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Abstract: Industrial waste-to-energy (WtE) systems have emerged as a strategic solution for 

addressing the dual challenges of increasing waste generation and rising energy demand. This 

study presents an integrated framework based on Geographic Information Systems (GIS) and Multi-

Criteria Decision Making (MCDM) for the prioritization and siting of WtE facilities under energy 

security constraints. The proposed approach combines spatial analysis with structured decision-

making techniques to evaluate technical, environmental, economic, and social criteria in a unified 

framework. GIS is utilized to process and visualize spatial variables such as land use, transportation 

networks, population density, waste generation patterns, and environmental sensitivity, enabling 

the identification of suitable locations for WtE development. MCDM methods, particularly the 

Analytical Hierarchy Process (AHP) and Fuzzy Analytical Hierarchy Process (FAHP), are employed 

to assign relative weights to evaluation criteria based on expert judgment while addressing 

uncertainty and inconsistency in decision making. The integration of these methodologies allows 

for the development of suitability maps that classify potential sites based on their feasibility and 

sustainability performance. Environmental considerations, including soil characteristics, proximity 

to water bodies, and topographical conditions, are incorporated alongside socioeconomic and 

economic factors such as land use compatibility, cost effectiveness, energy recovery potential, and 

community acceptance. The framework also emphasizes supply chain optimization and logistics 

efficiency, reducing transportation costs and associated emissions. GIS MCDM improves 

transparency, accuracy, and reliability of WtE site selection while supporting circular economy 

goals through landfill reduction, resource recovery, and renewable energy generation for 

sustainable development. 

Keywords: Waste-to-energy, GIS, Multi-Criteria Decision Making, AHP, Sustainable Energy 

Systems 

1. Introduction 

An innovative concept to encounter the challenges of industrial waste management 

and energy security is the application of a GIS-based Multicriteria decision-making 

(MCDM) approach for prioritization for Industrial Waste-to-Energy (WtE) [1]. This 

framework unifies spatial analysis with structured decision making to improve the 

selection, prioritization, and design of WtE facilities that can transform unrecyclable waste 

into renewable energy while minimizing environmental impacts. The rising burden of 

waste production, especially in industrialized and developing regions, has highlighted the 

need for advanced waste treatment technologies that aim to improve environmental 
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sustainability while generating valuable energy by-products [2]. GIS and multi-criteria 

decision-making (MCDM) techniques can assist in evaluating various technical, 

environmental, economic, and social criteria when determining planning for WtE. GIS acts 

as a spatial tool for evaluating land suitability, distance to transportation networks, waste 

generation, population distribution, and vulnerability models [3]. Meanwhile, MCDM 

approaches provide a structured framework for the evaluation of competing alternatives 

based on multiple weighted criteria. The interconnected model aids decision makers in 

identifying suitable locations for WtE where they can operate optimally while reducing 

transport costs and greenhouse gases emitted during conventional waste treatment, such 

as landfilling [4]. Due to their potential to convert municipal and industrial waste into 

valuable energy forms like electricity and heat, waste-to-energy technologies have become 

an important part of modern integrated waste management systems. WtE facilities can 

drastically reduce the volume of waste, which minimizes dependence on landfills and 

contributes to generating renewable energy. In terms of GHG emissions, modern facilities 

utilize state-of-the-art emissions controls and filters that enhance environmental 

performance and mitigate air pollution concerns [5]. Additionally, the incorporation of 

CHP systems into WtE plants increases energy efficiency and reduces costs by recovering 

more energy from waste. Through the employment of high-level approaches, particularly 

Fuzzy Analytical Hierarchy Process (FAHP), which will enhance the process GIS MCDM 

model, this uncertainty and subjective judgement elements in site selection by the removal 

of ambiguity and fuzziness [6]. The proposed FAHP model used in this study provides 

higher flexibility and accuracy to stakeholders in evaluating criteria such as soil stability, 

closeness to water bodies, transportation infrastructure, environmental risks associated 

with the operation of a waste facility, availability of industrial waste, and investigation 

into socio-economic impact [7]. These all-inclusive evaluations enhance the viability, 

durability, and societal acceptance of WtE programs. 

2. GIS and MCDM in Industrial Waste-to-Energy Prioritization 

Geographic Information Systems (GIS) are indispensable for industrial waste-to-

energy (WtE) prioritization by allowing spatial analysis and optimization to address 

environmental, technical, and economic parameters that underpin energy security through 

sustainable waste management [8]. GIS is an excellent decision support system that 

integrates geographic, demographic, and infrastructural data to find the best locations for 

WtE centres. With spatial mapping and analysis, GIS aids decision makers in assessing the 

suitability of land for various purposes (including waste generation), transportation 

routes, population density, environmental sensitivity, and more to support efficient and 

environmentally responsible state planning [9]. For industrial waste-to-energy systems, 

GIS is especially useful for enhancing supply chain management and logistics. GIS 

promotes efficiency by analyzing transportation paths/geographic accessibility to enable 

organizations to minimize the distances traveled for waste collection and disposal, leading 

to enhanced fuel management [10]. It succeeds in cutting operational costs, whilst 

simultaneously curbing emissions from the waste transport. Efficient route planning also 

contributes to improved industrial productivity and resource utilization, making GIS an 

essential tool of sustainable industrial operations. It is also very helpful for the site 

selection of renewable energy and WtE projects. This involves a mapping of the sites 

within GIS, through which technical, environment and socio-economic variables are 

integrated to show possible site locations [11]. With this process, stakeholders can 

systematically compare alternative sites to identify sites that maximize the potential for 

energy generation while limiting ecological and social impacts. The incorporation of GIS 

with improved187 decision tactics more supports the dependability and accuracy188 of 

the outcomes for site selection [12]. It incorporates both quantitative data and subjective 

expert information in an MCDM framework, providing a holistic evaluation of all relevant 

criteria. Due to the flexibility in evaluation criteria and stakeholder preferences, this 
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method is often used in urban planning, environmental management, land suitability 

assessment, and renewable energy development. Analytic Hierarchy Process (AHP) and 

Weighted Sum Model (WSM) are some of the common MCDM methods that have been 

applied to assess factors like waste availability, transport accessibility, land suitability, 

safety from the environment (Figure 1) [13]. For industrial WtE project development, along 

with the evaluation of the proximity of population centers to the specific capacity of 

economic feasibility. Among the most popularly applied techniques in MCDM is the 

Analytical Hierarchy Process (AHP) method, which organizes decision criteria into a 

hierarchical structure to allow for pair-wise comparisons among alternatives [14]. The 

AHP methodology usually contains a hierarchy to each decision factor, pairwise 

comparisons between criteria, relative weightings based on the importance of criteria, 

aggregation of evaluation scores, and finally the identification of the best alternative. The 

decision framework provides a formalized process to make more consistent decisions, 

which improves the credibility of site prioritization results. 

 

 

Figure 1. Flowchart mapping core waste management problems (Incorrect Sorting and 

Limited IT Integration) to behavioral, systemic, and digital solutions [48]. 

3. GIS Integration and Prioritization Framework in Waste-to-Energy Projects 

One of the important directions in the area of Multi-Criteria Decision 

Making(MCDM) is integration with Geographic Information System (GIS), which 

considerably improves the spatial dimension of the decision-making process [15]. GIS-

based MCDM integrates spatial analysis with multi-criteria decision making, allowing 

experts to obtain a comprehensive simultaneous assessment of multiple geo-referenced 

layers that originate from environmental (natural hazards), technical (technology 

development), and socio-economic aspects of the land. This integration also enhances the 

process of planning by transforming complex datasets into graphical and interpretable 

forms that improve accuracy and effectiveness [16]. A significant advantage of utilising 

GIS-based MCDM is to produce appropriate maps that successfully support what type of 

project can be implemented in an area selected for site planning (Table 1). Using spatial 

visualization, identifying places where infrastructure can be built, new renewable energy 

systems installed, or industrial projects developed becomes simple for the decision-

makers. These mapping methods typically contribute to WtE planning with useful 

information about land availability, infrastructure access, industrial waste source, 

environmental sensitivity, and community proximity, which enable fact-based decision 

making [17]. MCDM is crucial in waste-to-energy projects for assessing the viability and 
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sustainability of various waste conversion technologies and facility sites. Due to the fact 

that WtE systems are strategic decisions involving multiple technical, economic, 

environmental, and societal factors, a structured decision-making framework is necessary 

to select appropriate alternatives [18]. It provides a systematic assessment of competing 

options by striking a balance among conflicting priorities that assists stakeholders in 

making sure selected solutions are aligned with long-term sustainability goals. MCDM 

applies to identify various important parameters for the assessment of WtE planning, such 

as economic feasibility, energy production, environment, solid waste management, and 

social acceptance [19]. Economic studies concentrate on whether capital expenditures, 

operating costs, and long-term financial gains can offset the outlay, environmental 

investigations line up greenhouse gas emissions, risk of pollution, and the saving of 

natural resources.  

 

Table 1. Key GIS–MCDM Criteria for Industrial Waste-to-Energy (WtE) Site Selection 

Criteria Category Key Parameters Importance in WtE Planning Reference 

Environmental 

Criteria 

Soil texture, slope, proximity to 

water bodies, environmental 

sensitivity 

Minimizes ecological degradation, 

groundwater contamination, and 

pollution risks 

[23–25] 

Technical Criteria 

Transportation access, infrastructure 

availability, waste generation 

patterns 

Improves logistics efficiency, waste 

collection, and energy conversion 

feasibility 

[9–11] 

Economic Criteria 
Cost-effectiveness, energy recovery 

potential, operational efficiency 

Enhances project sustainability and 

long-term economic benefits 

[19, 32–

35] 

Socioeconomic 

Criteria 

Population density, land-use 

compatibility, community acceptance 

Reduces social conflict and improves 

public acceptance 
[26, 41] 

Decision-Making 

Criteria 

AHP, FAHP weighting, consistency 

ratio (CR) 

Ensures transparent and reliable 

prioritization process 
[20–22] 

 

4. Criteria Selection, Environmental and Socioeconomic Considerations, and Policy 

Alignment 

A systematic selection and weighting of decision criteria is a key component of the 

prioritization framework for waste-to-energy (WtE) that targets accurate, transparent, and 

scientifically robust site evaluation. Central to this framework, the Analytical Hierarchy 

Process (AHP) provides a structured, systematic mathematical process that quantifies 

subjective expert judgments [20]. The process involves experts from a multitude of 

disciplines – waste management, environmental science, urban planning, hydrology, and 

engineering – who conduct pairwise comparisons in order to assign weights to site 

selection criteria. This process integrates diverse clinical and nonclinical perspectives into 

a single, evidence-informed analytic system that increases the rigor of decision-making 

[21]. The Calculation in AHP to assign weight is done using the method of eigenvector, 

which allows you to distribute importance consistently among the criteria that have been 

selected. CR is computed here as a validation measure for reliability and logical continuity 

in expert assessments. The CR values are considered satisfactory if it is decided below 0.1, 

which shows better agreement among the expert opinions and strengthens framework 

credibility in prioritization [22]. This approach, with a quantifying weight system in place, 

allows stakeholders to compare alternatives more objectively and hopes to eliminate bias. 

One of the most important aspects included in the WtE prioritization process is 

environmental considerations, as incorrect siting of facilities may cause serious and long-

term ecological damage. Soil texture, which is the proportion of sand, silt, and clay in soil, 

is one such criterion that was found to significantly affect the risk of leachate infiltration 
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into groundwater systems [23]. More permeable soil types could increase contamination 

risk and deteriorate drinking water quality and ecosystems in the area. Likewise, 

proximity to rivers, lakes, groundwater extraction points, and other water bodies is 

rigorously scrutinized so as not to give rise to the risk of water pollution due to leachate 

or run-off. Land topography and slope are also critical environmental elements for site 

selection because they are indicators of soil stability, susceptibility to erosion, and 

structural feasibility [24]. There is a higher risk of soil erosion and environmental 

degradation on steeper slopes, while flatter terrains generally provide safer and more 

stable conditions for the construction and operation of facilities. In addition, the 

framework incorporates hydrogeological conditions, environmental sensitivity, and long-

term ecological effects to enable planning that is sustainable as well as environmentally 

sound [25]. Following environmental criteria, socioeconomic aspects are equally essential 

to a feasible and acceptable WtE project. Compatibility with land use — Preservation of 

lands where residential, agricultural, and commercial areas are already situated near 

pitfalls, avoiding conflicts with industrial development. Waste treatment facilities are 

generally not wanted in built-up areas and productive agricultural lands, seen as a risk to 

public health, an increased burden on agricultural productivity (the scarce land needed for 

food production), and social resistance [26]. It also prioritizes community health to 

minimize adverse impacts from pollution, odors, or transportation activity. 

5. Case Studies and Practical Applications 

The environmental, social, and technical implications of waste management 

strategies from industrial WtE prioritization case studies are a concern for today’s world 

[27]. These review methods of converting waste to energy and evaluate their performance 

for waste minimization, renewable energy production, sustainability, and energy 

independence or self-sufficiency. Case studies of real-world situations provide best 

practice examples and identify common challenges to WtE implementation to support 

evidence-based planning and policy development [28]. A strong emphasis within these 

case studies is placed on the evaluation of environmental consequences arising from 

alternative waste management approaches. Environmental Impact of Different Waste 

Treatment Approaches — Comparison between Landfilling, Incineration, Recycling, and 

Energy Recovery Systems Findings overwhelmingly indicate that methods need to be 

selected with mitigation of greenhouse gas emissions, avoidance of landfilling, 

conservation of natural resources, and minimization of environmental impacts in mind 

(Figure 2) [29]. Modern WtE technologies, which are characterized by their ability to not 

only reduce waste volumes significantly but also produce useful energy from the residual 

materials generated most sustainably, are increasingly promoted as leading options for 

more resilient circular economy strategies. One of the major developments mentioned in 

several case studies is the combination of GIS and MCDM (Multi-Criteria Decision 

Making) techniques [30]. This integration contributes to decision-making, including spatial 

analysis coupled with multicriteria evaluation for siting waste management and 

renewable energy projects. The use of a GIS-based suitability map allows planners to 

review potential site options that have been subjected to a range of environmental and 

technical criteria, while MCDM methods allow structured means of arriving at priorities 

among the alternatives [31]. The studies validated that the usage of selected evaluation 

criteria, degree of standardization, and weights assigned to each criterion greatly affect the 

final form sheet site suitability scores assigned and thus project implementation. 
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Figure 2. Process diagram illustrating the practical application of solid waste 

incineration, tracking its conversion into treated exhaust gas, grid electricity via steam 

turbines, and managed ash byproduct [49]. 

6. Economic Implications of Waste-to-Energy Projects 

Waste-to-Energy (WtE) projects matrix is not limited to impacting the economy, local 

economies, industrial development, and energy markets. WtE systems provide a 

sustainable waste disposal solution by converting solid waste material into renewable 

energy resources, resulting in lower dependence on imported fossil fuels and 

strengthening the energy security of nations [32]. These projects use waste as a resource, 

which helps to support economic resiliency and provide for more energy independence. 

In addition to minimizing the use of landfills, WtE facilities promote recovery, allowing 

valuable materials to be extracted from waste and providing levers for circular economy 

principles by converting leftover trash into productive inputs instead of sending it directly 

to landfills. One of the key economic benefits of WtE projects is that they are capable of 

generating jobs in various types of industries [33]. Waste-to-energy (WtE) plants create 

positions in waste collection, transportation, plant construction and engineering, as well 

as monitoring the environment (construction), maintenance, supervision of employees, 

and ensuring compliance with regulations (Table 2). These projects also provide indirect 

job stimulation through support industries and supply chains. Additionally, WtE projects 

often create job training and vocational education opportunities that can strengthen the 

local workforce for managing modern waste processing and clean energy systems. This 

job creation promotes regional economic and social development. The economic feasibility 

of WtE projects is determined by government policies and financial mechanisms [34]. The 

foundation for incentive programs acts as an encouragement for lucrative investment in 

WtE technologies by reducing financial risk and offsetting operating expenses. An extra 

financial stream of income comes from waste management service fees, such as tipping 

fees or gate entry charges for waste disposal. These economic incentives bolster investor 

confidence and reinforce the long-term sustainability of WtE plants [35]. Successful WtE 

projects facilitate better waste management and pave the way for innovation, sustainable 

industry practices, and new economic activities. Advanced technologies allow the 

emergence of secondary resources such as recyclable materials, biobased products, 

nutrients, and alternative fuels. This diversifies the economy and relieves environmental 

pressure as traditional waste management practices are notorious for being 

environmentally damaging. 
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Table 2. Comparison of Waste Management Approaches and Their Implications 

Waste 

Management 

Approach 

Energy 

Recovery 
Environmental Impact Economic Benefit 

Sustainability 

Contribution 
Reference 

Landfilling Very low 

High greenhouse gas 

emissions and land 

degradation 

Low Poor [29] 

Recycling Moderate 

Reduces resource 

depletion and waste 

generation 

Moderate High [29, 35] 

Incineration High 
Emission concerns but 

reduced waste volume 
Moderate to High Moderate [5, 29] 

Waste-to-Energy 

(WtE) 
High 

Lower landfill 

dependency and 

improved emission 

control 

High through 

energy generation 

and job creation 

Very High 
[32–35, 

43] 

 

7. Discussion 

The integration of Geographic Information Systems (GIS) and Multi-Criteria 

Decision Making (MCDM) approaches in the prioritisation of Industrial waste to energy 

(WtE) represents a fundamental paradigm shift methodology regarding one or two 

dilemmas between waste management, renewable energy generation, and energy security 

[36]. Based on these findings, this study has shown that spatial analysis combined with 

systematic decision support can enhance WtE planning effectiveness in terms of allowing 

decision makers to simultaneously evaluate multiple competing technical, environmental, 

economic, and social criteria. This integrated framework is instrumental in sustainable 

development by optimizing resource use and limiting environmental impacts [37]. The GIS 

MCDM approach can enhance the accuracy of site selection for WtE facilities, highlighting 

one of its strong points. Solid waste disposal has been linked to greenhouse gas emissions, 

leaching of solid waste contaminants into groundwater, and degradation of land in 

traditional landfill practices. These concerns can be addressed through possible challenges 

and risks in GIS-based suitability mapping, which allows spatial visualization of land use, 

transportation accessibility, industrial waste availability, topography, population density, 

and environmental sensitivity [38]. This spatial feature enables planners to market 

appropriate places to their end users, while also preventing the occupation of ecologically 

sensitive areas as well as densely populated ones, where competition for land is more 

prone to foster conflict on both ecological and social levels. The production of the 

suitability maps classifying sites as unsuitable, moderately suitable, and highly suitable 

areas facilitates not only efficient decision-making but also ensures transparency in 

planning [39]. The contributions of MCDM, particularly the Analytical Hierarchy Process 

(AHP) and Fuzzy Analytical Hierarchy Process (FAHP), seem to be just as important for 

reinforcing the robustness of WtE prioritization models. Since planning Waste to Energy 

(WtE) also faces multiple conflicting goals in the presence of uncertainty, decision makers 

should not rely on technical feasibility alone for decision making [40]. AHP and FAHP 

facilitate structuring and comparing different criteria in a pairwise manner, allowing 

weighting of these alternatives according to their importance. The involvement of 

disciplinary expertise from environmental science, hydrology, urban planning, and 

engineering makes the decisions multidisciplinary and scientifically based [41]. 

Furthermore, the consistency check enhances the confidence in the prioritization results, 

making it more transparent and reliable. The environmental aspects are still the primary 

condition for a successful WtE implementation. The discussion emphasises that improper 
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site selection leads to severe environmental degradation, including leachate pollution of 

groundwater, air pollution, soil deterioration, and disruption of the ecosystem. Some 

factors need to be considered for environmental breathing of the site, including soil 

permeability, distance to water bodies, stability of slopes, and hydrogeological conditions 

[42]. Contemporary WtE technologies, particularly those that utilize sophisticated 

emission control systems, have shown a significant ability to mitigate environmental 

impacts by offering a more environmentally friendly alternative than the conventional 

waste disposal methods. WtE systems can reduce the waste volume by 90% while recycling 

materials and producing renewable energy, thus strengthening their environmental 

relevance in a transition to low-carbon development [43]. GIS-MCDM also helps improve 

operational efficiency via optimized supply chain management. Waste collection and 

distribution transportation routing helps you to cut back on gasoline consumption, carbon 

emissions, and operations bill. Besides the economic impact, this also has an 

environmental sustainability role through minimizing the footprint of waste management 

systems. Linked with GIS, location allocation models will optimize efficiency by locating 

facilities such that the optimal distance to provide service is maximized while 

transportation burden is minimized [44]. Findings from the case studies further strengthen 

the need for adaptive and context-sensitive planning in WtE projects. The success of WtE 

programmes is highly dependent on the local environmental conditions, waste generation 

patterns and capabilities, as well as technological and regulatory environments. Hence, 

region-wise herding may not apply as a one-size-fits-all solution. GIS-based multicriteria 

frameworks provide flexibility, which allows the adaptation of evaluation criteria to local 

needs and sustainability aims [45]. As novel technologies, new policies, and climate-

related challenges reshape waste management systems worldwide, this flexibility becomes 

all the more relevant. The growing inclination from the linear economy to the circular 

economy strongly reinforces the relevance of WtE technologies as a strategic infrastructure 

[46]. These systems turn waste from cities and industrial companies into energy and 

secondary resources, generating directional benefits of resource efficiency, landfill 

reduction, and therefore sustainable industrial development [47]. The WtE facilities with 

advanced technologies are now being connected to their possible economic outputs, not 

only as energy production but also recycled materials, alternative fuels, and bio-based 

products. These developments are in line with the global sustainability strategy of 

decreasing resource waste and fostering green economic growth. 

8. Conclusion 

Industrial waste-to-energy (WtE) prioritization using GIS and MCDM provides an 

effective framework for addressing waste management challenges while enhancing energy 

security and environmental sustainability. The integration of spatial analysis with 

systematic decision-making improves site selection, resource efficiency, and operational 

planning. Consideration of environmental, socioeconomic, and economic factors ensures 

balanced and sustainable outcomes for WtE implementation. Advanced approaches such 

as AHP and FAHP strengthen decision accuracy by incorporating expert judgment and 

uncertainty analysis. Overall, GIS-based MCDM frameworks support resilient waste 

management systems, renewable energy generation, and the transition toward a 

sustainable circular economy. 
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