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Introduction: Solid waste mismanagement, particularly the use of river courses, roadsides, and open spaces for indiscriminate waste disposal, poses significant environmental, socio-economic, and public health challenges in Gimba Town, Northeastern Ethiopia. Addressing this issue requires scientifically sound approaches to identify suitable landfill sites that minimize environmental impacts and support sustainable urban development.

Methods: This study employed an integrated Geographic Information System (GIS) and Analytic Hierarchy Process (AHP) model to identify optimal landfill sites for Gimba Town. Nine thematic criteria built-up areas, slope, proximity to rivers, groundwater withdrawal points, land use/land cover, fault lines, roads, geology, and soil texture were analyzed. The relative weights of each criterion were determined through pairwise comparison using the AHP model to produce a weighted overlay analysis in GIS.

Results: The AHP results indicated that built-up areas (30.33%), slope (21.95%), and proximity to rivers (15.01%) were the most influential factors in determining landfill suitability. The spatial analysis classified the land into four suitability categories: very highly suitable (2.65 km2), highly suitable (56.91 km2), moderately suitable (78.38 km2), and unsuitable (26.46 km2). The findings revealed that only a limited area of Gimba Town is appropriate for landfill development.

Discussion: The study highlights the importance of data-driven, multi-criteria decision-making tools in solid waste management planning. Integrating GIS and AHP proved effective in generating a replicable framework for landfill site selection, enhancing environmental sustainability and minimizing health risks. These results provide critical insights for policymakers, urban planners, and local authorities in designing sustainable solid waste management strategies tailored to the specific context of Gimba Town.
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1 Introduction


1.1 Solid waste

Solid waste encompasses all the refuse resulting from the daily activities of both humans and animals, which are typically in a solid state and discarded as useless or unwanted by the initial user (Balasooriya et al., 2015; Akurugu et al., 2018; Ampofo et al., 2023). During emergency situations, the primary sources of solid waste typically include medical facilities, commercial establishments, food distribution centers, discarded vehicle parts, agricultural remnants, government premises, construction and demolition debris, as well as residential households (Al-Jarrah and Abu-Qdais, 2006; Chaulya, 2003; Rahman et al., 2008;). The nature and quantity of solid waste generated in a particular area can vary significantly due to factors such as geographical location, socio-cultural practices, seasonal fluctuations, the stage of the emergency, and the packaging of food rations (Kabite et al., 2012; Ampofo et al., 2015; Aragonés-Beltrán et al., 2010). The amount of waste produced is influenced by economic activities, consumption patterns, and population growth (Kaza et al., 2018; Asefa and Mindahun, 2019; Maalouf et al., 2020).

Annually, the global population produces a staggering 2.01 billion tons of municipal solid waste. Shockingly, a minimum of 33 percent of this waste is not handled in an environmentally responsible manner, and this estimate is extremely conservative (Kaza et al., 2018; Sharma and Jain, 2020). On average, each person generates 0.74 kilograms of waste per day, although this figure varies greatly, ranging from 0.11 to 4.54 kilograms. Interestingly, despite comprising only 16 percent of the world’s population, high-income countries contribute approximately 34 percent, equivalent to 683 million tones, of the world’s waste (World Bank Group, 2022). By 2050, it is anticipated that global waste will reach a staggering 3.40 billion tones, surpassing the growth rate of the population (Kaza et al., 2018). Interestingly, there exists a positive correlation between waste production and income levels. In high-income countries, the daily per capita waste generation is projected to rise by 19 percent by 2050 (Maalouf and Mavropoulos, 2023). Conversely, in low- and middle-income countries, this figure is expected to increase by approximately 40% or even more. Initially, waste generation decreases at the lowest income levels, but as income levels rise, the rate of waste generation accelerates at a faster pace in comparison to high-income countries (Velis et al., 2023). The total quantity of waste generated in low-income countries is predicted to more than triple by 2050 (Awino and Apitz, 2024). The majority of the world’s waste, accounting for 23 percent, is being generated by the East Asia and Pacific region, while the Middle East and North Africa region produces the least amount of waste at 6 percent (World Bank Group, 2019; Pheakdey et al., 2022). However, the regions experiencing the fastest growth in waste generation are Sub-Saharan Africa, South Asia, and the Middle East and North Africa (Khan et al., 2022). It is projected that by 2050, the total waste generation in these regions will more than triple, double, and double, respectively, (Volsuuri et al., 2022). Currently, over half of the waste in these regions is openly dumped, and the increasing trajectory of waste growth will have significant implications for the environment, health, and prosperity. Therefore, immediate action is necessary to address this issue (Maalouf et al., 2020; Kebede and Ayenew, 2023).

The economically developed countries have implemented modern waste collection methods that are able to collect over 90% of waste and recycle approximately 20% of the collected waste (Sharma and Jain, 2020; Kocak and Baglitas, 2022). However, in Africa, including Ethiopia, the waste collection rate is less than 40% and only around 4% of the waste is recycled. Ethiopia, being the second most populous country in Africa after Nigeria, with a population of approximately 115 million, generates a significant amount of waste compared to other African countries (Maalouf et al., 2020). The increase in waste generation is not only due to the population size but also the rapid expansion of urbanization in Ethiopia (Sharma and Jain, 2020). As the number of urban dwellers continues to rise each year, the daily waste generation has increased from 9,700 tonnes in 2015 to 12,200 tonnes in 2020. It is projected that by 2030, the national daily waste amount in 2015 will be doubled (Kebede and Ayenew, 2023). Therefore, the authorities in Ethiopia are faced with the urgent need to provide adequate waste treatment and disposal services to manage such large volumes of waste effectively.



1.2 Solid waste management

Solid waste management encompasses the regulation of the entire process of solid waste, including its generation, storage, collection, transfer and transport, processing, and disposal (Jha et al., 2011; Karsauliya, 2013). It aims to adhere to the principles of public health, economics, engineering, conserva tion, aesthetics, and other environmental considerations, while also being responsive to public attitudes (Assefa and Girma, 2020; Ravichandran and Venkatesan, 2021). The ultimate objective of urban solid waste management is to efficiently collect, treat, and dispose of solid waste produced by urban populations, using the most cost-effective methods available (Wang et al., 2018; Vinti et al., 2021). However, the rapid urbanization and population growth experienced by many developing countries have made solid waste management a significant concern for public health and the environment (Ampofo et al., 2022). Developing countries face a range of challenges in their solid waste management systems, such as limited collection coverage, inadequate collection services, unregulated dumping and burning practices that contribute to air and water pollution, proliferation of pests and insects, and the lack of control over informal waste picking or scavenging (Higgs, 2006). These issues, which have implications for public health, the environment, and overall management, are caused by various factors that hinder the development of effective solid waste management systems. The Kocak and Baglitas (2022) recognizes solid waste management as a fundamental service that is currently receiving considerable attention in the urban agendas of many developing nations. The importance of implementing effective solid waste management practices lies in mitigating potential health risks and minimizing the negative impact on the environment (Mor et al., 2006; Mmereki et al., 2016).

Solid waste management techniques such as waste reduction, recycling, and waste reuse are extensively implemented in most advanced nations to effectively handle solid wastes (Al-Jarrah and Abu-Qdais, 2006). However, in contrast to these developed countries, poorer nations in the developing world often lack sufficient waste management policies, systems, trash collection services, and government institutions to adequately manage their wastes (Andrianov et al., 2019). Consequently, in many cities and towns of the developing world, improper handling and disposal of municipal solid waste are the primary contributors to environmental degradation. This includes issues like air pollution, soil contamination, surface, and groundwater pollution, which arise from the inappropriate disposal of municipal solid wastes (Volsuuri et al., 2022). The management of waste involves a crucial stage known as waste collection. However, the rates of waste collection differ significantly based on income levels. In countries with upper-middle and high incomes, waste collection is almost universally provided. On the other hand, low-income countries only manage to collect approximately 48 percent of waste in urban areas, and this percentage drops significantly to 26 percent in non-urban areas (Maalouf and Mavropoulos, 2023). In terms of regional differences, Sub-Saharan Africa collects around 44 percent of waste, whereas Europe and Central Asia, as well as North America, manage to collect at least 90 percent of waste (Sharma and Jain, 2020). Ethiopia has enacted the Solid Waste Management Proclamation (No. 513 of 2007) with the aim of strengthening capacities at all levels to mitigate potential negative consequences and transform solid waste into valuable assets that bring economic and social benefits. Nevertheless, the implementation of its objectives has predominantly faced challenges and has not yielded significant success.



1.3 Problems related to unsafe solid waste disposal systems

The unsafe open dumping of solid waste presents several major problems, including health issues and extremely unpleasant living conditions (Hoornweg and Bhada-Tata, 2012; Jerie and Zulu, 2017). It also serves as breeding grounds for insect vectors and leads to the pollution of surface and groundwater through leachate (Ebistu and Minale, 2013; Woldegebriel, 2019). Improper disposal of solid waste pollutes all essential components of the environment, such as the air we breathe, the food we consume, the land we inhabit, and the water we drink (Kebede and Ayenew, 2023). Furthermore, inadequate solid waste disposal and management systems demoralize individuals and reduce their motivation to improve their surroundings (Jothimani et al., 2021). While waste disposal issues are a global concern, they are particularly severe in African countries where open field disposal and burning are common practices (Ebistu and Minale, 2013). In Ethiopia, the insufficient management of solid waste has become a pressing environmental problem in many urban areas due to the absence of properly designed, constructed, and managed landfill sites (Hailu et al., 2019). Waste is often disposed of near settlements, protected areas, roads, agricultural lands, and surface and groundwater sources (Woldetsadik, 2017; Birkie et al., 2020; Habtamu, 2001; Asefa et al., 2021). People resort to random open dumping and burning, disregarding factors such as settlement patterns, topography, geology, and water conditions, which can result in unsuitable living environments, health issues, and water pollution (Jothimani et al., 2021; Wang et al., 2022). In the town of Gimba and its surrounding areas, which are experiencing rapid urbanization, the lack of a proper solid waste dumping site poses a significant challenge in managing waste from households, commercial sectors, and various private and government institutions. The blockage of drains, breeding of flies, and spread of epidemic diseases are caused by open dumps, which are a result of lack of social awareness and community involvement, as well as insufficient equipment and funding. The habit of throwing solid waste along roadsides and river courses is prevalent among most of the town’s residents. The problem is further exacerbated by severe weather conditions, the increasing population, public health concerns, and limited land available for landfill construction. In light of the growing urgency of urban environmental issues, there is now a significant focus on solid waste management in the town, with efforts being made to establish landfills that prioritize environmental protection.



1.4 Solid waste disposal methods

There are various techniques available for the management of solid waste, which include open dumps, landfills, sanitary landfills, and incineration plants (Wang et al., 2018). Each of these methods has its own advantages and disadvantages. Open dumps are uncovered areas where all types of solid waste are dumped without any treatment, covering, or segregation (Hailu et al., 2019). These dumps become breeding grounds for disease-spreading flies, rats, and insects (Mussa and Suryabhagavan, 2021). Moreover, rainwater runoff from these dumps contaminates the surrounding land and water, further spreading diseases. On the other hand, landfills are excavated pits where garbage is dumped and covered, preventing the breeding of flies and rats (Semaw, 2018). A layer of soil is added on top of the garbage each day, and the waste is compressed using earth-moving equipment, forming a cell (Erasu et al., 2018). However, there is a risk of contamination and leaching when water seeps through the landfill. To address this issue, sanitary landfills are constructed with impermeable materials such as plastics and clay, and they are built over impermeable soil (Ebistu and Minale, 2013). Nevertheless, the construction of sanitary landfills is expensive and challenging, particularly for newly developed urban communities (Shah et al., 2018). In some cases, incineration is used, where a large amount of waste is burned in furnaces. However, this method produces high concentrations of hazardous toxins and pollutes the air and water, as some of the ash floats out with the hot air. Consequently, landfills remain the most common, cost-effective, and straightforward method of organized waste disposal in many parts of the world (Balasooriya et al., 2015; Mussa and Suryabhagavan, 2021; Jothimani et al., 2021).



1.5 Application of remote sensing in the process of selecting solid waste disposal sites

Remote sensing is an effective method for assessing and studying the environment and its resources (Balasooriya et al., 2015). It offers a comprehensive overview of a large surface area and can continuously monitor changes in the Earth’s surface and natural environment (Hasan et al., 2009; Balasooriya et al., 2015; Khan et al., 2022). The use of multi-spectral capabilities allows for the comparison of different characteristics. Additionally, remote sensing serves as a valuable tool for detecting and analyzing the Earth’s surface, estimating and investigating various features, and conducting inventories of the environment and its resources (Chen and Kao, 2008; Coban et al., 2018). By combining remotely sensed data with other landscape factors in GIS software packages, it becomes possible to capture, store, integrate, estimate, and analyze information effectively (Safavian et al., 2015; Ebistu and Minale, 2013). In the context of waste disposal site selection, remote sensing plays a crucial role by providing satellite images that can extract relevant criteria such as Normalized Difference Vegetation Index (NDVI), Land use Land cover (LULC), slope, river networks, lineaments, and surface water (Nas et al., 2010; Akurugu et al., 2018). This approach offers a cost-effective, efficient, and timely solution for identifying potential waste disposal locations while considering natural, political, and legislative factors (Ampofo et al., 2015).



1.6 Application of GIS in the process of selecting solid waste disposal sites

Due to its ability to efficiently store, retrieve, analyze, and display information, as well as manage large amounts of spatially distributed data from various sources, GIS is ideal for conducting early site selection studies (Rahman et al., 2008). It utilizes data from diverse sources such as remote sensing data, scanned maps, digitized data, and field data (Penido et al., 2009; Rafiee et al., 2011; Torkayesh et al., 2021; Ampofo et al., 2023). The process of identifying suitable solid waste disposal sites is a complex and time-consuming task that involves evaluating numerous factors (Chang et al., 2008), which are influenced by a variety of laws, regulations, and existing conditions in the area. In this scenario, GIS demonstrates a high capacity for handling extensive data volumes and accommodating changes in the data (Asefa and Mindahun, 2019). Therefore, GIS tools are well-suited for site suitability assessments and provide accurate results in an effective manner (Ersoy and Bulut, 2009; Khan and Samadder, 2014), as they facilitate efficient data manipulation and presentation. The GIS analytical tool can be utilized to validate the spatial parameters defined during the site selection process, aiding in the identification of potential waste disposal sites in different locations (Chen and Kao, 2008; Şener et al., 2011a; Khan and Samadder, 2014).



1.7 Application of AHP model in the process of selecting solid waste disposal sites

The process of siting solid waste disposal sites involves handling a significant amount of spatial data, regulatory requirements, and acceptance criteria while establishing efficient correlations among them (Vatalis and Manoliadis, 2002; Chang et al., 2008; Ersoy and Bulut, 2009; Jothimani et al., 2021). Geographic Information System (GIS) and remote sensing have emerged as powerful tools in site selection due to their ability to integrate multiple spatial datasets, analyze environmental parameters, and generate suitability maps with high accuracy (Şener et al., 2011a; Kontos et al., 2005). Several studies have demonstrated the effectiveness of GIS in waste disposal site selection by incorporating environmental, social, and economic criteria to ensure sustainable waste management (Higgs, 2006; Al-Khatib et al., 2023). Recent research highlights that remote sensing, coupled with GIS, enhances spatial decision-making by providing up-to-date land cover and topographic data, which are crucial for evaluating site suitability (Yildirim et al., 2018; Sasikumar et al., 2022). Studies have applied GIS-based techniques to assess land use, proximity to water bodies, road networks, and soil types, thereby optimizing landfill site selection (Lee et al., 2001; Leão et al., Leao et al., 2004; Jovanovic et al., 2016). However, despite these advancements, there remains a gap in the integration of GIS with robust decision-support models tailored to specific local conditions, such as those in Ethiopia.

Multi-Criteria Decision Analysis (MCDA) has been widely employed in solid waste disposal site selection to facilitate systematic evaluation of multiple conflicting factors. MCDA methods, such as the Aggregated Indices Randomization Method (AIRM), fuzzy AHP, Analytic Network Process (ANP), Best Worst Method (BWM), and fuzzy TOPSIS, have been utilized in decision-making for landfill site selection (Saaty, 2008; Lee et al., 2001; Ampofo et al., 2022). These methods help decision-makers rank and prioritize suitable sites based on environmental, socio-economic, and topographical constraints while minimizing costs and potential ecological damage (Hashim, 2013; Yoon et al., 2017). Among these, the Analytic Hierarchy Process (AHP) remains the most widely used MCDA model due to its simplicity, flexibility, and compatibility with GIS-based spatial analysis (Aragonés-Beltrán et al., 2010; Khan and Samadder, 2014). AHP enables systematic weighting of criteria through pairwise comparisons, providing a structured approach to prioritizing site selection parameters (Saaty, 2008). Previous studies have successfully applied AHP to landfill site selection by integrating factors such as proximity to urban areas, groundwater vulnerability, topography, and transportation networks (Mortazavi Chamchali et al., 2021; Kebede and Ayenew, 2023).

Despite the extensive application of GIS, remote sensing, and MCDA models in landfill site selection, limited studies have focused on integrating these tools within the Ethiopian context. While AHP has been applied in various site selection studies globally, there is a lack of research detailing the specific criteria weights and thematic layer combinations most relevant to Ethiopia’s unique socio-environmental conditions. Additionally, while previous studies have incorporated criteria such as land use, water sources, and slope, there is limited empirical evidence on the relative impact of each factor within different ecological zones (Khan and Samadder, 2014; Weerakoon, 2002). This study addresses these gaps by integrating GIS, remote sensing, and AHP to develop a robust landfill suitability model tailored to Gimba town, Ethiopia. Unlike prior studies, which often relied on default weighting schemes, this research employs a structured AHP framework to derive factor weights specific to local conditions. Moreover, it considers nine thematic layers soil texture, geology, land use and land cover, proximity to fault lines, built-up areas, roads, rivers, groundwater withdrawal points, and slopes ensuring a comprehensive and context-specific analysis. By bridging the methodological gap, this study contributes to enhancing sustainable waste management practices in Ethiopia.



1.8 Solid waste disposal site selection

As a prerequisite for effective solid waste management, investigating suitable solid waste dumping sites plays a great role in reducing the waste volume, minimizing potential environmental impacts, and protecting the health and well-being of urban communities (Casini et al., 2015; Saeed et al., 2008; Al-Khatib et al., 2023; Semaw, 2018). Different organizations from different parts of the world including the Minnesota Pollution Control Agency (MPCA) (2005), Alberta Environment Protection Agency (AEPA) (2010), Iran Environmental Protection Agency (IEPA) (2010), Ethiopian Minister of Urban Development and Construction (EMUDC) (2012), British Colombia Ministry of Environment (BCME) (2016), and many others have set several benchmarks to select sound waste disposal sites with no or minimum risk on human health, environmental conditions, and other downstream ecosystems. The most commonly considered parameters in the above-mentioned organizations and the works of many researchers across the world include surface water, topography, protected areas, groundwater, drainage pattern, land use-land cover (LULC), Settlement, geology and road network (Demesouka et al., 2014; El Maguiri et al., 2016; Erasu et al., 2018; Susunaga-Miranda et al., 2023). Solid waste disposal site selection procedures must satisfy basic government regulations, and also take into account how to minimize factors on health, economic, environmental, and social costs (Chang et al., 2008; Torabi-Kaveh et al., 2016).

Even though field studies are extremely useful in investigating fitting waste dumping sites, it tends to be tedious, costly, time-consuming, and complex to characterize the different parameters considered while processing. And thus remote sensing, GIS, and AHP are ideal to simplify and speedup the complex and long lasting solid waste disposal site selection procedure (Jothimani et al., 2021; Troschinetz and Mihelcic, 2009; Ampofo et al., 2022). Therefore this study aims to investigate suitable landfill site with MCDA method along with remote sensing and GIS applications for Gimba town, Ethiopia.




2 Description of the study area

Tulu Awliya, a rapidly urbanizing town in Ethiopia, was selected as the study area due to its significant waste disposal challenges, which mirror broader issues faced by emerging urban centers in the country. Ethiopia, as the second most populous nation in Africa, generates substantial waste due to both its growing population and the accelerated pace of urbanization (Sharma and Jain, 2020). Between 2015 and 2020, daily waste generation in Ethiopia increased from 9,700 to 12,200 tonnes, with projections indicating a potential doubling of waste levels by 2030 (Kebede and Ayenew, 2023). Despite the enactment of the Solid Waste Management Proclamation (No. 513 of 2007) to enhance waste management capacity and economic recovery from waste, its implementation has faced persistent obstacles, limiting its effectiveness. Tulu Awliya exemplifies these challenges, making it a relevant case study. The town has witnessed rapid population growth, surging from approximately 10,000 residents in 2015 to an estimated 35,000 in 2024, with an annual growth rate of 2.8% (Sisay, 2024). This demographic expansion has outpaced infrastructure development, leading to mounting waste disposal issues and their associated environmental and health risks.

Currently, Tulu Awliya generates around 15 metric tons of solid waste daily, yet only 40% is formally collected, leaving a significant portion uncollected and improperly disposed of in open areas or near water bodies. This has led to severe environmental contamination, including bacterial pollution of nearby water sources exceeding WHO standards by 40% and increased incidences of vector-borne diseases such as malaria and diarrhea (Belay et al., 2024). A 2023 survey conducted by the Gimba Town Municipality found that 80% of households reported problems related to unpleasant odors. Furthermore, a waste composition analysis revealed that 60% of the waste generated is organic, with plastics and other non-biodegradable materials accounting for 25% (Gimba Town Municipality, 2023). The improper disposal of this waste exacerbates pollution, with open burning contributing to air contamination and illegal dumping threatening water quality.

Geographically, the study area is located in the southern part of the Wollo Zone within the Amhara Regional State on the northeastern plateau of Ethiopia. It lies approximately 480 km from Addis Ababa along the Dessie route, with coordinates ranging from latitude 10° 54′ 30″ to 11° 2′ 40” N and longitude 39° 11′ 0″ to 39° 20′ 0″ E (Figure 1A), covering a total area of 164.4 km2. The elevation varies between 2,531 m and 3,764 m above sea level (Figure 1B). The region features a dendritic drainage pattern, characterized by tree-like branching tributaries. This natural drainage system, combined with limited formal waste collection services, has led many residents to use streambanks as makeshift dumping sites. The town’s climate is predominantly cold, locally referred to as “Kur,” persisting for most of the year. Soil data from Food and Agriculture Organization (FAO) indicate that Tulu Awliya is predominantly covered by sandy loam and clay soils. Geological surveys further classify the area into three major geological formations: Dessie Basalt Formation (Tdb), Tarmaber–Megezez Basalt (Ttb), and Alluvial Quaternary Sediments (Qal), with the Tarmaber-Megezez Formation being the most widespread (Figure 2).

[image: Figure 1]

FIGURE 1
 Location map (A), physiography map of the study area (B).
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FIGURE 2
 Clay soil (A), weathered Tarmaber-Megeze basalt (B).




3 Materials and methodology


3.1 Types and sources of data and software

Nine thematic criteria, built-up areas, slope, proximity to rivers, groundwater withdrawal points, land use and land cover, fault lines, roads, geology, and soil texture were analyzed to determine suitable landfill locations. The selection of the nine thematic criteria built-up areas, slope, proximity to rivers, groundwater withdrawal points, land use and land cover, fault lines, roads, geology, and soil texture was based on their environmental, socio-economic, and regulatory relevance in determining suitable landfill locations. These criteria were prioritized after an extensive review of solid waste management studies, national environmental policies, and consultations with experts in waste management, geospatial analysis, and environmental science. Built-up areas were considered to minimize public health risks and social conflicts, ensuring that the landfill is located at a safe distance from residential and commercial zones. Slope plays a crucial role in site stability, as steep slopes can increase erosion and leachate runoff, contaminating nearby water bodies. Proximity to rivers and groundwater withdrawal points was included to prevent water pollution, a key environmental concern in landfill site selection. Land use and land cover influence site accessibility and potential land-use conflicts, while fault lines were considered to avoid geologically unstable areas that could lead to structural failure of landfill liners. Road networks were included to ensure efficient waste transportation and minimize logistical costs. Geology and soil texture were prioritized because impermeable soil and suitable geological formations help reduce leachate infiltration and groundwater contamination. The selection of these criteria over others was guided by international landfill siting guidelines and Ethiopian environmental regulations, ensuring the model’s applicability to the study area.

To ensure a comprehensive and reliable site selection process, various geospatial datasets and remote sensing tools were utilized. The land use/land cover (LULC) and built-up maps were generated from a 2023 Landsat 8 OLI image with a 30 m resolution, obtained from the United States Geological Survey (USGS). To extract slope and river network parameters, a high-resolution 12.5 m digital elevation model (DEM) was acquired from the Alaska Satellite Facility. Additionally, geological and fault proximity maps were developed by digitizing the geological map of the Dessie area, sourced from the Geological Survey of Ethiopia (GSE). Soil texture classification was derived from FAO’s digital soil maps, while groundwater well locations were recorded using GPS during field surveys. The integration of these diverse datasets provided a robust analytical framework for evaluating site suitability. The datasets and their respective sources are given in Table 1.



TABLE 1 Data sources and formats.
[image: Table1]

The analysis was conducted using ArcGIS 10.7, ERDAS Imagine 2015, and the AHP model extension. ArcGIS was employed for digitization, spatial analysis, and thematic mapping, while ERDAS Imagine was used to classify Landsat 8 images into LULC categories and detect built-up areas. The AHP model extension in ArcGIS facilitated multi-criteria decision-making by calculating weight factors, consistency indices, and confusion matrices, ensuring the accuracy and reliability of the final suitability map. By integrating these datasets and analytical tools, the study effectively identified and ranked suitable sites for solid waste disposal in Gimba. The resulting classification map serves as a critical decision-support tool for urban planners and policymakers in optimizing waste management strategies.



3.2 Preparations of thematic layers

The process of creating thematic layers involves various steps such as digitizing maps, buffering, digital image processing of remote sensing data, and integrating field data to extract relevant information. In order to generate thematic maps for slope, soil texture, fault, road network, built-up areas, geology, land use and land cover (LULC), groundwater well points, and river network, remote sensing data (DEM and Landsat8 OLI) and field data were utilized within a GIS environment. To create a LULC map, a cloud-free Landsat 8 OLI-TIRS image with a combination of seven bands (band 1 to band 7) was employed. This image was subjected to supervised image classification using the maximum likelihood algorithm classifier. For the groundwater well points, location data collected from field surveys were used and then buffered. All the data layers were rectified to ensure they have the same size and projection system. To determine the proximity of certain features, such as roads, rivers, and built-up areas, buffering was performed at intervals of 500 meters. For fault proximity and groundwater well points proximity, buffering was done at intervals of 1,000 meters. These proximity layers were then classified into five subclasses based on previous studies. Finally, the road, fault, river, built-up, groundwater well points, geology, and soil texture thematic layers were rasterized using ArcGIS.



3.3 Weighting and ranking of thematic parameters

Weighting each thematic parameter is necessary because not all thematic layers have the same impact on waste disposal site selection. To determine the weights of the parameters and identify the most suitable landfill site, the GIS-based AHP technique was employed. The process involved ranking the classes in each layer, assigning weights to the thematic layers, calculating the factor weight for the nine thematic layers, and testing the consistency ratio using the Saaty AHP concept (Saaty, 2008). A pair-wise comparison square matrix was created to compare all nine thematic layers (slope, soil texture, fault, road network, built-up, geology, LULC, GW well point, and river network) against each other using Saaty’s 1–9 scale (Table 2). The IDRIS Selva AHP extension package was utilized to calculate the weight for each parameter and the consistency ratio of the 9 by 9 pair-wise comparison matrices, following a specific set of steps (Lee et al., 2001).



TABLE 2 Saaty’s Scale for assignment and its interpretation shows the pair-wise comparison process (Saaty, 2008).
[image: Table2]

Step 1: Creating a hierarchical structure.

Step 2: Create a pair-wise comparison grid—based on the relative importance of the goal considering n criteria to be compared (in this case nine thematic layers: slope, soil texture, fault, road network, built-up, geology, LULC, GW well point, and river network), such a 9 by 9 square matrix A = (aij) where i and j symbolize the row and the column, respectively, are produced. After creating the matrix, A = aij, the matrix below the main diagonal was filled by taking the reciprocal values of the matrix of the main diagonal using the formula aij = 1/aji as shown in Equation 1:

[image: image]

Step 3: add all the elements of column j of the matrix A using Equation 2 gives:

[image: image]

Step 4: Divide all the elements of the column by the sum of the column to get the normalized pairwise matrix Equation 3 (divide a matrix aij = pi/Pj Equation 1 by Equation 2):

[image: image]

The Criteria weight of a row ‘i’ (wi) is calculated as the average of elements Equation 3 of the row ‘i’ or the sum of elements of row ‘i’ of the normalized pairwise matrix to the number of parameters (thematic layers) Equation 4:

[image: image]

Step 5: Determine the consistency: The consistency ratio (CR) evaluates the consistency of the pair-wise comparison grid. According to Saaty (2008), matrices with a CR value greater than 0.1 are rejected, and the process should be repeated until the weight assignment is accurate and the CR value is less than 0.1. The CR is calculated using Equation 5:

[image: image]

Here, CR represents the consistency ratio, CI represents the consistency index, and RI represents the random index. The consistency index (CI) can be computed using Equation 6:
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Where, λmax denotes the largest Eigenvalue of the pair-wise comparison matrix. To calculate λmax, multiply the normalized value from Equation 3 by the respective weight from Equation 4, and then sum up the products. The value of n represents the number of parameters, as shown in Equation 7:
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Additionally, RI refers to the random index (Saaty’s ratio index). Table 3 provides the RI values for different n values. In this study, which includes nine parameters, the random index (RI) value is 1.45.



TABLE 3 Saaty’s ratio index (RI) for different values of n (Saaty, 2008).
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3.4 Overlay analysis

Overlay analysis involves the integration of IDRS Selva software, AHP extension package and ArcGIS 10.7 weighted overlay algorithm. This analysis incorporates dispensing rates for different classes in a layer and weights for nine thematic layers. By utilizing Equation 8 in a spatial analysis tool, the final Solid Waste Disposal site (SWDS) map was generated. The SWDS index, derived from the AHP model, represents a range of index values that are subsequently classified into four suitability classes: unsuitable, less suitable, suitable, and highly suitable.
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Where SWDS = solid waste disposal sites, Wi = weight for each parameter, and Ri = rates for the classes within the thematic layer generated from AHP. General workflow of the study illustrating the sequential steps followed for solid waste disposal site selection. The process begins with data collection and preparation of thematic layers, followed by the application of the Analytic Hierarchy Process (AHP) to assign weights to each criterion. Weighted overlay analysis is then conducted in the Geographic Information System (GIS) environment to generate a suitability map, culminating in the identification of optimal landfill sites for Gimba Town (Figure 3).
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FIGURE 3
 General work flow for the study.





4 Results and discussions


4.1 Thematic layers


4.1.1 Slope

Slope is a critical factor in landfill site selection, as it directly influences construction feasibility, operational stability, and environmental impact. The results of this study indicate that only 12.6% (20.8 km2) of the study area falls within the highly suitable category (5–10% slope), while 9.7% (15.9 km2) is classified as suitable (0–5% slope). In contrast, a significant portion of the study area—29.2% (48.0 km2) and 28.7% (47.3 km2)—was identified as unsuitable and less suitable, respectively, due to steep slopes or excessively flat terrain (Table 4, Figure 4A). The findings align with established standards, where slopes between 5 and 15% are generally recommended for landfill construction (Casini et al., 2015; Eskandari et al., 2016). This range ensures that the site is neither too steep—leading to structural instability and increased leachate flow risks—nor too flat, which could result in poor drainage and water accumulation. However, certain studies propose a narrower range of 8 to 12% as optimal for both construction ease and effective drainage management (Mihiretie, 2020). The observed distribution in Gimba town suggests that terrain constraints significantly limit landfill suitability, reinforcing the importance of integrating topographical assessments in site selection.



TABLE 4 Classification, rank, and area of slope factor.
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FIGURE 4
 Maps for: Slope class (A), proximity to river (B), soil texture (C), geologic unit (D), proximity to fault (E), LULC (F), proximity to road (G), proximity to built-up (H), Proximity to GWW well points (I).


The suitability classifications derived from the ALOS PALSAR digital elevation model (12.5 m resolution) and ranked using the Kontos et al. (2005) methodology align with findings from Leao et al. (2004), Şener et al. (2011a), Safavian et al. (2015), Asefa et al. (2021), Jothimani et al. (2021), Wang et al. (2022), and Majid and Mir (2021). These studies emphasize the critical role of slope in landfill stability, particularly in regions with rugged terrain where construction feasibility becomes a concern. The high percentage of unsuitable and less suitable areas in Gimba town suggests that alternative engineering interventions, such as slope stabilization measures or landfill site modifications, may be necessary to accommodate waste disposal demands. The predominance of unsuitable and less suitable land underscores the need for multi-criteria decision-making approaches that go beyond slope considerations. While slope is a key determinant, landfill siting should integrate hydrological, geological, and socio-environmental factors to ensure sustainability. Given that nearly 58% of the study area is classified as less suitable or unsuitable, it is crucial to explore alternative solutions such as engineered landfill designs, slope modification techniques, and decentralized waste management strategies to enhance landfill viability. In conclusion, the findings highlight the topographical limitations of Gimba town in accommodating landfill sites. Future studies should consider advanced terrain modeling and hydrological risk assessments to refine site selection further, ensuring that waste disposal practices minimize environmental risks while optimizing land use efficiency.



4.1.2 Proximity to rivers

The results indicate that a significant portion of the study area is unsuitable for solid waste disposal due to its proximity to surface water bodies. Specifically, 76.3 km2 (46.4%) of the area falls within the highly unsuitable category (<500 meters from rivers), while 50.5 km2 (30.7%) is classified as less suitable (501–1,000 meters). This aligns with international guidelines, which emphasize the need for buffer zones to prevent leachate contamination and protect water quality (Kontos et al., 2005; Fenta, 2017). The Amhara National Regional State, through its Regional Hygiene and Environmental Executive Committee, mandates strict regulations (No.16/2000) prohibiting waste dumping in rivers, streams, and lakes. Furthermore, Ethiopian guidelines [Ethiopian Minister of Urban Development and Construction (EMUDC), 2012] recommend maintaining at least a 1,000-meter distance from streams to minimize water pollution risks. However, the findings suggest that only 7.6 km2 (4.2%) of the study area qualifies as either suitable or highly suitable for landfill siting, raising concerns about the availability of appropriate locations for waste disposal (Table 5, Figure 4B). The results reinforce previous research findings that inadequate buffer zones between landfills and water bodies increase contamination risks (Kontos et al., 2005; Fenta, 2017). While some international standards suggest a minimum 500-meter buffer, the Ethiopian Ministry of Urban Development and Construction [Ethiopian Minister of Urban Development and Construction (EMUDC), 2012] proposes a 1,000-meter buffer for safer waste disposal. Given that 77.1% of the study area falls within these restricted zones, the feasibility of landfill site selection in Gimba town is significantly constrained. These findings suggest that the selection of solid waste disposal sites in the region requires careful consideration of alternative waste management strategies. The high percentage of unsuitable areas highlights the need for engineered landfills with advanced leachate treatment systems or decentralized waste processing solutions to mitigate environmental risks. Overall, the findings highlight the severe spatial limitations for landfill site selection in Gimba town due to water proximity constraints. Future research should explore multi-criteria approaches integrating hydrological, geological, and socio-economic factors to develop a comprehensive waste management strategy that ensures environmental and public health safety.



TABLE 5 Classification, rank, and area of proximity to river factor.
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4.1.3 Soil texture

The findings indicate that soil texture plays a crucial role in determining the suitability of landfill sites. In the study area, two primary soil types clay and sandy loam were identified (Figure 4C). The analysis reveals that clay-rich soils, which account for 48.4 km2 (29.5%) of the area, are highly suitable for landfill siting, whereas sandy loam, covering 116 km2 (70.5%), is deemed unsuitable due to its high permeability (Table 6). These results are consistent with previous studies highlighting that low-permeability soils, particularly those with high clay content, are more effective in preventing leachate infiltration and groundwater contamination (Şener et al., 2011b; Yesilnacar and Cetin, 2008). Clay soil’s high retention capacity and low hydraulic conductivity reduce the risk of pollutant migration, making it the preferred choice for landfill construction (Eskandari et al., 2016; Rahmat et al., 2017). Conversely, sandy loam’s high infiltration rate poses a significant environmental hazard, as it facilitates the rapid movement of leachate into the groundwater system, potentially contaminating drinking water sources (Bagchi and Mitra, 2017; Magoura et al., 2023). Furthermore, given that only 29.5% of the study area is geologically suitable for landfilling, future site selection efforts should integrate hydrogeological assessments, soil stability analysis, and long-term environmental impact studies to ensure sustainable waste disposal practices. Land use planning policies should also restrict landfill development in high-permeability zones to protect groundwater resources (Rahmat et al., 2017; Magoura et al., 2023). Overall, the findings underscore the critical role of soil texture in landfill site selection and the urgent need for adaptive waste management strategies in regions dominated by permeable soils. Future research should focus on integrating geotechnical and hydrological criteria with socio-economic considerations to develop a comprehensive, risk-based landfill siting framework.



TABLE 6 Classification, rank, and area of soil texture factor.
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4.1.4 Geology

The geological characteristics of the study area play a crucial role in determining the appropriateness of landfill sites, particularly in relation to permeability and structural stability. The analysis identifies three major geological units: alluvial sediments (Qal), Dessie Formation (Tdb), and Tarmaber-Megezez Formation (Ttb) (Figure 4D). Each unit exhibits distinct hydrogeological properties that impact landfill suitability. The alluvial sediments, covering 61.6 km2 (37.5%) of the study area, are highly permeable and geologically weak due to their lack of consolidation (Woldegebriel, 2019). This makes them unsuitable for landfill siting, as high permeability facilitates the rapid leaching of contaminants into groundwater (Ayenew, 2007). Previous studies have also highlighted the vulnerability of unconsolidated sediments to groundwater contamination, emphasizing the need to avoid waste disposal in such areas (Javaheri et al., 2007; Yesilnacar and Cetin, 2008). Conversely, the Dessie Formation, which comprises fine to medium-grained basalts and spans 3.9 km2 (2.4%), is classified as highly suitable for landfill development. The low permeability and compact nature of basaltic formations significantly reduce the risk of leachate infiltration, a key factor in ensuring long-term environmental safety (Eskandari et al., 2016). Similarly, the Tarmaber-Megezez Formation, composed of coarse-grained basalts, dominates 98.9 km2 (60.1%) of the study area and is deemed suitable for landfill siting (Kabite et al., 2012; Balcha et al., 2022). The compactness and durability of basaltic formations have been widely recognized as ideal geological conditions for landfill construction due to their low hydraulic conductivity and high structural integrity (Rahmat et al., 2017; Magoura et al., 2023). Moreover, land-use policies should prohibit landfill development in alluvial sediment zones to safeguard groundwater quality. Future waste management strategies should integrate geological and hydrogeological assessments with socio-economic and environmental considerations to ensure sustainable and scientifically sound landfill site selection (Table 7).



TABLE 7 Classification, rank, and area of geology factor.
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4.1.5 Proximity to faults

The analysis of fault proximity in the study area revealed significant implications for landfill siting, particularly in regions characterized by tectonic activity. The findings indicate that approximately 43.5 km2 (26.5%) of the area, located within 1,000 meters of fault lines, is unsuitable for landfill development due to the high permeability of soils in fault zones. This elevated permeability increases the risk of groundwater contamination, as faults often act as conduits for leachate migration from waste disposal sites. As a result, placing landfills too close to fault lines can lead to the pollution of underground water sources, posing a serious environmental threat (Rafiee et al., 2011). Moderately suitable areas, covering 24 km2 (14.6%) of the study region, were identified where fault-induced permeability is somewhat lower. However, even in these areas, the risk of leachate migration remains a concern, requiring the implementation of precautionary measures such as containment systems to mitigate potential contamination. In contrast, sites located further from fault lines, covering 14.5 km2 (8.8%) for suitable areas and 42.8 km2 (26%) for highly suitable areas, were found to be at a much lower risk. These areas exhibit minimal permeability and are less likely to experience structural failure or groundwater pollution, even during seismic events.

The spatial distribution of fault proximity and suitability zones highlights the importance of strategic planning in landfill site selection. The results suggest that approximately 57.3 km2 (34.8%) of the study area is considered safe for landfill siting, emphasizing the need for informed decision-making that takes into account the geological characteristics of the region. This finding is consistent with previous studies, which have shown that fault zones, due to their fractured and faulted nature, present higher hydraulic conductivity, making them unsuitable for waste disposal without significant engineering interventions (Yesilnacar and Cetin, 2008). Moreover, landfills located in tectonically active areas are more vulnerable to structural failure, particularly in the event of seismic activity, which can compromise waste containment systems and exacerbate environmental risks (Ebrahimi et al., 2016). These results underscore the critical need for a combination of geological risk assessments and appropriate engineering measures when selecting landfill sites in tectonically active regions. The findings also highlight the necessity for policies and regulations that prioritize the avoidance of fault-prone areas for landfill siting. Such an approach would not only reduce the potential for groundwater contamination but also safeguard infrastructure and ensure the long-term sustainability of waste management practices in the region (Table 8).



TABLE 8 Classification, rank, and area of proximity to fault factor.
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4.1.6 Land use land cover (LULC)

The analysis of Land Use and Land Cover (LULC) in the study area, based on Landsat 8 OLI satellite imagery and supervised classification, revealed a diverse landscape that influences the suitability for solid waste disposal. The study classified the LULC into four main categories: built-up areas, farmlands, vegetation (including bushes, shrubs, and trees), and bare land and grasslands. These categories were determined using inputs from field surveys, previous studies, and the overall suitability of the area for solid waste disposal. The classification results were visualized in a map (Figure 4F), which provided a clear spatial representation of land cover types across the region. The findings suggest that bare land and grasslands, which constitute 25.2 km2 (15.4%) of the study area, are highly suitable for solid waste disposal. These areas are largely unutilized, with minimal environmental value in comparison to agricultural or built-up lands, making them ideal candidates for waste disposal, as they are less likely to cause contamination or negative impacts on surrounding ecosystems. This result is consistent with previous studies, such as those by Ethiopian Minister of Urban Development and Construction (EMUDC) (2012) and Balasooriya et al. (2015), which identified bare lands and grasslands as optimal sites for waste disposal due to their lower ecological sensitivity and reduced risk of pollution.

In contrast, built-up areas and farmlands were found to be unsuitable or less suitable for solid waste disposal. Built-up areas, which include infrastructure such as houses and roads, are inherently unsuitable due to the risks of waste affecting social health, contaminating nearby environments, and disrupting urban functionality. Farmlands, covering a significant portion of the study area, were classified as less suitable due to the potential negative effects of waste on agricultural productivity, such as soil contamination and reduced economic value. The proximity of waste to farmlands could also lead to public health issues, including the contamination of water supplies and soil. The land cover classification also revealed that built-up and farmland areas contribute approximately 7.55% to the overall suitability criteria for Solid Waste Disposal Site (SWDS) mapping. This proportion highlights the relatively low suitability of these land use types for waste disposal, reinforcing the importance of considering land use patterns when selecting appropriate sites for landfill or waste management facilities. Overall, the study’s LULC classification provides valuable insights into the spatial distribution of suitable and unsuitable areas for solid waste disposal. By identifying bare land and grasslands as highly suitable and built-up areas and farmlands as unsuitable or less suitable, the findings emphasize the need for strategic planning in waste disposal site selection, taking into account both environmental and socio-economic factors to minimize negative impacts (Table 9).



TABLE 9 Classification, rank, and area of LULC factor.
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4.1.7 Proximity to road

The analysis of road proximity in the study area, based on a road map created using Google Earth Pro and topographic data, revealed key findings regarding the suitability of locations for solid waste disposal. The study defined a buffer zone at 500-meter intervals from the road (Figure 4G) to evaluate the impact of road accessibility on site selection. As indicated by previous research (Nas et al., 2010), waste disposal sites should be sufficiently accessible for transportation while being far enough from main roads to avoid exacerbating public health concerns associated with urban waste. The recommended distance for locating solid waste disposal sites from major roads ranges between 1,000 and 2,000 meters, as suggested by Ethiopian Minister of Urban Development and Construction (EMUDC) (2012). The results from the study confirm this guideline, with approximately 45.7 km2 (27.8%) of the area identified as suitable or highly suitable for solid waste disposal, falling within the optimal distance range of 1,000–2,000 meters from main roads.

Conversely, areas within 500 meters of the road were classified as unsuitable for solid waste disposal due to the increased risk of environmental and public health issues. Waste disposal sites located too close to urban roads can lead to negative impacts, such as the spread of contaminants through dust, improper waste management affecting nearby residential areas, and the overall degradation of the environment. This issue aligns with findings from various studies that highlight the importance of maintaining adequate distance from main roads to avoid exacerbating risks associated with waste accumulation near populated areas. Overall, the proximity to road networks contributes approximately 5.29% to the overall suitability weight for the Solid Waste Disposal Site (SWDS) mapping study. This analysis emphasizes the delicate balance between accessibility for waste transport and the need to minimize adverse environmental and public health impacts, particularly in urbanized regions. The findings reinforce the importance of careful planning and consideration of road networks when selecting sites for waste disposal, ensuring that these sites are both accessible for operational needs and adequately distanced from sensitive areas to mitigate risks (Table 10).



TABLE 10 Classification, rank, and area of proximity to road factor.
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4.1.8 Proximity to built-up

The proximity of solid waste disposal sites to settlement areas, which include residential, commercial, and institutional zones, is a critical factor in determining the suitability of a site for waste management. In densely populated urban areas, the location of waste disposal facilities is particularly important due to the potential health, environmental, and socio-economic impacts on nearby residents. This study found that the disposal of solid waste near settlement areas poses significant challenges, especially concerning public health risks, nuisance from odors and noise, and the disruption of property values. According to the Environmental Protection Authority (EPA) (2007), it is recommended that solid waste disposal sites be located at least 500 meters away from any urban residential or commercial area. However, additional studies, including those by Ethiopian Minister of Urban Development and Construction (EMUDC) (2012), Ersoy and Bulut (2009), and Hasan et al. (2009), suggest that a more cautious approach would involve placing waste disposal sites at least 1 kilometer away from built-up areas to minimize adverse effects on public health and quality of life. These guidelines were incorporated into the current study, which used ArcGIS software to create buffer zones with 500-meter intervals around built-up areas, resulting in five proximity classes (Figure 4H).

The analysis revealed that areas within 1,000 meters of settlement zones are unsuitable for solid waste disposal. The proximity to urban centers increases the risk of a variety of issues, including contamination of the environment, the spread of disease, and public dissatisfaction due to noise and odor. Furthermore, solid waste disposal sites in close proximity to settlements may lead to a decline in property values, the presence of scavenging animals, and increased human-wildlife conflicts, all of which further highlight the unsuitability of these areas for waste management. The study calculated the influence of proximity to built-up areas as 30.68%, emphasizing the importance of this criterion in the overall suitability assessment for solid waste disposal site selection. As such, the findings underscore the need for careful consideration of settlement proximity when planning waste disposal facilities. To adhere to established guidelines and minimize the negative impacts on urban populations, it is essential to identify waste disposal sites located at a sufficient distance from built-up areas, thereby ensuring both public health and environmental protection (Table 11).



TABLE 11 Classification, rank, and area of built-up factor.
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4.1.9 Proximity to groundwater well points

The proximity of solid waste disposal sites to groundwater wells is a critical factor in ensuring the protection of groundwater resources. Inappropriate waste disposal can lead to contamination of groundwater aquifers, which is a significant environmental and public health concern. To mitigate this risk, it is essential to identify and select disposal sites that are located at a sufficient distance from groundwater wells. In this study, a total of 31 functional groundwater borehole locations were identified during the field survey. These locations were then buffered using proximity tools in ArcGIS software, with intervals set at 1000 meters, creating five distinct proximity categories (Figure 4I). Based on recommendations from Ouma et al. (2011), it is advised that waste disposal sites should be located at least 500 meters away from groundwater wells to minimize the risk of contamination.

The analysis revealed that areas within 500 meters of groundwater wells were classified as unsuitable for waste disposal. This zone, covering approximately 16.2 km2 (9.8%) of the study area, represents a high-risk zone where the potential for leachate migration and groundwater contamination is significant. Furthermore, areas located between 501 and 1,500 meters were deemed less suitable for waste disposal, encompassing an additional 44.3 km2 (26.9%) of the study area. While these areas carry a lower risk than those within 500 meters, they still present potential environmental hazards and should be avoided for waste disposal purposes. Conversely, approximately 53.3 km2 (32.4%) of the study area falls within the suitable and highly suitable zones for waste disposal, as these locations are situated at a safer distance from groundwater wells. These areas pose a lower risk of groundwater contamination, making them more suitable for solid waste disposal, provided that additional containment and monitoring measures are in place. In conclusion, the findings highlight the critical importance of ensuring that solid waste disposal sites are located a sufficient distance away from groundwater wells to safeguard water quality and public health. Areas within 500 meters and 501–1,500 meters of groundwater wells are unsuitable or less suitable for waste disposal due to the high risk of contamination, while sites located further from groundwater sources offer safer alternatives for waste management. This assessment emphasizes the need for careful site selection and adherence to recommended proximity standards to protect vital water resources (Figures 4A-I, 5A,B; Table 12).
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FIGURE 5
 Solid waste disposal suitability map (A), suitability rank map (B).




TABLE 12 Classification, rank, and area of GWWPs factor.
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4.2 AHP model analysis and suitability mapping

To systematically rank the importance of these criteria, the Analytical Hierarchy Process (AHP) was employed. This decision-making tool allows for the quantification of subjective judgments, balancing expert opinions with scientific literature to derive an objective weight distribution. Experts in waste management, environmental science, urban planning, and hydrology participated in constructing the pairwise comparison matrix, where each criterion was compared against the others based on its relative importance in landfill site selection. The eigenvector method was used to calculate final weights, ensuring a structured and mathematically consistent weighting process. To validate the assigned weights and minimize potential biases, a Consistency Ratio (CR) was computed. A CR value below 0.1 confirmed that the pairwise comparisons were logically consistent, reinforcing the reliability of the expert assessments. This step was essential in ensuring that the weighting process was not overly influenced by subjective judgments but instead reflected scientific consensus and practical landfill siting considerations.

The suitability of areas for solid waste disposal sites was determined by considering nine factors: built-up, slope, river, GWWPs, LULC, fault, road, geology, and soil texture. Each thematic layer map was created using ArcGIS 10.7 spatial analyst tools. These layers were classified, reclassified, and rasterized. The weight of each factor was determined through pairwise comparisons using AHP techniques to assess their relative importance in determining suitability. The AHP model extension in ArcGIS software was utilized to calculate criteria weight (W) and check consistency ratio (CR) for decision-making. The resulting CR for the pairwise matrix was 0.041, which is below the threshold of 0.1. The factor weights (W) for the nine thematic layers were automatically calculated as follows: 30.33% for built-up, 21.95% for slope, 15.01% for river, 11.04% for GWWPs, 7.48% for LULC, 5.44% for fault, 3.89% for road, 2.79% for geology, and 2.09% for soil textures (Table 13). The factor weight directly corresponds to the influence of a factor on the selection of solid waste disposal sites in the model. A higher factor weight indicates a greater influence.



TABLE 13 Pairwise matric, weight and consistency ratio.
[image: Table13]

Furthermore, the influence and contribution of each subclass within a thematic layer were used to assign ranks (R) to them in relation to solid waste disposal sites. Subsequently, by selecting the “create map” option the solid waste disposal suitability map was automatically generated. To prepare the solid waste disposal sites, the factor weight (W) was multiplied by the rank (R) of each subclass in the thematic layer map using Equation 9, which was executed in the software behind the model. The equation used for calculating the solid waste disposal suitability (SWDS) is as follows (Kontos et al., 2005; Kabite et al., 2012; Jothimani et al., 2021; Magoura et al., 2023).
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To generate the final landfill suitability map, a weighted overlay analysis was conducted in ArcGIS, integrating the nine thematic layers. Each layer was first standardized and reclassified into suitability classes, ensuring comparability. The final weights were then applied, and the layers were combined using a weighted linear combination (WLC) approach. Preprocessing steps, including spatial resampling and coordinate system standardization, were performed to maintain dataset consistency. The final landfill suitability map categorized areas into highly suitable, moderately suitable, and unsuitable zones, aligning with Ethiopian landfill site selection policies and international best practices. The accuracy of the model was verified through field assessments and comparative analysis with existing landfill sites, confirming the practical applicability of the proposed method. This map was then classified into four suitability classes: unsuitable, less suitable, moderately suitable, and suitable (Figure 5A). By analyzing the area of each suitability class in the ArcGIS environment, it was determined that 2.65 km (1.61%) and 56.91 km2 (43.62%) of the study area are unsuitable and less suitable for solid waste disposal sites. These areas are socially unfavorable, environmentally unfriendly, and economically important. They are also in close proximity to surface water, groundwater wells, built-up areas, faults, and roads, and have steep slope degrees (>200). Restricting the use of these areas is crucial in order to minimize negative impacts on the environment and public health. On the other hand, 78.38 km2 (47.69%) of the study area was found to be moderately suitable for solid waste disposal sites. Additionally, approximately 28.46 km2 (16.10%) of the study area is suitable for solid waste disposal sites. These areas have minimal effects on the environment and public health and are cost-effective, making them the most preferable locations for solid waste disposal sites.

The suitable areas for solid waste disposal sites are primarily located in the northern, eastern, and southern parts of Gimba town (Figure 5A). However, the suitable areas in the eastern and southern parts of the study area are situated in higher maintenance or elevated areas that serve as hydrogeologically recharge areas. Therefore, these areas are not recommended for dumping solid waste. On the other hand, the suitability areas in the northern part of the study area are the most favorable sites for solid waste disposal. These areas have the most suitable slope angles (50–100) and are located at optimal distances from roads, built-up areas, rivers, groundwater wells, and faults (Figure 5).



4.3 Landfill sites selected for waste disposal

The present study systematically reevaluates the areas identified as suitable for solid waste disposal, focusing on selecting the most optimal locations based on infrastructure proximity, hydrological and hydrogeological conditions, and socioeconomic factors. A key determinant of a sustainable waste disposal system is the size of the designated area. Generally, larger sites preferably those that can be utilized for a minimum of 10 years are favored due to their long-term sustainability and cost-effectiveness. Larger waste disposal sites reduce the need for repeated site selection, design, and construction, thereby minimizing operational expenses. In the case of Gimba and its surroundings, areas with a minimum coverage of 10 hectares were classified as most suitable, as determined through ArcGIS spatial analysis. Beyond size considerations, the final selection of suitable sites were refined based on multiple competing factors, including proximity to built-up areas, groundwater well protection zones (GWWPs), rivers, and roads. The proximity of waste disposal sites to urban settlements is a critical factor, as improper siting near residential areas poses serious public health risks and increases the likelihood of groundwater and surface water contamination particularly when located close to GWWPs and rivers. Such contamination threatens community well-being and ecological integrity. Additionally, proximity to main roads was a key consideration, as efficient transportation infrastructure is essential for waste collection and disposal logistics.

The suitability classification, as detailed in Table 14, highlights how certain areas were deemed less suitable despite meeting multiple criteria. This discrepancy arises due to factors such as competing land uses, slope limitations, and environmental constraints. For instance, while some locations may have favorable proximity to roads and urban areas, their high slope percentages (>15%) increase the risk of erosion and leachate runoff, reducing their overall suitability for waste containment. Furthermore, some regions may be designated for agricultural or residential purposes, limiting their viability for landfill development despite otherwise favorable conditions. Table 14 presents the ranked criteria, weighted based on their relative influence, with total percentages guiding the selection of the most suitable solid waste disposal sites. Based on these findings, the most appropriate sites for waste disposal are listed in order of suitability (Figures 5A,B).



TABLE 14 The best suitable sites, suitability scores and ranks.
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4.4 Validation of selected sites

To ensure the reliability and accuracy of the selected landfill sites, validation was conducted through a combination of ground verification and comparison with existing land use data. This validation process aimed to assess the consistency of the GIS-AHP model results with real-world conditions and existing spatial datasets. Field surveys were conducted to physically inspect the very highly suitable and highly suitable sites identified in the suitability map. These surveys focused on verifying land characteristics such as terrain, land use compatibility, proximity to water sources, and accessibility. Observations confirmed that the selected sites were free from major environmental and social constraints, such as high population density, agricultural activities, and protected areas. Photographic documentation and GPS coordinates were recorded to enhance the validation process.

The selected landfill sites were cross-checked against existing land use and land cover (LULC) datasets obtained from government agencies and previous studies. This comparison ensured that the proposed sites did not overlap with ecologically sensitive areas, residential zones, or culturally significant locations. The results indicated a strong correlation between the model outputs and existing land use classifications, reinforcing the reliability of the GIS-AHP approach in landfill site selection. To further validate the suitability of the identified sites, consultations were conducted with local urban planners, environmental experts, and municipal authorities. Their feedback was integrated to assess the socio-economic feasibility of the proposed landfill locations. The stakeholders acknowledged that the selected sites align with urban planning guidelines and do not pose significant conflicts with community interests. The validation process confirmed that the GIS-AHP model effectively identified landfill sites that meet both environmental and socio-economic criteria. The ground verification results and LULC comparison demonstrated a high degree of alignment with real-world conditions, while stakeholder feedback provided additional support for the model’s applicability in decision-making. These findings highlight the robustness of the methodology and underscore the importance of integrating field validation into GIS-based site selection studies.




5 Conclusion and recommendation

The improper handling of solid waste due to the absence of well-planned disposal sites, inadequate infrastructure, and limited awareness of appropriate site selection has resulted in severe environmental and public health challenges in Gimba town. These include the proliferation of vector-borne diseases, air pollution, and water contamination, with detrimental effects on both human well-being and ecological integrity. Effective solid waste management requires a strategic approach to site selection, integrating multiple environmental and socio-economic factors to ensure sustainability and minimal negative impacts. To address these challenges, this study employed an integrated Analytical Hierarchy Process (AHP) model with Geographic Information Systems (GIS) and remote sensing data to identify the most suitable waste disposal sites. The methodology incorporated nine thematic layers—soil texture, geology, land use and land cover, proximity to fault lines, built-up areas, roads, rivers, groundwater withdrawal points, and slopes—ensuring a comprehensive evaluation of potential sites. Each thematic factor was weighted according to its significance in waste disposal, and the AHP model’s consistency ratio (CR) was validated to ensure accuracy and reliability in the ranking process. The resulting suitability map classified locations into four categories: unsuitable, less suitable, moderately suitable, and suitable.

Through this analytical framework, eight optimal sites were identified based on their proximity to key environmental and infrastructural parameters. The highest-ranked site demonstrated an optimal balance between accessibility, environmental safety, and regulatory compliance. The accuracy of the AHP model was further validated through comparative analysis with existing waste disposal practices, highlighting its efficacy in mitigating environmental risks. The first-ranked site was selected based on its low risk of groundwater contamination, minimal proximity to densely populated areas, and accessibility for waste collection vehicles, demonstrating the model’s precision in aligning site selection with sustainability criteria. The findings underscore the urgent need for transitioning from open dumping practices to systematically planned waste disposal solutions. Given the increasing waste generation in urbanizing towns like Gimba, proactive measures must be taken to implement scientifically validated site selection strategies. The integration of GIS and AHP in solid waste management presents a scalable model for other urban centers facing similar challenges, providing a data-driven approach to enhancing environmental resilience and public health protection. Future studies should focus on incorporating real-time monitoring systems and public engagement strategies to further refine waste management practices and ensure community participation in sustainable urban planning. In addition future studies should incorporate stakeholder engagement by involving local authorities, environmental agencies, and communities in the decision-making process. This ensures transparency, addresses local concerns, and enhances site acceptance. A cost–benefit analysis should be conducted to evaluate financial feasibility, including construction, operation, and long-term maintenance costs. Assessing economic benefits, such as job creation and waste recycling potential, will strengthen policy decisions. Finally, long-term environmental and social impact assessments are essential to monitor groundwater quality, air pollution, and community health trends, ensuring sustainable waste management solutions.
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