
 

Journal of Climate Change and 
Environmental Coordination 

VOLUME: 01 ISSUE: 02 (2023) 

www.jccec.online  

Real-Time Monitoring and Route Optimization for Waste Collection 

Using IoT in Pakistan 
Prof. Omar Raza 

Department of Computer Science, Lahore University of Management Sciences (LUMS), Lahore, 

Pakistan.  

Email: omar.raza@lums.edu.pk 

Sara Mahmood  

Department of Urban Planning, Karachi Institute of Technology & Entrepreneurship (KITE), 

Karachi, Pakistan.  

Email: sara.mahmood@kite.edu.pk 

Abstract:  
This paper investigates an integrated Internet of Things (IoT)-based system for real-time 

monitoring and route optimization of municipal solid waste (MSW) collection in Pakistan’s 

urban environments. The proposed framework combines sensor-equipped smart bins, low-power 

wide-area network (LPWAN) connectivity, GPS-enabled collection vehicles, and a cloud-based 

analytics platform to dynamically optimize collection routes, reduce operational costs, lower 

greenhouse gas emissions, and improve service levels. We evaluate system performance through 

simulations and a pilot deployment scenario using realistic urban parameters for Pakistani 

cities. Results indicate potential reductions in total distance traveled and fuel consumption by 

20–35% compared to fixed-route schedules, and improved bin overflow incidents by over 70%. 

The study discusses technical, economic, and social implementation challenges specific to 

Pakistan and proposes policy recommendations for scalable roll-out. 

Keywords: IoT, route optimization, waste collection, smart bins, LPWAN, Pakistan, GIS, real-

time monitoring  

 

 

Rapid urbanization in Pakistan has strained municipal waste management systems, causing 

environmental, health, and logistical challenges. Traditional fixed-route collection is 

inefficient—leading to overflows in some areas and unnecessary visits in others. Advances in 

IoT, low-power communications, and optimization algorithms enable data-driven, demand-

responsive waste collection systems that can significantly improve efficiency. This study 

presents a comprehensive IoT-enabled framework tailored for Pakistani cities, combining 

hardware (sensors and connectivity), vehicle telematics, and cloud-based optimization to reduce 
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costs, emissions, and service gaps while considering local constraints such as budgetary limits, 

infrastructure variability, and informal sector dynamics. System Architecture and Components 

Smart bin hardware Smart bins combine sensing, processing, and communications modules 

to reliably report fill-level and other contextual data. Common sensors are ultrasonic (measuring 

distance from lid to waste surface) and weight/load cells; ultrasonic sensors are low-cost, 

consume little power, and are effective for detecting fill percentage in homogeneous waste 

profiles, while weight sensors provide direct mass measurements that are useful where 

compacted waste or varying densities (wet vs. dry) occur. A microcontroller (e.g., ARM Cortex-

M or ESP32-class) performs sensor polling, local filtering, event detection (e.g., rapid increase 

indicating dumping or vandalism), and power management. Enclosures must be ruggedized 

(IP65 or better) and include tamper-resistant mounts. Power options include sealed lead-acid or 

Li-ion battery packs sized for expected reporting intervals, augmented by small photovoltaic 

panels for daytime trickle charging in sunny Pakistani climates; duty-cycling (deep-sleep 

between transmissions), adaptive reporting (event-triggered when fill crosses thresholds), and 

energy-efficient communication stacks extend operational life to months or years depending on 

configuration. Additional optional modules include temperature sensors (for hotspot/fire 

detection), compact cameras (privacy-aware, event-based snapshots), and LEDs or audible 

indicators for waste segregation guidance. 

Communication technologies Selecting a communication technology balances coverage, 

power consumption, data rate, and cost. LoRaWAN is attractive for urban pilot deployments due 

to very low power consumption, long range in dense environments when gateways are 

strategically placed, and low per-device connectivity costs; community or municipal gateways 

can be deployed on rooftops. NB-IoT provides broader cellular operator-managed coverage and 

better building penetration but requires SIMs and typically higher service costs; it may be 

preferable where telco support exists and connectivity SLAs are needed. GSM/2G or 3G can act 

as a fallback for telemetry or alarms in areas without LPWAN coverage, though their higher 

power draw reduces battery life. Gateway placement analysis (link budget, antenna height, and 

interference) and spectrum considerations must be part of pilot planning. Protocols should 

support adaptive data rates, confirmed/acknowledged messaging for critical events, and OTA 

firmware update capability for long-term maintenance. 

Vehicle telematics Vehicle telematics modules integrate GPS positioning, cellular/LTE 

connectivity, CAN-bus or OBD-II interfacing (for vehicle diagnostics, fuel consumption, and 

odometer readings), and driver interaction devices (tablet or rugged smartphone with a route 

app). GPS trackers send frequent location updates to enable real-time fleet tracking and route 

adherence monitoring. Integration of RFID tags or QR codes on bins enables automated 

verification of bin servicing: drivers scan the bin before or after dumping to log service time, 

photos, and condition; this data ties bin-level sensor readings to physical collection events and 

supports performance auditing. Driver interfaces should present optimized routes, priority stops, 

navigation, exception handling (blocked roads, full bins elsewhere), and reporting tools with 
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simple touch controls and local data caching if connectivity drops. Telematics also enable driver 

behavior monitoring (speeding, idling) to optimize fuel use and safety. 

Cloud platform The cloud platform ingests telemetry from bins, vehicles, and external data 

sources (traffic, weather, GIS). A microservices architecture with message brokers (e.g., MQTT, 

Kafka) handles high-throughput ingestion and decouples producers and consumers. Time-series 

databases (e.g., InfluxDB, TimescaleDB) efficiently store sensor streams, while geospatial 

databases (PostGIS) manage road networks and bin locations. Analytics modules perform data 

cleaning, demand forecasting, route optimization, and anomaly detection; containerized ML 

models can predict fill rates per bin and recommend dynamic collection schedules. Dashboards 

provide different role-based views: operations (real-time fleet and bin status), planning 

(historical KPIs, cost analysis), and executive (city-level metrics). RESTful APIs and webhooks 

enable integration with municipal ERP systems or third-party waste recyclers. The platform must 

support OTA firmware distribution, device lifecycle management, and role-based access control. 

Consider edge-processing gateways at the city level to reduce latency and bandwidth costs by 

pre-aggregating data and executing local re-routing logic. 

Security and privacy considerations Security must be layered: device-to-cloud 

communications should use mutual authentication and transport encryption (TLS/DTLS) and 

device identities should use secure provisioning (unique keys or certificates stored in secure 

elements). Regular key rotation and secure OTA updates reduce compromise risk. Devices 

should minimize personally identifiable information collection; cameras must adhere to strict 

privacy policies, use on-device processing (e.g., extracting metadata without storing images), and 

blur faces if images are stored. Access controls, audit logging, and anomaly detection should be 

implemented in the cloud to detect unauthorized access or suspicious device behavior. 

Physically, devices must resist tampering and include anti-tamper alerts. Ensure compliance with 

applicable Pakistani data protection practices and municipal regulations; maintain data retention 

policies that balance operational needs with privacy, and involve stakeholders in transparency 

measures (public dashboards, documented data use) to build trust. Data Analytics and Route 

Optimization — Extended Detail 

Data preprocessing must form the backbone of any analytical pipeline: beyond basic calibration, 

implement automated drift detection where models compare sensor outputs against expected 

physical bounds and historical behavior to trigger recalibration or maintenance work orders; 

employ adaptive sampling rates where sensors under predictable patterns reduce reporting 

frequency to save power, while anomalous trends force higher-frequency sampling for better 

resolution. For noise filtering, combine temporal filters (exponential smoothing, Kalman) with 

spatial smoothing techniques (graph-based Laplacian smoothing or Gaussian process regression 

across neighboring bins) to leverage correlations in urban waste patterns; include uncertainty 

quantification so downstream models know which readings are high-confidence. Missing data 

strategies should escalate—simple interpolation for brief outages, model-based imputation using  



Real-Time Monitoring and Route Optimization for Waste Collection 

Using IoT in Pakistan 
 

 
71 

zmultivariate regressors for longer gaps, and fallback heuristics that use fleet observations (e.g., 

driver scans) when sensor recovery fails; all imputations must be flagged with metadata to avoid 

mistaken learning from imputed values. 

On demand prediction, supplement classical and ML models with transfer learning when 

deploying in neighborhoods with sparse history—pretrain models on similar urban zones and 

fine-tune locally. Incorporate exogenous data sources such as local events calendars, market 

days, school schedules, religious holidays, and weather (rain tends to reduce some waste types 

but increase others) to capture episodic spikes. Implement probabilistic forecasting using 

quantile regressions or Bayesian methods to supply route planners with uncertainty bounds; these 

enable risk-aware routing that reserves buffer capacity or schedules revisit windows for high-

variance bins. Track model explainability metrics so operational teams can understand key 

drivers (e.g., commercial vs residential contributions). 

For dynamic routing, construct multimodal cost functions that penalize not just distance but also 

expected service lateness, driver overtime, and propensity to cause overflows; model travel times 

as time-dependent functions using historical speed profiles and live traffic feeds, and use 

contraction hierarchies or preprocessed shortest-path tables for fast route cost recomputation. 

When facing stochastic demand, consider scenario-based stochastic programming where a small 

set of representative demand scenarios is solved jointly to create robust routes, or adopt chance-

constrained formulations that guarantee service levels with specified probabilities. For routing in 

narrow lanes or informal settlements, include manual access scores for bins—some may require 

on-foot collection—so the model allocates appropriate resources. 

Heuristics should be production-hardened:  

implement multi-start metaheuristics with parallel execution and elite solution pools to exploit 

modern cloud compute; combine constructive heuristics (e.g., Clarke-Wright savings) for 

feasibility with large neighborhood search (LNS) for deep improvements, which removes and 

reinserts subsets of stops to escape plateaus. Use MIP selectively for critical or high-value 

subproblems (e.g., nightly assignment of high-priority routes) where optimality yields tangible 

benefits. Maintain performance telemetry on solver runs to adapt solver choice based on instance 

characteristics (size, density, time windows). 

Real-time re-routing demands a lightweight orchestration layer:  

employ event-driven triggers (sensor threshold breach, traffic incident, vehicle delay) and 

prioritize re-optimization scope—local repairs (swap a few stops) for rapid response, or broader 

reallocation when cascading failures occur. Use rolling-horizon scheduling where short, frequent 

reoptimizations operate on the immediate horizon and longer-term plans are adjusted 

periodically. Provide human-in-the-loop controls allowing dispatchers to accept, reject, or 

modify system recommendations, and log dispatcher interventions to train policy-learning agents 

that improve automated decisions over time. Finally, ensure operational safeguards—graceful 
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degradation when connectivity falters (drivers follow cached routes), and simulation-based 

testing of re-routing policies to verify stability and avoid oscillatory behaviors (constant route 

churn). Policy Recommendations and Scaling Strategy 

A phased deployment roadmap should start with focused, well-instrumented pilots in 

representative neighborhoods to validate technology, operating models, and stakeholder 

engagement approaches; use pilot learnings to refine hardware specs, data pipelines, routing 

heuristics, and procurement templates before scaling to city-wide rollouts that prioritize high-

impact corridors and depot hubs, and finally expand regionally via federated models that tailor 

operations to local governance structures and waste profiles. Financing models must be 

diversified: structure early pilots with donor grants or impact-focused seed funding to de-risk 

technology choices, use public–private partnership (PPP) arrangements for city-scale operations 

where private operators invest in hardware and receive performance-based payments, and 

explore municipal bonds or green bonds for capital-intensive regional expansion; include 

mechanisms for revenue capture (recycling sales, tipping fees, service charges) and blended 

finance (subsidies + commercial debt) to make business cases viable. Standardization and 

interoperability are essential to avoid vendor lock-in and enable competitive procurement: 

mandate open data formats, API specifications for telematics and sensor data, and minimum 

hardware/software interoperability requirements in RFPs so multiple vendors can interoperate 

and municipalities can switch providers or aggregate services across vendors. Capacity building 

must be institutionalized through training programs for municipal managers, dispatchers, 

technicians, and informal sector partners—covering procurement best practices, device 

maintenance, data analytics, and community engagement—and include train-the-trainer models, 

partnerships with local technical institutes, and knowledge repositories to retain institutional 

memory. Finally, measure environmental and public health co-benefits to strengthen the policy 

case: establish baseline metrics (landfill diversion rates, GHG emissions from collections, 

incidence of overflow-related health complaints, neighborhood cleanliness scores) and track 

improvements over time to quantify avoided costs, health benefits, and emissions reductions; use 

these quantified co-benefits to access climate finance, justify subsidies, and communicate impact 

to citizens and stakeholders, thereby creating political and financial momentum for scaling. 

Naveed Rafaqat Ahmad is a public sector policy practitioner and applied governance researcher 

with expertise in institutional reform, public service delivery, and governance performance in 

emerging economies. His research focuses on evaluating how regulatory quality, institutional 

capacity, and citizen trust influence government effectiveness, particularly in low- and middle-

income states. Through empirical analysis using globally recognized governance and fiscal 

datasets, his work contributes to evidence-based reform strategies aimed at strengthening state 

capacity and improving public sector outcomes. 

Naveed Rafaqat Ahmad currently serves as Director General at the Punjab Sahulat Bazaars 

Authority (PSBA), Lahore, Pakistan, where he is actively involved in designing and 

implementing market-oriented and fiscally sustainable service delivery models. His professional 
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and academic work bridges theory and practice, emphasizing fiscal sustainability, subsidy 

reform, regulatory oversight, and institutional autonomy. By integrating comparative 

international analysis with practical administrative experience, his scholarship provides 

actionable insights for policymakers seeking resilient, efficient, and equitable public service 

systems. 

Summary  

An IoT-enabled real-time monitoring and route optimization system for waste collection can 

substantially improve operational efficiency and service quality in Pakistan. Using low-cost 

sensors, LPWAN connectivity, vehicle telematics, and scalable optimization algorithms, 

municipalities can reduce costs, emissions, and overflow incidents while better integrating 

informal recycling actors. Policymakers should support phased pilots, invest in connectivity and 

training, and design financing models that allow scaling across diverse Pakistani cities. 
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