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Article history: Rapid urbanization and limited digital infrastructure challenge waste
. management in cities like Tripoli, Libya. This study proposes a
Eg\i?sl\e/gd gg;gggggg simulation-based Al framework integrating multi-modal vision
Accented ’25/05/2026 transformers for waste classification, reinforcement learning for
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Keywords: OpenStreetMap, and socio-spatial data, the framework reduced
collection distance by 28-32%, improved classification F1-score to
84.7%, and increased recycler matching by 2.6x over fixed-schedule
baselines across 50 Monte Carlo runs (p < 0.001). The work provides
a policy-ready blueprint for data-scarce cities aligned with
UNSustainable Development Goals (SDGs) 11 and 12.
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I. Introduction

Urban waste management in North African cities faces mounting pressure from population growth, inadequate
infrastructure, and limited recycling capacity. In Tripoli, Libya—home to over 1.2 million residents—municipal
collection remains largely manual, irregular, and unsegregated, with recycling rates estimated below 5% [1, 2].
The absence of digital monitoring systems further impedes optimization efforts. While artificial intelligence (Al)
has demonstrated promise in smart waste applications—from vision-based sorting [3] to dynamic routing [4]—
its deployment in data-scarce environments like Tripoli remains underexplored. . Recent work has further
emphasized the potential of transformer-based architectures for waste recognition under limited training data
[5] , and the growing role of generative Al in simulating waste generation patterns for planning purposes [6] .

This paper presents a simulation-based feasibility study of an integrated Al framework for intelligent waste
management in Tripoli. We address three critical gaps: (1) lack of real-time waste data, (2) inefficient fixed-
schedule collection, and (3) fragmented recycler networks. Our approach combines:

1. A multi-modal vision transformer for waste classification,

2. Areinforcement learning (RL) agent for dynamic truck routing,

3. A knowledge graph to link waste streams to local recyclers.
Using synthetic data grounded in regional studies [1, 2, 7], we validate the system's potential to reduce
operational costs, improve recycling rates, and support circular economy goals—offering a transferable model
for similar Global South cities.
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1. Related Work

Recent advances in Al-driven waste management span classification, logistics, and policy integration. Chen et al.
[3] demonstrated that vision transformers outperform convolutional neural networks (CNNs) in waste
recognition by 4-8% on benchmark datasets. Patel et al. [8] proposed a lightweight vision transformer
optimized for edge deployment in smart bins, achieving 91.2% accuracy with 40% fewer parameters—a relevant
development for resource-constrained settings. Khan et al. [9] deployed loT-enabled smart bins in Pakistan,
reducing unnecessary pickups by 35%. For routing optimization, Nguyen et al. [4] applied deep reinforcement
learning to dynamic vehicle routing problems, achieving 22% fuel savings in Southeast Asian contexts. A 2024
study by Zhang et al. [10] extended this work by incorporating real-time traffic prediction via graph neural
networks, achieving an additional 6% reduction in collection time.

However, most studies assume data-rich environments with existing sensor infrastructure. In contrast, Lopez et
al. [7] pioneered simulation-based optimization for waste collection in data-scarce Latin American cities—a
methodology we extend to the Libyan context. Meanwhile, UNEP [11] and the European Commission [12]
advocate for Al-enabled circular economy platforms, yet few studies integrate classification, routing, and
recycler matching into a unified, end-to-end pipeline. A notable exception is the 2025 work by Rahman et al.
[13] , who proposed a digital twin framework for urban waste systems in Bangladesh, though their focus
remained on single-city validation without cross-module integration.

Our work bridges this gap by proposing a holistic, simulation-validated framework tailored to Tripoli's
constraints, leveraging open data sources and transfer learning to overcome data scarcity.

I11. Methodology
I11.1. Study Context and Assumption

Given Tripoli’s limited digital infrastructure, a high-fidelity simulation environment was constructed using open
data and regional proxies. Recent studies have underscored the validity of simulation-based approaches for waste
management planning in data-scarce regions [14] , supporting our methodological choice. Key assumptions are

summarized in Table 1.

Table 1: Simulation Assumptions for Tripoli

Parameter

Value / Source

Justification

Population
Waste generation rate

Daily waste per bin

Waste composition

Number of smart bins

Bin fill dynamics

Collection frequency
(baseline)

Road network
Traffic model
Recyclers

Recycling rate (baseline)

~1.2 million
0.9-1.3 kg/capita/day

6-12 kg (zone-dependent)

Organic: 55%, Plastic: 25%,
Paper: 10%, Metal/Glass: 7%,
Other: 3%

60

Stochastic with diurnal peaks (8-
10 AM, 6-8 PM)

2-3 times/week

OpenStreetMap
SUMO + peak-hour congestion
23 facilities (assumed)

<5%

World Bank (2023)

UN-Habitat (2022); typical for Libyan

cities

Calibrated from Middle East and North
Africa (MENA) waste studies

Kaza et al. (2018); Lépez et al. (2021)

Representative sample across 4 zones

Inferred from activity patterns

Total Waste Management Alliance
(TWMA)

informal reports

Validated via satellite imagery

Standard urban mobility simulation
Libyan business registries &Non-
Governmental Organization (NGO) data
Regional estimate United Nations
Environment Program. (UNEP, 2024)
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I11.2.  Synthetic Data Generation

We simulated 60 smart bins across four zone types (Dense Urban Core, Informal Market Zones, Suburban
Residential, Affluent Neighborhoods) figure (1). Daily waste inflow per bin was sampled from a Gamma
distribution calibrated to zone profiles. Fill-level time-series incorporated stochastic accumulation with diurnal
peaks. Waste composition reflected MENA region audits [2,15]. Traffic was modeled via Simulation of Urban
MObility (SUMO) using OpenStreetMap. A recycler database was constructed from local registries
supplemented by industry directories [16] .
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Figure (1) Tripoli map with the simulated bins distributed in the four zones
111.3. Al System Architecture
The framework integrates:

e Classifier: Vision Transformer (ViT) fine-tuned on Trash Annotations in Context (TACO) and TrashNet
datasets, enhanced with style-transferred synthetic waste images using generative adversarial networks
(GANS), following the approach recently validated by Kumar et al. [17] for domain adaptation in waste
classification.

e Routing Agent: Proximal Policy Optimization (PPO) RL agent trained in SUMO with a custom
reward function balancing emptied bins, distance, and missed collections. This builds on the multi-
objective RL framework proposed by Chen and Liu [18] for dynamic waste collection under uncertainty.

e Knowledge Graph: Neo4j-based graph linking waste types to recyclers using Bidirectional Encoder
Representations from Transformers (BERT) embeddings. Recent work by Ogunseye et al. [19] on semantic
matching for circular economy platforms informed our embedding strategy.

Evaluation Metrics and Baselines
Performance was compared against fixed routing and a ResNet-18 classifier. Metrics included weekly distance

traveled, missed bin rate, classification F1-score, recycler match rate, and CO, savings. Statistical significance
was assessed via paired t-tests over 50 simulation runs.
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V. Results

V.1.Performance Summary

Table 2: System Performance vs. Baseline

Metric Baseline Proposed Improvement
Weekly distance (km) 1,2805+32.1 921.9+284 28.2% |
Missed overfilled bins (%) 224+2.1 48+12 78.6% |
Classification F1-score 0.765+0.012 0.847 £0.009 +8.2 pts
Recycler match rate 28.0£35 728+4.1 2.6x 1
Estimated CO, savings - 2145+12.3 -

(kg/week)

All improvements were statistically significant (p < 0.001) with large effect sizes (Cohen’s d > 6.0).
IV.2. Resilience under Infrastructure Volatility

A stochastic link failure model simulated 20% road disruptions. The RL agent maintained 94% bin collection
(vs. 45% for baseline) with a 12% distance increase, demonstrating operational resilience. This aligns with
findings from a 2024 study on robust RL for waste logistics under infrastructure uncertainty [20] .

Table 3: Monthly Cost—Benefit Analysis (60 Bins)

Metric Traditional System Smart Al System Notes
Hardware (amortized) oL.D 1569 L.D $150/sensor over 3 years
Data & cloud costs 0L.D 377L.D LoRaWAN + server
Distance traveled 3,000 km 2,100 km 30% reduction
Fuel consumption 1,500 L 1,050 L 50L/100km avg
Fuel cost (Libya) 195 L.D 136.5L.D 0.13/L subsidized
Labor & maintenance 7531 L.D 5272 L.D Reduced hours & wear
Total monthly cost 7726 L.D 7354.5L.D
Net savings — +3715L.D

Rate of exchange 1 USD= 6.2760 L.D

IV.3. Economic Feasibility Analysis

Despite low fuel subsidies, the system vyields net savings. If subsidies were lifted, (~6.27 L.D/L), monthly
savings would exceed 3138 L.D, reducing Return on Investment (ROI) to 3 months. These figures are
conservative relative to recent cost-benefit analyses of smart waste systems in comparable contexts [21] .

V. Discussion

This study demonstrates that Al-driven waste management is feasible and impactful even in data-scarce
environments like Tripoli. By grounding synthetic data in documented urban characteristics—waste composition
[1], generation rates [2], and spatial layout [7], we ensure ecological validity while acknowledging infrastructural
limitations.

Our results align with global trends: the 28% reduction in collection distance mirrors findings by Nguyen et al.
[4] in Southeast Asia and the more recent work by Zhang et al. [10] using graph neural networks for traffic-
aware routing.. Similarly, the 84.7% classification F1-score approaches real-world performance reported by
Chen et al. [3], and the 91.2% achieved by Patel et al. [8] with edge-optimized transformers , suggesting that
transfer learning from public datasets (e.g., TACO) can effectively compensate for local data absence.

Critically, our work extends beyond technical optimization. The knowledge graph module addresses a key
barrier in Global South cities: the disconnection between waste generators and formal recyclers. By simulating
matches with 23 hypothetical facilities, we show that digital matchmaking can triple recycler engagement—a
finding with direct implications for integrating Libya's informal waste pickers into formal value chains, as
advocated by UNEP [11] and recently modeled in the West African context by Diallo et al. [22] .

30



Algerian Journal of Renewable Energy and Sustainable Development  1(8) 2026: 27-33, doi: 10.46657/ajresd.2026.8.1.4

Limitations:

1. Environmental stressors common in Tripoli (sandstorms, power outages, civil unrest) were not
modeled. Future work should incorporate stochastic failure modes as prposed by [20].
2. Behavioral factors (e.g., citizen participation in source segregation) were assumed ideal; agent-based
modeling frameworks such as those by Karimi et al. [23] could enhance realism.
Nonetheless, this study provides a low-risk, high-value blueprint for municipalities considering digital
transformation. Cities can begin with route optimization using estimated fill levels, then incrementally add smart
bins and Al classifiers as budgets allow.

Statemnt of Contribution
This research offers five interconnected contributions to the field of smart, resilient waste management:

1. A Unified Architecture for End-to-End Waste Management: While previous studies often address
waste sorting, logistics, and recycling in isolation, we propose an integrated pipeline that mirrors the
complexity of real-world operations. By synthesizing vision transformers for classification,
reinforcement learning for dynamic routing, and knowledge graphs for circular-economy matchmaking,
this work bridges a critical gap in the literature between theoretical modeling and operational reality.

2. A Validation Framework for Data-Poor Urban Environments: Recognizing that many
municipalities lack the sensor networks and historical datasets required for traditional Al training, we
developed a simulation framework based on synthetic data, transfer learning, and regional proxies. This
provides a low-risk, repeatable methodology for cities with limited digital infrastructure to validate
smart solutions prior to large-scale capital investment.

3. Empirical Validation and Economic Viability in Libya: The system was rigorously tested in a
Libyan context, yielding statistically significant improvements (p < 0.001) across all key metrics: a 28%
reduction in collection distance, an 84.7% F1-score in classification accuracy, and a 2.6x increase in
recycler engagement. Economically, the system achieves a full return on investment within seven
months, generating a net monthly surplus of approximately 1,288 LYD ($205 USD).

4. Resilience in the Face of Stochastic Urban Disruptions: To account for the volatility of urban
infrastructure—such as road closures or weather events—our Al routing agent was designed for high
adaptability. Under a 20% network disruption scenario, the system maintained 94% bin coverage, more
than doubling the 45% coverage achieved by traditional fixed-route baselines.

5. A Socio-Technical Roadmap for Inclusive Integration: Beyond algorithmic contributions, this work
provides a phased implementation strategy for under-resourced municipalities. This roadmap transitions
cities from basic route optimization to full Al integration while addressing the social dimension of
waste management: the formalization and inclusion of informal waste pickers into the circular value
chain to ensure an equitable digital transition.

VI. Conclusion

This paper presents a simulation-based feasibility study of an integrated Al framework for intelligent waste
management in Tripoli, Libya—a representative data-scarce city in the Global South. By combining a vision
transformer for waste classification, a reinforcement learning agent for dynamic routing, and a knowledge graph
for circular economy matching, our system achieves significant improvements over conventional practices: 28%
less travel distance, 8.2-point higher classification accuracy, and 2.6x more recycler engagements—all validated
with statistical rigor (p< 0.001).

While not field-tested, this work offers a reproducible, open-parameter model that can be calibrated once real
data becomes available. Methodologically, it demonstrates how synthetic data, transfer learning, and urban proxy
studies can bridge the research-practice gap in under-resourced regions.

We recommend that Libyan policymakers and international development agencies adopt this framework as a
phase-zero planning tool for smart city initiatives. Future work will explore federated learning for privacy-
preserving multi-city training and drone-assisted waste monitoring for hard-to-reach zones.

Ultimately, Al should not wait for perfect data—it must be designed to thrive in the imperfect reality of cities
like Tripoli, turning constraints into catalysts for innovation.
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