving the 

effectiveness of policies and the efficiency of 

operations in accordance with the city's capacity and 

characteristics. Simulations of four waste reduction 

policy scenarios namely, no intervention, minimum 

reduction, moderate reduction, and optimistic 

reduction were conducted by considering important 

parameters such as population growth rate, waste 

generation volume, recycling capacity, and 

community participation. 

The simulation results for each scenario provide 

projections for waste generation, management budget 

requirements, and estimated landfill area in the short 

and long term. This information is crucial for decision-

makers to select the most rational and sustainable 

scenario, reducing operational costs and optimizing 

the use of available resources. Thus, this approach 

makes the planning process more data-driven and 

adaptable to environmental and social dynamics. 

Furthermore, integrating dynamic system models with 

digital technologies, such as real-time waste volume 

monitoring, citizen reporting applications, and 

information management systems, improves 

accountability and public engagement. Collaboration 

between stakeholders, including the community, the 

private sector, and educational institutions, can be 
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strengthened to create an inclusive, integrated waste 

management ecosystem. Therefore, Bengkulu City has 

strong potential to become a pilot medium-sized city 

for the implementation of smart, participatory, and 

sustainable environmental governance. 

Bengkulu City and the Brazilian case study 

share similar challenges in waste management, 

particularly low recycling rates, limited public 

participation, and inadequate infrastructure. The 

Brazilian model, which aims to raise dry waste 

collection from 8.5% to 15% in ten years, highlights 

the importance of improving sorting efficiency—an 

equally relevant goal for Bengkulu. However, the 

financial unsustainability of recycling programs, as 

shown in Brazil’s reliance on subsidies, also reflects 

conditions in Bengkulu. While Brazil has begun using 

system dynamics (SD) modeling to influence 

recycling behavior, Bengkulu is still in the early stages 

of exploring such tools (Pinha and Sagawa, 2020). 

Similar issues are evident in Yogyakarta and Depok 

(Artika and Chaerul, 2020; Habibah et al., 2020), 

where waste management policies face barriers such 

as low public awareness, weak institutional 

coordination, and poor infrastructure. In Yogyakarta, 

system modeling indicates ineffective implementation 

due to cultural and structural gaps, while in Depok, 

future waste projections call for expanded treatment 

capacity to reduce landfill use. However, this requires 

significant investment, posing financial challenges for 

local governments. These cases highlight the urgent 

need for integrated, participatory, and financially 

sustainable waste strategies across Indonesian cities, 

including Bengkulu. 

Applying a dynamic systems model to waste 

management in Bengkulu City offers a comprehensive 

and strategic framework for addressing the complexity 

of urban waste systems. This approach aligns policies 

with the city's unique capacity and characteristics, 

while also enhancing the effectiveness of interventions 

and operational efficiency. By simulating four policy 

scenarios—no intervention, minimum reduction, 

moderate reduction, and optimistic reduction—the 

model provides insights into the implications of each 

strategy, incorporating critical parameters such as 

population growth, waste generation volume, 

recycling capacity, and levels of community 

participation. The results of these simulations yield 

valuable projections related to future waste generation, 

budgetary requirements, and the expansion of landfill 

areas. These outputs are essential for policymakers 

seeking to identify the most rational and sustainable 

options, particularly in balancing operational costs and 

resource availability. The data-driven nature of the 

model supports more informed and adaptive planning 

processes, allowing the city to anticipate 

environmental and social changes while maintaining 

effective waste services. 

Further value is added when the dynamic model 

is integrated with emerging digital technologies. Tools 

such as real-time waste monitoring systems, citizen 

reporting apps, and centralized information platforms 

enhance both accountability and public involvement. 

These technologies facilitate transparent governance 

and efficient service delivery, while also encouraging 

citizens to actively participate in managing their waste. 

In turn, the model enables better responsiveness to 

public feedback and real-time data, fostering a more 

agile and effective system. Finally, the adoption of this 

model serves as a catalyst for multi-stakeholder 

collaboration involving local communities, the private 

sector, and academic institutions. Such engagement 

promotes the development of an inclusive and 

integrated waste management ecosystem. With these 

capabilities, Bengkulu City is well-positioned to serve 

as a model for other medium-sized cities aiming to 

implement smart, participatory, and sustainable 

environmental governance. The dynamic systems 

model not only offers technical improvements but also 

reinforces the long-term vision of a resilient and 

future-ready urban management framework. 

4. CONCLUSION

This study demonstrates the effectiveness of a 

system dynamics approach in addressing the complex 

challenges of municipal solid waste management in 

Bengkulu City. By simulating four waste reduction 

scenarios over a 20-year period, the model provides 

valuable insights into the environmental and financial 

implications of various intervention levels. The 

findings reveal that without proactive measures, rapid 

population growth and increased consumption will 

severely strain existing landfill capacity and escalate 

management costs. Conversely, integrated waste 

reduction strategies—encompassing source 

separation, composting, waste bank expansion, 

technological innovation, and policy enforcement—

substantially mitigate environmental pressures while 

optimizing land and financial resources. 

The moderate and optimistic reduction 

scenarios, achieving 50% and 65% waste reduction 

respectively, offer the most sustainable outcomes by 

lowering landfill dependency, reducing operational 
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expenses, and enhancing resource recovery. 

Furthermore, the incorporation of digital monitoring 

tools and multi-stakeholder collaboration strengthens 

waste governance, promotes public participation, and 

improves service accountability. This study 

underscores the importance of systemic, data-driven 

planning to transition towards a circular economy 

framework. The proposed dynamic model serves as an 

adaptable decision-support tool for urban 

policymakers, providing a strategic pathway for 

medium-sized cities seeking to implement inclusive 

and sustainable waste management systems. 
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