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 Abstract.  

Municipal waste systems face increasing pressure from urban growth, uneven service coverage, 

collection costs, and environmental impacts. Internet of Things (Iota) technologies can support decisions 

by linking container sensors, communication networks, vehicle data, and operational software. This 

narrative review proposes a practical framework for using these tools within a broader waste-

management system that prioritizes prevention, safe collection, material recovery, and equitable service. 

It discusses fill-level measurement, connectivity, data quality, forecasting, route optimization, worker 

participation, cyber security, and evaluation. A graph presents a World Bank estimate of global 

municipal solid waste for 2022 and a projection for 2050; these figures describe the scale of the 

challenge and do not measure the effects of Iota. Published studies demonstrate technical and operational 

possibilities, but reported savings depend on local infrastructure, baseline conditions, and evaluation 

methods. A phased municipal pilot should compare equivalent service levels, include sensor and 

maintenance costs, monitor overflow and worker safety, and assess environmental outcomes across the 

full system. The review concludes that smart waste management is most valuable when digital 

information supports accountable public services and established waste-reduction strategies. No new 

deployment or experimental results are reported. 

Keywords: Internet of Things, smart waste management, sustainable cities, route optimization, municipal 

solid waste 

1. Introduction 

Cities must collect, transport, treat, and dispose of waste while protecting public health and the 

environment. Service demands vary across neighborhoods, seasons, and types of waste. Fixed 

collection routes can be simple and dependable, but they may visit containers that are not full 

while other locations overflow. Poor collection can create odors, blocked drains, pest risks, and 

unsafe working conditions. Digital information may help managers see changing demand and 

allocate resources more effectively, provided basic collection and treatment capacity already 

exists. The Internet of Things refers to connected devices that measure conditions and transmit 

data to other systems. In waste management, a sensor may estimate the fill level of a container, 

record weight, or report a temperature alert. A communications network delivers readings to a 

platform that can support scheduling or routing decisions. These systems do not themselves 

recycle materials or guarantee cleaner streets. Their contribution depends on accurate data, 

reliable maintenance, operational response, and the broader policies that determine how waste is 
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handled. This article is a narrative review and a proposed framework, not an account of a new 

municipal deployment. It examines technical design, service quality, environmental accounting, 

and social considerations. The World Bank estimates that the world generated 2.6 billion tons of 

municipal solid waste in 2022 and projects approximately 3.9 billion tons annually by 2050 

without major changes to policy and investment [1]. This projection is an estimate, not an Iota 

performance outcome. 

Municipal Waste Management and Sustainability: 

A waste system includes generation, separation, storage, collection, transfer, treatment, recovery, 

and final disposal. It can also include prevention and reuse measures that avoid waste before it 

reaches a bin. The waste hierarchy generally favors prevention and reuse before recycling, 

recovery, and disposal, subject to local conditions and material-specific evidence. An efficient 

collection route can reduce vehicle travel, but it is only one part of a sustainable system. 

Decisions about separation, composting, recycling markets, and safe disposal affect the final 

environmental outcome. Municipal solid waste is heterogeneous. Household residual waste, food 

waste, paper, glass, plastics, and special wastes have different properties and handling needs. A 

fill-level sensor can indicate how much space appears to be occupied, but it generally cannot 

determine composition, contamination, or weight without additional equipment. A container of 

bulky packaging can appear full while weighing little, whereas dense wet waste can be heavy at 

a relatively low fill level. Designing the service requires identifying which measurements are 

actually useful for each waste stream. Access and reliability are central public-service outcomes. 

A city should measure whether collection reaches all neighborhoods, whether containers 

overflow, whether residents can use the service safely, and whether complaints are resolved. 

Optimizing for vehicle distance alone may make service worse in areas with difficult roads or 

limited data. Sustainability also includes safe work, fair treatment of workers, appropriate 

disposal, and transparent costs. 

Iota Architecture for Waste Collection: 

A basic system has four connected layers: sensing, communication, data processing, and 

operational response. Sensors attached to containers or vehicles collect measurements. A 

network transfers these readings to a platform that stores them and checks their quality. Software 

then presents information to dispatchers or proposes collection schedules. Drivers and 

supervisors confirm what happened in the field, allowing the system to update its records and 

improve future decisions. Each layer can fail independently, so a practical design includes 

monitoring and a manual fallback. Ultrasonic or other distance sensors can estimate the space 

between a sensor and the surface of waste. Converting a distance into a fill percentage requires 

knowledge of container geometry and sensor placement. Irregular piles, liners, condensation, 

dirt, and bulky objects can produce misleading measurements. Weight sensors can add useful 

information but may require structural modifications and maintenance. Temperature or smoke 

sensing can support safety alerts, although any alert must be connected to a documented response 

process. Data are typically associated with a container identifier, location, timestamp, 

measurement, battery status, and device-health information. A location should be updated when 

a container is moved or replaced. Accurate timestamps matter when network coverage is 

intermittent and readings arrive late. A device registry, maintenance history, and clear ownership 

of records help operators identify broken sensors and prevent duplicate or outdated containers 

from appearing in a route plan. 

Connectivity, Data Quality and Cyber security: 

Communication options include low-power wide-area networks such as Lora WAN, cellular 

services, or a combination of technologies. The choice depends on local coverage, building 

density, licensing, energy requirements, data volume, and ongoing service costs. Lora WAN can 

support low-power messages over relatively long distances, but actual coverage depends on 
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terrain, gateways, and installation conditions. Cellular connectivity may provide established 

coverage but can involve subscription costs and power demands. A site survey is more reliable 

than assuming that one technology works equally well across a city. Battery life is influenced by 

sampling frequency, radio transmission, environmental temperature, and retries after failed 

communications. A sensor that transmits every few minutes may consume more energy than one 

that reports less often, while missing a rapid increase in waste if it reports too rarely. Sampling 

schedules should reflect the operational decision: a residential recycling container may need a 

different interval from a busy market bin. Batteries, seals, and enclosures require inspection and 

replacement plans. Data quality controls should identify implausible jumps, repeated values, 

missing readings, stale devices, and conflicting reports. A container that suddenly appears empty 

may have been collected, moved, or misread. Dispatchers should see confidence or freshness 

information alongside a fill estimate and be able to correct records. Sensor installation should be 

validated against manual observations for representative container types, seasons, and waste 

streams. A dashboard built on unverified data can simply make errors easier to view. Connected 

devices and platforms require security appropriate to their role. Unique device credentials, 

encrypted communications where supported, access controls, software updates, and logging can 

reduce risks. A compromised device might generate false fill reports or expose information about 

operations. Systems should separate administrative functions from public interfaces and define 

how devices are retired, replaced, and securely disposed of. Security procedures must be 

workable for municipal staff and contractors, not only described in a technical design. 

Forecasting and Collection Route Optimization: 

A dynamic collection plan can use recent fill levels to identify containers that need attention and 

estimate when others may become full. Simple rules, such as a threshold plus a maximum 

interval between visits, may be sufficient in some settings. More advanced forecasts can 

incorporate past fill patterns, holidays, market days, weather, or local events? A forecast is 

uncertain and should be updated when new readings or field reports arrive. It should not suppress 

visits indefinitely when a sensor stops reporting. Routing is commonly represented as a vehicle-

routing problem with constraints on vehicle capacity, working hours, travel times, depot 

locations, and disposal facilities. Additional constraints may include road restrictions, collection 

windows, vehicle type, and the need to keep different waste streams separate. An algorithm that 

minimizes distance without these constraints can produce a route that drivers cannot safely 

complete. Practical systems should allow dispatchers to review and adjust plans based on local 

knowledge. Route optimization can be evaluated using historical data before deployment, but 

simulation results depend on assumptions about fill levels, traffic, vehicle availability, and 

service requirements. A case study in Salamanca combined low-power sensors and route 

optimization with a simulated collection scenario [2]. Its estimated savings demonstrate a 

possible approach; they are not guaranteed outcomes in other cities. A field pilot should measure 

actual completed collections, missed visits, overflow events, fuel, labor time, and operational 

disruptions. A fixed schedule can remain preferable where sensor coverage is poor, service 

demand is predictable, or residents depend on a published collection time. A hybrid approach can 

retain regular minimum service while using sensor data to add visits or adjust selected routes. 

Comparing a smart system with an intentionally inefficient baseline can exaggerate benefits. A 

fair comparison uses an established route-planning process and equivalent standards for 

coverage, cleanliness, and worker safety. 

Proposed Framework for Sustainable Cities: 

The proposed framework begins with a service problem rather than a device purchase. City first 

maps collection areas, waste streams, existing routes, overflow hotspots, workforce needs, and 

disposal or recycling facilities. It then identifies a decision that better information could improve, 

such as scheduling a group of public containers with highly variable fill patterns. Baseline 
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records should include service frequency, missed collections, operating costs, complaints, and 

environmental indicators for a defined period. The next step is to select a limited number of 

representative sites and install sensors that match the containers and waste types. Procurement 

specifications should require measurement accuracy, maintenance access, battery replacement, 

data export, security, and service-level expectations. A device should be tested in local 

conditions before a large purchase. Operators need training to interpret sensor status and 

recognize when a manual inspection is more reliable than a reading. A shared data platform can 

combine sensor readings with container inventories, route maps, driver reports, and customer 

complaints. The platform should retain the raw reading and the processed estimate so that errors 

can be investigated. Data definitions should be consistent: for example, a missed collection 

should have the same meaning across contractors. Access should be limited according to role, 

and the municipality should be able to retrieve its data in a usable format if a contract ends. The 

operational layer turns verified information into a plan. A dispatcher receives proposed routes 

with reasons, including expected fill level, urgency, vehicle capacity, and service constraints. 

Drivers can report inaccessible bins, damaged equipment, contamination, or completed 

collections. A human supervisor can override a recommendation, and the reason for the override 

can be recorded. The framework is successful only if information leads to dependable and 

equitable service, not simply if sensors transmit data. 

 
Table 1 Components of the proposed smart waste management framework 

Component Purpose  Practical requirement 

Sensors and containers Estimate fill or equipment 

status 

Calibration and regular 

cleaning 

Communication network Transmit device readings Coverage, security and battery 

monitoring 

Data platform Validate and store operational 

data 

Clear ownership and 

accessible exports 

Routing and dispatch Propose feasible collection 

plans 

Capacity, labor and service 

constraints 

Field operations Collect waste and report 

exceptions 

Worker training and manual 

fallback 

Evaluation and governance Measure results and 

accountability 

Comparable baseline and 

community input 

Resource Recovery and Environmental Performance: 

Digital systems can support separate collection by recording the status of containers for paper, 

organics, or other materials and by matching vehicles to processing facilities. Yet a full recycling 

container may still contain contaminated material. Improving recovery requires clear separation 

instructions, accessible collection points, reliable markets, and suitable processing capacity. 

Sensors can help manage logistics, but they do not replace education, sorting, or measures that 

reduce unnecessary packaging and waste generation. Environmental assessment should include 

more than vehicle distance. Relevant measures may include fuel or electricity use, greenhouse 

gas emissions, material recovery, contamination, overflow, and the destination of collected 

waste. Reduced travel can lower fuel use, but the result depends on vehicle type, congestion, 

load, and idling. An increase in collection frequency that reduces overflow may be 

environmentally and socially worthwhile even if it adds mileage. Devices also have impacts 

through manufacturing, battery replacement, maintenance, and disposal. A life-cycle approach 

compares alternatives using a defined functional unit, such as collecting a specified quantity of 

waste while meeting the same service standard. It should state system boundaries, emission 
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factors, equipment lifetime, and assumptions about recycling or disposal. Avoided emissions 

should not be claimed solely because a route is shorter; they should be calculated from measured 

activity and suitable factors, with uncertainty. Careful accounting prevents shifting burdens from 

transport to electronics or treatment without recognizing them. 

Social Inclusion, Labor and Public Trust: 

Collection workers and drivers hold knowledge about access, traffic, container conditions, and 

neighborhood routines. Their participation can improve route design and reveal errors that 

sensors cannot detect. Training, protective equipment, safe vehicle operations, and practical 

reporting tools remain necessary. A system should not use an automated schedule to impose 

unrealistic workloads or penalize workers for conditions outside their control. Labor time and 

worker safety are outcomes to measure, not merely costs to minimize. In many cities, informal 

waste pickers contribute to collection and material recovery. Changes in container access, 

sorting, or contracts can affect their livelihoods and the flow of recyclable materials. A 

sustainable transition should consult affected workers, consider safe and fair opportunities for 

participation, and avoid assuming that digital technology alone creates inclusive employment. 

The form of participation will depend on local institutions and community preferences. Public 

trust depends on reliable service and transparent communication. Residents should know what to 

put in each container, how to report overflow, and what happens after a complaint. Digital 

reporting should not be the only channel: people without smartphones, internet access, or digital 

literacy still need a way to request service. Publishing clear service indicators can support 

accountability if data are understandable and do not expose unnecessary personal information. 

Location data and vehicle traces may reveal sensitive patterns about workers or communities. 

Collection systems should gather only the data needed for service, define retention periods, and 

restrict access. If cameras or household-level identifiers are introduced, privacy risks and legal 

requirements increase. Decisions about monitoring should involve workers and residents and be 

proportionate to the operational purpose. It also permits evaluation of how often the digital 

component actually contributes to a decision. The commercial arrangements for a smart system 

can shape long-term outcomes. Contracts should define device ownership, support, and data 

access; upgrade responsibilities, and the procedure for moving to another supplier. The 

municipality should understand subscription charges and what happens if a service is 

discontinued. A clear exit plan reduces the risk that historical data become inaccessible or that 

working sensors must be discarded when software changes. These requirements are relevant to 

public accountability as well as technical performance. Finally, results should be communicated 

with enough detail to support replication. A report should describe the number and type of 

containers, monitoring period, waste stream, baseline route, vehicles, and calculation methods. It 

should distinguish measured fuel consumption from estimates and simulated routes from trips 

actually completed. Publishing both improvements and limitations enables other municipalities 

to decide whether the same approach is likely to be suitable. The goal is a dependable service 

that reduces harm and supports material recovery, with technology selected where it adds 

demonstrated value. 

Evidence, Evaluation and Implementation Challenges: 

Published studies illustrate different stages of development. Fade and colleagues describe a case 

study integrating sensor information and operational planning for urban waste collection [3]. 

Ramos and colleagues examine alternative approaches to smart collection routing [4]. These 

studies show that sensors must be paired with feasible decisions; they do not establish that one 

system is best in every city. Results depend on waste patterns, road networks, container 

distribution, service standards, and the baseline used for comparison.Addas and colleagues report 

a sensor-based waste-management study involving locations in Lahore [5]. The article describes 

use of sensor data to simulate dynamic collection routes and reports operational comparisons. Its 
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findings are useful for identifying potential benefits and implementation questions, but the 

reporting combine’s pilot observations and simulated routing in places. The results should 

therefore not be treated as independently established citywide savings or generalized without 

replication and a clearly specified evaluation. A pilot should include representative areas, a pre-

intervention baseline, and where possible comparable control areas. Evaluation should account 

for seasonal changes, special events, route changes, and differences in the number or size of bins. 

A before-and-after comparison alone may attribute unrelated operational changes to the 

technology. Randomized or staggered implementation can strengthen evidence when practical, 

while qualitative interviews can identify problems not visible in system logs. Key indicators 

should include the proportion of collections completed on time, overflow frequency, kilometers 

and fuel per ton collected, worker hours and incidents, sensor uptime, data freshness, costs, and 

resident complaints. Costs should cover devices, installation, communication, software, training, 

maintenance, replacements, and disposal. Benefits should be reported together with uncertainty 

and unintended effects. A city should specify in advance what level of improvement would 

justify expansion. 

Future Directions and Municipal Adoption: 

Forecasting methods may improve as cities collect more reliable data, but more complex 

algorithms are not always necessary. A simple threshold system may be easier to audit and 

maintain than a model trained on limited or biased records. Algorithms should be evaluated for 

robustness when sensors fail, waste patterns change, or a vehicle becomes unavailable. 

Dispatchers should retain the ability to understand and override the system. Interoperability can 

reduce dependence on a single supplier. Municipalities can require documented interfaces, 

exportable data, and clear terms for maintenance and transition. Open standards can support 

integration with geographic information systems and asset-management platforms, but adopting 

a standard does not automatically ensure cyber security or a successful migration. Procurement 

should assess the full lifetime cost and the capacity of municipal staff to operate the system. 

Future research should compare Iota-supported collection with well-managed conventional 

alternatives under equivalent service conditions. More evidence is needed on long-term 

maintenance, battery waste, changes in material recovery, impacts on workers, and performance 

in lower-resource settings. Studies should distinguish simulated savings from measured field 

outcomes and report failures as well as successes. Local experimentation, independent 

evaluation, and community participation can help cities choose solutions suited to their needs. A 

phased adoption plan can start with a diagnostic assessment, followed by a small pilot, 

evaluation, and a decision on whether to expand, revise, or stop. Expansion should occur only 

after the municipality understands device reliability, costs, service quality, and the availability of 

staff to maintain the system. A city may find that improved container placement or routine route 

planning provides better value than sensors in some areas. The framework should support that 

decision as well as the adoption of technology where it is useful. A practical implementation 

should distinguish operational priorities from technical preferences. For example, if a 

neighborhood experiences overflowing containers twice a week, the immediate requirement is a 

reliable response within an agreed time. A sensor may reveal when that response is needed, but 

the city still requires an available vehicle, trained workers, and an accessible disposal facility. 

Establishing these dependencies before procurement prevents a pilot from being judged solely by 

the number of devices connected or messages received. Service improvements must be observed 

by the people who use and provide the service. The distribution of benefits should be assessed as 

carefully as the average result. A citywide reduction in vehicle distance can conceal longer 

delays in a few neighborhoods if the algorithm favors easily accessible bins. Monitoring 

performance by service area can identify these differences, provided that boundaries and 

definitions remain consistent. Community complaints should be combined with direct 
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inspections because reporting rates may differ across neighborhoods. A lack of complaints does 

not necessarily indicate satisfactory service where residents cannot easily contact the 

municipality. Device maintenance should be included in planning from the beginning. 

Containers may be washed, moved, damaged, or replaced, and sensors can be obscured by dirt or 

waste. A field team needs a simple way to confirm the device identity, check its reading, replace 

a battery, and record the work. Spare parts, repair times, and the expected service life should be 

included in the budget. A vendor demonstration under clean conditions does not establish that 

the equipment will remain reliable after months of daily use. A pilot should also establish how to 

respond when data are unavailable. If a network gateway fails or a device stops reporting, 

dispatchers may revert to the last known schedule, a fixed maximum service interval, or a 

manual inspection. The fallback should be tested before it is needed, and alerts should 

distinguish a sensor failure from an empty container. This redundancy protects service continuity 

and helps staff trust the system.  

Summary: 

Iota-enabled waste management can provide information about container status, support 

forecasting, and help dispatchers plan feasible collection routes. Its practical value depends on 

reliable measurements, connectivity, maintenance, human oversight, and integration with 

collection and treatment services. The proposed framework connects these elements with 

resource recovery, worker participation, privacy, and measurable service standards. The World 

Bank graph illustrates estimated global waste generation and a future projection, not an effect of 

Iota. Sustainable cities need prevention, reuse, safe collection, material recovery, and responsible 

disposal alongside any digital tool. Independent evaluation against a comparable baseline is 

needed to determine whether a specific system improves service and delivers environmental and 

economic benefits. 

References: 

World Bank. Ten Charts that Explain the Global Waste Crisis. What a Waste 3.0. 2026. 

https://blogs.worldbank.org/en/sustainablecities/what-a-waste-3-charts 

Lozano Á, Caridad J, De Paz JF, et al. Smart Waste Collection System with Low Consumption 

LoRaWAN Nodes and Route Optimization. Sensors. 2018;18:1465. 

https://doi.org/10.3390/s18051465 

Fadda E, Gobbato L, Perboli G, Rosano M, Tadei R. Waste Collection in Urban Areas: A Case 

Study. Interfaces. 2018;48:307–322. https://doi.org/10.1287/inte.2018.0943 

Ramos TRP, de Morais CS, Barbosa-Póvoa AP. The smart waste collection routing problem: 

Alternative operational management approaches. Expert Systems with Applications. 

2018;103. https://doi.org/10.1016/j.eswa.2018.03.001 

Addas A, Khan MN, Naseer F. Waste management 2.0 leveraging internet of things for an 

efficient and eco-friendly smart city solution. PLOS ONE. 2024;19:e0307608. 

https://doi.org/10.1371/journal.pone.0307608 

Kaza S, Yao L, Bhada-Tata P, Van Woerden F. What a Waste 2.0: A Global Snapshot of Solid 

Waste Management to 2050. World Bank. 2018. https://doi.org/10.1596/978-1-4648-

1329-0 

World Bank. What a Waste 3.0: Global Snapshot of Solid Waste Management toward Circularity 

until 2050. 2026. https://www.worldbank.org/en/publication/what-a-waste 

United Nations Environment Programme. Global Waste Management Outlook 2024. 2024. 

https://www.unep.org/resources/global-waste-management-outlook-2024 

Internet of Things-Assisted Vehicle Route Optimization for Municipal Solid Waste Collection. 

Applied Sciences. 2024;14:287. https://doi.org/10.3390/app14010287 

Smart Waste Collection System Based on Location Intelligence. Procedia Computer Science. 

2015. https://www.sciencedirect.com/science/article/pii/S1877050915030008 



 MACHINE-LEARNING SAFETY SCREENING OF LINING CRACKS UNDER UNCERTAIN TUNNEL OPERATING CONDITIONS 

 

282 | P a g e  
 

Atzori L, Iera A, Morabito G. The Internet of Things: A survey. Computer Networks. 

2010;54:2787–2805. https://doi.org/10.1016/j.comnet.2010.05.010 

Faccio M, Persona A, Zanin G. Waste collection multi objective model with real time 

traceability data. Waste Management. 2011;31:2391–2405. 

https://doi.org/10.1016/j.wasman.2011.07.005 

 


