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1 Introduction

The entire world is living in an unprecedented era of human, technological, and
economic development. With trade and commerce reaching unparalleled heights
due to globalization, not only it has made countries more prosperous but also it has
drastically improved the living standards of people in the developed as well as the
developing countries. All these activities have resulted in the generation of tremen-
dous amount of municipal solid waste. Municipal solid waste generally refers to the
waste collected bymunicipalities or other local authorities which typically comprises
household waste, commercial waste, institutional waste, and waste generated from
public places. It has been estimated that about 2.01 billion tons of municipal solid
waste were generated in 2016 worldwide, with at least 33% of it not managed in an
environmentally safe manner; and under business-as-usual scenario, it is expected
that this municipal solid waste generation will reach 3.40 billion tons by 2050 (Kaza
et al. 2050; Pipatti et al. 2006).

India is the second-most populous country in theworld afterChina; about 17.7%of
world’s population lives in India, i.e., 1 out of every six people is an Indian (United
Nations 2019). In 2011, the total population of the country was 1210.2 million,
out of which 833.1 million (68.85%) lived in 0.64 million villages and only 377.1
million (31.15%) lived in cities. Interestingly, the share of rural population in the total
population is decreasing gradually. The percentage of rural population was 82.7% in
the first census of 1951 which has declined to 68.85% in 2011. On the other hand,
India’s urban population share was 17.3% in 1951 which has increased to 31.15% in
2011 (Census of India 2011). This increase in urban population is mainly attributed
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to the migration of rural people to urban areas in search of employment, better
infrastructure facilities, healthy lifestyle, etc. (Bhavita and Malek 2018). The rapid
and unfair growth in urban areas, along with inadequate provision of basic sanitation
infrastructure, has distressedmany Indian cities in solid wastemanagement and other
such public services (Annepu 2012).

With regards to municipal solid waste, estimations suggest that about 1.5 Lakhs
Tons per Day (54.75 Million Tons per Year) of solid waste is generated in urban
India, and the per capita solid waste generation ranges from 0.20 to 0.6 kg/day in
major cities. Also, the waste collection efficiency is between 70 and 90% in major
metro cities whereas it is below 50% in several smaller cities. In 2014–15, out of
the total MSW, approximately 117,644 TPD (80%) was collected, while only 32,871
TPD (22%) was processed or treated (Central Public Health and Environmental
Engineering Organisation (CPHEEO) 2016a). A study by The Energy and Resources
Institute (TERI) suggests that by 2047 solid waste generation in Indian cities will
increase to 260 Million Tons per Year, which is five times the present value. It has
also been estimated that the annual rate of increase in solid waste generation in
Indian cities would be about 5% per annum. Present way of municipal solid waste
management in Indian cities is largely ill-functioned which has led to degradation
of the environment and resulted in poor quality of life (Central Public Health and
Environmental Engineering Organisation (CPHEEO) 2016b).

In rural India, due to high population, growing consumerism, changing food
habits, increasing use of plastics, packaging, and use and throw items, etc. the
management of solidwaste generated from rural households is increasingly becoming
an issue of serious concernwith regards to health and environment. In rural areas, this
aspect has mostly been neglected due to lack of proper infrastructure, unavailability
of sustainable technology at household or community level, lack of adequate O&M
infrastructure, and awareness of common people (Ministry of Drinking Water and
Sanitation Government of India 2015). Though solid waste generated in rural areas
is predominantly organic and biodegradable and is of the order of 0.3–0.4 Million
Metric Tons per Day, it is becoming a major problem as the waste generated is not
segregated in-situ and also there are no proper solid and liquid waste management
systems existing in these areas (Ramesh and SivaRam 2016). This has led to the
spread of vector-borne diseases such as diarrhea, malaria, polio, dengue, cholera,
typhoid, and other water-borne infections such as schistosomiasis. About 88% of
the total disease load is due to lack of clean water and sanitation and the improper
solid and liquid waste management (Ministry of Rural Development xxxx). It is
quite evident that the problem of municipal solid waste management (MSWM) has
emerged as a big challenge in the urban as well as the rural areas in India.

Realizing the need for a massive sanitation drive to tackle solid and liquid waste
problems at the national, regional, and local levels, theGovernment of India launched
the Swachh Bharat Mission (SBM) on October 2, 2014, with the vision of a cleaner
India. It is one of biggest ever drives undertaken in the country to accelerate efforts to
achieve universal sanitation and to put focus on improving cleanliness and sanitation.
This mission incorporates both rural and urban components separately as: Swachh
BharatMission (Gramin) and Swachh BharatMission (Urban). The overall objective
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of Swachh Bharat Mission (Gramin) is to promote cleanliness and accelerate sanita-
tion coverage in rural areas by motivating village people and administration bodies
and encouraging them to undertake cost-effective and appropriate technologies for
ecologically safe and sustainable sanitation (Guidelines for Swachh Bharat Mission
(Gramin) 2018). In order to scale down the load on the urban solid waste treat-
ment infrastructure and also to handle the rural solid waste in a responsible manner
thereby providing healthy lifestyle along with maintaining the ecological and envi-
ronmental balance, it is imperative to provide an efficient and fully functional solid
waste management system in rural areas itself.

Solid waste management (SWM) includes all activities that seek to minimize
health, environmental, and aesthetic impacts of solid waste (Zhu et al. 2008). An
effective functional waste management system comprises six elements: (a) waste
generation; (b) waste handling and sorting, storage, and processing at the source;
(c) collection; (d) sorting, processing, and transformation; (e) transfer and transport;
and (f) disposal (Manual on Municipal Solid Waste Management 2000). Each of
these elements has its own characteristics and requires different levels of planning
and decision-making to make the entire management process effective. However,
selection of an efficient and appropriate solid waste treatment method for a particular
area is one of the important considerations for the success of a waste management
system. Selection of a wrong waste treatment method can lead to the failure of entire
wastemanagement system, apart from economic and environmental losses (Selection
Criteria for Waste Processing Technologies 2016). Hence this study focuses only on
the decision-making problem related to selection of a solid waste treatment method
for a village.

A large number of solid waste treatment methods are available worldwide. Selec-
tion of an appropriate technology for an area is an onerous task as decision-makers
have to trade-off between a pool of conflicting economic, environmental, social, and
technical criteria. Hence in modern challenging environment, decision-makers often
need fast and effective tools to quickly model and optimize several decision alter-
natives and then compare them according to various preconditions or performance
criteria (Vučijak et al. 2016). In recent decades Multi-Criteria Decision Analysis,
a branch of operations research, has emerged as an important and convenient tool
to support decision-makers in finding optimal results for complex decision-making
problems involving various indicators, conflicting objectives, and criteria (Kumar
et al. 2017). A large number of MCDA techniques and approaches have been devel-
oped over the years with the purpose of improving the quality of decisions by creating
the developmentmore efficient, rational, and explicit; and each one has its ownmerits
and demerits (Mardani et al. 2015). The ability of MCDM to handle complex and
controversial information, which forms the basis of a decision-making process and
then to integrate it with human aspirations by involving multiple stakeholders, has
attracted the applications of MCDA in the field of environmental decision-making
as well (Kiker et al. 2005).
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2 Literature Review

According to Belton and Stewart (Valerie and Stewart 2002), “MCDA is an umbrella
term used to describe a collection of formal approaches which seek to take explicit
account of multiple criteria in helping individuals or groups explore decisions that
matter”. Multi-Criteria Decision Analysis (MCDA) serves as an aid to decision-
making by disintegrating the decision-making problem into manageable fragments
to make judgments based on relevant data and then reassembling these fragments to
have a logical and rational solution to the problem (Analysis 2009). In recent years
MCDA has become a very fertile and popular branch of the Operational Research,
with an ever-increasing application to a very diverse set of problem scenarios (Bruno
and Genovese 2018). MCDA is a discipline that has a wide range of applications in
mathematics, management, informatics, psychology, social science, economics, etc.
It has flourished in all areas where a significant tactical or strategic decision is to be
made depending on the time perspective of the consequences (Alessio and Nemery
2013).

Several review studies have been conducted pertaining to application ofMCDA in
solving environmental problems which help in knowing the suitability of a particular
MCDA technique. Achillas et al. (Achillas et al. 2013) presented an extensive review
of the literature on MCDA in waste management problems. Research papers were
classified based on waste stream assessed, date of publication, MCDA method used
and the specific topic addressed. It was found out that AHP and ELECTRE are
mostly used in both location and strategy problems,whereas PROMETHEE ismostly
preferred in identifying optimal waste management alternative strategies. Apart from
this, it was also found that the concept of sustainable waste management is gaining
importance in recent compromising models.

Huang et al. (2011) reviewed past studies in the field of multi-criteria decision-
making in environmental science, conducted from 1990 to 2010. The study showed
that the number of MCDA papers published in the environmental field has grown
significantly during these two decades. A total of 312 papers were reviewed and
it was found that AHP is the most commonly used MCDA technique. AHP/ANP
was used in 48% of the papers followed by MAUT (16%) and Outranking methods
(13%). It was also observed that AHP is widely used, at 80%, in spatial/GIS papers.
However, in air quality/emissions studies, PROMETHEE is used more widely than
AHP.

Similar study was conducted by Soltani et al. (2015) in which applications of
MCDA in solvingMSWMproblems specifically were reviewed. A total of 68 studies
were reviewed to analyze the trend in MSWM problems with multiple stakeholders.
It was found that 38%of reviewed studies involvedmultiple stakeholders in decision-
making process. Stakeholders were involved to assign criteria weights in majority
of the studies while in few studies only stakeholders evaluated alternatives on their
own. Most of the studies combined various MCDA methods with other popular
decision-making tools. AHP and Graphical Information System (GIS) is one of the
most popular combinations used in the reviewed papers. This study also showed



20 A Multi-criteria Based Analysis for Prioritization … 259

that AHP (65%) is the dominant technique used in solving MSWM problems while
PROMETHEE is an emerging method.

MCDA has been applied to address different types of solid waste management
problems in urban as well as rural areas. Since the amount of waste generated in
urban areas is large it requires a robust waste management strategy that can lead
to safe disposal of solid waste. In the study carried out by Madadian et al. (2013),
AHP method has been applied to select the best urban waste management strategy
for Tabriz city in Iran. Four waste management strategies comprised of several solid
waste treatment practices such as Source Separation (SS), Biological and Mechan-
ical Treatment (BMT), Refused Derived Fuel (RDF), Incineration and Landfilling
were evaluated based on eight criteria. The findings of the research showed that
the strategy comprising SS, Compost production, BMT, RDF, and Lanfilling is the
best one for urban waste management. Antonopoulos et al. (2014) examined three
treatment alternatives viz. mechanical–biological aerobic treatment without RDF
energy recovery, mechanical–biological anaerobic treatment, and incineration with
energy recovery, in the capacity range of 70–90 kT, for solid waste treatment of
a medium-sized town using AHP. The alternatives were compared based on their
environmental, social, and economic performance and it was found that for such an
area Incineration with energy recovery would be the most suitable option. Jovanovic
et al. (2016) applied SAW and TOPSIS methods to choose the optimal municipal
solid waste (MSW) management system for Kragujevac city in Republic of Serbia.

Due to growing health and environmental concerns, it has become essential to
treat the solid waste scientifically in rural areas as well. It is crucial to choose the
most appropriate treatment method depending on the local conditions of the village.
MCDA has the advantage of involving several qualitative and quantitative factors in
the assessment process which guides the selection of a particular treatment method.
This has been highlighted in the study conducted by Alfons and Padmi (2018). In
the study, a multi-criteria approach has been adopted for selecting the most solid
waste management approach for rural areas in Indonesia. A four-level AHP hier-
archy was modeled comprising of a goal, five general criteria, 20 sub-criteria, and
three alternatives. The results highlighted the importance of integrated solid waste
management in rural areas as integrated treatment facility initiated by household-
scale waste handlings was reported to be the most optimal solid waste management
concept.

One of the key features of MCDA is that it can be combined with other decision-
making systems such as Life Cycle Assessment (LCA) or with some spatial analysis
tool such as GIS. One of the shortcomings of LCA is that it does not take into account
the economic and social factors.Kermani et al. (2014) highlighted this shortcomingof
LCA and combined it with TOPSIS to find out the optimumurbanwastemanagement
system for a city generating 1000 Tons/day of waste having high organic content.
Aguilar et al. (2018) in their study presented a multi-criteria-based methodology
for the emplacement of solid waste management infrastructure with the help of
spatial analysis tools available in the GIS software. The study highlighted the use of
multi-criteria evaluation technique AHP along with GIS, which helped in taking into
account several criteria while reducing time and cost in decision-making. Jaiswal
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et al. (2018) carried out a suitability analysis for waste disposal site selection for a
urban area using geospatial multi-criteria decision-making. GIS software along with
AHP based Weighted Linear Combination and TOPSIS was used which generated
sophisticated spatial outputs which were quite accurate, practical as well as visually
appealing to the decision-makers. It was mentioned that such types of scientific
approaches lead to more efficient planning.

Regional features play an important role in the decision-making process of solid
waste management problems. These features vary from country to country and also
from region to region within a country. Therefore by using the regional features
in establishing the criteria for assessment of alternatives, this study highlights the
application of MCDA to find most suitable solid waste treatment method for a rural
area.

3 Materials and Methodology

3.1 Problem Definition

In this study three most commonly used solid waste treatment methods sought to
be feasible at rural level viz. Anaerobic Digestion (AD), Vermicomposting (VC),
andWindrow Composting (WC) are compared and ranked using Analytic Hierarchy
Process (AHP) since it is one of the simplest and most widely used MCDA tech-
niques. The alternatives are evaluated against ten criteria to find the final priorities. In
AHP, the final priorities of alternatives can be determined by adopting two different
modes: Distributive mode and Ideal mode. In this study also, the final priorities are
determined using both the modes. A sensitivity analysis has been done in the end to
check the robustness of the results obtained from the decision-making process. The
methodology adopted for the study is shown in Fig. 1.

3.2 Study Area

Palsoli village (19.3639 °N, 73.2773 °E), located in Shahapur Tehsil of Thane district
in Maharashtra is selected as the study area. It is approximately situated 30 km
away from sub-district headquarters of Shahpur and about 70 km away from district
headquarter. The nearest railway station is Vasind. It is about 5.4 km away from
this village. The village location is shown in Fig. 2. Several site visits were done to
know about the existing solid waste management practices in the village. From the
visits, it was found out that there was no proper system of solid waste collection,
transportation, and disposal in the village. The solid waste was neither treated at
individual level nor at village level. People were either simply dumping or burning
the solid waste. Therefore this study had been undertaken to provide a suitable solid
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Fig. 1 Study methodology flowchart

Fig. 2 Palsoli village. Source Google Earth

waste treatmentmethod for the villagewhichwill help the local authorities to develop
and implement a sustainable solid waste management system in the village.
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3.3 About Analytic Hierarchy Process (AHP)

The Analytic Hierarchy Process is a theory of relative measurement which was
developed by Saaty during 1971–75 (Saaty 1987). It is a comprehensive framework
which is designed to make multi-objective, multi-criterion, and multi-actor deci-
sions involving finite number of alternatives (Harker and Vargas 1987). It reduces
a multi-dimensional problem into a one-dimensional one and determines decisions
by a vector of priorities which gives an ordering of the different possible outcomes
(Saaty 2006). There are three major concepts behind AHP: analytic, hierarchy, and
process, as described by Harker (1989). Analytics refers to the use of numbers and
mathematical/logical reasoning involved in the AHP; Hierarchy refers to the struc-
turing of decision problems into levels based on one’s understanding of the problem.
By breaking the problem into various levels, the decision-maker can easily focus
on smaller sets of decisions, and the Process term signifies the natural process of
decision-making which involves decision-makers’ meetings, debating, revision of
priorities, etc. AHP is based on a set of axioms that provide the theoretical basis for
the method. These axioms are given by Saaty and Kułakowski (2016) and are briefly
described below:

• Axiom 1: Reciprocal Judgments—The pairwise comparison matrix is formed
based on this axiom. As per this axiom, if an element of a comparison matrix (A)
belonging to ith row and jth column is given as aij then the element belonging to
jth row and ith column aji is given as, aji = 1/aij. This results in the formation of
a positive reciprocal matrix.

• Axiom 2: Homogenous Elements—According to this axiom elements present in
a particular level of hierarchy must be comparable. Infinite preferences are not
allowed when comparing alternatives or criteria.

• Axiom3: Hierarchic or feedback dependence structure—This axiom sets the basis
for the formulation of a decision problem into a hierarchy. A set of elements in a
particular level are to be compared with respect to an element in the immediate
next higher level.

• Axiom 4: Rank order expectations—All the criteria and alternatives which are
significant in solving the decision problem must be included in the hierarchy.
Addition or deletion of any criteria or alternative should be avoided as this could
give different order of ranking.

Due to its ability to solve a complex decision-making problem hierarchically, and
quantify intangible criteria, AHP is one of the most widely usedMCDAmethods and
has been used extensively where the evaluation of alternatives is mostly subjective
(Tarmudi et al. 2010; Emrouznejad and Marra 2017). The steps involved in AHP as
given by Saaty (1994) are enlisted below:

• Step 1: Problem Definition.
• Step 2: Structure the decision problem into a hierarchical model by establishing

goals, criteria, and alternatives and showing their relationships.
• Step 3: Formulate pairwise comparison matrices and check for consistency ratio.



20 A Multi-criteria Based Analysis for Prioritization … 263

• Step 4: Determine criteria weights and local alternative weights.
• Step 5: Synthesize these results to determine global alternative weights and obtain

the ranking of alternatives.
• Step 6: Perform sensitivity analysis.

The problem definition step has already been covered in Sect. 3.1. In the subse-
quent sections, the above steps have been described briefly and applied to the case
study.

3.4 Structure the Decision Problem into a Hierarchical
Model by Establishing Goals, Alternatives, and Criteria

The hierarchy disintegrates the decision problem into various levels with homoge-
nous elements such as goal, criteria, sub-criteria, and alternatives occupying a specific
level in the model. Elements that have a global character, i.e., goal, can be placed
at the top level of the hierarchy, followed by a criterion level, then a sub-criteria
level (if any), and finally the alternatives at the bottom. The purpose of forming
this hierarchy is twofold: (i) It gives overall view of the relationships between these
elements and (ii) It helps the decision-maker check whether the issues in each level
are of the same order of magnitude, so that comparison can be made only between
homogenous elements (Saaty 1990).

Selection of Alternatives

A wide range of methods is available to treat municipal solid waste with each
method having its own merits and demerits. Out of the feasible options available
for rural areas, three methods viz. Anaerobic Digestion (AD), Vermicomposting
(VC), and Windrow Composting (WC) are selected as alternatives for this study.
The alternatives are briefly described in the subsequent paragraphs:

Anaerobic Digestion/Biomethanatiom

Anaerobic digestion, also known as Biomethanation, consists of anaerobic digestion
of organic matter present in the solid waste by microorganisms that break down the
biodegradablematerial in the absence of oxygen. In thismethod, there is considerable
amount of volume andmass reduction of the inputmaterial. The decomposition of the
wastemass bymicrobial activity results in the generation of an odorless and colorless
biogaswhichmainly comprises 55–60%methane and30–40%carbondioxide (CO2).
The biogas has high energy value and hence can be used either for cooking/heating
applications or for the generation of electricity. The nutrient-rich sludge obtained
from anaerobic digestion can be used as manure-based on its composition. Due to
the high organic content of the rural solid waste, this method can be considered a
viable option for solid waste treatment (Varma 2012; Gupta et al. 2015; Sharholy
et al. 2008; Government of India 2016).
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Vermicomposting

Vermicomposting is the process of decomposing the biodegradable fraction of solid
waste with the help of particular species of earthworms. The end result of the process
is the production of vermicompost which is a nutrient-rich, natural fertilizer and
soil conditioner. The earthworm species that are efficient in conversion of waste are
Pheretima elongate, Eisenia fetida, Lampitomauritii, Perionyx excavatus, Lumbricus
rubellus, Eudrilus eugeniae, etc. When compared with normal composting, vermi-
compost is richer in plant nutrients and has better market price. Along with this, sale
of worms can also bring additional revenue. Vermicomposting is typically suited for
managing smaller waste quantities. Also the ideal feedstock for vermicomposting is
vegetable market waste, kitchen and garden waste, cow dung and agricultural waste
which make this technique suitable for rural areas (Varma 2012; Gupta et al. 2015;
Sharholy et al. 2008; Government of India 2016).

Windrow Composting

Windrow composting process consists of placing the pre-sorted solid waste in long
narrow piles called windrows. The windrows are turned on a regular basis for mixing
of composting materials and enhancing the passive aeration process. The size, shape,
and spacing of windrows depend on the equipment used for the turning operation.
Since waste generated is not huge in rural areas and also due to financial constraints,
manual labor can also be used for windrows in place of machinery. At the end of
one composting cycle, the finished product is dark brown in color with an earthy
smell, fragile, and rich in organic matter content and nutrients, which can be used as
manure (Government of India 2016).

Selection of Criteria

TheMCDA problem of solid waste treatment methods involves a set of finite number
of criteria which govern the prioritization of the alternatives. These criteria are
either quantitative or qualitative in nature. Quantitative criteria are objective criteria
based on cardinal scales whereas qualitative criteria are subjective criteria based on
ordinal scales. In case of subjective criteria, the performance of alternatives has been
measured using a five point rating scale of worst, poor, good, very good, and best
corresponding to numerical values of 1, 2, 3, 4, and five respectively. In MCDM
criteria are also classified as Benefit criteria or Cost Criteria. Benefit criteria are the
ones which are to be maximized, i.e., more the performance value of an alternative
for the criteria, more will be its priority whereas a cost criteria are the ones which are
to be minimized, i.e., lesser the performance value of an alternative for the criteria,
more will be its priority. Based on the literature review, ten criteria have been selected
which are broadly categorized into four groups: economic, technical, environmental,
and social.

Economic criteria represent the cost aspect of the treatment methods. The
economic criteria considered in this study are construction cost and annual oper-
ation cost. Construction cost is the cost incurred in the construction of the main
treatment plant. Annual operation cost includes the salaries of employees, electricity
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charges, etc. Technical criteria represent the technical information about the treat-
ment methods. Three technical criteria selected for this study are Land requirement,
Cycle Time, and End product benefits. Land requirement is the area of land required
for the main treatment plant alone. Cycle Time is the time required for conver-
sion of solid waste into a beneficial end product. End product benefits indicate the
types of beneficial products obtained after the completion of cycle time of the treat-
ment method. Environmental criteria represent the threats and harmful effects of a
treatment method on the environment and on the health of local people. The envi-
ronmental criteria considered in this study are Fly nuisance, Odor problems, and
Leachate problems. Fly nuisance is the aesthetic trouble caused because of presence
of birds, flies, etc. over the waste. Odor problem is one of the serious threats to human
health since in certain treatment methods various types of gases are evolved which
may cause several diseases. Leachate is the byproduct of solid waste treatment which
contaminates the soil as well as the groundwater thereby degrading the environment.
Social criteria include the attitude of people toward a particular treatment method.
Public acceptance andEmployability are the two social criteria selected for this study.
Public acceptance indicates the interest of local people in the acceptance of a treat-
ment method. Employability indicated the number of job opportunities created due
to the adoption of a treatment method. Table 1 gives information about the criteria
used in this study. The technical specifications or the performance values of all the
alternatives with respect to each criteria are summarized in Table 2.

The hierarchy model for selecting the best solid waste treatment method is shown
in Fig. 3. The model comprises three levels with the goal of the decision-making
problem at the top level, followed by the 10 criteria at the intermediate level, and
finally the three alternatives at the bottom-most level. All the three alternatives are
linked to each criteria and all the 10 criteria are linked to the goal of the problem.

Table 1 Criteria information

General criteria Specific criteria Notation Units/scale Benefit (B)/cost (C)

Economic Construction cost C1 INR C

Operation cost C2 INR C

Technical Land requirement C3 sq. m C

Cycle time C4 Days C

End product benefits C5 5 point scale B

Environmental Fly nuisance C6 5 point scale C

Odor problem C7 5 point scale C

Leachate problem C8 5 point scale C

Social Public acceptance C9 5 point scale B

Employability C10 5 point scale B
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Table 2 Technical specifications of alternatives with respect to each criteria

Alternatives Anaerobic digestion (AD) Vermicomposting (VC) Windrow composting
(WC)Criteria

C1 22,09,000a 26,83,230a 25,98,030a

C2 3,88,080b 4,33,705b 3,88,080b

C3 265 654 688

C4 40 75 50

C5 Best (5) Good (3) Good (3)

C6 Best (5) Best (5) Worst (1)

C7 Poor (2) Best (5) Poor (2)

C8 Poor (2) Best (5) Good (3)

C9 Poor (2) Best (5) Worst (1)

C10 Good (3) Good (3) Good (3)

Note
aConstruction cost is calculated for treatment plant of capacity 0.5TPD and has been calculated
using State Schedule of Rates 2019–20, PWD, Government of Maharashtra (2019)
bThe salaries for employees have been taken from https://paycheck.in and price of earthworms
have been taken from https://www.indiamart.com/. Minimum and Wage (2020), Eathworms and
for Composting (2020)

Fig. 3 AHP hierarchy for selection of SWT method

https://paycheck.in
https://www.indiamart.com/.
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3.5 Formulation of Pairwise Comparison Matrices

Making pairwise comparison lies at the heart of AHP. The manner in which elements
of different levels are compared is basedon theprinciple as givenbySaaty (2008):The
elements of lower level are compared with respect to each element in its immediate
upper level only. This indicates that in a three-level hierarchy, all the alternatives
lying in the bottom-most level will be compared with respect to each criteria lying in
the immediate level above. Similarly, all the criteria will be compared with respect to
the goal of the problem. A judgment or comparison is the numerical value expressing
relationship between two elements that share a common judgment-making aspect.
These pairwise comparisons aremadewith the help of a fundamental scale of absolute
numbers known as Saaty’s scale given by Saaty (2008) which is shown in Table 3.
Each judgment reflects the importance of one elementwith respect to another element
with which it is compared (Fig. 4).

The judgments can be made either by an individual decision-maker or group of
decision-makers. The set of pairwise judgments is represented in a square matrix
called the Pairwise Comparison Matrix or Judgmental Matrix (A). The order of
matrix A, represented as n, will be equal to the number of elements present in a level

Table 3 Saaty’s fundamental scale of absolute numbers (Saaty 2008)

Intensity of importance Explanation

1 Element A and B are of equal importance

3 Element A is more moderately important than B

5 Element A is strong important than B

7 Element A is very strong or demonstrated more important than B

9 Element A is extremely more important than B

2 or 4 or 6 or 8 Indicates intermediate importance between 1 and 3, 3 and 5, 5 and 7, 7
and 9, i.e., Weak or slight, Moderate plus, Strong plus, and Very, very
strong importance, respectively

1.1–1.9 If the importance of elements is very close to each other
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0.1511

0.0801 0.0856

0.1366

0.0887
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Fig. 4 Graph of criteria weights
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of hierarchy. The judgmental value of ith row and jth column is denoted as aij. The
entire matrix A is filled based on axiom 1. Hence the total number of comparisons
to be made to fill the judgmental matrix is {[n × (n − 1)]/2}.

Pairwise Comparison Matrix or Judgmental Matrix (A)

=

⎡
⎢⎢⎢⎢⎣

a11 . . . . . . a1n
...
...

. . .

. . .

. . .

. . .

...

...

an1 . . . . . . ann

⎤
⎥⎥⎥⎥⎦

n×n

Since the case study involves three alternatives and 10 criteria, 10 judgmental
matriceswould be formulatedwith alternatives as to the elements for comparisonwith
respect to each criteria; and one judgmental matrix would be formulated with criteria
as the elements for comparisonwith respect to the goal.Hence a total of 11 judgmental
matrices will be formed. In the study, the criteria judgmental matrix and hence
criteria weights have been obtained using group judgment-making process. A group
of 10 decision-makers was formed comprising of academia professionals, industry
experts, and local administrative heads. The pairwise comparisons were collected
and aggregated through AHP Online System (AHP-OS) (Goepel 2018). However,
since filling up these matrices is a time-consuming task, the alternative judgmental
matrices were filled by authors alone based on the technical specifications.

3.6 Calculation of Criteria and Local Alternative Weights

Once the pairwise comparison matrices are formed, the next step is to calculate
the priorities (weights) of criteria with respect to goal and alternative weights with
respect to each criterion, also called the local alternative weights. This leads to the
formation of respective priority vectors. The priority vectors are found using column
normalization method (Saaty and Hu 1998). First, normalized values (rij) of all the
performance values in amatrix are calculated usingEq. (1) and then simple arithmetic
mean is taken along the row using Eq. (2) to get the priority (wi).

ri j = ai j∑n
i=1 ai j

(1)

wi =
∑n

j=1 ri j

n
(2)

where n is the order of the square matrix; i is the row number; and j is the column
number. The criteria priority vector is denoted asW = (w1, w2, …, wp)T , where w1,
w2, …, wp are the criteria priorities or weights and p is the total number of criteria.
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The local priority vector of alternatives for a criteria Cq is given as Lq = (L1q, L2q,
…, Lmq)T , where L1q, L2q, …, Lmq are the local alternative priorities or weights, m is
the total number of alternatives and q is the criteria number. Hence for p number of
criteria there will be p number of local priority vectors formed. The local alternative
priorities in the priority vector can be represented in two modes: (i) Distributive
mode and (ii) Ideal mode. In distributive mode, the priorities of alternatives for
each criterion are kept in the same form as obtained after using Eqs. (1) and (2).
In Ideal mode, the priorities of the alternatives for each criterion are divided by the
largest value among them. The Ideal mode eliminates the problem of rank reversal
which exists in distributive mode, which may occur due to addition or deletion of
an alternative (Saaty and Hu 1998). In this study, the local alternative priorities have
been used in both the modes to determine the global alternative priorities.

3.6.1 Check for Consistency

Once the priority vectors are determined for respective pairwise comparisonmatrices,
a crucial step in AHP is to check the consistency of judgmental matrix. Consistency
is the correctness of pairwise comparisons. A matrix is said to be consistent when
aik = aij × ajk for i, j, and k = 1, 2, …, n. However, inconsistency is inevitable in
judgments, especially when number of elements to be compared is more. In AHP
an inconsistency of lower order of magnitude of 10% is considered a tolerable error.
Saaty proposed an eigenvalue approach to measuring the level of inconsistency in
a pairwise comparison matrix. According to this approach, a consistent pairwise
comparison matrix A of order n will have its principal eigenvalue equal to the order
of matrix n. However, when the matrix is inconsistent, the principal eigenvalue will
always be more than equal to n. This principle eigenvalue is denoted as λmax. The
difference between λmax and n measures the deviation of the judgments from the
consistent approximation. This difference is used in the formation of a Consistency
Ratio (C.R.) which indicates level of inconsistency of the matrix. The Consistency
Ratio (C.R.) is given by:

C. R. = CI

RI
(3)

where CI is the Consistency Index and RI is the average Random consistency Index.
The Consistency Index (CI) is given by (λmax − n)/(n − 1). The average Random
Consistency Index (RI) value is obtained from Table 4 based on the order of the
matrix, as given by Saaty. The principal eigenvalue is obtained by solving the linear

Table 4 R. I. Values based on order of matrix (n) (Saaty 1994)

n 1 2 3 4 5 6 7 8 9 10

R. I 0 0 0.52 0.89 1.11 1.25 1.35 1.4 1.45 1.49
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algebra problem of A× w = λmax × w, where A is the judgment matrix and w is the
respective priority vector. The value of λmax is calculated as:

λmax = 1

n

n∑
i=1

A × w

wi
(4)

where wi is the criteria weight. The value of Consistency Ratio (C. R.) must be less
than 10%. If this value is not less than 10% then the decision-maker needs to revise
the judgments and find the priority vectors again.

3.7 Calculation of Global Alternative Weights

After the inconsistencies in criteria priority vectors and local alternative priority
vectors are found to be within permissible limits, the local alternative priority vectors
are synthesized to find the global alternative priority vector by combining all the local
alternativeweights in onematrix andmultiplying thatmatrixwith the criteriaweights.
The global alternative priority vector is represented as G = (g1, g2, …, gm)T, where
g1, g2, …, gm is the global alternative weights. The global alternative priority vector
is determined as follows:

G =

⎡
⎢⎢⎣

g1
g2
. . .

gm

⎤
⎥⎥⎦

m×1

=

⎡
⎢⎢⎣

L11 L12 · · · L1p

L21

· · ·
L22

· · ·
· · ·
· · ·

L2p

· · ·
Lm1 Lm2 · · · Lmp

⎤
⎥⎥⎦

m×p

×

⎡
⎢⎢⎣

w1

w2

. . .

wp

⎤
⎥⎥⎦

p×1

(5)

The ranking of alternatives is obtained based on the global alternative weights.
The alternatives are ranked in the decreasing order of their weights. The alternative
having the highest weight is ranked first and is considered the most suitable solution
while the alternative having the lowest weight is be ranked last and is considered the
least suitable solution.

3.8 Sensitivity Analysis

According to Dantzig (1963), “Sensitivity analysis is a fundamental concept in the
effective use and implementation of quantitative decisionmodels,whose purpose is to
assess the stability of an optimal solution under changes in the parameters”. The goal
of sensitivity analysis is to determine the robustness of the results obtained through
decision-making process by examining the effect on the ranking of the alternatives
by modifying the criteria weights (Babalola 2015). The advantage of sensitivity
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analysis can hardly be overlooked in applications of MCDM techniques to real-life
problems as it helps the decision-maker to effectively focus more on the sensitive
parts of a given MCDM problem (Triantaphyllou and Sánchez 1997). In this study,
sensitivity analysis is carried out by taking different scenarios into consideration.
In each scenario, the criteria weights are varied to check for variation in the final
rankings of the alternatives. Based on the ranking of the criteria priorities obtained
from the group decision-making results, six scenarios have been established which
are described below:

• Scenario 1: The topmost criteria have been assigned criteria weight of 1.000 and
all remaining criteria have been assigned criteria weight of 0.000.

• Scenario 2: The top two criteria have been assigned criteria weight of 0.500 and
all remaining criteria have been assigned criteria weight 0.000.

• Scenario 3: The top four criteria have been assigned criteria weight of 0.250 and
all remaining criteria have been assigned criteria weight of 0.000.

• Scenario 4: The top five criteria have been assigned criteria weight of 0.200 and
all remaining criteria have been assigned criteria weight of 0.000.

• Scenario 5: The top eight criteria have been assigned criteria weight of 0.125 and
all remaining criteria have been assigned criteria weight of 0.000.

• Scenario 6: All criteria have been assigned equal criteria weight of 0.100.

4 Results and Discussions

4.1 Criteria Priorities and Local Alternative Priorities

The result of group decision-making process for the calculation of criteria weights is
shown in Table 5. The graphical representation of criteria weights is shown in Fig. 5.

The economic criterion of Operation Cost (C2) has been considered the most
important criteria by the group in the selection of most suitable SWT method and
has the highest priority of 0.1511. It is followed by End Product Benefits (C5) and
Construction Cost (C1) having priorities of 0.1366 and 0.1317, respectively. On the
other hand, Odor Problem (C7), an environmental criterion, has the least priority
of 0.0703. However, this is not the case with other environmental criteria of Fly
nuisance (C6). It has a priority of 0.0887 and ranks fifth in the list whereas Leachate
Problem (C8) ranks seventh in the entire list. PublicAcceptance (C9)which is a social
criterion has been considered the fourth most important criteria in determination of
alternative priorities whereas Employability (C10) has been ranked last but one in

Table 5 Criteria priorities

Criteria C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Priorities 0.1317 0.1511 0.0801 0.0856 0.1366 0.0887 0.0703 0.0836 0.0938 0.078

C. R. = 0.0271
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Fig. 5 a Comparison graph of Local alternative priorities in distributive and ideal mode for criteria
C1 to C5. b Comparison graph of local alternative priorities in distributive and ideal mode for
criteria C6 to C10

the list. Cycle Time (C4) and Land Requirement (C3), both technical criteria, have
been considered of moderate importance as they have been ranked sixth and eighth
on the list. The Consistency Ratio (C. R.) of the pairwise comparisons of entire group
is 0.0271 which is less than 0.1 and hence these criteria priorities have been used to
find the final rankings of the alternatives.

The pairwise comparison matrices for alternatives with respect to each criterion
are shown in Tables 6 and 7. All the comparison matrices have C. R. less than 0.1
which indicates that the inconsistencies are within the acceptable limits.

Tables 8 and 9 show the local alternative priorities with respect to each criterion
in distributive mode and ideal mode, respectively. Based on technical specification
of alternatives with respect to each criterion, the preferences of local alternative
priorities are also obtained in the same manner. For all the cost criteria, alternatives
having minimum performance value have the highest priority whereas, for all the
benefit criteria, alternatives having maximum performance value have the highest
priority. The ideal mode gives a much better understanding of the preferences when
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Table 6 Pairwise comparison of alternatives with respect to criteria C1 to C5

Ct C1 C2 C3 C4 C5

Alt AD VC WC AD VC WC AD VC WC AD VC WC AD VC WC

AD 1 5 4 1 2 1 1 4 5 1 4 2 1 3 3

VC 1/5 1 1/2 1/2 1 1/2 1/4 1 2 1/4 1 1/3 1/3 1 1

WC 1/4 2 1 1 2 1 1/5 1/2 1 1/2 3 1 1/3 1 1

C.R. = 0.0238 C.R. = 0.0000 C.R. = 0.0238 C.R. = 0.0176 C.R. = 0.0000

Table 7 Pairwise comparison of alternatives with respect to criteria C6 to C10

Ct C6 C7 C8 C9 C10

Alt AD VC WC AD VC WC AD VC WC AD VC WC AD VC WC

AD 1 1 5 1 1/4 1 1 1/4 1/2 1 1/4 2 1 1 1

VC 1 1 5 4 1 4 4 1 3 4 1 5 1 1 1

WC 1/5 1/5 1 1 1/4 1 2 1/3 1 1/2 1/5 1 1 1 1

C.R. = 0.0000 C.R. = 0.0000 C.R. = 0.0176 C.R. = 0.0238 C.R. = 0.0000

Table 8 Local alternative priorities with respect to each criterion in distributive mode

Crit C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Alt

AD 0.6806 0.4000 0.6806 0.5571 0.6000 0.4545 0.1667 0.1373 0.2014 0.3333

VC 0.1179 0.2000 0.2014 0.1226 0.2000 0.4545 0.6667 0.6232 0.6806 0.3333

WC 0.2014 0.4000 0.1179 0.3202 0.2000 0.0909 0.1667 0.2395 0.1179 0.3333

Table 9 Local alternative priorities with respect to each criterion in ideal mode

Crit C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Alt

AD 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.2500 0.2203 0.2959 1.0000

VC 0.1733 0.5000 0.2959 0.2201 0.3333 1.0000 1.0000 1.0000 1.0000 1.0000

WC 0.2959 1.0000 0.1733 0.5748 0.3333 0.2000 0.2500 0.3843 0.1733 1.0000

compared to distributivemode since the best value will always have priority 1 and the
subsequent values will have priorities less than 1. Figure 5a, b shows the comparison
of local alternative priorities in Distributive and Ideal mode for Criteria C1 to C5
and Criteria C6 to C10, respectively. Since criteria C1 is cost criteria and Anaer-
obic Digestion (AD) has the least cost of construction it has the highest priority
with respect to criteria C1 whereas Vermicomposting (VC) has the highest cost of
construction has the least priority with respect to criteria C1. Anaerobic Digestion
(AD) has the highest priority for criteria C2, C3, C4, and C6. For other cost criteria
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Table 10 Global Alternative Priorities and Preference for both the modes

Mode Alternatives Preference

AD VC WC

Distributive 0.4427 0.3288 0.2280 AC � VC � WC

Ideal 1.0000 0.7367 0.5645 AC � VC � WC

0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 6 Comparison graph of global alternative priorities

C7 and C8, vermicomposting has the least performance value and hence has the
highest priority. For Benefit criteria C5, since Anaerobic Digestion (AD) has the
highest performance value, it also has the highest priority. Similarly for criteria C9,
Vermicomposting (VC) has the highest priority. Since the performance value of each
alternative is same for C10, all the alternatives have same priority.

4.2 Global Alternative Priorities

The global alternative priorities obtained after multiplying the criteria weights with
local alternative priorities are shown in Table 10. The priorities have been found
separately for both distributive mode and ideal mode. In both the modes, Anaerobic
Digestion (AD) has the highest priority while Windrow composting (WC) has the
least priority. Vermicomposting (VC) ranks second in both themodes. Figure 6 shows
the global alternative priorities as obtained in both the modes.

4.3 Sensitivity Analysis

To check the robustness of the results obtained using AHP, a sensitivity analysis has
been performed by adopting a scenario-based approach. Six different scenarios have
been constituted in which the criteria weights have been varied to check the variation
in the final preferences of the alternatives. The assignment of priorities to criteria
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in each scenario is done as per the explanation in Sect. 3.8. Table 11 shows criteria
priorities for different scenarios. The result of sensitivity analysis for distributive and
ideal mode is shown in Fig. 7a, b and is explained in subsequent paragraphs.

The final preference of alternatives is same for both the modes for each scenario.
Also for each scenario in both the modes, Anaerobic Digestion (AD) has the highest
priority which is the same as for the group decision-making process. Only for
scenarios S1 and S2, the final preference of Vermicomposting (VC) and Windrow
Composting (WC) is different from the final preference of group decision-making
process. For both these scenarios, WC has more preference than VC. The reason for
such variation is the assignment of criteria weights of 1.000 and 0.500 to criteria C2

Table 11 Criteria weights for different scenarios

Scenario Group criteria weights S1 S2 S3 S4 S5 S6

Criteria

C1 0.1317 0.000 0.000 0.250 0.200 0.125 0.100

C2 0.1511 1.000 0.500 0.250 0.200 0.125 0.100

C3 0.0801 0.000 0.000 0.000 0.000 0.125 0.100

C4 0.0856 0.000 0.000 0.000 0.000 0.125 0.100

C5 0.1366 0.000 0.500 0.250 0.200 0.125 0.100

C6 0.0887 0.000 0.000 0.000 0.200 0.125 0.100

C7 0.0703 0.000 0.000 0.000 0.000 0.000 0.100

C8 0.0836 0.000 0.000 0.000 0.000 0.125 0.100

C9 0.0938 0.000 0.000 0.250 0.200 0.125 0.100

C10 0.0780 0.000 0.000 0.000 0.000 0.000 0.100
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Fig. 7 a, bGlobal alternative priorities for different scenarios in distributive mode and ideal mode,
respectively
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for which the performance value of WC is better than VC. But as the number of non-
zero criteria increased in remaining four scenarios S3, S4, S5, and S6 the preference
of alternatives appeared exactly same as that for the group decision-making process.
Hence the robustness of the decision-making process undertaken is well verified.

5 Conclusion

The problem of solid waste management is increasing day by day in the rural areas
due to the growing consumerism, changing lifestyles, etc. Due to this, the need for
an effective solid waste management (SWM) system in rural areas can hardly be
overlooked. It is crucial to select the most suitable solid waste treatment method for
efficient functioning of SWM system. But due to the availability of large number
of treatment methods and the involvement of large number of criteria in selecting
the most suitable option for a particular area, the decision-making problem becomes
challenging. In recent decades, MCDM has emerged as a convenient tool to over-
come such challenges in decision-making process. Many MCDM techniques have
been developed with each one having its own merits and demerits. AHP is one of
the MCDM techniques which is simple to use and hence has been widely used to
solve decision-making problems across disciplines including environmental prob-
lems. This study highlighted the application of AHP in the selection of the most
suitable solid waste treatment method in the context of rural areas. From the applica-
tion of AHP it has been found that Operation Cost is the most important criterion in
the selection of alternatives and themost suitablemethod for the study area among the
options selected is Anaerobic Digestion. Vermicomposting emerged as the second-
most suitable option followed by Windrow Composting. A sensitivity analysis has
been performed to check the robustness of the decision-making process. From the
analysis, it has been found that the most suitable solid waste treatment method for the
study area is Anaerobic Digestion only even after the alteration of criteria weights.
Hence the robustness of the decision-making process is well verified.
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