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Abstract:
Waste management is a major problem in many parts of the world, and this serious environmental issue needs to be addressed before other
environmental problems. The large-scale disposal of waste without proper segregation has led to economic and environmental problems.
Dumping waste directly in and around residential areas creates numerous environmental issues, causing inconvenience to the people living
in those areas. Proper planning is essential for waste transportation and management. This plan will illustrate how remote sensing and
Geographic Information Systems (GIS) can be useful in identifying the latest suitable locations for waste disposal and determining routes
for waste transportation without causing any inconvenience to the community. The escalating global waste generation, projected to reach
3.88 billion tons by 2050, poses significant environmental, economic, and social challenges. Geographic Information Systems (GIS) and
Remote Sensing (RS) have emerged as pivotal technologies in addressing these issues through integrated solid waste management (ISWM).
This paper explores the diverse applications of GIS and RS in waste management, including route optimization, site selection, monitoring,
and environmental impact assessment. Drawing from case studies and literature, it highlights benefits such as cost reduction, enhanced
efficiency, and sustainability promotion. To achieve the objective of this research paper and ensure the quality of the information included,
the authors referred to research papers on the research topics, information from the internet, and articles related to the subject, and based
their conclusions entirely on the use of open-source material.
Keywords: Geographic Information Systems (GIS) remote sensing (RS), waste, Site Selection, Management.
Introduction:
Global waste production has surged dramatically, from 2.24 billion tons in 2020 to anticipated levels exceeding 3.88 billion tons by 2050,
driven by urbanization and population growth. Effective waste management is crucial to mitigate environmental degradation, health risks,
and resource inefficiencies. Integrated Solid Waste Management (ISWM) emphasizes a holistic approach, encompassing waste prevention,
recycling, recovery, and disposal. Geographic Information Systems (GIS) and Remote Sensing (RS) play critical roles in this framework
by providing spatial data analysis and remote monitoring capabilities. GIS facilitates the handling of spatial and non-spatial data for
decision-making, while RS uses satellite imagery and aerial photography to map and monitor waste-related activities. This paper
synthesizes their applications, benefits, and challenges, aiming to demonstrate their efficacy in optimizing waste management systems. The
rapid escalation of solid waste generation represents one of the most pressing environmental and public health challenges of the modern
era. Globally, municipal solid waste production has surged due to population growth, urbanization, rising consumption patterns, and
industrial expansion. Recent estimates indicate that municipal solid waste generation reached approximately 2.3 billion tonnes in 2025,
with projections forecasting an increase to 3.8 billion tonnes by 2050 under current trends. This substantial rise, particularly pronounced
in developing and rapidly urbanizing regions, exacerbates issues such as uncontrolled dumping, open burning, landfill overflow,
groundwater contamination, greenhouse gas emissions, and vector-borne diseases, underscoring the urgent need for efficient, sustainable
waste management systems. The advice provided using Remote Sensing (RS) and Geographic Information System (GIS) technologies
helps to some extent in mitigating the problems of solid waste management and its transportation to disposal sites. This includes identifying
innovative and suitable locations for waste disposal and finding routes that do not create difficulties for solid waste transportation (Nekkanti
and Subhashish, 2023). Integrated Solid Waste Management (ISWM) offers a comprehensive framework that prioritizes waste reduction
at source, segregation, recycling, recovery, treatment, and environmentally sound disposal. Central to achieving these objectives are
advanced geospatial technologies: Geographic Information Systems (GIS) and Remote Sensing (RS). GIS serves as a robust platform
for capturing, storing, analyzing, manipulating, and visualizing spatially referenced data, enabling the integration of diverse layers such as
land use, topography, population density, road networks, hydrology, and environmental constraints. Remote Sensing complements this by
providing synoptic, repetitive, and cost-effective data acquisition through satellite imagery, aerial photography, and
multispectral/hyperspectral sensors, facilitating the detection, mapping, and monitoring of waste-related phenomena over large areas and
inaccessible locations. Together, GIS and RS empower decision-makers to address critical aspects of waste management more effectively
than traditional methods. These technologies support accurate estimation of waste generation patterns, optimization of collection routes to
minimize fuel use and operational costs, identification of suitable sites for landfills, transfer stations, and recycling facilities through multi-
criteria analysis, detection of illegal dumping sites via change detection and spectral signature analysis, monitoring of landfill stability and
environmental impacts (such as leachate migration or methane emissions), and assessment of overall system performance for policy
formulation and adaptive strategies. The synergy of GIS and RS has proven particularly valuable in bridging data gaps in resource-
constrained settings, enhancing transparency through spatial visualization, and promoting stakeholder collaboration in achieving circular
economy principles and sustainable development targets, including those related to responsible consumption, climate action, and urban
resilience.
Aims and Objective:
The main objective of this research is to study waste management using Geographic Information Systems (GIS) and Remote Sensing (RS)
technologies. The following objectives have been adopted to accomplish the main aims.

1. To study Applications of GIS and RS in Waste Management.

2. To study Applications of GIS in Smart Waste Management.
Research Methodology:
To fulfil the main aims and objectives of this research, the study relies on secondary data. To achieve the objective of this research paper
and ensure the quality of the information included, the authors referred to research papers on the research topics, information from the
internet, and articles related to the subject, and based their conclusions entirely on the use of open-source material.
Definition of Waste Management:
Waste management is the systematic process of collecting, transporting, processing, recycling, or disposing of human-generated waste
(solid, liquid, or gaseous) to reduce its adverse impact on the environment, health, and aesthetics.
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Figure 1: The Waste Management Hierarchy https://axil-is.com/blogs-articles/waste-management-hierarchy/
WASTE HIERARCHY STEPS:
1. Prevent: Top priority is placed on reducing or preventing waste. Can waste be avoided by not using the material in the first
place?

2. Reduce: Can less materials be used in the design and manufacturing stage?

3. Reuse — Can materials be re-used in other areas of your production process, or by someone else?

4. Recycle: Can the materials be recycled, either in whole or in part to turn the waste into a new product

5. Recover: Where further recycling is not practical or possible, energy or materials could be recovered from waste through
processes such as anaerobic digestion or incineration

6. Dispose: When all else fails, materials that cannot be reused, recycled or recovered for energy will be landfilled and incinerated

(without energy recovery). This is an unsustainable method of waste management because waste that sits in landfills can continue
to have a damaging environmental impact.
How it works:

REMOTE SENSING PROCESS
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Figure 2: Remote Sensing component and Process (jaihindiasacademy.com)
Applications of GIS and RS in Waste Management
GIS and RS offer multifaceted applications in waste management, enhancing efficiency across various stages.
Waste Generation and Composition Mapping
RS utilizes satellite imagery, such as multispectral bands from Planet Scope, to map waste hotspots and analyze composition via hyper
spectral data. This aids in identifying trends for targeted recycling programs and resource allocation. GIS integrates this data for spatial
visualization, enabling authorities to predict waste generation based on land use and population density. Selecting a site for waste disposal
in cities is a complex process that requires considering appropriate geographical factors, as the amount of waste generated due to population
growth and urban lifestyles has increased over time and continues to grow. In most cases, in growing cities, especially in developing
countries, indiscriminate waste disposal has been observed, where the amount of waste generated has reached alarming levels, and there is
no proper system for waste collection and disposal. Several factors need to be carefully considered when selecting a waste disposal site, as
the site involves the interrelationship of geological, hydrological, environmental, and geotechnical parameters, and also requires adherence
to regulations included in government policies (B.M. Nyadar et,al 2022).
Route Optimization for Waste Collection
GIS excels in optimizing collection routes by analyzing factors like bin locations, road networks, and traffic data, reducing fuel consumption
and operational costs. Techniques include heuristic routing, right-turn-only paths, and integration with GPS for real-time tracking. This
results in lower emissions and improved efficiency, particularly in urban settings.
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Site Selection and Monitoring
In developing countries, due to the lack of proper solid waste management systems and the type of waste being disposed of in the
environment, selecting and managing a suitable solid waste disposal site is a challenging problem A.A., Mohammedshum et,al.(2014). For
landfill site selection, GIS combined with MCDA evaluates criteria such as topography, proximity to water bodies, and land use to generate
suitability maps. RS monitors sites for changes, stability, and environmental impacts like leachate migration. Tools like supervised
classification with Support Vector Machines (SVM) achieve high accuracy in detecting dumpsites.

Environmental Impact Assessment
Both technologies assess impacts, such as groundwater pollution and air quality, supporting policy development and compliance.

Integration with IoT enhances real-time monitoring for proactive interventions. Geographic Information Systems (GIS) provide essential
spatial tools that enhance various stages of waste management, from planning and operations to monitoring and environmental protection.
By integrating layers of geographic data—such as road networks, population distribution, land use, topography, hydrology, and
infrastructure—GIS enables precise analysis, visualization, and modeling that traditional methods cannot achieve efficiently.

Specific applications of GIS in waste management:

1. Landfill and Disposal Site Selection
GIS is widely used for identifying suitable locations for landfills, transfer stations, composting facilities, and recycling centers through
multi-criteria decision analysis (MCDA) combined with overlay techniques. Key factors evaluated include:

1. Environmental constraints (e.g., distance from water bodies, flood-prone areas, soil permeability, slope, and protected zones).
2. Socio-economic aspects (e.g., proximity to populated areas, land cost, accessibility via roads).
3. Exclusionary criteria (e.g., avoiding residential zones, airports, or sensitive ecosystems).
Analytic Hierarchy Process (AHP) or weighted overlay models in GIS software (e.g., ArcGIS) generate suitability maps classifying areas as highly suitable,
moderately suitable, or unsuitable. Approaches produce optimal, environmentally safe sites while minimizing pollution risks and community opposition.

2. Waste Collection Route Optimization
One of the highest-impact applications is optimizing collection vehicle routes to reduce travel distance, fuel consumption, operational costs,
and emissions. GIS network analysis tools (e.g., ArcGIS Network Analyst) solve vehicle routing problems (VRP) by considering:

1. Bin locations and waste volumes.
2. Road hierarchy, one-way streets, traffic patterns, and turn restrictions.
3. Time windows, vehicle capacity, and real-time data integration.

Studies show reductions of 20—40% in route length and time; for example, in Sumbawanga Municipality (Tanzania), GIS-based p-median
and p-center optimization increased collection coverage by 90%, cut fuel use by 25%, and shortened driver hours by 30%. In urban Indian
contexts like Prayagraj and Chhatrapati Sambhajinagar, similar models have improved efficiency amid diffuse waste generation.

3. Mapping and Monitoring of Illegal Dumping Sites
Due to population growth, urbanization, industrialization, and the increase in solid waste generated by diseases, as well as limited landfill
space, solid waste management has become a significant global problem. To achieve sustainable solid waste management, modern
technologies such as GIS and RS (Remote Sensing) have proven useful. GIS and RS are even more relevant in developing countries
compared to developed countries (Takunda Shabani et.al, 2024). GIS facilitates the detection, mapping, and inventory of illegal or
abandoned dumpsites, often integrated with field GPS surveys or mobile GIS apps (e.g., ArcGIS Survey123). Layers include:

1. Population density and accessibility to identify high-risk zones.

2. Historical imagery for change detection.

3. Proximity to roads or rivers for vulnerability assessment.

In developing regions, participatory GIS approaches allow community input for monitoring contaminated areas. Case examples from Peru

(Pedro Ruiz Gallo) and Kenya highlight GIS for proactive identification, enabling rapid enforcement and clean-up.

4. Waste Generation Estimation and Spatial Pattern Analysis

GIS models are waste generation spatial by co-relation demographic, land-use, and socio-economic data. Techniques include:
1. Heat maps of waste hotspots.
2. Regression models linking population density, income levels, and urban growth to per-capita waste production.

This supports targeted interventions, such as placing additional bins in high-generation zones or planning recycling programs.

5. Landfill Monitoring and Environmental Impact Assessment
Post-establishment, GIS tracks landfill performance and impacts:

1. Monitoring leachate migration, gas emissions, and slope stability through temporal data overlays.
2. Assessing groundwater vulnerability and air quality around sites.
3. Asset management for infrastructure like liners, gas wells, and access roads.

Integration with remote sensing enhances change detection for illegal expansion or environmental degradation.

6. Bin Location Planning and Asset Management
GIS optimizes the placement of waste bins and containers by analyzing service areas, walking distances, population coverage, and
accessibility. It also maintains digital inventories of bins, vehicles, and facilities for maintenance scheduling and performance tracking in
smart waste systems.

GIS in recycling programs:

Geographic Information Systems (GIS) play a vital role in enhancing recycling programs by providing spatial intelligence to improve
infrastructure planning, collection efficiency, public participation, and overall system performance. Recycling programs aim to divert
materials like plastics, paper, metals, glass, and organics from landfills, promoting a circular economy, reducing environmental impact, and
conserving resources. GIS supports these goals through data-driven spatial analysis, visualization, and optimization, often integrated with
real-time data, remote sensing, or citizen reporting tools.

Specific applications of GIS in recycling programs:

1. Optimal Placement of Recycling Bins, Drop-Off Points, and Collection Centers
GIS uses multi-criteria analysis (e.g., Analytic Hierarchy Process or weighted overlay) to site recycling facilities and bins effectively.
Factors analyzed include:

1. Population density and waste generation patterns.
2. Proximity to residential, commercial, and institutional areas.
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3. Accessibility via roads and public transport.

4. Land availability, environmental constraints, and equity (ensuring underserved neighborhoods are covered).
Tools like ArcGIS or QGIS generate suitability maps and service area buffers (e.g., 500m walking distance) to maximize coverage while
minimizing overflow or illegal dumping. For instance, location-allocation models (p-median or p-center) optimize the number and
placement of points to serve the maximum population with minimal travel distance.
2. Route Optimization for Recycling Collection
Similar to general waste collection, GIS network analysis optimizes dedicated recycling routes for trucks or community pick-up services.
It incorporates:

1. Bin locations and fill levels (often from IoT sensors).

2. Road networks, traffic conditions, vehicle capacity, and time windows.

3. Material-specific routes (e.g., separate paths for plastics vs. organics).
This reduces fuel use, vehicle emissions, collection time, and operational costs—often by 20-40%—while increasing diversion rates. In
smart city implementations, real-time GIS dashboards adjust routes dynamically based on reported fill levels or seasonal variations.
3. Mapping and Analyzing Recycling Infrastructure Gaps and Access
GIS assesses public access to recycling services using tools like:

1. Hot spot analysis to identify high-recycling-potential or low-participation areas.

2. Time-distance measures (service area analysis) to evaluate how long residents must travel to reach a facility.

3. Buffer and overlay analysis to reveal underserved zones, especially in rural or peri-urban areas.
A notable example is in Costa Rica, where GIS applied hot spot, location-allocation, and access analysis revealed shortfalls in recycling
facility distribution and public access, hindering national plastics-free goals. Recommendations included expanding infrastructure and
shifting from canton-centric to regional systems.
4. Spatial Monitoring of Recycling Participation and Compliance
GIS tracks participation through:

1.  Geotagged citizen reports or surveys on recycling behavior.

2. Interactive public maps showing nearby recycling points, schedules, and accepted materials.

3. Dashboards visualizing compliance (e.g., businesses meeting mandates like California's AB 341/1826 organics recycling rules).
5. Waste Generation and Recycling Potential Mapping
GIS was models material-specific recycling potential by overlaying demographic, land-use, and consumption data to create heat maps of
recyclable waste hotspots. This informs targeted education campaigns, incentive programs, or additional collection points in high-
generation areas (e.g., apartments or commercial districts).
6. Public Engagement and Education Tools
Web-based GIS portals and mobile apps allow residents to:

1. Locate the nearest recycling bin or center.

2. View collection calendars.

3. Report issues (e.g., full bins or contamination).

4. Access educational resources on proper sorting.
7. Performance Evaluation and Policy Support
GIS enables temporal analysis of recycling rates, diversion percentages, and program impacts by comparing pre- and post-intervention
spatial data. It supports evidence-based policies, such as expanding curbside programs in low-diversion zones or prioritizing material
recovery facilities.
GIS in smart waste management:
Geographic Information Systems (GIS) serve as a foundational technology in smart waste management, enabling cities to transition
from traditional, schedule-based collection to dynamic, data-driven, efficient, and sustainable systems. Smart waste management leverages
real-time data, automation, and predictive analytics to optimize resource use, reduce environmental impact, and improve service quality in
urban environments. GIS provides the spatial backbone by integrating location intelligence with other emerging technologies. In smart
waste management, GIS acts as the central platform for visualizing, analyzing, and decision-making based on geospatial data. It processes
layers such as bin locations, road networks, population density, traffic patterns, historical waste generation, and real-time inputs to create
actionable insights.
Applications of GIS in Smart Waste Management:
1. Real-Time Route Optimization and Dynamic Scheduling
GIS network analysis tools (e.g., Vehicle Routing Problem solvers in ArcGIS) dynamically optimize collection routes based on actual
conditions rather than fixed schedules. Key integrations include:

1. IoT sensors in smart bins transmitting fill levels, overflow alerts, and geolocation.

2. Real-time data feeds adjusting routes to prioritize full bins while skipping empty ones.

3. Constraints like traffic, road closures, vehicle capacity, and time windows.
This results in significant reductions: for example, in Dubai's Smart Waste Management System pilot (tested on 110 bins), route
optimization alone cut CO: emissions by 19.1%, with further gains expected from adaptive demand modules. Similar implementations
have achieved 20—45% reductions in travel distance, fuel costs (up to 11-30%), and emissions in various urban and rural settings.
2. Smart Bin Placement and Spatial Distribution Analysis
GIS uses multi-criteria spatial analysis to determine optimal locations for smart bins:

1. Overlaying population density, waste generation hotspots, land use, and accessibility.

2. Service area analysis (e.g., buffers for walking distance) and location-allocation models.

3. Identifying gaps in coverage to prevent overflow or illegal dumping.
In cities like Bisha (Saudi Arabia), GIS-based assessments map bin distribution to support equitable and efficient smart systems in evolving
urban landscapes.
3. Real-Time Monitoring and Dashboard Visualization
GIS-powered interactive dashboards provide centralized views for municipal authorities:

1. Live mapping of bin status (fill levels, alerts, maintenance needs).

https://mswmanagementj.com/ 1909



MSW MANAGEMENT -Multidisciplinary, Scientific Work and Management Journal
ISSN: 1053-7899
Vol. 36 Issue 1,2026, Pages: 1906-1912

ELSEVIER

2. Vehicle tracking via GPS integration.

3. Spatial analytics for performance metrics (e.g., collection efficiency, overflow events).
Examples include Hamilton (Canada), where a mobile GIS app reduced missed pickup complaints dramatically by allowing field workers
to upload photos and notes directly to interactive maps.
4. Integration with loT and Predictive Analytics
GIS bridges [oT data streams for predictive modeling:

1. Forecasting waste generation patterns using historical spatial data and Al

2. Adaptive demand management that updates bin "demand" dynamically instead of static assumptions.

3. Combining with remote sensing for rural areas to map population/buildings for route planning (e.g., China’s Huangtu Town

reduced daily routes by 45.23% using high-resolution imagery + GIS).

5. Public Engagement and Citizen-Centric Tools
Web-based GIS portals and mobile apps enable residents to:

1. Locate nearest smart bins or report issues.

2. View collection status and schedules.

3. Participate in crowd-sourced data collection (e.g., Volunteer GIS for reporting illegal dumps).
6. Environmental and Sustainability Impact Assessment
GIS evaluates system performance spatially:

1. Mapping emission reductions, fuel savings, and diversion rates.

2. Assessing landfill impacts or recycling integration in smart frameworks.
Overall, GIS transforms waste management into a proactive, resilient component of smart cities by enabling location-aware intelligence.
When fused with IoT for sensing, Al for prediction, and cloud platforms for accessibility, it delivers measurable benefits: lower operational
costs, reduced carbon footprints, minimized public complaints, and alignment with circular economy principles. Case studies from Dubai,
Hamilton, rural China, and others highlight scalable successes, making GIS indispensable for future-proof urban waste strategies amid
growing populations and sustainability demands.

Chart No 01: Sustainable Solid Waste Management Planning (GIS & RS Driven)

Start: Sustainable Solid Waste Management Planning (GIS & RS Driven)
v
1. Waste Generation Estimation & Data Collection
I— Demographic & socio-economic data (population density, income, etc.)
I—— Field surveys / ground truthing (waste quantification, bin locations)
L— Remote Sensing (RS) data acquisition
¥
« Satellite imagery: Landsat, Sentinel-2, high-res (e.g., PlanetScope), multispectral/thermal
* UAV/drone imagery (where applicable for detailed urban/rural arcas)
2. RS Processing & Feature Extraction
|— Land Use / Land Cover (LULC) mapping
|— Illegal/open dump site detection
|— Vegetation stress / leachate plume identification (using NDVI, thermal bands)

L— Multi-temporal change detection (urban expansion, dump growth over years)

3. Database Creation & Integration (GIS-centric)
L— Build geospatial database (ArcGIS, QGIS, PostGIS, ctc.)
» Base layers: roads, rivers, settlements, soil types, slope, geology, protected areas, hydrology
« Integrate RS-derived layers: built-up arecas, open/vacant land, LULC, change maps
\
4. Spatial Analysis & Modeling (GIS tools: ArcGIS, QGIS, ectc.)
I— Waste generation mapping & hotspot identification (density surfaces, predictive models)
|— Site suitability analysis for facilities
| (landfill, transfer stations, MRF/recycling plants, waste-to-energy)

I * Multi-Criteria Decision Analysis (MCDA): AHP, Fuzzy AHP, Weighted Linecar Combination
(WLC)

| « Constraint mapping + buffering/cxclusion zones (e¢.g., =500 m from settlements/water
bodies/roads)

|— Route optimization for collection & transportation
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| « Network analysis: Shortest path, Vehicle Routing Problem (VRP), Traveling Salesman
I = Bin/container optimal placement & sectorization
L— Environmental impact assessment & monitoring
= Leachate/gas emission modeling
* Vulnerability/risk mapping (groundwater, air quality)
¥
5. Decision Support & Optimization
I— Rank/select optimal sites & routes (suitability maps, cost-benefit scenarios)
|— What-if scenario simulation (population growth, policy changes, technology adoption)
L— Generate outputs: thematic maps, reports, dashboards, recommendations
v
6. Implementation & Field Execution
|— Waste collection & transportation (GPS-tracked vehicles, real-time routing apps)
I— Facility construction & operations (landfill, composting, recycling units)

L— Public engagement & awareness (GIS-based web maps/apps for citizens, reporting illegal

dumping)
7. Monitoring & Feedback Loop (Continuous Improvement Cycle)
L— periodic RS updates & compliance checks

* Change detection — new illegal dumps, landfill expansion/stability
* Performance evaluation (collection coverage, diversion rate)
= Ground validation + sensor/loT integration (smart bins, gas monitors)
Update geospatial database & models — Return to Step 4 (Spatial Analysis)
(Iterative loop for adaptive, sustainable MSWM)

4

End — Long-term Sustainable Waste Management Cycle

Chart No 02: Sustainable Solid Waste Management Planning (GIS & RS Driven)

GIS and Remote Sensing Application in
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Chart No 03: Sustainable Solid Waste Management Planning (GIS & RS Driven)
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Conclusion:

GIS and RS are indispensable for modern waste management, offering tools for optimization, monitoring, and sustainability. By
synthesizing spatial data and remote observations, they enable informed decisions that reduce costs, minimize environmental impacts, and
promote resource efficiency. Continued innovation and wider adoption, particularly in underserved areas, will be key to addressing global
waste challenges. GIS is a powerful tool that can help reduce value conflicts among parties with conflicting interests by providing more
and better information. Essentially, planning a sustainable waste management approach is complex, tedious, and time-consuming, and
decision-makers in solid waste management planning often have to deal with conflicting factors.
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