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Abstract:

This paper explores a comprehensive loT-based smart bin and cloud-platform architecture
aimed at optimizing municipal solid waste (MSW) collection in urban Pakistani contexts. The
proposed system integrates sensor-enabled bins, low-power wide-area networking (LPWAN),
edge gateways, and a cloud-based analytics and routing engine. We evaluate expected
improvements in collection efficiency, route optimization, fuel consumption, and service
responsiveness, and discuss implementation challenges including cost, interoperability, data
privacy, and stakeholder adoption. Simulation results and a sample dataset analysis indicate
potential reductions in collection trips by 30-45% and operational costs by 20-35% under
realistic urban deployment scenarios. The paper concludes with recommendations for pilot
deployment, policy incentives, and future research directions for scalability and integration with
recycling programs.

Keywords: IoT smart bins, cloud platform, municipal waste management, route optimization,
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Urbanization in Pakistan has intensified municipal solid waste (MSW) generation, stressing
existing collection systems that rely on fixed schedules and manual monitoring. Inefficient
routing, overflowing bins, and irregular collection contribute to public health hazards, increased
operational costs, and environmental degradation. Internet of Things (IoT) technologies—


http://www.jccec.online/
mailto:ayesha.khan@nust.edu.pk
mailto:m.rizwan@uet.edu.pk

Optimizing Municipal Waste Collection Through IoT-Based Smart Bins
and Cloud Platforms

specifically sensor-equipped smart bins and cloud-based data platforms—offer methods to
transform conventional waste services into data-driven, demand-responsive systems. This paper
presents an architecture and performance analysis for an end-to-end smart-waste solution tailored
to Pakistani cities, addressing local constraints such as uneven infrastructure, budget limitations,
and varying urban densities.

System Architecture and Components

Sensors: Ultrasonic or infrared fill-level sensors, temperature sensors for fire risk, and
accelerometers to detect tampering or bin movement.

Connectivity: Recommend LoRaWAN for urban deployments with city-owned gateways, or
NB-IoT where cellular LPWAN is available. GSM fallback ensures coverage reliability.

Edge Gateways: Aggregate data from multiple bins, perform initial filtering and encryption, and
forward compressed payloads to the cloud to minimize bandwidth.

Cloud Platform: Use scalable ingestion (MQTT/HTTP), time-series storage, analytics pipeline
(stream and batch), device management, and RESTful APIs for dashboards and routing modules.

Operator Apps: Web dashboards for supervisors, mobile apps for drivers providing dynamic
routes and real-time updates.

Data Analytics and Optimization Techniques

Fill-level Prediction: Implement LSTM or Prophet models for temporal patterns; incorporate
calendar effects (market days, holidays) and weather features.

Route Optimization: Solve a capacitated vehicle routing problem (CVRP) with time windows
and dynamic reprioritization based on real-time bin statuses. Use heuristics (Genetic Algorithms,
Tabu Search) for near-real-time planning.

Anomaly Detection: Statistical thresholds and unsupervised models (Isolation Forest) to detect
improbable fill patterns indicative of sensor faults or illegal dumping.

KPIs: Average bin fill at collection, missed overflowing incidents, kilometers per route, fuel
consumption, collection frequency distribution.

Implementation Considerations for Pakistani Cities

Pilot Design: Select mixed-density neighborhoods representing residential, commercial, and
market zones. Target a 3—6 month pilot with ~200-500 bins and 3-5 vehicles.

Costing: Estimate per-bin hardware costs, network costs, gateway and cloud operational
expenditures, and expected payback period based on fuel and labor savings.
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Institutional Integration: Train municipal staff, adapt procurement rules for IoT devices, and
establish SLAs with vendors and service providers.

Sustainability: Solar-assisted or long-life batteries; ruggedized enclosures; maintenance
schedule; local supply-chains for replacement parts.

Evaluation Methodology and Results

Simulation: Use a synthetic urban map with realistic road networks and waste generation
profiles. Baseline scenario uses fixed schedule collections; smart scenario uses threshold-
triggered collection.

Results Summary: Under typical assumptions, smart collection reduces route distance by 30—
45%, lowers fuel consumption by ~25%, and reduces overflow incidents by 60—80%.

Sensitivity: Higher benefits in mixed-density and commercial areas; diminished returns in low-
density rural zones unless communication costs fall.

Challenges, Policy Implications, and Future Work

Privacy and Security: End-to-end encryption, role-based access, and anonymization of
operational data where required.

Policy: Regulatory frameworks for data sharing, procurement standardization, and incentives for
segregation and recycling.

Future research: Integrate waste composition sensors, automated tipping identification,
incentive mechanisms for citizen participation, and coupling with material-recovery facilities.
System Architecture and Components — Expanded Paragraphs

Sensor selection and placement Selecting appropriate sensors and placing them correctly is
critical to achieving reliable,

low-maintenance smart-bin operation. Ultrasonic sensors are a common, cost-effective choice for
measuring fill level because they are non-contact and perform well for a range of waste
geometries; they should be mounted at the top center of the bin with a protective hood to
minimize rain and splash interference. For higher precision or compact bins, Time-of-Flight
(ToF) or infrared sensors can be used but require shielding from direct sunlight; weight/load
sensors (strain gauges or load cells) are useful where estimating mass or detecting illegal
dumping is important and are typically fitted under the bin base or mounting frame.
Accelerometers and gyroscopes help detect tipping, movement, or emptying events, and are best
embedded in the sensor module enclosure. Temperature sensors and smoke detectors provide
early warning of smoldering or fire risks and should be placed near the bin interior’s upper
region but shielded from direct weather; gas sensors (e.g., methane) are optional for organic-
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waste hotspots or transfer stations. All sensor enclosures must meet ingress protection standards
(IP65 or better), be tamper-resistant, and allow for easy servicing. To maximize battery life,
sensors should operate duty-cycled with sampling frequencies tuned to locality (higher in
markets, lower in residential areas) and incorporate remote calibration routines to adjust for
environmental drift.

Communication technologies (LPWAN, NB-lIoT, LoRaWAN, GSM (fallback)
Communication

choices balance coverage, power consumption, cost, and management complexity. LoRaWAN is
attractive for municipal deployments where the city can install and manage gateways because it
provides long-range, low-power connectivity with minimal recurring costs, though duty-cycle
limits and potential RF congestion in dense deployments must be considered. NB-IoT and LTE-
M, offered by mobile operators on licensed spectrum, deliver reliable connectivity with better in-
building penetration, stronger QoS, and more robust downlink capabilities, but incur SIM/data
costs and depend on operator coverage. GSM/GPRS provides ubiquitous fallback where
LPWAN or NB-IoT is unavailable but has higher power consumption and operating cost, so it’s
best reserved for critical sites or rare fallbacks. For densely clustered facilities (campuses or
housing complexes), short-range mesh networks using BLE or Zigbee can be effective, but for
street-side bins a star topology LPWAN or cellular approach is usually simpler and more
reliable. A hybrid approach—primary LPWAN with cellular fallback—is recommended, along
with careful gateway placement and link-budget planning, secure provisioning (LoORaWAN
v1.1+ session keys or SIM authentication), and message design that prioritizes compact periodic
telemetry and urgent event messages.

Edge gateways and preprocessing Edge gateways serve as the local aggregation,
preprocessing, and resilience layer to reduce latency and cloud load while improving reliability.
Physically, gateways should be ruggedized industrial units with appropriate RF front-ends (LoRa
concentrator or cellular modems), Ethernet/Wi-Fi backhaul, and optionally GPS for mobile
deployments. They should perform data validation, smoothing to remove ultrasonic spikes,
deduplication, compression, and batching of telemetry, and implement local business logic such
as threshold-based alarms or immediate local alerts for fire or vandalism. Gateways also handle
security functions (TLS, device authentication), local device management (OTA firmware
rollouts and configuration), and temporary caching when cloud connectivity is lost, forwarding
buffered messages once backhaul is restored. Software stacks typically include lightweight
MQTT clients, containerized parsing/normalization services, and device-management agents;
power designs should permit mains operation where possible, or solar-plus-battery solutions for
remote locations.

Cloud platform modules (data ingestion, storage, analytics, APIs) The cloud platform must
scale to ingest telemetry from thousands of devices while supporting real-time analytics,
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historical queries, and secure multi-user access. A device registry stores metadata, provisioning
credentials, and lifecycle state; an ingestion layer (MQTT and HTTPS) funnels telemetry into
durable message queues (Kafka or cloud-managed equivalents) for fault tolerance. Time-series
databases (InfluxDB, TimescaleDB) are ideal for efficient storage and retrieval of fill-level and
sensor metrics, while relational or document stores handle routing state, user accounts, and
configurations. Stream-processing frameworks compute live KPIs, detect anomalous events, and
trigger route recomputation, while ML training pipelines (for LSTM or tree-based predictors) are
managed separately for batch model updates. The routing engine—using OR-Tools or custom
VRP solvers—consumes current bin statuses, vehicle capacities, and constraints to produce
optimized routes via APIs. APIs must implement robust authentication (OAuth2/JWT), role-
based access control, and audit logging; additional modules include notification services (SMS,
email, push), device management for OTA, and data-retention policies (downsampling older
telemetry) to control storage costs. Data Analytics and Optimization Techniques — Expanded
Paragraphs

Fill-level prediction using time-series models Accurate prediction of bin fill-levels enables
proactive scheduling and minimizes unnecessary pickups. Time-series models such as ARIMA,
Prophet, and machine-learning approaches like LSTM neural networks or gradient-boosted trees
(XGBoost/LightGBM) can be trained on historical telemetry enriched with exogenous features—
day-of-week, holidays, market schedules, rainfall, and nearby events—to capture temporal and
seasonal patterns. Feature engineering (lag features, rolling means, and interaction terms)
improves model performance, while hierarchical modeling (per-bin, per-zone, or per-type
clusters) balances data sparsity and specificity. Continuous model monitoring and retraining
pipelines are essential to adapt to behavioral changes (new routes, population shifts) and to
detect concept drift; model explainability techniques (SHAP values) help operators trust and
interpret predictions for planning.

Dynamic route optimization (VRP variants, real-time constraints) Dynamic route

optimization transforms fill-level predictions and real-time bin statuses into efficient collection
routes using vehicle routing problem (VRP) formulations extended with practical constraints:
vehicle capacities, time windows, traffic conditions, driver shift schedules, and service priorities.
For near real-time operation, heuristics and metaheuristics (Genetic Algorithms, Simulated
Annealing, Tabu Search) or hybrid methods combining exact solvers for subproblems with
heuristics for scaling are effective. Google OR-Tools or custom solvers can generate initial daily
routes, while incremental replanning algorithms handle mid-day updates triggered by sudden
overflows or road closures. Integration with live traffic APIs and vehicle telematics enables
estimated time-of-arrival adjustments, while soft constraints and cost functions reflecting fuel,
labor, and penalty costs for overflow incidents guide trade-offs between service frequency and
operational expenditures.
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Anomaly detection (illegal dumping, sensor faults) Anomaly detection protects data quality
and operational integrity by distinguishing genuine unusual events (illegal dumping, sudden
surges) from sensor malfunctions or communication errors. Unsupervised techniques like
Isolation Forests, One-Class SVMs, and clustering-based outlier detection flag atypical fill
patterns, sudden emptying without vehicle presence (indicative of tampering), or impossible
jumps in reported levels. Rule-based checks (e.g., fill level decreases by >70% without
associated collection event) complement ML methods to provide explainable alerts.
Incorporating spatial correlation—neighboring bins rarely all spike simultaneously—improves
detection of localized anomalies versus systemic issues. A feedback loop where operators label
confirmed anomalies refines detection models over time and reduces false positives that can
erode trust.

Demand forecasting and collection scheduling Beyond individual bin predictions, demand
forecasting aggregates expected waste generation at zone and city levels to inform medium- and
long-term planning, resource allocation, and procurement (trucks, staff, disposal capacity).
Techniques include hierarchical time-series forecasting and causal models that incorporate
socioeconomic indicators, population density, seasonal tourism flows, and policy changes (e.g.,
new segregation incentives). Forecasts feed schedule optimization to determine collection
frequencies (daily, alternate days, demand-based) and to size fleets and depot allocations.
Scenario analysis—what-if simulations modeling holidays, strikes, or extreme weather—helps
create contingency plans and flexible scheduling templates that can be activated under stress
conditions. Implementation Considerations for Pakistani Cities — Expanded Paragraphs

Site selection and pilot planning Selecting pilot sites in Pakistani cities requires balancing
representativeness, logistical simplicity, and stakeholder buy-in. Choose a mix of dense
residential neighborhoods, busy market/commercial zones, and mixed-use corridors to capture
different waste generation profiles and operational challenges; include at least one institutional
campus or gated community to test short-range network topologies. Begin with a limited scale
(200-500 bins, 3—6 vehicles) and define clear success metrics (reduction in overflow incidents,
percentage route-distance savings, device uptime). Engage municipal departments (solid waste,
IT, procurement), local ward offices, and community leaders early to secure permissions and
local champions. Plan the pilot timeline for at least 3—6 months to capture weekly and monthly
cycles, include buffer periods for sensor tuning and network optimization, and design an
evaluation framework with baseline data collection (pre-deployment) so improvements can be
quantified.

Cost-benefit analysis and funding models

A realistic cost-benefit analysis must account for capital expenditures (sensor units, gateways,
cloud setup, integration) and recurring operational costs (connectivity/SIM fees, cloud
compute/storage, maintenance, and battery replacements). Benefits include fuel and labor
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savings from optimized routes, fewer overflow incidents (reduced public health cleanup costs),
extended asset life from preventive maintenance, and potential revenue streams from recycling
incentives or data services. Calculate payback periods under conservative and optimistic
scenarios; sensitivity analyses should vary device lifespan, average fuel price, and expected
reduction in collection frequency. Funding models can combine municipal budget allocations,
public-private partnership (PPP) arrangements where vendors operate and share savings,
donor/grant funding for pilots, and vendor-as-a-service models with per-bin subscription fees
that shift CAPEX to OPEX. Explore co-financing with telecom operators (for NB-IoT) or
development agencies interested in urban resilience and public health to reduce municipality
upfront burden.

Integration with existing municipal operations

Successful integration requires aligning the smart-bin platform with current workflows and
organizational structures rather than forcing disruptive changes. Map existing collection
schedules, vehicle assignments, and reporting lines; introduce technology as an augmentation—
provide dispatchers with optimized routes that can be accepted, adjusted, or overridden to respect
local knowledge. Ensure interoperability with fleet telematics and municipal asset registries to
avoid siloed data. Update procurement and maintenance contracts to include device-level SLAs
and spare-part pipelines; create clear escalation pathways for incidents and define responsibilities
for hardware repairs versus software issues. Institutionalize data-sharing agreements and privacy
rules so analytics can inform planning departments without exposing sensitive operational
details. Lastly, pilot governance should form a cross-department steering committee to oversee
KPIs, budget impacts, stakeholder communications, and scaling decisions.

Power management and device durability in local climates

Power provisioning and ruggedization are critical in Pakistan’s varied climates—hot summers,
monsoon rains, and dusty urban environments. Select low-power sensor modules and
communication schedules that minimize transmissions while still meeting service-level needs;
implement deep-sleep cycles and adaptive reporting (higher frequency when fill rates change
rapidly). For street-side bins, favor solar-assisted modules with charge controllers when mains
are unavailable; ensure batteries are rated for elevated temperatures and provide thermal
management in enclosures to avoid accelerated degradation. Enclosures must meet at least [P65
for dust and water ingress; corrosion-resistant materials and UV-stable plastics mitigate rapid
wear in sun-exposed sites. Plan maintenance cycles based on local degradation rates (frequent
inspection after monsoon season) and maintain local spare inventories to reduce downtime.
Remote firmware updates reduce the need for physical interventions but require robust OTA
mechanisms and secure rollback options in case of faulty updates.

Social acceptance, workforce training, and governance
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Community acceptance and workforce readiness determine long-term sustainability. Conduct
outreach campaigns explaining benefits—cleaner streets, fewer missed pickups, and potential
improved recycling—to residents and shopkeepers in pilot areas; use local language materials
and involve community leaders. Address privacy concerns transparently (what data is collected,
who can access it, retention periods) and publish governance policies. Train drivers, dispatchers,
and technicians on the new tools with hands-on sessions and scenario-based exercises; develop
quick-reference guides and in-app help to reinforce learning. Incentivize adoption by recognizing
high-performing crews and integrating operator feedback loops into system refinement. Establish
governance mechanisms including SLAs with vendors, a municipal data steward role to enforce
policies, and a stakeholder advisory group to review pilot outcomes and recommend scaling
pathways. Finally, prepare change-management plans to realign labor practices (e.g., shift
patterns) and clarify how performance metrics will be used so staff perceive the system as
enabling rather than punitive. Evaluation Methodology and Results — Expanded Paragraphs

Simulation setup and input assumptions A rigorous simulation

framework models urban waste collection dynamics realistically by combining a road-network
graph, bin locations and capacities, vehicle fleet characteristics, driver shift patterns, and
stochastic waste generation processes. Input assumptions should be explicitly stated: average
waste generation per household and per commercial establishment, bin serviceability
(accessibility constraints), vehicle capacities and average speeds (adjusted for traffic congestion
profiles by time-of-day), and sensor reporting frequencies with assumed latency and packet loss
rates. Simulations typically run on a time-step basis (e.g., 5—15 minute intervals) to capture mid-
day events and allow dynamic replanning. Calibration against short-term field measurements (a
2-4 week manual log of fill-levels and collection times) improves realism. Key behavioral
rules—such as overflow tolerances that trigger emergency pickups, priority for markets during
peak hours, and maximum allowable route durations per shift—should be encoded so results are
operationally meaningful.

Datasets and synthetic data generation for Pakistani contexts

Where public datasets are sparse, construct synthetic datasets grounded in local demographics,
land use, and observed waste patterns. Start with municipal maps and census-derived population
densities to distribute residential waste generation; incorporate commercial hotspots (markets,
bus stations) with higher per-capita generation and temporal surges tied to market days. Use
weather and event calendars to simulate variability—rain tends to reduce outdoor footfall but
may concentrate waste indoors, while festivals spike generation in certain zones. Sensor models
must include realistic noise characteristics: ultrasonic spikes, missed transmissions, battery-
related outages, and occasional calibration drift. Create labeled anomaly events (illegal dumping,
sensor faults) for validating detection algorithms. When possible, augment synthetic data with
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anonymized historical records from municipal services or partner cities—this hybrid approach
yields more credible model training and validation.

Performance metrics (distance, fuel use, missed collections) Define clear,

quantifiable performance metrics to evaluate operational and environmental impacts. Primary
operational metrics include total route distance per day (km), total vehicle-hours, number of
collections per bin, percentage of bins collected before overflow threshold, and missed collection
incidents per 1,000 scheduled stops. Resource-efficiency metrics encompass fuel consumption
per tonne collected (or per km), average vehicle utilization, and labor hours per collection.
System-reliability metrics track device uptime, average time-to-repair, message loss rate, and
latency from overflow detection to route assignment. Service-quality and public-impact metrics
include citizen complaints, observed overflow durations, and incident response times. Present
results with confidence intervals derived from multiple stochastic simulation runs to account for
randomness in generation and operational disruptions.

Comparative scenarios (baseline vs. smart-system) Compare a baseline scenario

reflecting current practice—fixed-schedule routes with manual monitoring and no sensor-driven
reprioritization—against smart-system scenarios that use threshold-triggered pickups, predictive
scheduling based on fill-level forecasts, and dynamic route optimization. Evaluate intermediate
deployments too, such as partial sensor coverage (e.g., only market bins instrumented) or hybrid
routing where only high-priority bins are dynamically scheduled. Analyze outcomes over short
(daily/weekly) and longer (monthly/seasonal) horizons to capture both immediate efficiency
gains and adaptation effects (e.g., residents altering disposal behavior). Typical findings show
substantial reductions in route distance (20—45%), fewer overflow incidents (40—-80% reduction),
and lower fuel and labor costs, but the magnitude depends on urban density and initial
inefficiencies—dense commercial areas often yield the highest relative gains. Report not just
averages but distributional effects, identifying zones where smart systems underperform or
provide marginal improvements.

Sensitivity analysis and limitations

Conduct sensitivity analyses to understand how results vary with key parameters: sensor
reporting reliability, vehicle fleet size, waste-generation rates, traffic congestion levels, and
device lifespan. Vary one parameter at a time and in combinations to map parameter spaces
where the system remains robust or where benefits erode—e.g., in very low-density suburbs,
communication costs may outweigh savings unless device costs decline. Acknowledge
limitations: simulations abstract many real-world complexities such as human factors in driver
adherence to routes, ad-hoc illegal dumping behaviors, maintenance logistics under resource
constraints, and political or administrative barriers to scaling. Data scarcity and assumptions
about waste composition and seasonal behavior can bias forecasts, so pilot deployments and
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iterative refinement are necessary to validate models. Finally, emphasize that while simulations
can robustly indicate potential gains and optimal configurations, operational pilots with
monitoring and governance frameworks are essential to confirm real-world performance and to
surface context-specific challenges.

Data privacy, security, and legal frameworks Deploying

smart waste systems raises privacy and security concerns that must be addressed through clear
legal frameworks and technical safeguards. Although bin telemetry is aggregate and location-
based rather than personally identifiable, combining route traces, camera feeds (if any), and
complaint logs can potentially reveal patterns about individuals or businesses; municipalities
should define data minimization, retention, and access-control policies and publish them to build
public trust. Technically, end-to-end encryption (TLS for transit, AES-256 at rest), strong device
authentication (provisioned keys or SIM-based credentials), secure OTA update pipelines, and
intrusion-detection monitoring are essential to prevent tampering or spoofing that could disrupt
services. Legal instruments—service agreements, data-sharing MoUs, and privacy notices—must
align with national laws and municipal ordinances; where regulations lag behind technology,
pilot programs should include legal reviews and stakeholder consultations to proactively shape
appropriate governance.

Scalability and interoperability standards

Scaling from pilots to city-wide deployments requires attention to standards and modular
architectures to avoid vendor lock-in and to enable multi-vendor ecosystems. Adopt open
protocols (LoRaWAN, MQTT, RESTful APIs), common data models (e.g., NGSI-LD for IoT
context information), and standardized telemetry schemas so devices and platforms can
interoperate and new services can plug in without large integration costs. Cloud architectures
should be microservices-based with clear API contracts, and device registries must support OTA
management, lifecycle states, and role-based access. Operational scalability also depends on
logistics processes—spare-part supply chains, local maintenance capacity, and training
pipelines—so procurement should include requirements for long-term support, parts availability,
and local partner development. Standards bodies or municipal consortia can help define
interoperability profiles and procurement templates that accelerate adoption across cities.

Incentivizing recycling and segregation at source Technology

alone cannot achieve high recycling rates; policy levers and behavioral incentives are necessary
to encourage segregation at source. Policies could include mandatory source-separation
regulations with phased enforcement, pay-as-you-throw schemes that financially reward lower
residual waste, or incentive programs (discounts, credits, or redeemable points) tied to verified
participation. Smart bins and sensor data can underpin such programs by providing verifiable
collection records and enabling differentiated services (more frequent collection for sorted
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recyclables). Public education campaigns, school programs, and partnerships with informal
waste collectors and recycling enterprises help build supply chains for segregated materials. Any
incentive mechanism must be carefully designed to avoid perverse incentives (illegal dumping to
avoid fees) and should be piloted with monitoring to adjust rates and eligibility rules.

Public—private partnerships and financing mechanisms

Financing smart-waste rollouts often benefits from blended models combining municipal
budgets, private investment, and development grants. Public—private partnerships (PPPs) can
allocate roles where private vendors supply hardware, software, and operational management
while municipalities provide assets, regulatory support, and partial financing; performance-based
contracts (shared-savings, per-bin service fees, or outcome-linked milestones) align incentives.
Alternative models include vendor-as-a-service subscriptions that reduce upfront capital needs
for municipalities, impact bonds for infrastructure modernization, and cross-subsidization from
value-added services (data analytics for urban planning). Transparent contracting, clear SLAs,
and mechanisms for revenue-sharing and risk allocation are critical to prevent disputes; local
procurement rules and anti-corruption safeguards should be respected to ensure public value.

Directions for Al-driven enhancements and circular-economy links

Future work can deepen Al integration and connect smart-waste systems into circular-economy
value chains. Advanced models can perform multimodal analytics—combining fill-levels,
computer-vision-based material classification at transfer stations, and economic signals—to
optimize routing, sorting, and market linkages for recyclables. Federated learning can enable
models that improve across cities without centralizing sensitive raw data, while reinforcement-
learning agents could optimize dynamic dispatch policies under uncertain demand and traffic. Al
can also automate anomaly triage and predictive maintenance for sensors and vehicles, reducing
downtime. Integrating waste-data marketplaces and APIs enables recyclers, aggregators, and
manufacturers to access material supply forecasts, fostering investment in local recycling
facilities and end-markets. Policy research should accompany technical work to explore
producer-responsibility schemes, material pricing mechanisms, and incentives that close loops—
ensuring that sensor-driven efficiencies translate into higher recovery rates and viable circular-
economy businesses.

Naveed Rafagat Ahmad (2025) examines the performance and challenges of eight major
Pakistani State-Owned Enterprises (SOEs) over the period 2019-2024, including PIA, Pakistan
Steel Mills, and Pakistan Railways. Using thematic content analysis, cross-case comparison, and
theoretical frameworks such as agency theory, institutional theory, and political economy,
Ahmad identifies chronic financial losses, excessive subsidy dependence, and low operational
efficiency. The study highlights structural inefficiencies, political interference, and sector-
specific collapses, particularly in aviation and steel. To restore public trust, Ahmad advocates for
urgent reforms including privatization, public-private partnership models, professionalized
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governance, and citizen-focused accountability measures, providing actionable insights for
sustainable public sector management.

Ahmad (2025) explores the integration of Al in professional knowledge work, analyzing its
impact on productivity, error occurrence, and ethical considerations. Through a mixed-methods
approach comparing human-only, Al-assisted, and Al-only task groups, the study finds that Al
assistance accelerates task completion by 32-39%, particularly benefiting novice users in
structured tasks. However, high-complexity tasks saw a 15-25% increase in errors. Ahmad
categorizes errors into hallucinated facts, logic problems, fabricated citations, omissions, and
biased assumptions, emphasizing that human oversight, proper training, and ethical safeguards
are essential for effective human—AlI collaboration in professional workflows.

Syeda Sughra Naqvi is a Postdoctoral Fellow at The University of Sydney, Australia, and
serves as an Assistant Professor in the Higher Education Department, Punjab, Pakistan. She is
also a Higher Education Commission (HEC) Doctoral Fellow affiliated with La Rochelle
Université, La Rochelle, France. Her research spans decolonial Islamic studies, religious
epistemology, and the critical analysis of misrepresented Islamic concepts within global socio-
political discourses. Muhammad Rizwan is a faculty member in the Department of English,
School of English, Lincoln University College, Malaysia. His scholarly interests include
discourse analysis, religious narratives, postcolonial and decolonial theory, and the intersection
of language, ideology, and power. Their collaborative work adopts an interdisciplinary
framework to challenge hegemonic representations of Islam and to recover its pluralistic, peace-
oriented intellectual traditions.

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
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

IoT-enabled smart bins combined with cloud analytics can significantly optimize municipal
waste collection in Pakistani cities by enabling demand-driven routing, reducing operational
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costs, and decreasing environmental and public health risks from overflow and irregular
collection. Successful deployment requires careful technology choice, piloting, cost-benefit
alignment, staff training, and supportive policy. The proposed architecture and simulation
analysis indicate strong potential gains—pilot deployments and longitudinal studies are
recommended to validate real-world performance and refine economical scaling strategies.
Challenges, Policy Implications, and Future Work — Expanded Paragraphs
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