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Abstract

Municipal solid waste management in Iran faces structural challenges driven by rising
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waste generation, very low source separation rates, and heavy reliance on landfilling—
all of which undermine environmental sustainability and urban resilience. This study
develops an integrated futures-oriented framework to analyse the long-term behaviour
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of Iran’s source separation system up to 2041. The framework combines MICMAC
structural analysis, Cross-Impact Balance (CIB), system dynamics modelling and Monte
Carlo simulation. A 23-year dataset—including waste generation, composition, citizen
behaviour, costs, landfilling rates and methane emissions—was compiled, and a
dynamic model with four interconnected subsystems (generation, behaviour, collection—
processing efficiency, and environmental impacts) was calibrated using historical data.
Material flow analysis (MFA) and multivariate sensitivity tests were then applied to
assess the efficiency and robustness of policy pathways. Findings show that under the
business-as-usual scenario, total waste increases by nearly 50% and source separation
remains locked around 7%, while landfilling and methane emissions rise sharply, placing
the system in a “stable but low-performance equilibrium.” In contrast, the structural
transformation scenario—based on full digitalisation, integration of formal and informal
sectors, service quality standardisation and citizen incentive mechanisms—raises source
separation to approximately 30—34%, cuts landfilling nearly in half, reduces methane
emissions by 45%, and decreases losses of recyclable materials from roughly one-third
to about one-tenth. Sensitivity analysis identifies service quality, public trust and the
level of digitalisation as the dominant leverage points shaping long-term system
behaviour. Overall, the results indicate that Iran’s waste challenge is fundamentally
institutional and feedback-driven. Only structural interventions supported by foresight-
based policymaking can shift the system towards higher separation and recycling
performance and place national waste governance on a sustainable trajectory.
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Table 1 — Trends in waste generation over a 20-year period
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Fig. 1- Trend in the growth of municipal solid waste generation in Iran (2024-2044) (The increasing trend in total waste
volume and per capita waste generation indicates a structural change in consumption patterns.)

Olas ¥ S aS 456 las 0,0 Sl P’;;%lsé)uu Sl Joe (glans bl o5 ladg e o8 lie LS,
oo i 5l yiaS 10 a0 VAL e )l cdl 4y poie - do 0 Y B0 0> 0 oo - Sledd CuaS sgumme jlows (ials s
RPN BT S WO A K VRN I AR KNI KRR W [ R PR

Service Quality vs. Participation Dynamics (Figure 2)
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Fig. 2- Relationship between service quality and citizen participation rate (Participation behavior is non-linear and
highly sensitive to service quality.)
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Table 2 — Key system indicators under the Business-As-Usual (BAU) scenario
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Figure 3. Source Separation Rate under BAU, Reform, Transformation
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Fig. 3- Behavior of source separation rate under three scenarios (Only the structural transformation scenario surpasses

the critical separation threshold.)
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Figure 4. Material Flow Analysis — Baseline vs. Improved System
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Fig. 4- Material Flow Analysis (MFA) under current conditions and after reforms (Formal—informal integration leads to
a significant reduction in material losses and an increase in net recycling.)
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Fig. 5- Comparison of performance across three scenarios (Structural transformation is the only scenario that restores
the system’s sustainability capacity.)
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Table 4 — Comparison of the performance of three scenarios over a 20-year horizon

Jukei o Jo2i (22508 OleMol BAU wels
S 1y Sl gl 5l g Glg ot Jg205 S vy YA-YY \ (1) S5 &5
o J975 (5915l ;0 B0 3 B el VA -VY V=14 Yf (Ul o5 Hgedae) (530 pom
Sloas oS g slael 4 Siwnly o iy %fs—%- Y%YA-YY %0\ oSl
Js78 5905l 50 0o y0 FO Lals FA—FY - VoY -—qA- VYV ol el
M])oomﬂlﬁu VF,00 «—\Y,0 v INER fy.. <dbsb M])o
oty el sy ple] A Y-y A Yy (1) 2L30 olge <) j00

WSS b ) o9 sloas > g Jlad e 1) ke 859550 slaadl> canl JoB st J928 S92 b kS a0 0 LS T 9o

VoY



s ool gy 3l ooliil b sl Sloy S ol ailaggony] Julow ot

slozeh KOlods oS i ds w0 oo LIS Wloas (5155 F IS 9 O Jaa (0 4T 35 o atedis Cowlus Jdod ol
CotnS ge,0 Ve Gli8l e oo oyl 1) peew S8, uiljlg 5l aey0 VY ggame jo €gile Jlasus mhaw 5 € sogec
g0 ogas Slaiel ulidl as Jb o toad oS\l gae,0 YV B YY o8l Coge g asils 1) isu 31 o ies Sleas
a3 oo L oS 5 cpl el ool SIS F 5 6o, VA LYY 0l Ccoge (il Jluoms g oS jlin s0o,0 YY B VA il

35 50 30 e 5o 93 5L LSl 5 (63l Y yuesd b oS (S5 Sl GlBIL & Soeadd gl oS

GolS o A Coplins Sl gl -0 Jgua
Table 5 — Results of the sensitivity analysis of three key variables

Gols aidly Sl g5 p Pl SSEES g Pl end sl ok e
s piie o las %¥\—vot %YY—\AT %\ -1 Slods CuiS
ymeolazel Tyots o Lo s, %YY—VAT %\ 0—\Y1 %\ -1 eoges sloel
ehlS 5 285 S e 44390 % \V—1 1 FZARSARN %\ -1 Sl bz o

Figure 6. Sensitivity Analysis for Three Critical Variables
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Fig. 6- Sensitivity analysis of three key variables (Service quality plays the most significant role in altering participation
and separation behavior.)
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Extended Abstract

Introduction: Municipal solid waste (MSW) management in Iran faces persistent structural challenges driven
by rising waste generation, very low source separation rates, and heavy reliance on landfilling, undermining
environmental sustainability and urban resilience. The current system is constrained by fragmented
governance, weak integration of formal and informal sectors, and low service quality, leading to systemic
inefficiencies and losses in recyclable materials. This study aims to provide a futures-oriented analysis of Iran’s
waste separation system up to 2041, identifying leverage points and policy pathways for sustainable
improvement.

Materials and methods: A 23-year dataset encompassing waste generation, composition, citizen behaviour,
collection and processing efficiency, costs, landfilling rates, and methane emissions was compiled. An
integrated methodological framework combining MICMAC structural analysis, Cross-Impact Balance (CIB)
scenario development, system dynamics (SD) modelling, Monte Carlo simulation, and material flow analysis
(MFA) was employed. The SD model consists of four interconnected subsystems: generation, citizen
behaviour, collection—processing efficiency, and environmental impacts. The model was calibrated using
historical data, validated through structural and behavioural tests, and subjected to multivariate sensitivity
analysis to identify key drivers of system behaviour under uncertainty.

Results: Under the business-as-usual (BAU) scenario, total waste generation increases by 48%, per capita
waste rises from 860 to 1050 g/day, and source separation remains stagnant around 7%. Landfilling volumes
and methane emissions grow sharply, trapping the system in a “stable but low-performance equilibrium.”
Gradual reform scenarios improve source separation to 22—26% but fail to overcome structural feedback loops,
leaving the system vulnerable to regression. In contrast, the structural transformation scenario—incorporating
full digitalisation, formal-informal sector integration, service quality standardisation, and citizen incentive
mechanisms—achieves 30—34% source separation, reduces landfilling nearly by half, cuts methane emissions
by 45%, and lowers recyclable material losses from ~32% to 10—12%. MFA confirms a substantial reduction
in material loss and increased net recycling. Sensitivity analysis identifies service quality, public trust, and
digitalisation level as the dominant leverage points, collectively explaining 72% of system variance.

Discussion and Conclusion: Findings indicate that Iran’s waste management system is fundamentally
institutional and feedback-driven. Systemic inefficiencies are perpetuated by low trust, inadequate service
quality, and disjointed formal-informal networks. Only structural interventions that redesign feedback loops,
integrate informal actors, enforce service quality standards, and leverage digital governance can shift the
system towards sustainable performance. This research demonstrates that improving physical capacity alone
is insufficient; long-term sustainability requires coordinated policy, institutional reform, and behavioural
incentives. The study provides a quantitative, foresight-based foundation for policymakers to prioritise
interventions that maximise source separation, recycling efficiency, and environmental benefits over the next
two decades.

Keywords: municipal solid waste, source separation, futures studies, system dynamics, scenario analysis,
Monte Carlo simulation, material flow analysis.
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