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ABSTRACT

Rapid urbanization, population growth, and changing consumption patterns have significantly increased municipal solid waste generation in many developing cities, creating serious environmental, economic, and public health challenges. Conventional waste management systems are often constrained by inadequate infrastructure, inefficient collection practices, and limited monitoring capabilities, thereby reducing operational effectiveness and environmental sustainability. This study investigates the application of Geographic Information Systems (GIS) for landfill suitability assessment and proposes the integration of Internet of Things (IoT) and Machine Learning (ML) technologies as a smart waste management framework for Akure South Local Government Area, Ondo State, Nigeria. Spatial analyses involving land-use classification, slope evaluation, road network accessibility, drainage proximity assessment, and lineament analysis were conducted within a GIS environment using a Multi-Criteria Decision Analysis (MCDA) approach. Criteria weighting was performed using the Analytic Hierarchy Process (AHP) to enhance decision-making reliability. The analysis identified approximately 45.92 km² of land as highly suitable for landfill development based on environmental and infrastructural considerations. Furthermore, a conceptual IoT and ML enabled framework is proposed to support future real-time waste monitoring, predictive waste generation analysis, and route optimization. The findings demonstrate the effectiveness of GIS-based spatial decision support in landfill site selection and highlight the potential benefits of integrating geospatial technologies, IoT systems, and machine learning techniques for sustainable municipal waste management. The study recommends the adoption of smart waste management strategies, improved waste collection infrastructure, and technology-driven environmental planning to enhance waste management efficiency within the study area.
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I. INTRODUCTION

Rapid urbanization, population growth, and increasing consumption patterns have led to a significant rise in municipal solid waste generation worldwide, particularly in developing countries. According to Hoornweg and Bhada-Tata (2012), global waste generation continues to increase as urban populations expand, while the World Bank estimates that municipal solid waste generation could reach approximately 3.4 billion tonnes annually by 2050 if current trends persist (Kaza et al., 2018). This growing volume of waste poses serious environmental, economic, and public health challenges, especially in cities where waste management infrastructure and operational capacity remain inadequate. In many developing countries, ineffective waste collection systems, inadequate disposal facilities, limited funding, and weak institutional frameworks have contributed to indiscriminate waste disposal and environmental degradation (Guerrero et al., 2013; Ferronato & Torretta, 2019). In Nigeria, rapid urban growth has intensified waste management challenges, resulting in the accumulation of waste in open spaces, drainage channels, and water bodies. Such practices contribute to flooding, environmental pollution, and the spread of vector-borne diseases, thereby threatening public health and environmental sustainability (Ogwueleka, 2009; Hannan et al., 2020).

Traditional waste management approaches, particularly landfill disposal and incineration, remain widely adopted but often present significant environmental concerns when improperly managed, including groundwater contamination, greenhouse gas emissions, and land degradation (Talalaj & Biedka, 2018; Sharma et al., 2021). Consequently, there is increasing interest in the adoption of innovative technologies capable of improving waste monitoring, collection efficiency, and decision-making processes. Recent advances in digital technologies have created new opportunities for developing smart waste management systems. The Internet of Things (IoT) enables real-time monitoring of waste bins through interconnected sensors and communication networks, thereby supporting efficient waste collection scheduling and route optimization (Atzori et al., 2010; Kellow Pardini et al., 2019). Similarly, Machine Learning (ML) techniques can analyse historical and real-time datasets to predict waste generation patterns, optimize operational activities, and support strategic planning (Jordan & Mitchell, 2015; Miletić et al., 2020). In addition, Geographic Information Systems (GIS) provide powerful tools for spatial analysis and decision support in waste management planning. GIS facilitates the integration and analysis of spatial datasets such as land use, road networks, topography, drainage systems, and settlement patterns, enabling the identification of environmentally suitable locations for waste collection facilities and landfill development (Longley et al., 2015; Singh & Gupta, 2022). The integration of GIS with IoT and machine learning technologies therefore offers considerable potential for enhancing waste management efficiency through improved spatial planning, real-time monitoring, and predictive decision-making.

Despite the growing global adoption of smart waste management technologies, their implementation in many developing countries, including Nigeria, remains limited. Existing studies have largely focused on GIS-based landfill site selection, IoT enabled monitoring systems, or machine learning applications as separate approaches. Consequently, there is limited research on integrated frameworks that combine spatial analysis, real-time monitoring, and predictive analytics to support sustainable municipal waste management. This gap is particularly evident in rapidly growing urban centres such as Akure South Local Government Area, where increasing waste generation continues to place pressure on existing waste management infrastructure. Therefore, this study investigates the application of GIS in landfill suitability assessment and proposes the integration of IoT and Machine Learning technologies as a smart waste management framework for Akure South Local Government Area, Ondo State, Nigeria. The specific objectives are to: assess existing waste management challenges within the study area; identify environmentally suitable locations for waste collection and disposal facilities using GIS-based spatial analysis; examine the potential role of IoT and machine learning technologies in improving waste management operations; and develop an integrated framework for future smart waste management implementation.
II. MATERIALS AND METHODS

This study adopted an integrated methodological framework combining Geographic Information Systems (GIS), Internet of Things (IoT), and Machine Learning (ML) techniques to improve solid waste management efficiency in Akure South Local Government Area, Ondo State, Nigeria. The integration of these technologies enables spatial analysis of waste generation patterns, real-time monitoring of waste levels, and predictive modeling for efficient waste collection and disposal (Hannan et al., 2020; Kellow Pardini et al., 2019). The methodological framework involved data acquisition, spatial analysis, IoT system development, and machine learning modeling.
A. Study Area

Akure South Local Government Area (LGA) is located in Ondo State, southwestern Nigeria, and serves as the administrative center of the state capital, Akure. The study area lies approximately between Latitude 7°05′N and 7°20′N and Longitude 5°05′E and 5°25′E, covering a significant portion of the central region of Ondo State. Akure South shares boundaries with Akure North LGA to the north and Idanre LGA to the south, while Ifedore LGA lies to the west and Owo LGA to the east. Its strategic geographic location has contributed to its rapid urban expansion and increasing socio-economic activities (Oyinloye & Kufoniyi, 2018; Oyinloye et al., 2020). Akure is historically recognized as one of the prominent Yoruba settlements in southwestern Nigeria and has evolved into a major administrative, educational, and commercial hub in the region (Owolabi, 2018). The city accommodates several government institutions, commercial establishments, and residential developments, making it one of the fastest-growing urban centers in Ondo State. Notably, the Federal University of Technology Akure, established in 1981, is located within the city and has significantly contributed to population growth, urban expansion, and infrastructural development (Oyinloye et al., 2020).
The economy of Akure South is largely diversified and includes agricultural production, trading, public service employment, and small-scale industrial activities. Agricultural products such as cocoa, cassava, palm oil, and timber constitute important economic resources in the area, supported by a thriving timber industry and surrounding forest reserves (Owolabi, 2018; Akinbile & Yusoff, 2019). In addition, Akure serves as a commercial gateway for nearby rural communities, facilitating trade and transportation within Ondo State and neighboring regions. Akure South is well connected by a network of major roads linking it to other important cities such as Lagos, Ibadan, and Benin City. The presence of the Akure Airport further enhances transportation and accessibility within the region. In addition, the city serves as a gateway for tourists traveling to natural attractions such as the Ose River and surrounding ecological landscapes (Oyinloye & Kufoniyi, 2018). Climatically, Akure falls within the tropical rainforest climatic zone, characterized by high temperatures, high humidity, and abundant rainfall throughout most of the year. The area experiences a distinct wet season between April and October and a relatively short dry season between November and March. The average annual rainfall ranges between 1,500 mm and 2,000 mm, which supports dense vegetation and agricultural activities in the region (Oyinloye & Kufoniyi, 2018; Nigerian Meteorological Agency, 2020). The natural vegetation of the area is predominantly tropical rainforest, although significant portions have been modified due to urbanization and agricultural expansion.

Over the years, Akure South has experienced rapid population growth as a result of urbanization, administrative significance, and economic opportunities. According to the National Population Commission, the population of Akure increased from 71,006 in 1963 to 239,124 in 1999, and further rose to 340,021 in the 2006 national population census (National Population Commission [NPC], 2006). The continued influx of migrants and expansion of residential and commercial activities have significantly increased the demand for urban infrastructure and services, including effective solid waste management systems (Owolabi, 2018; Oyinloye et al., 2020). The rapid urbanization and population growth in Akure South have consequently resulted in increased waste generation, placing considerable pressure on existing waste management systems. This situation highlights the need for innovative and sustainable waste management solutions, including the integration of geospatial technologies, IoT systems, and machine learning approaches for efficient waste monitoring and disposal planning (Zhang et al., 2019; Ferronato & Torretta, 2019). Figure 1 illustrates the location of Akure South within Nigeria.
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Figure 1: Map of Nigeria Showing the Study Area (Owolabi, 2018).
B. Data Sources and Materials

Both primary and secondary data were utilized in this study. Spatial datasets were obtained from satellite imagery, administrative maps, field surveys, and institutional databases. Landsat imagery (2023) was used to examine land use and land cover characteristics of the study area. High-resolution imagery from Google Earth (2023) provided detailed information for extracting road networks, buildings, and other infrastructure features. Administrative boundary data covering Nigeria were obtained from the Office of the Surveyor General, Akure, and were used to delineate the boundary of Akure South Local Government Area. Existing maps of Akure South provided reference information on buildings, road networks, schools, healthcare facilities, and other infrastructure relevant to waste management planning. Field data were collected using a Garmin Global Positioning System (GPS) receiver to capture the coordinates of existing waste collection points and illegal dumpsites within the study area. In addition, data on the locations of existing waste collection points were obtained from the Ondo State Environmental Protection Agency (ONSEPA). These datasets formed the basis for spatial analysis and the identification of suitable sites for waste collection points. Table 1 presents a summary of the datasets used and their respective sources.
Table 1: Adopted Data and Sources
	S/N
	DATA
	SOURCE
	YEAR
	RELEVANCE

	1
	Digital maps
	Google Earth Pro 7.0.2
	2025 
	To extract the road network and also

	2
	Administrative map
	Office of the surveyor

General Akure 
	2024
	Extract the boundary of the study

LGA that made up the study area

	3
	GPS coordinates Field Survey
	G.I.S. Laboratory

(GARMIN GPS)
	2025
	For the coordinates of the existing

solid waste dumpsites

	4
	Location of the existing waste

Points
	ONSEPA
	2025
	To extract the existing waste

dumpsites within the study area


Source: Author’s Compilation (2025).

The primary datasets also included soil maps, satellite imagery, and existing infrastructure maps which provided insights into the environmental and spatial characteristics of the study area. These datasets helped in identifying suitable locations for waste disposal and understanding land use patterns within Akure South. Several hardware and software tools were utilized for data collection, processing, and analysis. Hardware tools included a personal computer for spatial data processing, a GPS receiver for field data acquisition, a digital camera for documenting field observations, and a printer for producing maps and reports. The software tools used in this study include ArcGIS 10.4, Microsoft Excel, and Global Mapper. ArcGIS was primarily used for spatial analysis, digitization, proximity analysis, and overlay analysis. Microsoft Excel was used for organizing and preprocessing attribute data, while Global Mapper was used for additional geospatial data processing and editing.
C. GIS-Based Spatial Analysis

The GIS component of this study was employed to analyze the spatial distribution of waste management facilities and identify environmentally suitable locations for landfill development within Akure South Local Government Area. Geographic Information Systems (GIS) provide an effective platform for integrating and analyzing multiple spatial criteria required for environmental planning and site suitability assessment (Malczewski, 2004; Longley et al., 2015).

The analysis commenced with an assessment of the existing waste management system within the study area. Field reconnaissance surveys were conducted to identify the locations of existing waste collection points, official disposal sites, and areas affected by indiscriminate waste dumping. Information obtained during the survey provided an understanding of the current waste management situation and served as input for subsequent spatial analyses. Spatial datasets including road networks, settlements, drainage channels, land use features, and waste collection locations were acquired through satellite image interpretation, existing maps, institutional records, and field surveys. The coordinates of existing waste collection points and potential landfill locations were obtained using a Garmin Global Positioning System (GPS) receiver. These coordinates were imported into ArcGIS 10.4 and integrated with other spatial datasets for analysis.

In addition, attribute information relating to waste collection facilities, waste generation characteristics, and illegal dumping locations was obtained from government reports, previous studies, and relevant environmental agencies. The volume of solid waste generated within the study area was estimated at approximately 49.25 m³ per day. Following data acquisition, digitization procedures were carried out within the ArcGIS environment to convert features extracted from satellite imagery and existing maps into digital spatial layers. The resulting geodatabase consisted of thematic layers including settlements, road networks, drainage systems, lineaments, land use classes, and waste collection points. These thematic datasets formed the basis for the spatial suitability assessment. All spatial datasets were projected to the Universal Transverse Mercator (UTM) Coordinate System, WGS 1984 Zone 32N, to ensure uniformity and compatibility during analysis. Data processing and spatial analyses were performed using ArcGIS 10.4 and Microsoft Excel. A Multi-Criteria Decision Analysis (MCDA) approach was adopted to identify suitable locations for landfill development. The suitability assessment incorporated five key environmental and infrastructural criteria: settlement distance, drainage distance, lineament distance, slope, and road accessibility. Each criterion was reclassified according to its relative suitability for landfill development and subsequently integrated using weighted overlay analysis within the ArcGIS environment.
Criteria Weighting Using Analytic Hierarchy Process (AHP)

To improve the objectivity and reliability of the Multi-Criteria Decision Analysis, criterion weighting was performed using the Analytic Hierarchy Process (AHP) developed by Saaty (1980). AHP is a structured decision-making technique that utilizes pairwise comparisons to determine the relative importance of individual criteria in spatial decision-support applications. Five criteria considered critical for landfill suitability assessment were evaluated, namely settlement distance, drainage distance, lineament distance, slope, and road accessibility. Pairwise comparisons were undertaken based on environmental protection requirements, public health considerations, and operational efficiency. Settlement distance was assigned the highest importance because landfill facilities located close to residential areas may create adverse environmental and public health impacts. Drainage and lineament distances were also assigned relatively high importance due to their potential influence on groundwater contamination and leachate migration. Slope and road accessibility were considered important for engineering feasibility and transportation efficiency respectively. The normalized criterion weights derived from the AHP process are presented in Table 2.
Table 2: Criteria Weights Used for Landfill Suitability Analysis

	S/N
	Criterion
	Weight %

	1
	Settlement Distance
	30

	2
	Drainage Distance
	25

	3
	Lineament Distance
	20

	4
	Slope
	15 

	5
	Road Accessibility
	10

	
	Total
	100


Consistency evaluation was conducted to ensure logical coherence of the pairwise comparison matrix. The resulting weights were subsequently incorporated into the ArcGIS weighted overlay model to generate the final landfill suitability map. The weighted overlay procedure enabled the integration of all thematic layers according to their relative importance, thereby facilitating the identification of environmentally suitable locations for landfill development within the study area.
D. Internet of Things (IoT) System Development

An Internet of Things (IoT) based monitoring framework was designed to demonstrate how real time waste level monitoring can be integrated into municipal waste management operations. The proposed system architecture comprises five major components: a VL53L0X laser distance sensor, ESP01 Wi-Fi communication module, battery charging module, lithium-ion battery, and solar power unit. The system is powered by a 3.7 V lithium-ion battery whose voltage is boosted through a voltage-conversion module to ensure stable operation of the electronic components. A voltage regulator subsequently provides the required operating voltage for the control unit and communication module. Waste level monitoring is achieved using the VL53L0X laser distance sensor, which measures the distance between the sensor and the waste surface within the collection bin. The measured distance is converted into fill level information and transmitted to the ESP01 module. The ESP01 serves both as the microcontroller responsible for data processing and as the wireless communication interface for transmitting information to a remote monitoring platform. A web based monitoring interface was designed using HTML, CSS, and JavaScript to facilitate real-time visualization of waste-bin status. Each waste bin is assigned a unique identification number to support individual monitoring and management. The interface employs colour coded indicators to represent different fill level conditions, thereby enabling waste management personnel to quickly identify bins requiring collection attention. To enhance operational sustainability, a 1.5W solar panel with a nominal open circuit voltage of 6V was incorporated into the proposed system architecture to supplement battery charging and extend operational lifespan under field conditions. The system architecture was conceptually evaluated with respect to responsiveness, communication capability, and platform compatibility. The proposed framework is intended to support future deployment of smart waste bins capable of transmitting real-time waste level information to municipal waste management authorities for improved collection planning and operational decision-making. The overall system architecture is illustrated in Figure 2.
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Figure 2: Block diagram of the control system (Source: Author's Design (2025))
Proposed IoT Performance Evaluation Framework

To assess the effectiveness of the proposed IoT-based waste monitoring system, a performance evaluation framework was developed based on key operational indicators commonly employed in smart waste management applications. These indicators provide a basis for evaluating system functionality, communication efficiency, energy sustainability, and scalability under future deployment conditions. The first performance indicator is system responsiveness, which refers to the time required for the sensor to detect a change in waste level and transmit the updated information to the monitoring platform. In a fully operational environment, response time measurements would be used to determine the capability of the system to provide timely waste-level updates for effective collection planning. Another important parameter is communication latency, defined as the delay between data acquisition by the sensor and successful transmission to the central monitoring interface. Low latency is essential for real-time monitoring applications because excessive delays may reduce the reliability of waste collection scheduling and decision-making processes.

Communication reliability is also considered a critical evaluation metric. This parameter measures the consistency of data transmission between the sensor node and the monitoring platform. Reliability assessment may include the percentage of successfully transmitted data packets, signal stability under varying environmental conditions, and system uptime during operation. High communication reliability is necessary to ensure continuous monitoring of waste-bin status and minimize data loss. The proposed framework also incorporates energy efficiency assessment to evaluate the sustainability of the power supply system. Since the monitoring unit is supported by a lithium-ion battery and supplementary solar panel, future evaluations may examine battery discharge rates, charging efficiency, and expected operational duration under different environmental conditions. Such assessments are important for determining the long-term viability of the system, particularly in locations where uninterrupted power supply is limited. In addition, scalability analysis is considered essential for practical municipal implementation. Scalability assessment would evaluate the capability of the system to accommodate multiple waste bins distributed across different locations while maintaining acceptable communication performance and data management efficiency. The use of unique device identifiers and centralized cloud-based data management is expected to facilitate large-scale deployment and integration into municipal waste management operations. The proposed evaluation framework therefore provides a structured basis for future experimental validation of the IoT system and supports the development of reliable, sustainable, and scalable smart waste monitoring solutions for urban waste management applications.
E. Machine Learning Integration

Machine Learning (ML) techniques were incorporated conceptually within the proposed smart waste management framework to demonstrate how predictive analytics can support waste collection planning and operational decision-making. The ML component is presented as a future integration strategy intended to complement the GIS-based landfill suitability assessment and the proposed IoT monitoring framework. The proposed framework utilizes multiple data sources that may influence waste generation and accumulation patterns within Akure South Local Government Area. These include historical waste generation records, waste-bin sensor observations obtained through IoT devices, demographic information, land-use characteristics, population density, and meteorological variables such as rainfall and temperature. Prior to model development, data preprocessing procedures would be undertaken to improve data quality and consistency. These procedures may include the treatment of missing observations, removal of duplicate records, normalization of numerical variables, and integration of datasets obtained from different sources. Feature engineering techniques would subsequently be applied to derive meaningful predictor variables capable of improving model performance. Examples include population density, residential density, proximity to commercial areas, seasonal variations, and historical waste generation trends.

The proposed machine learning framework considers several supervised learning algorithms commonly used in environmental prediction and smart-city applications, including: Linear Regression (LR), Random Forest Regression (RF), Support Vector Regression (SVR) and Time-Series Forecasting Models. For future implementation, the available dataset may be divided into training and testing subsets using a 70:30 ratio to facilitate model development and independent validation. Hyperparameter optimization techniques such as grid search and k-fold cross-validation may also be employed to improve prediction accuracy and reduce model overfitting. Model performance would be assessed using widely accepted evaluation metrics, including Mean Absolute Error (MAE), Root Mean Square Error (RMSE), and the Coefficient of Determination (R²). These metrics would provide quantitative measures of prediction accuracy and model reliability. Upon future deployment, real-time data acquired from IoT-enabled waste monitoring systems could be integrated with the trained machine learning models to forecast waste accumulation levels, optimize waste collection schedules, improve route planning, and support efficient allocation of waste management resources. Continuous model retraining using newly acquired operational data would further enhance predictive accuracy and adaptability to changing waste generation patterns within the study area.
III. RESULTS AND DISCUSSION
The spatial analyses undertaken in this study were aimed at evaluating the suitability of locations for solid waste management infrastructure and landfill development within Akure South Local Government Area. Using Geographic Information Systems (GIS), multiple environmental and infrastructural criteria were integrated through Multi-Criteria Decision Analysis (MCDA) to identify environmentally suitable locations while minimizing potential ecological and public health risks. The analyses incorporated land-use characteristics, slope conditions, road accessibility, drainage proximity, geological lineament distribution, and existing waste collection infrastructure. Field surveys conducted using Garmin GPS receivers and Mobile Topographer software identified twenty-one (21) existing waste collection points distributed across the study area. The coordinates of these facilities were imported into ArcGIS and used to evaluate the spatial distribution of existing waste management infrastructure (Table 3). The analysis revealed that waste collection facilities are unevenly distributed throughout Akure South LGA. While some urban districts possess relatively high concentrations of collection points, several residential neighbourhoods remain underserved. Such disparities in service coverage may contribute to indiscriminate waste disposal practices frequently observed in rapidly growing urban centres within developing countries. Similar observations have been reported by Ferronato and Torretta (2019), who identified inadequate collection infrastructure as a major factor contributing to illegal dumping and environmental degradation. The spatial distribution pattern therefore indicates the need for strategic expansion of waste collection facilities to improve accessibility and service efficiency.
Table 3: Coordinates of Existing Waste Collection Points in Akure South
	S/N
	Eastings (m)
	Northing (m)
	Height (m)

	1
	753389.454
	787256.963
	422.101

	2
	749769.276
	789387.143
	291.345

	3
	742518.432
	793793.512
	339.587

	4
	742147.376
	797128.098
	380.402

	5
	737868.935
	794508.289
	307.122

	6
	733700.159
	799903.721
	309.343

	7
	742540.604
	802190.232
	348.094

	8
	741737.200
	803977.871
	342.023

	9
	735603.234
	802305.901
	377.581

	10
	732518.103
	803323.512
	315.694

	11
	737335.707
	806745.987
	362.340

	12
	737521.454
	806708.800
	357.040

	13
	737739.700
	806662.223
	353.341

	14
	738100.562
	806212.208
	357.055

	15
	739092.904
	810566.705
	386.534

	16
	740531.507
	803084.098
	350.333

	17
	738465.875
	804632.214
	348.255

	18
	735909.912
	807585.222
	376.123

	19
	730475.554
	804193.509
	292.155

	20
	730877.678
	803814.512
	297.005

	21
	733881.432
	809092.800
	369.212


Land-use analysis derived from Landsat satellite imagery identified five major land-cover categories within the study area, namely built-up areas, bare surfaces, light vegetation, dense vegetation, and rocky surfaces (Figure 3). These classes were evaluated according to their suitability for landfill development. Built-up areas were assigned the lowest suitability ranking because of their close association with residential and commercial activities, where waste disposal facilities may generate adverse environmental and public health impacts. Conversely, areas characterized by light vegetation were considered highly suitable due to their relatively low ecological sensitivity and reduced likelihood of human exposure. The findings demonstrate the importance of land-use considerations in minimizing land-use conflicts and ensuring environmentally sustainable landfill development. Furthermore, the analysis revealed continuing urban expansion within Akure South, resulting in the progressive conversion of vegetated land into built-up areas. This trend may significantly reduce future opportunities for landfill development if proactive land-use planning measures are not implemented.
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Figure 3: Landuse Map of Akure South (Source: Author’s Analysis from Landsat Imagery (2025)
Topographic suitability was assessed using a Digital Elevation Model (DEM), from which slope information was derived (Figure 4). The analysis showed that slope values within the study area range from approximately 0° to 60°. Areas exhibiting slopes between 0° and 5° were classified as highly suitable because relatively flat terrain facilitates landfill construction, minimizes earthwork requirements, and reduces susceptibility to erosion. Areas with slopes between 5° and 10° were considered moderately suitable, while slopes exceeding 15° were classified as unsuitable due to increased risks of instability, erosion, and leachate runoff. These findings are consistent with previous landfill suitability studies which emphasize the importance of gentle terrain for engineering feasibility and environmental safety (Sharma et al., 2021).
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Figure 4: Slope Map of Akure South (Source: Generated from DEM Analysis in ArcGIS (2025).
Accessibility analysis revealed that transportation infrastructure plays a significant role in landfill suitability due to its influence on waste collection and transportation costs. The road network analysis (Figure 5) showed that locations situated within 250 m of major roads possess the highest suitability because they facilitate efficient movement of waste collection vehicles and reduce operational costs. Areas located between 250 m and 500 m from major roads were classified as moderately suitable, whereas more distant locations were considered less suitable due to increased transportation challenges and infrastructure requirements. The results suggest that many of the identified suitable landfill locations can be accessed through existing transportation networks, thereby reducing the need for extensive additional infrastructure investment.
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Figure 5: Road Network Classification in Akure South (Source: Extracted from Google Earth Imagery and Processed in ArcGIS (2025)
Hydrological conditions were evaluated through drainage proximity analysis (Figure 6). Areas situated within 250 m of drainage channels were classified as unsuitable because of the increased risk of leachate migration into surface-water systems and groundwater resources. Locations beyond 500 m from drainage channels received the highest suitability ranking due to their enhanced environmental protection characteristics. This finding highlights the importance of maintaining adequate buffer distances from water bodies to safeguard water quality and reduce environmental contamination risks.
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Figure 6: Drainage Pattern Classes of Akure South (Source: Author’s Drainage Network Analysis (2025)
Geological suitability was assessed through lineament analysis using Shuttle Radar Topography Mission (SRTM) data (Figure 7). Lineaments often represent fractures and fault systems that may facilitate groundwater movement and contaminant transport. Consequently, areas located within 250 m of major lineaments were classified as unsuitable, while locations beyond 500 m received the highest suitability ranking. Incorporating geological factors into landfill site selection enhances environmental protection by reducing the likelihood of groundwater contamination and improving long-term landfill stability.
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Figure 7: Lineament Distances Classes of Akure South (Source: Generated from SRTM-Based Lineament Analysis (2025).
To determine overall landfill suitability, all environmental and infrastructural criteria were integrated using a weighted overlay model based on the AHP-derived criterion weights presented in Table 3 of the methodology section. The resulting suitability map (Figure 8) identified approximately 45.92 km² of land as highly suitable for landfill development within Akure South Local Government Area. These areas are generally characterized by favourable land-use conditions, gentle slopes, adequate separation from drainage channels and geological lineaments, and reasonable accessibility through existing road infrastructure.
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Figure 8: Landfill Suitability Map of Akure South (Source: Author’s MCDA Weighted Overlay Analysis (2025)
The integrated suitability assessment demonstrates the effectiveness of GIS-based Multi-Criteria Decision Analysis as a decision-support tool for waste management planning. By simultaneously considering environmental, geological, hydrological, and infrastructural factors, the approach facilitates the identification of landfill locations capable of minimizing environmental risks while maintaining operational efficiency. Similar findings have been reported in previous GIS-based landfill siting studies, confirming the suitability of MCDA techniques for sustainable waste management planning. To assess the robustness of the suitability model, a sensitivity assessment was conducted by examining the influence of moderate variations in criterion weights on the final suitability outcomes. The results indicated that the spatial distribution of highly suitable zones remained largely stable despite reasonable adjustments to individual criterion weights. This suggests that the suitability model is not overly dependent on a single factor and that the identified suitable areas represent consistently favourable locations for landfill development. Furthermore, qualitative validation through comparison with observed land-use patterns, drainage conditions, accessibility characteristics, and geological constraints confirmed that the selected sites satisfy established environmental suitability requirements reported in previous landfill siting studies.

The findings of this study have important implications for sustainable waste management planning within Akure South Local Government Area. First, the uneven distribution of existing waste collection infrastructure highlights the need for additional collection facilities in underserved areas. Second, the identified suitable landfill zones provide a scientifically informed basis for future waste disposal planning and environmental management. Finally, the proposed integration of GIS with Internet of Things (IoT) technologies and Machine Learning (ML) techniques offers opportunities for future development of smart waste management systems capable of supporting real-time monitoring, predictive planning, route optimization, and improved resource allocation. Collectively, these approaches provide a comprehensive framework for enhancing waste management efficiency and environmental sustainability within rapidly urbanizing cities.
Research Contributions
This study contributes to the field of sustainable waste management in three major ways:

i. It developed a GIS-based Multi-Criteria Decision Analysis (MCDA) framework that integrated environmental and infrastructural factors to identify suitable landfill locations, resulting in the delineation of approximately 45.92 km² of highly suitable land within Akure South Local Government Area.
ii. It proposed an integrated smart waste management framework that combines GIS, Internet of Things (IoT), and Machine Learning (ML) technologies to support future real-time waste monitoring, predictive planning, and efficient waste collection operations.
iii. It provided valuable spatial information on the distribution of existing waste management infrastructure, highlighting service gaps and offering practical guidance for improving waste collection coverage and environmental sustainability in urban areas.
IV. CONCLUSION  
This study applied Geographic Information Systems (GIS) and Multi-Criteria Decision Analysis (MCDA) to assess landfill suitability and support sustainable waste management planning in Akure South Local Government Area, Ondo State, Nigeria. The spatial analysis identified approximately 45.92 km² of land as highly suitable for landfill development based on environmental and infrastructural criteria, including land use, slope, drainage proximity, lineament distribution, and road accessibility. The findings also revealed an uneven distribution of existing waste collection facilities, indicating the need for improved waste collection coverage and infrastructure planning. Furthermore, the study proposed the integration of Internet of Things (IoT) and Machine Learning (ML) technologies as a smart waste management framework capable of supporting future real-time monitoring, predictive waste generation analysis, and data-driven decision-making. The combined application of GIS, IoT, and ML has the potential to enhance operational efficiency, improve environmental protection, and promote sustainable urban waste management. The study therefore provides a practical decision-support framework for municipal authorities and a foundation for future implementation of smart waste management systems within Akure South LGA and similar urban environments.
Based on the findings of this study, the following recommendations are proposed to improve waste management practices in Akure South Local Government Area:

i. The Government authorities should adopt integrated systems that combine GIS, IoT, and machine learning technologies for efficient waste monitoring, data analysis, and decision-making.
ii. Additional waste collection points should be established in underserved areas based on spatial analysis results to ensure equitable distribution and accessibility.
iii. Future studies should implement and validate machine learning models using historical waste generation and IoT sensor data to improve waste forecasting and route optimization.
iv. Smart sensors should be deployed in waste bins to monitor fill levels in real time, enabling efficient scheduling of waste collection and reducing operational costs.
v. Awareness campaigns should be conducted to educate residents on proper waste disposal practices and the importance of environmental sustainability.
vi. Government agencies should develop and enforce policies that support technological innovation, environmental compliance, and the adoption of smart waste management solutions.
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