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Abstract: Food Waste (FW) is a pressing environmental concern that affects every country globally. About one-third of the food that is produced ends up as waste, contributing to the carbon footprint. Hence, the FW must be properly treated to reduce environmental pollution. This study evaluates a few available Food Waste Treatment (FWT) technologies, such as anaerobic digestion, composting, landfill, and incineration, which are widely used. A Bipolar Picture Fuzzy Set (BPFS) is proposed to deal with the ambiguity and uncertainty that arise when converting a real-world problem to a mathematical model. A novel Criteria Importance Through Intercriteria Correlation-Stable Preference Ordering Towards Ideal Solution (CRITIC-SPOTIS) approach is developed to objectively analyze FWT selection based on thirteen criteria covering the industry’s technical, environmental, and entrepreneurial aspects. The CRITIC method is used for the objective analysis of the importance of each criterion in FWT selection. The SPOTIS method is adopted to rank the alternative hassle-free, following the criteria. The proposed model offers a rank reversal-free model, i.e., the rank of the alternatives remains unaffected even after the addition or removal of an alternative. In addition, comparative and sensitivity analyses are performed to ensure the reliability and robustness of the proposed model and to validate the proposed result.
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1  Introduction

Though raw food materials can be preserved and have an extended shelf life, their shelf life becomes substantially shorter once they are processed into consumable food products. When the cooked food is left unconsumed, it soon turns into Food Waste (FW). Since the population density is higher in urban areas owing to the employment opportunities provided by the industries, a higher concentration of population in the cities entails larger volumes of food requirements. Furthermore, global markets promote international culinary trends. A worldwide trend has been sparked by multi-cuisine restaurants, exotic fruits and vegetables imported from other countries, immigration to other countries, etc. According to [1], with increased income rates, the consumption of processed and fast foods has been increasing. Dining in hotels and restaurants has become an inevitable part of the lifestyle of youths in urban areas. More and more restaurants and food chains are opening up every day. The recent COVID-19 outbreak has caused a significant change in the eating habits of people. Youngsters shifted to mindful eating by including fruits and vegetables that are rich in nutrients and having more balanced diets. The work-from-home culture has created opportunities to try diversified cuisine, be it cooking at home or getting it delivered from hotels.

FW is a common source of concern in all countries across the globe. Liu et al. [2] said that globally, approximately 930 million tonnes of food are wasted annually. China contributes about 3.1236 million tonnes of FW per year. According to [3], the FW in China is expected to increase to 100–132.82 million tonnes by 2040. Nearly 81,200 metric tonnes of food are produced in Bristol, one of the major cities in the UK. But one-fifth of the annual production of the food is wasted in Bristol [4]. The EU countries, such as Portugal, Greece, Denmark, Belgium, and Cyprus, produce FW of about 184, 191, 221, 250, and 397 kg/capita, respectively. Other countries like Sweden, Bulgaria, Slovakia, Croatia, and Slovenia have recorded 87, 86, 83, 71, and 68 kg/capita of FW, respectively. India has a Global Hunger Index (GHI) score of 28.7, which is considered serious on the GHI severity scale, placing it 111th out of 125 nations in 2023. The report of the United Nations Environment Programme estimates that Indian households generate FW of about 50 kg/capita. India is said to generate 68.7 million tonnes of FW every year. FW, when left untreated, becomes the source of carbon footprints and mental and health issues. The untreated waste produces harmful and putrid gases due to the breaking down of the food molecules as a result of decomposition.

Hence, it is imperative to treat the FW to ensure a safe and clean environment. Various techniques have been introduced over the years for the treatment of the FW. Each approach has a unique set of advantages as well as shortcomings. An ideal food waste treatment technology minimizes the cost and maximizes the profit. This necessitates the need for a decision-making algorithm for the optimal selection of treatment technology. Real-life problems are more often ambiguous and have different parameters. Hence, to address the ambiguity, fuzzy logic has been incorporated into this study. In this literature, various technologies such as landfills, anaerobic digestion, incineration, and composting have been taken into account. The construction of a mathematical model for the Food Waste Treatment (FWT) selection involves addressing and quantifying certain dilemmas such as acceptance of society. The presence of the FWT plant raises concerns about odor, pollution, and safety. The perception of the public on the plant can take satisfaction, abstinence, or dissatisfaction degrees. Hence the Bipolar Picture Fuzzy Set (BPFS) set is proposed to measure positive and negative aspects of the satisfaction, abstinence, or dissatisfaction degrees. The nomenclature of the acronyms defined in this paper is given in the Table 1.
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2  Literature Survey

FW is a major concern in terms of health and environmental issues. Various studies have been made to find the optimal FWT selection. Das et al. [5] have examined the production of biogas, bioethanol, and fertilizer from FW. Paranjpe et al. [6] have analyzed the production of methane in Anaerobic Digestion (AD) and have suggested co-digestion techniques to increase the methane production. Xiong et al. [7] have experimented on the ammonia emission from the food waste composting when the FW is mixed with sulphur. Roy et al. [8] have discussed the environmental, social, and economic aspects of FW valorization. Bhatia et al. [9] have examined the application of anaerobic digestion and composting technologies for the reduction of carbon footprint from FW. Fei et al. [10] have assessed the treatment of FW in small and medium cities of China and have evaluated the technology using Life Cycle Assessment (LCA) and cost-benefit analysis. Garcia et al. [11] have studied extensively the available FWT techniques. Sakcharoen et al. [12] analyzed the factors that are affecting FW management. For instance, Buyuk et al. [13] have analyzed the best FWT selection method using the Spherical Fuzzy Analytic Hierarchy Process. Bernstad et al. [14] have compared three technologies to treat household food waste. Angelo et al. [15] conducted an extensive study on LCA on the FWT selection for Rio de Janeiro. Liu et al. [16] have conducted a study for the site-selection FW treatment plant. Gerassimidou et al. [17] have focused on the FW treatment in the food sector in US. Gao et al. [18] have studied the impact of the FWT technologies on the environment. Rani et al. [19] have introduced a neutrosophic fuzzy set to the FWT technology selection problem to provide neutrality in the situation at hand. Rani et al. [20] have studied the FWT methods using the MEthod based on the REmoval effects of Criteria (MEREC) method to ensure the objective analysis of the problem.

Zadeh introduced fuzzy sets for the first time in 1965 [21]. Subsequently, numerous studies expanded upon Zadeh’s original fuzzy sets. Type-2 fuzzy sets were introduced in 1971, defining the membership function within the unit interval [0, 1] rather than a singular point within the same interval [22]. Set-valued fuzzy Sets (SVFS) were defined in 1976, where the membership degree was expressed as a subset of [0, 1]. Interval-valued Fuzzy Sets (IVFS), initially termed Φ-fuzzy sets, were introduced by Sambuc in 1975 [23], with Grattan-Guineess providing the definition in 1976, although the term IVFS was officially established only after the 1980s [24]. Atanassov proposed Intuitive Fuzzy Sets (IFS) in 1986, introducing the notion of a degree of hesitation [25,26]. Further developments in IFS led to the introduction of complex intuitionistic fuzzy sets which deal with the values of the membership functions in complex environments [27]. Pythagorean Fuzzy Sets (PS) was developed as an extension of IFS in 2013 [28]. Fermatean Fuzzy Sets (FFS) were developed by Senapati and Yager in 2020, with many subsequent papers utilizing FFS for managing uncertainty. The interdisciplinary system of Grey systems and the concept of Grey sets were introduced by [29] in 1989, emphasizing the consideration of both positivity and negativity in decision-making. Bipolar Fuzzy Sets (BFS), introduced by [30], account for the bipolarity of membership functions, where according to Zhang’s definition, the membership function maps to the interval [0, 1], and the non-membership function maps to the interval [−1, 0]. Thus, extending the range value from [0, 1] of fuzzy sets, BFS encompasses the range [−1, 1]. Neutrosophic sets (NS), introduced by Smarandache, offer improved handling of uncertainty compared to IVFS [31,32]. Spherical Fuzzy Sets (SFS) were introduced as a combination of NS and PS [33]. Later, the concept of t-norm was introduced to the SFS leading to the introduction of T-Spherical Fuzzy Sets [34]. Picture Fuzzy Sets (PFS), introduced by [35] as an extension of IFS, incorporate the degree of neutral membership. This study also provided definitions and propositions and introduced the Zadeh Extension Principle for PFS. Parthasarathy et al. [36] have presented a combination of interval-valued picture q-rung orthopair fuzzy set. A hybrid approach combining BFS and PFS termed Bipolar Picture Fuzzy Sets was introduced by [37], presenting both a score function and an accuracy function.

MCDM approaches are useful for determining the most viable option among a group of prospects. The order of preference of the new set of alternatives changes in traditional ranking techniques when an alternative is added to or deleted from the previous set of alternatives known as Rank Reversal Problem (RRP) [38]. This is not preferable, as the change in the order of preference of alternatives means the loss of credibility of the mathematical model. MCDM methods such as Analytic Hierarchy Process (AHP) [39], Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) [40,41], ELimination and Choice Translating REality (ELECTRE) [42], VIekriterijumsko KOmpromisno Rangiranje (VIKOR) [43] and Preference Ranking Organization METHod for Enrichment Evaluation (PROMETHEE) [44] are not free from RRP. Hence, the SPOTIS method was developed as a rank-reversal-free (RRF) method that considers the independence of the criteria. Dezert et al. [45] introduced SPOTIS as an alternative to the traditional RRP methods. Characteristic Objects Method (COMET) is another such method that is free from RRP [46]. Since SPOTIS is a recently developed method, there are only a few research papers that have incorporated this method. Shekhovtsov et al. [47] have extended the SPOTIS method and incorporated it into decision-making problems. de Azevdo et al. [48] proposed a hybrid MEREC-SPOTIS method for the ordering of photovoltaic cells. Wieckowski et al. [49] have compared the two existing RRF methods, COMET and SPOTIS, and concluded that SPOTIS is more robust as compared to COMET. Baczkiewicz et al. [50] applied COMET and SPOTIS methods in the analysis of solar panels.

In MCDM, alternatives are evaluated based on their relevance to the criteria. In order to establish significance, it is imperative to assign weights to each criterion [51]. Several weighting methods can be used to assign weights to each criterion. Traditionally, subjective weighting methods like pairwise comparison methods [52], Stepwise Weight Assessment Ratio Analysis (SWARA) [53], AHP [54], Analytic Network Process (ANP) [55], Decision-Making Trial and Evaluation Laboratory (DEMATEL) [56], and Best Worst Method (BWM) [57] were employed to assign weights to each criterion. In these subjective weighting methods, weights were assigned to the criteria based on information from the decision-maker. If the decision-maker either had a biased opinion on the criteria or lacked extensive knowledge about each criterion, the results would be inaccurate [58]. Objective-based weighting techniques were developed to address this issue. They construct weights by evaluating the data included in the decision matrix. The majority of objective-based weighing algorithms use the entropy method [59]. CRITIC, an objective weighting method, was developed by [60] in 1995. This approach was predicated on quantifying the core ideas of contrast intensity and the criteria’s contradictory nature. Contrast intensity refers to the variation of the criteria from one another. Conflicting character refers to the conflicting nature of each criterion. Criterion with higher contrast intensity and conflicting character is given greater weight in the CRITIC method [61]. Some of the other objective-based weighting methods are Integrated Determination of Objective CRIteria Weights (IDOCRIW) [62], MEREC [63], and Criterion Impact Loss (CILOS) [64]. CRITIC has been widely employed to assign weights. A strategy for selecting suppliers that combine the CRITIC approach with spherical fuzzy sets has been presented by [65]. Vujičić et al. [66] have performed a comparative analysis of the objective-based weighting methods: the CRITIC and entropy methods. For the purpose of evaluating the service status groynes in the waterways, Zhang et al. [67] have offered a combined AHP-CRITIC technique that provided both subjective and objective analysis. Parthasarathy et al. [68] employed the CRITIC and EXtended PROMETHEE II (EXPROM-II) methodologies for renewable energy selection under multiple parametric conditions.

2.1 Motivation

Based on the prior studies, we have identified the following concerns:

•   Though various studies have been conducted on FWT selection, most of them primarily assessed the various FWT technologies from an environmental perspective. They focused on selecting a technology that causes the least amount of pollution in terms of the environment. Various other aspects, such as social acceptance, viability, and the liquid assets involved, were not taken into account. This results in overlooking the key factors that affect the FWT selection.

•   Most of the studies on FWT were based on subjective weighing methods. This poses the risk of biased opinions or partial information from the decision-makers regarding the criteria. These methods depend significantly on the knowledge of the experts causing unreliability in the process of decision making.

•   Traditional ranking methods suffered from RRP. This resulted in complex procedures and increased calculation time. Further research was not able to identify the root cause of this phenomenon. This necessitates the need for a ranking method that is free from RRP.

2.2 Contribution

The contribution of the proposed model is as follows:

•   The FWT has been evaluated on an environmental, social, economical, and technological basis for better adaptation of the technology in real life.

•   This study presents an objective analysis of the criteria using the CRITIC method, ensuring neutrality during the evaluation of FWT.

•   This study proposes the use of BPFS for the quantification of the ambiguity present in real-life scenarios. This helps in the handling of bipolarity in terms of belongingness, neutrality, and non-belongingness.

•   This study explores the novel SPOTIS rank-reversal-free method to ensure the robustness of the decision-making process.

3  Preliminaries

Definition 3.1. [30,37] Let D^ be a set, a BFS P^ in D^ is given as

P^={⟨τ,νP+(τ),νP−(τ)⟩|τ∈D^}

where νP+(τ):D^→[0,1] and νP−(τ):D^→[−1,0]. The PMD νP+(τ) demonstrates the satisfaction degree of an element τ to the property corresponding to a BFS P^, NMD νP−(τ) denotes the satisfaction degree of an element τ to some implicit counter-property of P^.

Definition 3.2. [35,37] Let D^ be a crisp set, a PFS R^ in D^ is defined as

R^={⟨τ,θR^(τ),ηR^(τ),ζR^(τ)⟩|τ∈D^}

where θR^(τ)∈[0,1] is called PMD of τ in R^, ηR^(τ)∈[0,1] is called NeMD of τ in R^, ζR^(τ)∈[0,1] is called NMD of τ in R^, and θR^(τ), ηR^(τ), ζR^(τ) satisfy the condition 0≤θR^(τ)+ηR^(τ)+ζR^(τ)≤1 (∀τ∈D^) and 1−(θR^(τ)+ηR^(τ)+ζR^(τ)) is called RMD of R^.

A basic element ⟨τ,θR^(τ),ηR^(τ),ζR^(τ)⟩ in a PFS R^ is denoted by R^˙=⟨θR^,ηR^,ζR^⟩, which is called picture fuzzy number (PFN).

Definition 3.3. [37] A BPFS H^ on universe D^ is an object of the form

H^={⟨τ,θH+(τ),ηH+(τ),ζH+(τ),θH−(τ),ηH−(τ),ζH−(τ)⟩:τ∈D^}

where θ+,η+,ζ+:D^→[0,1] and θ−,η−,ζ−:D^→[−1,0] with conditions

0≤θH++ηH++ζH+≤1,

−1≤θH−+ηH−+ζH−≤0,

0≤θH++ηH++ζH+−θH−−ηH−−ζH−≤2.

The PMD θH+(τ),ηH+(τ),ζH+(τ) demonstrate the TMD, IMD and FMD of an element τ corresponding to a BPFS H^ and the NMD θH−(τ),ηH−(τ),ζH−(τ) demonstrate TMD, IMD and FMD of an element τ to some implicit counter-property corresponding to a BPFS H^.

Definition 3.4. [37] Let S1=⟨θ1+,η1+,ζ1+,θ1−,η1−,ζ1−⟩ be bipolar picture fuzzy number (BPFN). Then the SF Ω(S1), AF Ψ(S1) of BPFN are defined as follows:

1. Ω(S1)=(θ1+−η1+−ζ1++θ1−−η1−−ζ1−)/2

2. Ψ(S1)=(θ1++ζ1+−θ1−−ζ1−)/2

The range of SF Ω(S) is [−1, 1] and range of AF Ψ(S) is [0, 1].

4  Mathematical Methods

4.1 The CRITIC-SPOTIS Approach

The CRITIC technique was first presented in 1995 with the primary goal of calculating the weight of each characteristic. This utilizes an objective-weighted approach where the weights are determined using a decision matrix. The approach allows for the conversion of qualitative qualities into quantitative attributes without requiring the attributes to be independent. The data is obtained by means of an analytical analysis of the decision matrix, which is utilized to meet the evaluation standards in the specified procedure. The SPOTIS approach is a methodology for preventing rank reversals in MCDM situations. The SPOTIS approach sets minimum and maximum boundaries for each of the problem’s criteria. By converting the initially ambiguous MCDM issue into a well-defined one, these constraints aid in avoiding rank reversal. The SPOTIS method was applied to the assessment of the alternatives. The recommended technique entails the following steps:

Step 1: Problem statement: Choose a set of m alternatives I1,I2,I3,...,Im and a set of criteria J1,J2,J3,...,Jn, evaluate each alternative Ii in terms of an attribute Jj using BPFS:

ℳι=(βij(ι))

where i = 1, 2, ..., m and j = 1, 2, ..., n represent the BPFS supplied by the decision makers (DMs). As a result, βij(ι) reflects the judgemental knowledge respects attribute Jj in BPFS. A linguistic scale is formed based on the conditions of BPFS.

Step 2: Formation of the linguistic decision matrix under BPFS environment.

Step 3: The score function is applied to the decision matrix to normalize the membership values.

Step 4: Assigning the weights to the chosen criteria.

Step 5: Normalization of the decision matrix.

Step 6: CRITIC method.

Step 6.1: The first stage of the CRITIC method is the normalization of the decision matrix based on the positive and negative attributes given in the formula below:

ρ¯ij={ρij−ρj−ρj+−ρj−,j∈BBρj+−ρijρj+−ρj−,j∈NB(1)

where ρ¯ij represents the normalized value of the decision matrix for the ith alternative with respect to jth attribute and ρj−=miniρij and ρj+=maxiρij.

Step 6.2: Calculating the characteristic’s standard deviation with the following formula (2):

σj=∑i=1p(ρ¯ij−ρ¯j)2g(2)

where ρ¯j=∑i=1pρ~ij/g.

Step 6.3: The correlation coefficient between criteria is estimated using (3).

gjq=∑i=1g(ρ¯ij−ρ¯j)(ρ¯it−ρ¯t)∑i=1g(ρ¯ij−ρ¯j)2∑i=1g(ρ¯it−ρ¯t)2(3)

where gjq is the correlation coefficient between jth and qth criteria.

Step 6.4: The index of the qj¯ is calculated using (4).

qj¯=σj∑t=1n(1−gjq¯)(4)

Step 6.5: Finally, the weight of each criterion is determined by the formula (5).

ωj¯=qj¯∑j=1nqj¯(5)

Step 7: SPOTIS method.

Step 7.1: Establishing the maximum (Sjmax) and minimum (Sjmin) limits defines the bounds for the original MCDM problem, thereby transforming it from an ill-defined problem into a well-defined one.

Step 7.2: The Ideal Solution Point (ISP) is determined by the bounds of the attributes. The optimal alternative is selected as the one with the shortest distance from the ISP.

Step 7.3: To determine the distance between each alternative and the ISP, we initially assess the Euclidean distance for every alternative Ii and criterion Jj.

dij(Ii,Sj∗)=|Sij−Sj∗|(6)

dij~(Ii,Sj∗)=dij(Ii,Sj∗)−djmindjmax−djmin(7)

where Sij represents the score value, while djmin stands for the minimum possible distance, which is zero solely in cases where Sij aligns with the ideal solution Sj∗. djmax=|Sjmax−Sjmin| is maximum distance so Sij∈[Sjmin,Sjmax].

Step 7.4: Determine the normalized average distance using the following formulae given below:

d(Ii,Sj∗)=∑j=1Nωj¯∗dij(Ii,Sj∗)(8)

Step 7.5: Rank the alternatives in ascending order values of d(Ii,Sj∗). The alternative with the lowest value corresponding to that solution is the optimal MCDM solution. The second-best MCDM solution, for example, correlates with the second-lowest value. Once the limits values of each criterion in the MCDM are well-defined, a ranking reversal has no effect on the SPOTIS approach since each option is assessed independently of the others. This suggests that the preference order of the alternatives in the well-stated MCDM issue will remain the same whether a new option is added or an old one is removed. However, the SPOTIS technique needs to be adjusted if the chosen ISP is a specific Expected Solution Point (ESP) that does not meet the criteria’s minimum and maximum parameters.

5  Numerical Example

FW is an imminent cause of environmental pollution due to the carbon footprint occurring during the decomposition of the FW. Hence, it is imperative to provide proper disposal and treatment of the FW. Various techniques have been employed for the FW treatment. In this study, we have considered four such techniques: anaerobic digestion (Λ1), composting (Λ2), landfilling (Λ3), and incineration (Λ4). We have considered 13 criteria to evaluate these alternatives. The alternatives that are considered in this study have been discussed below:

Anaerobic Digestion: In this procedure, food waste undergoes decomposition in the absence of oxygen, facilitated by microorganisms that convert the organic matter into biogas and a residue known as digestate. Typically, this process occurs within a sealed vessel known as a reactor, which is widely employed due to its effectiveness in treating substrates rich in biodegradable organic matter and high moisture content. Food waste is gathered from various sources including kitchens and restaurants, then subjected to further screening to remove non-organic materials such as plastics and glass. Subsequently, the pre-cleaned food waste is introduced into the reactor for anaerobic digestion. Microorganisms within the reactor convert the food waste into biogas and a nutrient-rich material called digestate, which can be utilized as fertilizer in agriculture. The methane produced serves as a renewable energy source, thereby mitigating global warming by reducing greenhouse gas emissions that would otherwise occur during waste decomposition in landfills. Although the initial setup costs for anaerobic digestion are relatively high, the process involves technical intricacies necessitating regular monitoring of factors such as pH levels and temperature, leading to increased maintenance requirements. Proper management of the digestate is crucial for effective operation.

Composting: Composting, akin to anaerobic digestion, involves the breakdown of food waste by microbes, albeit in the presence of oxygen. Initially, collected food waste undergoes pre-treatment to eliminate harmful substances such as glass and plastics. Subsequently, the food waste is mixed with sawdust to expedite the process. Co-composting, on the other hand, involves combining multiple feedstocks to enhance compost quality. Through co-composting, organic waste is transformed into a valuable organic product known as compost, which serves as a substitute for artificial fertilizers. This transformation is gradual, as it necessitates time for the feedstock to decompose. From a biological perspective, composting involves a controlled aerobic process aimed at breaking down solid waste, rendering it suitable for recycling as plant nutrients, stabilizing soil, aiding in remediation processes, or altering soil composition to enhance soil regeneration. The feasibility of compost production can dictate whether it occurs at a decentralized or centralized level. Both approaches entail significant preprocessing, and composting is typically feasible only with segregated organic matter. Examples of decentralized composting methods include home composting, bin composting, box composting, and vermicomposting, while centralized methods include windrow composting, aerated static pile composting, and in-vessel composting.

Landfill: Landfilling is the process of putting food waste in heaps on land, which produces leachate, a liquid generated when water percolates through the garbage, collecting up different toxins. This leachate contains hazardous substances like organic acids and ammonium, posing risks to human health and environmental pollution. Hydrolysis, aerobic degradation, and anaerobic degradation within a confined environment contribute to leachate formation. Initially, hydrolysis, facilitated by oxygen, yields monosaccharides, fatty acids, glycerol, and amino acids. Over time, as air penetration diminishes, anaerobic degradation predominates. Once decomposition occurs, the land can be repurposed for further decomposition activities. However, landfills pose risks of groundwater contamination and contribute to land pollution. Proper treatment of leachate is crucial due to its high nitrogen and phosphorus content, which can lead to water pollution.

Incineration: Incineration entails the combustion of waste at elevated temperatures within a controlled setting. Prior to incineration, waste undergoes pre-treatment procedures like torrefaction, leaching, and bio-drying to mitigate the release of harmful substances into the environment. Pre-treatment serves to decrease moisture content, facilitating the combustion process. This method effectively diminishes the volume of food waste, converting it into ash. The high temperatures during incineration substantially reduce pests and pathogens. The controlled environment aids in preventing both land and water pollution. However, inadequate maintenance of incineration plants can lead to the emission of pollutants into the atmosphere. The resulting ash, albeit reduced in volume, may contain alkali materials and metals. Proper management of the ash is imperative to avert environmental pollution.

Several internal and external factors significantly impact the selection of FWT methods. Internal factors encompass economic feasibility and technological accessibility, while external factors include environmentally friendly technology and social acceptance. Economic factors involve costs incurred during plant operation, including initial setup expenses, staffing, and operational costs. A nation’s Gross Domestic Product (GDP) also influences FWT selection, particularly in terms of economic viability. For instance, a FWT plant with high operating expenses may struggle to thrive in a developing country. Technological accessibility relates to the maturity and ease of operation of the plant, with complex technologies demanding skilled workers. Social acceptance is crucial as local communities may resist the establishment of a plant due to perceived lifestyle changes. Opposition from the community can lead to significant challenges in operating the facility. Additionally, changes in consumer food waste behavior and supply chain dynamics impact the annual volume of food waste. Locating facilities in areas with high food waste concentration can reduce transportation costs. Environmental impact is another critical consideration, as industries generating significant pollution face resistance from both government and society. Adherence to government regulations and alignment with economic and societal interests are essential for industry acceptance. Thirteen criteria are chosen based on economic, technical, environmental, and social factors to evaluate alternative FWT methods. It is essential to select an alternative that minimizes costs while maximizing profits for successful business operations. Therefore, each criterion is categorized into cost (negative) or benefit (positive) for comprehensive evaluation of alternatives and is given in the Table 2.
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5.1 Proposed Methodology Results

In this section, we have incorporated the adapted framework into the fuzzy MCDM approach using the aggregated SPOTIS-CRITIC method (Fig. 1). During the evaluation of the present alternatives, the criteria are graded as benefit (positive) and cost (negative).
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Figure 1: Overall proposed algorithm

(i)   The decision matrix concerning the criteria and alternatives is formulated based on BPFS, as given in step 1. In this study, four DMs have been formed based on the opinions of four experts. Equal weight is given to each decision expert in the problem, and based on the linguistic scale fixed in Table 3, the decision matrices are given in Table 4.

(ii)   Based on the statistical averaging function, the given decision matrices are aggregated into a single DM, which is provided in the Table 5.

(iii)   The score function specified in the definition is utilized on the aggregated decision matrix and the normalized decision matrix is provided in the Table 6.

(iv)   The weights for the criteria are assigned by the application of CRITIC methods as proposed in step 3 as ζ1 = 0.0681, ζ2 = 0.0541, ζ3 = 0.0625, ζ4 = 0.0619, ζ5 = 0.0642, ζ6 = 0.1395, ζ7 = 0.1366, ζ8 = 0.0574, ζ9 = 0.0947, ζ10 = 0.0623, ζ11 = 0.0607, ζ12 = 0.0834 and ζ13 = 0.0548 (Fig. 2 provides a graphic illustration of weightage of criteria) and the normalized decision matrix is formed as per step 4.

(v)   The correlation coefficient is found using the formula (3) and is given in the Table 7.

(vi)   The standard deviation is calculated based on the formula (3), and the resulting values are: σ1=0.4761,σ2=0.4435,σ3=0.4590,σ4=0.4184,σ5=0.4259,σ6=0.4259,σ7=0.4730,σ8=0.4418,σ9=0.4250,σ10=0.4088,σ11=0.4137,σ12=0.4224,σ13=0.4084.

(vii)   To apply the SPOTIS method for ranking the alternatives, the bounds are set according to step 9 as follows: min = [0.10, 0.10, 0.08, 0.15, 0.13, 0.13, 0.12, 0.15, 0.11, 0.08, 0.10, 0.14, 0.13].

max = [0.13, 0.14, 0.14, 0.18, 0.19, 0.19, 0.17, 0.18, 0.14, 0.13, 0.18, 0.19, 0.20].

(viii)   The normalized the averaged distance of the alternatives using the formulas (6)–(8). The normalized averaged distances for the alternatives are as follows: Λ1 = 0.44, Λ2 = 0.47, Λ3 = 0.58, Λ4 = 0.45.

(ix)   Using step 13, we conclude that the alternative Λ1 with the least distance is the ideal solution, followed by the alternative Λ4 (Fig. 3).
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Figure 2: Priority of criteria based on CRITIC approach
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Figure 3: SPOTIS ranking reversal results

6  Result Validation and Discussion

The CRITIC method is utilized to analyze the influence of each criterion on the alternatives, as illustrated in Table 3. According to the table, benefit to society holds the greatest influence, closely followed by compatibility. Energy consumption also significantly impacts the evaluation of alternatives, while operation cost has the least influence. For the successful operation of a FWT plant, societal acceptance is crucial. Public concerns regarding pollution, odor, and noise arising from the presence of the FWT plant in their vicinity must be addressed before establishment to ensure facility success. Providing employment opportunities for locals can enhance community acceptance and facilitate smooth operation. Minimizing energy consumption is essential as it not only reduces costs but also mitigates environmental impact. Technologies with high operational costs may deter investors and face adoption challenges, potentially leading to failure. Among the alternatives, Λ1 with the smallest distance is deemed the ideal choice, making AD the preferred FWT method. This is followed by incineration and composting, while landfill treatment is considered the least preferred method. AD, with its predominantly internal reactor reaction, facilitates easier biogas extraction, and with proper digestate treatment, can help prevent environmental issues. It can also treat other wastes like solid municipal waste alongside food waste, making it highly versatile. Its relatively higher methane production further solidifies its preference as an FWT technology. Incineration proves useful for rapid organic waste treatment, but its operational costs escalate due to food waste moisture content, making it the second preferred method. Composting, similar to AD but with decomposition occurring in the presence of oxygen, offers an environmentally friendly alternative. Landfill treatment is the least preferred due to its high maintenance requirements to mitigate odor and prevent land and water pollution.

Sensitivity analysis: In all MCDM problems, the significance of each criterion is determined based on expert opinion. Since the relative importance of criteria greatly influences alternative evaluation, system reliability is crucial. Assessing system robustness involves changing input data within specified conditions to test its reliability. In this study, out of the identified 13 criteria, six are cost-related and the remaining are benefit-related. Sensitivity analysis involves assigning different weights to cost and benefit criteria and adjusting parameter values. In this model, no parameters are associated with BPFS, CRITIC, and SPOTIS methods. Therefore, sensitivity analysis involves varying the weightage of benefit and cost criteria.

(a)   Assuming equal significance for all criteria, each criterion (ζj) is assigned a weight of 0.0769. The alternative distances for ranking are: Λ1 = 0.41, Λ2 = 0.4, Λ3 = 0.67, and Λ4 = 0.47.

(b)   Equally weighting benefit and cost criteria at 50% each results in a slight change in alternative distances: Λ1 = 0.41, Λ2 = 0.4, Λ3 = 0.68, and Λ4 = 0.47.

(c)   Assigning 70% significance to beneficial criteria leads to alternative distances of: Λ1 = 0.42, Λ2 = 0.39, Λ3 = 0.62, and Λ4 = 0.45, with beneficial and non-beneficial criteria weighing 0.1 and 0.05, respectively.

(d)   Assuming 20% and 80% importance for beneficial and non-beneficial attributes, the alternative distances are: Λ1 = 0.39, Λ2 = 0.43, Λ3 = 0.79, and Λ4 = 0.51.

The CRITIC weighting approach heavily influences the alternatives’ ranking illustrated in the Fig. 4. The robustness of the proposed technique is demonstrated by observing changes in the SPOTIS result as weights assigned to each criterion are varied. Despite weight adjustments, the ranking of alternatives remains consistent. Alternative Λ1 consistently ranks first, suggesting that AD technology may be preferable compared to other alternatives due to its ease of operation and biogas production capability.
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Figure 4: Sensitivity analysis illustration

Comparative analysis: There are several MCDM methods suitable for evaluating FWT technologies. To examine both the similarities and distinctions among these methods, a comparative analysis has been conducted with various other MCDM methods. This analysis entails inputting the defined decision matrix into different methods to observe potential variations in results. Such comparisons allow us to understand how the outcomes of our proposed model may differ when evaluated using alternative methodologies.

Table 8 presents the ranking of alternatives obtained through Additive Ratio ASsessment (ARAS), Complex Proportional Assessment (COPPRAS), Evaluation based on Distance from Average Solution (EDAS), Multi-Objective Optimization based on Simple Ratio Analysis (MOOSRA), TOPSIS, VIKOR, ELECTRE methods and the proposed model. The application of these MCDM methods does not alter the ranking of alternatives, affirming the accuracy of the proposed algorithm (Fig. 5). Additionally, Spearman’s rank correlation analysis is conducted to assess the consistency between different ranking methods and the proposed model, as illustrated in Fig. 6. A correlation coefficient of 1 signifies a positive monotonic relationship, 0 denotes a neutral monotonic relationship, and −1 indicates a negative relationship. The proposed model exhibits a positive monotonic relationship with ARAS, COPRAS, MOOSRA, and TOPSIS ranking methods. Moreover, the correlation coefficient of 0.8 suggests a stronger monotonic relationship between EDAS, VIKOR, and ELECTRE methods and the proposed model, confirming the consistency of the proposed approach.
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Figure 5: Comparative analysis graphical representation
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Figure 6: Spearman’s rank correlation analysis graphical representation

7  Conclusion, Limitations and Future Directions

Over-shopping food items on impulse and leaving them in storage for too long is one of the reasons for household FW. Due to high population density and the dining-out culture among the youth, the number of restaurants has grown significantly in urban areas. Based on taste and price, FW occurs in restaurants worldwide [69]. This produces higher concentrations of FW in cities than in rural counterparts. The inefficiency in the supply chain in the agricultural sector is one of the contributors to FW. Huge quantities of agricultural produce are wasted during the post-harvest stage. These FW account for the carbon footprint due to the emission of carbon dioxide and other harmful gases [70]. Hence, various studies have been conducted to evaluate the treatment technologies of the FW. This study considers four different technologies and evaluates them based on the hybrid CRITIC-TOPSIS approach. CRITIC is employed to assign weights to the attributes, while SPOTIS is applied to evaluate and rank the alternatives. Applying the CRITIC method is vital for evaluating the importance of each criterion. In the CRITIC method, the criterion ζ6 is found to have more influence than the other criteria. The application of SPOTIS saves the hassle due to its rank-reversal-free tendency in evaluating the available technologies. The final utility values of the alternatives after the application of SPOTIS are 0.44, 0.47, 0.58, and 0.45. The definitions, score function, and accuracy function of the BPFS are given in the preliminary section. Then, a hybrid CRITIC-SPOTIS approach was developed and discussed along with the case study. The results are validated by comparing them with ARAS, COPRAS, EDAS, MOOSRA, and TOPSIS. The robustness of the system is examined through the sensitivity analysis. After evaluation, anaerobic digestion is considered the optimal technology for FWT evaluation.

There are a few limitations that are yet to be overcome. Since the data on FW is extremely fluctuating, only an approximation of the exact data could be found. This study only examined four extensively used technologies for evaluating the optimal technique. In the future, the study could be extended to the new FWT techniques. By focusing on smaller regions, the data accuracy could be guaranteed, and the criteria for the FWT selection could be tailored based on the requirements and preferences in that region. A combination of subjective and objective weighting methods can be employed to analyze the given situation. Due to the reliability, robustness, and rank reversal-free nature of the proposed CRITIC-SPOTIS method, it can be applied to various other technology selections in pharmaceutical, electronics, information technology, Industries, metallurgy, etc. This method could also be extended for site selection to small-scale and large-scale industries. In the future, interpretability analysis can be performed for the proposed model to ensure the transparency of the proposed model. Performing Interpretability analysis can help to facilitate the adoption of the proposed method in real-world scenarios. Statistical averaging methods can accommodate various types of uncertainty beyond fuzzy logic, such as probabilistic uncertainty, measurement error, or variability. It provides simple calculations and transparent results. It significantly reduces the calculation time while the fuzzy aggregation operators increase the complexity of the proposed model. Hence, the statistical averaging model is preferred to fuzzy averaging operators. In the future, the same study could be extended by implementing the aggregation operator instead of the averaging operator.
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Table 3: Linguistic scale
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Table 8: Comparative analysis

Alternatives ARAS COPRAS EDAS MOOSRA TOPSIS VIKOR ELECTRE PROPOSED

A, 0916 1 0.7506 1.571 0.545 0.2262 1.5918 0.44
A, 0.902 0.986 0.6911 1.517 0.431 0.4837 0.2204 0.47
A, 0.872  0.952 0.3572 1.364 0.517 1 —1.2002 0.58

A, 0.908 0.991 0.6729 1.519 0.542 0.0796 —0.6120 0.45
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Table 6: Normalized decision matrix

A G & g3 G4 g Zs < Cs %o Cio Sin P! Cis
A, 0.8000 0.8000 1.0000 1.0000 0.4037 0.2441 0.5882 0.8143 0.2955 0.4627 1.0000 O 0.5185
A, 1.0000 1.0000 0.8333 0.3333 1.0000 0O 0 1.0000 O 0.4627 0.4278 1.0000 1.0000
A; 0 0 0 0 0 1.0000 1.0000 0 0.2955 0 0 0.2708 0
A4 0.2000 0.8000 0.3333 0.5385 0.2385 0.3858 1.0000 0.4429 1.0000 1.0000 0.3608 0.4062 0.5185
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Table 4: Decision matrix

Alternatives ¢, & & & gs Lo & e & S Cu $n i3
DM, A, MI 1 MI M MS M MS VVS M VI MI S VS
A, | | | S VVS MI M MS S M M VS S
A, M MI M S MI AS MS MI MI M S VVS MS
A, MI 1 MI S VS M VS S MI VI MS MI MS
DM, A, | | | S S MI 1 S | | M MI S
A, MI MI M MS S MI 1 S | VI MI AS AS
A, MI M MI MS MS VS M MS 1 MS M M MI
A, MI MI VI MI MI MS S MS L MI MI MS VS
DM, A, VI M 1 MS M VS M M MI M VI M MS
A, VI VI VI S VS M MI VS MI 1 MS M VS
A, M MI M M M M VS M M VI S MS M
A, M MI M VS M M M M M VI M VS MS
DM, A, MI 1 VI AS MS M VVS MS MS MI MI MS M
A, | MI 1 MS M S MS S M MI S MS MS
A, | M MI S MS MS S VS MS 1 VVS MI MS
A, | | M VS MS S MS S MI MI VS S S
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Table 7: Correlation coefficient
Ag & g3 s Ss 8 &7 8s Go Cio ¢ i i3

£,1.0000 0.7894 0.9407 0.5106 0.9022 —0.8918-0.9229.9690 —0.5910.1201 0.6866 0.4023 0.8572
£,0.7894 1.0000 0.8052 0.6242 0.7866 —0.9803-0.6548.9163 0.0040 0.7011 0.6430 0.4180 0.9305
£0.9407 0.8052 1.0000 0.7696 0.7271 —0.8699-0.7376.9414 —0.398D.2464 0.8918 0.1037 0.7492
£0.5106 0.6242 0.7696 1.0000 0.1812 —0.5815-0.1428.5949 0.1677 0.4958 0.9627 —0.4389.3469
£0.9022 0.7866 0.7271 0.1812 1.0000 —0.8782-0.9698.8982 —0.543D.1865 0.3462 0.7557 0.9506
£—0.8918-0.9803-0.8699-0.5815-0.8782.0000 0.7854 —0.9749.1936 —0.5471-0.6536-0.4739-0.9647
£;—0.9229-0.6543-0.7376-0.1423-0.9699.7854 1.0000 —0.859D.7293 0.0454 —0.3548-0.6808-0.8534
£0.9690 0.9163 0.9414 0.5949 0.8982 —0.9745-0.8592.0000 —0.3804.3615 0.7161 0.4172 0.9282
£—0.59160.0040 —0.398D.1677 —0.543D.1936 0.7293 —0.3804.0000 0.7117 —0.1045-0.3356-0.2659
£9.1201 0.7011 0.2464 0.4958 0.1865 —0.547D.0454 0.3615 0.7117 1.0000 0.3164 0.1191 0.4804
£,0.6866 0.6430 0.8918 0.9627 0.3462 —0.6536-0.3548.7161 —0.1049.3164 1.0000 —0.3348.4391
£:0.4023 0.4180 0.1037 —0.4389.7557 —0.4739-0.6808.4172 —0.33560.1191 —0.3348.0000 0.6890
£,9.8572 0.9305 0.7492 0.3469 0.9506 —0.9647-0.8534.9282 —0.2659.4804 0.4391 0.6890 1.0000
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Table 2: Explanation of the assessment criteria

Criteria Character Type Description

Investment cost & Cost This includes the costs associated with setting up
the plant and the technologies. The cost of labour,
materials, and machinery falls under this category.

Operation cost & Cost This covers the expenses spent on operations and
manufacturing time. Paychecks, lease, insurance
expenses, utilities, and equipment upkeep are a few
examples of these costs.

Transportation & Cost Freight-related expenses are included in this

cost category. They cover costs for gasoline, upkeep of
the vehicles, pay for the drivers, tolls, and any other
fees levied by the transportation companies.

Energy & Benefit Energy is generated during the production of biogas

production and methane. This energy could be used to run the
machines and thus cut off some of the operational
Costs.

Social acceptance Es Benefit ~ The treatment plant should be accepted socially for
it to operate without any hinges or resistance. The
less social acceptance, the harder it is for the plant
to operate.

Benefit to the & Benefit ~ The FWT plant will be welcomed more readily if it

society is beneficial to the local residents.

Compatibility & Benefit The facility should be able to operate seamlessly in
both large-scale and small-scale settings.

Health and safety Gs Benefit The facility cannot be established or run if it poses
a health threat to the employees and residents of the
locality. Hence, the plant must provide safety in
terms of health to the people in its vicinity.

Energy & Cost This comprises the amount of energy consumed by

consumption the plant during the entire treatment process. If the
energy consumption of the establishment is higher,
it increases the cost of operation.

Environmental 1o Cost The facility should not be a threat to the

risk environment, including both flora and fauna. It
should not affect the biological cycle of the living
beings around it.

Soil and water ¢ Cost This involves the contamination caused by the

pollution industry with the nearby water resources and the
pollution due to the disposal of waste onto the
lands.

Technological i Benefit The selected technique must suit the needs of

maturity current trends and be analogous with modern
technologies.

Capacity {i Benefit ~ This involves the effectiveness of the selected

technique. The greater the adeptness of the
technique, the greater the likelihood that it will be
incorporated.
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Table 5: Aggregated decision matrix

A G & g3 G4 g Zs < Cs %o Cio Sin P! Cis

A, 0.1050 0.1106 0.0994 0.1769 0.1606 0.1509 0.1534 0.1728 0.1316 0.1106 0.1163 0.1509 0.1688
A, 0.0994 0.1050 0.1050 0.1688 0.1809 0.1412 0.1316 0.1769 0.1356 0.1106 0.1509 0.1809 0.1891
A; 0.1275 0.1331 0.1331 0.1647 0.1469 0.1809 0.1688 0.1550 0.1316 0.1203 0.1769 0.1591 0.1469
A, 0.1219 0.1106 0.1219 0.1713 0.1550 0.1566 0.1688 0.1647 0.1219 0.0994 0.1550 0.1631 0.1688
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