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Abstract

Food waste generation is a pressing issue that requires urgent attention and concerted efforts worldwide. The staggering
amount of food wasted each year not only wastes valuable resources but also exacerbates environmental, economic, and
social challenges. Food Waste Management (FWM) consists of a complex array of criteria and sub-criteria, and treatments
which seems interdependent. There is a need to evaluate the FWM with the help of important criteria and sub-criteria and
treatments to address this challenge. In this study, we identified four important criteria, 21 sub-criteria, and four alternatives
of FWM for the case of Malaysia using the integrated approach of literature review and expert opinions. Further, we employed
the approach of Modified Fuzzy Improved Analytical Hierarchy Process (IAHP) to corroborate the interrelationships among
the identified criteria and sub-criteria, and their associated treatments. This study undertakes linear normalization methods
to transform data into comparable numerical values and the Geometric Mean method to handle uncertainty in human judg-
ments. Moreover, the Centroid method is employed to convert fuzzy weights into crisp sets for ease of interpretation. The
results indicate that environmental is the most essential criterion, followed by social, economic, and technical. In addition,
air and water pollution is identified as the most critical sub-criteria. Black Soldier Fly is discovered as the most sustain-
able FWM treatment, since it performs the best while meeting all the criteria and sub-criteria assessed. Sensitivity analysis
demonstrates that the outputs from the proposed method are robust and reliable. The finding suggests a proper and robust
approach to help decision-makers select suitable FWM treatments to tackle various criteria and alternatives especially when
handling inconsistent and uncertain judgments during evaluation.

Keywords Multi-criteria decision-making - Sustainable food waste management - Improved Analytical Hierarchy Process -
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Food waste is one of the well-known and most challenging
issues confronting the globe today. It refers to the materi-
als made up for human consumption and eventually being
discharged or lost by humans. Food loss, biowaste, kitchen
waste, and food and drink waste are the terms used to define
food waste. Approximately 931 million tons of food are
wasted annually, with 61% coming from households, 26%
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The significant growth of food waste creates major con-
cerns in our society, including pollution, health risks, and
the lack of dumping land [3]. Furthermore, food waste will
cause higher interactions between wildlife, accelerating the
transfer of illness and infections between animals and occa-
sionally humans [4]. Apart from that, food waste has several
socioeconomic repercussions that impact all of us. It dam-
ages the environment, worsens the climate crisis, depletes
resources, and costs the global economy hundreds of billions
of dollars annually [5].

Food Waste Management (FWM) refers to the process of
reducing, recovering, and recycling food waste to minimize
its negative environmental, social, and economic impacts
[6]. It involves various strategies and practices aimed at pre-
venting food waste generation, diverting it from landfills,
and utilizing it in more sustainable ways. The goal of FWM
is to maximize the value of food resources while minimiz-
ing waste. FWM encompasses a multifaceted framework of
criteria, sub-criteria, and interconnected treatment methods.
There are many criteria and sub-criteria of the FWM that
are measured with treatment methods that are highly inter-
dependent, making the performance measurement system
of the FWM complex. The complexity is associated with (i)
environmental impacts, (ii) consumer behavior, (iii) regula-
tory and policy challenges, and (iv) a lack of infrastructure
and resources. Food waste contributes to various environ-
mental issues, including greenhouse gas emissions, water
and land resource depletion, and biodiversity loss [1]. Man-
aging food waste in an environmentally sustainable man-
ner requires considering these complex interconnections
and adopting holistic approaches. Moreover, the generation
of food waste can be attributed to consumers’ insufficient
awareness concerning effective food planning and manage-
ment encompassing purchases, storage, preparation, and
re-use [7]. This issue is rooted in time constraints, a lack
of emphasis on developing waste reduction habits, and con-
sumers’ inadequate skills in storing and cooking food. To
effectively address this problem, it is crucial to bring about a
transformation in consumer attitudes and behaviors, placing
significant importance on waste reduction practices.

The implementation of effective policies and regula-
tions to tackle food waste is complex. It requires coordi-
nation among various stakeholders, including government
bodies, industry associations, and non-profit organizations.
Developing and enforcing regulations that incentivize
waste reduction, facilitate food donation, and promote sus-
tainable practices pose significant challenges. Moreover,
the proper infrastructure and waste management systems
are crucial for reducing food waste. However, in many
regions, particularly in developing countries, such infra-
structure is inadequate or non-existent. As an example,
about 93 million small-scale farmers in Nigeria experi-
ence a 25% reduction in their yearly earnings because
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of food spoilage caused by the insufficient accessibility
of cold storage infrastructure [8]. Limited resources and
funding further hinder the development of comprehensive
waste management systems. A gap exists when evaluating
sustainable FWM performance, which is a complex and
tedious task, as it involves diverse stakeholders with both
common objectives as well as conflicting goals.

In Malaysia, about 50% of food waste is under munici-
pal solid waste (MSW), and households are the primary
source of MSW [9]. Malaysia wastes approximately
16,668 tons of food daily, equivalent to providing three
meals to 2.2 million people [10]. Furthermore, 80% of all
food waste in Malaysia is currently disposed of at land-
fills, which contributes to several impacts on the environ-
ment and society, such as threats to public health (i.e.,
diseases such as asthma and cancer), harm to ecosystems,
and the environment (i.e., methane and greenhouse gas
emissions) [11-13].

FWM is one of the categories of solid waste manage-
ment under the Solid Waste and Public Cleansing Man-
agement Act 2007 (Act 672) in Malaysia [14, 15]. It can
be any disposal form, including incineration, compost-
ing, landfilling, etc. There are a total of six FWM that are
currently applied in Malaysia and other Asian countries,
including (i) recycling, (ii) incineration, (iii) landfilling,
(iv) composting, (v) anaerobic digestion, and (vi) animal
feeding whereby composting, anaerobic digestion, and ani-
mal feeding are nature-friendly food waste handling meth-
ods [9, 14]. However, the success of FWM in Malaysia has
been hindered by a lack of awareness and slow progress
in implementing effective waste management practices
[11]. Furthermore, landfilling is the current practice of
handling food waste that is detrimental to the environ-
ment, society, and economy. Instead of landfilling, there
are various preferable options for managing waste, such as
composting and anaerobic digestion [16]. Local authorities
of Malaysia opt for better waste management to replace it
with the current practice. Therefore, it is crucial to iden-
tify a robust method for evaluating FWM performance for
handling food waste issues in Malaysia.

This study aims to develop a sustainable FWM system that
addresses all the important criteria and sub-criteria within
the economic, environmental, social, and technical concerns.
Specifically, this study aimed to identify the most cost-
effective and environmentally friendly food waste treatment
method for the case of Malaysia. Modified Fuzzy Improved
Analytical Hierarchy Process (IAHP) is utilized to examine
the current food waste treatment practices to achieve the goal,
which can handle data transformations and uncertain judg-
ment by the decision-makers. The criteria and sub-criteria
for this study were identified through a literature review and
further refined by the FWM experts. There are four criteria
and 21 sub-criteria considered in the case study as follows:
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i. Economic: Initial investment cost, collection and
transportation cost, operational cost, revenue, and
employment and job creation.

ii. Environmental: Air and water pollution, ecological
impact, energy consumption, greenhouse gas emis-
sions, and renewable energy.

iii. Social: Law and regulation, political support, public
acceptance, health impacts, and smell impacts.

iv. Technical: Capacity, adaptability to system, land usage
efficiency, technological maturity, efficiency, and reli-
ability.

The following are the contributions to knowledge and
application:

i. The novelty of this method lies in the new combination
of (i) IAHP to determine the weight of criteria, sub-
criteria, and alternatives of FWM, (ii) linear: max and
linear: sum normalization method to transform data
into numerical and comparable data with standardize
beneficial and non-beneficial criteria, (iii) geometric
mean method to handle the uncertainty involved in
human judgments, and (iv) centroid method to convert
fuzzy weight into crisp set which ease for interpreta-
tion.

ii. The Modified Fuzzy IAHP method was illustrated
using a case study in Malaysia to provide the most
suitable treatment to sustain FWM under multiple
criteria views. There are four criteria, 21 sub-criteria,
and four alternatives considered in the case study.
Consequently, this study provides valuable insights
and guidance for local authorities in improving FWM
practices.

iii. In addition, this study demonstrates the potential of
Modified Fuzzy IAHP to help address complex waste
management challenges.

The summary of the rest paper is as follows: “Litera-
ture Review” offers a concise review of the criteria, sub-
criteria, and alternatives of FWM. Additionally, it provides
an in-depth examination of the study conducted to develop
the Modified Fuzzy TAHP method. “Methodology” focuses
on the development of the model, including its validation
and the mathematical formulation utilized for the Modified
Fuzzy IAHP method, and presents the study area of FWM
in Malaysia. Moreover, “Results” demonstrates the appli-
cation of the proposed method within the chosen study
area and evaluates the performance of the output through
sensitivity analysis. In addition, it includes a comparative
study to assess the effectiveness of the proposed method.
The “Discussion” section delves into a discussion of the
findings, addressing various aspects related to criteria and
alternatives considered in the study. The “Conclusion”

section concludes the paper by providing a summary, high-
lighting its limitations, and offering recommendations for
future research.

Literature review

FWM is a method used to handle food waste. In the multi-
criteria decision-making (MCDM) context, FWM is viewed
as an alternative option to achieve specific study goals. The
concept of “alternatives” refers to the various options evalu-
ated. Meanwhile, “criteria” represents the parameters used
to assess and compare these alternatives. The selection of
criteria must be independent of one another and measured
on a consistent and quantifiable scale. Furthermore, within
each criterion, there may be further breakdowns known as
“sub-criteria”, which delve into more detailed aspects of
the specific criterion examined. The selection of the criteria
and sub-criteria is crucial to having the correct parameter to
assess the FWM performance. The inappropriate selection
of these will lead to variance in the results and deliver the
wrong decision to handle food waste issues.

Criteria of FWM

There are four main criteria in assessing the performance
of FWM, including (i) environmental, (ii) economic, (iii)
social, and (iv) technical [17, 18]. The criteria and sub-cri-
teria considered by researchers in the FWM can be found
in Table 1.

Environmental criterion is defined as the behavior of a
waste management system toward the environmental ele-
ment [17, 18]. From the environmental criterion perspec-
tive, the inclusive sub-criteria are (i) air and water pollution
[19-21], which explains the impact of FWM alternative on
air and water pollution, taking into account the gases and
leachate produced, (ii) ecological impact [19], which refers
to the effect of the FWM alternative on living creatures, such
as people, plants, and animals, (iii) energy consumption [19,
23-25], which describes the amount of energy consumed by
applications of each FWM alternative, (iv) greenhouse gas
emissions [23, 24], which describes the volume of green-
house gases emitted by each FWM alternative, and (v)
renewable energy [20, 23], which indicates the energy regen-
erated by each FWM alternative. Air and water pollution,
ecological impact, energy consumption, and greenhouse gas
emissions are the sub-criteria that are supported by previous
studies as one of the most important sub-criteria among the
options considered from the studies [21, 23, 24, 26].

Economic criterion is defined as the behavior of a waste
management system toward economic element [17, 18]. The
sub-criteria considered under economic criteria includes (i)
initial investment cost [19, 24, 26], which indicates the cost
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Table 1 Criteria and sub-criteria of FWM

Table 2 Treatment on FWM

Criteria Sub-criteria Reference Alternative Reference

Environmental ~ Air and water pollution [19-22] Composting [19, 20, 22, 24-28]
Ecological impact [19] Anaerobic digestion [19-23, 25, 27-29]
Energy consumption [19,23-25] Landfilling [19, 20, 25, 28]
Greenhouse gas emissions [23, 24] Incineration [19-21, 25]
Renewable energy [20, 22, 23] Food waste disposal [23,27]

Economic Initial investment cost [19, 24, 26] Ethanol fermentation [21]
Collection and transportation cost  [19, 27] Pyrolysis and gasification [21, 22]
Operational cost [19, 20, 24-26] Hydrothermal carbonization [21]
Revenue [20, 22, 23, 26] Black soldier fly [22]
Employment and job creation [20]

Social Law and regulations [19]
Political support [19] impacts to the public for each treatment method used, (v)
Public acceptance [20, 22-24] smell impacts [23, 24], which refers to the level of smell
Health impacts [23] impacts to the public for each treatment method used, and
Smell impacts [22-24] (vi) noise impacts [23, 24], which describes the level of
Noise impacts [23,24] noise impacts to the public for each treatment method used.

Technical Capacity [19,22] Law and regulations and smell impacts are the sub-criteria
Adaptability to system [19, 20, 24] that supported by previous studies as one of the important
Land usage efficiency [19] sub-criteria among the options considered in the studies [19,
Technological maturity [19, 27] 23, 24].
Efficiency (24,25, 27] Technical criterion is defined as the behavior of a waste
Reliability [22,25,27] management system toward technical element [17, 18]. The

FWM Food Waste Management

of setting up FWM alternatives as well as the expenditures
incurred during the opening of the disposal location, (ii) col-
lection and transportation cost [19, 27], which refers to the
expenses of waste collection and transportation to the FWM
center, (iii) operational cost [19, 20, 24-26], which describes
the expenditures associated with the FWM alternative and
maintenance of equipment and technology regularly, (iv) rev-
enue [20, 23, 26], which refers to the savings resulting from
the use of renewable energy or materials, as well as the cost
reduction from waste collection and transportation, and (v)
employment and job creation [20], which explains how well
the alternative in creating new opportunities for paid employ-
ment. Among the sub-criteria aforementioned, initial invest-
ment cost, operational cost, and employment and job creation
are among the most important sub-criteria [23, 25, 26, 28].
Social criterion is defined as the behavior of a waste man-
agement system toward society element [17, 18]. From the
social perspective, the inclusive sub-criteria are (i) law and
regulations [19], which describes the rules and constraints
that may affect the choice of FWM alternative, (ii) political
support [19], which refers to the support from government
or political organization for the FWM alternative, (iii) pub-
lic acceptance [20, 23, 24], which refers to the degree of
acceptance by the public for each treatment method used,
(iv) health impacts [23], which describes the level of health
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sub-criteria considered under economic criteria includes
(i) capacity [19], which describes the quantity of waste
discarded in the facility, (ii) adaptability to system [19,
20, 24], which refers to the degree of compatibility that
the FWM alternative has, (iii) land usage efficiency [19],
which describes the degree of efficiency between the land
used and the quantity of food waste treated, (iv) technologi-
cal maturity [19, 27], which refers to the country’s present
technology level and capacity to combine with other FWM,
(v) efficiency [24, 25, 27], which describes how efficiency
the alternative is in regard to FWM, and (vi) reliability [25,
27], which explains the probability of an alternative operat-
ing without failure. None of the sub-criteria aforementioned
were supported as the most important sub-criteria on the
previous FWM studies.

Alternative of FWM

There are several FWMs considered by researchers to handle
food waste issues, including (i) composting [19, 21, 28],
(ii) anaerobic digestion [19, 20, 25],(iii) landfilling [19, 20,
28], (iv) incineration [19, 20, 25], (v) food waste disposal
[23, 27], (vi) ethanol fermentation [21], (vii) pyrolysis and
gasification [21], (viii) hydrothermal carbonization [21], and
(ix) black soldier fly [22] as presented in Table 2.
Composting is also known as Aerobic Digestion. Com-
posting is one of the most often utilized methods for dealing
with food waste. Composting occurs when organic materials
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are broken down by microorganisms, snails, insects, and
earthworms in the presence of oxygen. Anaerobic digestion
is a multi-step microbial process involving several metabolic
processes. It converts food wastes to biogas and organic
fertilizer by breaking down organic materials without the
presence of oxygen. Methane is produced as a byproduct of
the process and is one of the most potent renewable energy
sources available. Landfilling is the deposition of food
wastes in a certain area. It is the simplest way of handling
food waste; however, it releases greenhouse gases that affect
the environment negatively. Incineration is the technology
that involves waste material combustion and converts the
material into heat and energy. In most cases, the heat from
combustion will be utilized by power steam turbines for
energy generation. Another alternative is food waste dis-
posal, where it is an electric device that is installed under
the kitchen sink that grinds food waste before discharging it
into the sewer for treatment at wastewater treatment plants.
Next, ethanol fermentation is a process that produces ethanol
from several types of food waste. Some notable food wastes
utilized in bio-ethanol production include banana peel, pine-
apple waste, and sugar beet pulp. Pyrolysis and gasification
are thermal processes that transform food waste into bio-oil,
syngas, and biochar in an environment without oxygen. Gas-
ification is a higher temperature version of pyrolysis. Hydro-
thermal carbonization is the wet process that transforms food
waste into valuable resources (e.g., hydrochar and crude oil)
using low temperatures and autogenous pressures.

Finally, black soldier fly is an emerging and promising
biowaste treatment alternative that is attracting entrepreneur-
ial activities all over the world, primarily because waste-fed
larvae have the potential to be used as a starting material for
a variety of commercial products, such as animal feed, bio-
diesel, and soil fertilizer [30, 31]. This technology can yield
relevant value-added products commercially that can help
build a circular economy by contributing to economically
and environmentally sustainable waste management meth-
ods [31]. The core of the method relies on the Black Soldier
Fly larvae that possess a remarkable appetite for organic
matter, particularly food waste, including fruits, vegetables,
grains, and even meat products. This unique trait makes
them highly efficient decomposers of food waste using their
strong mouth parts and powerful digestive enzymes, turning
it into nutrient-rich frass and valuable biomass, such as oils
and proteins [32]. The process begins with the introduction
of food waste into a controlled environment conducive to
the Black Soldier Fly’s reproductive cycle. The life cycle
of BSFL consists of five stages, including the eggs, larvae,
prepupae, pupae, and adults [33]. Upon hatching, the eggs
give rise to larvae that initiate the consumption of organic
matter. This feeding process triggers a rapid and concurrent
process of growth and development in the larvae, accompa-
nied by the substantial consumption of waste materials. As

the larvae continue to partake in the process, they undergo
multiple exoskeleton shreds, facilitating a seamless and effi-
cient decomposition process. The resulting excreted frass is
endowed with a wealth of nutrients, making it an invaluable
soil amendment that enhances soil quality and fosters robust
plant growth.

MCDM of FWM

There are various analysis methods that have been used
to examine the performance of FWM, including life cycle
assessment [34], system dynamics [35], and MCDM [25]. Of
all methods, MCDM plays an important role in evaluating
and ranking the solution performance, where this method
can handle problems involving multiple criteria and sub-cri-
teria [36]. MCDM is a method to assist the decision-makers
in choosing the best alternative from a group of feasible
alternatives based on the study nature [37]. The fundamen-
tals of MCDM process can be divided into a few stages
which include (i) identifying the objective of the MCDM
process, (ii) criteria selection, (iii) alternative selection, (iv)
weighing method selection, and (v) aggregation [38].

Many existing MCDM methods are available in the lit-
erature, such as Analytic Hierarchy Process (AHP) [39],
Elimination Et Choix Traduisant la Realité (ELECTRE)
[40], Preference Organization Method Ranking for Enrich-
ment Evaluations (PROMETHEE) [41], IAHP [42], and
Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) [43]. AHP is found to be more com-
patible with waste management assessment standards and
allows researchers to deal with numerous criteria and sub-
criteria, such as environmental, economic and social fac-
tors [36]. Some success studies that using AHP methods
in handling FWM problems are shown in [20, 25, 26].
However, the AHP model is prone to inconsistency issues
whereby decision-makers may make inconsistent judgments
as the number of criteria considered increases [42, 44]. This
inconsistency arises when decision-makers make errors in
assessing the importance of criteria. Moreover, information
extraction and final judgments from the AHP model are also
challenging [42, 45]. The interview sessions for this method
are typically time-consuming, and decision-makers may pro-
vide misleading results due to exhaustion from the numerous
questions posed.

The TAHP introduced by Li et al. [42] used sorting and
ranking methods to mitigate AHP issues by improving the
consistency ratio of the matrix. Furthermore, Li et al. [42]
proposed an improved questionnaire to reduce the time-
consuming and easy to extract the information during the
interview session. The weight analysis presented in Li et al.
[42] showed that the IAHP method has the same weights
assigned as the AHP method in the comparison matrix and
achieves the consistency requirement simultaneously. On the
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other hand, the percentage of the IAHP comparison matrix
that passes the consistency test simulated by MATLAB is a
100% pass rate for the number of criteria between three and
nine, while AHP failed to pass when five criteria and above
are considered. Some studies used the IAHP method as the
weight assignation method [46, 47]. For instance, Zhang
et al. [47] proposed the GIS-based spatial multi-index model
where the TAHP method is utilized to sort the indicators
according to their importance and assign the weight for
each indicator based on the preference of the experts. It is
found that the proposed model is robust and provides more
accurate results for risk evaluation in terms of hazard, vul-
nerability, exposure risk indexes, and integrated flood risks.

Various IAHP have been introduced under the same
name but different from the one introduced by Li et al. [42,
48-53]. However, this study focuses on improving the work
by Li et al. [42] and note that the IAHP has never been tested
to evaluate the FWM before. Some studies face difficulty
in eliminating human judgment in the TAHP method and
require a more comprehensive view to provide accurate eval-
uation [50, 53]. This is due to a lack of data transformation
for numerical and data comparison. Thus, a data normaliza-
tion method is required to compute and provide the ranking
of the criteria and sub-criteria. Without data normalization
on MCDM studies like AHP and IAHP, researchers will face
difficulty in providing a standard scale for beneficial and
non-beneficial criteria. Furthermore, uncertain judgment by
the decision-makers may occur in the MCDM method which
can lead to inaccurate decisions, resulting in the loss of
core capabilities and exposure to unforeseen dangers which
requires the fuzzification method, and the defuzzification
method to be considered. Thus, to make a comprehensive
evaluation method, the IAHP from Li et al. [42] is necessary
to include the data normalization method, the fuzzification
method, and the defuzzification method.

Data normalization is essential for MCDM problems
to transform data into numerical and comparable data for
ranking and rating the alternatives by providing a standard
scale for the beneficial and non-beneficial criteria [36]. The
linear normalization methods commonly used for the IAHP
method are linear: max—min and linear: sum [48, 51, 53].
In addition, Vafaei et al. [54] analyzed and investigated the
best normalization method for the AHP, which includes (i)
linear: max, (ii) linear: max—min, (iii) linear: sum, (iv) vec-
tor normalization, and (v) logarithmic normalization. The
study revealed that the best technique is integrating the lin-
ear: max and linear: sum normalization methods. Therefore,
to ensure that the sum is 1, this study employs the combina-
tion method presented in Vafaei et al. [54].

The concept of fuzzy logic was initially proposed by
Zadeh [55]. The theory of fuzzy sets has proven effective
in situations where the facts are ambiguous or imprecise
[56]. Fuzzy sets tackle these circumstances by assigning a
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membership degree to each object set through membership
functions and fuzzy numbers. A fuzzy logic system consists
of four key components, namely Fuzzification, Rules, Infer-
ence, and Defuzzification. Various membership functions
have been introduced to handle imprecise information in the
MCDM method, such as triangular, trapezoidal, sigmoid,
and Gaussian functions [56]. Among these, triangular fuzzy
numbers are more commonly used in practice due to their
simplicity in calculation and suitability for defining work
processed in fuzzy environment [57]. In this study, triangular
fuzzy numbers are employed to define the rules and infer-
ences for each entry from the IAHP method to the fuzzy
weights, where it has been widely used in various MCDM
studies, particularly in Fuzzy AHP method applications [58,
59]. The triangular fuzzy number structure is presented in
the next section.

The fuzzification method was introduced to deal with the
uncertainty due to the human subjectivity involved in the
MCDM method, like AHP. Furthermore, fuzzification appli-
cation in the MCDM method can generate more sensitive
output by expressing the decision-makers’ ideas in linguistic
terms. Concerning the food waste context, the fuzzification
method offers a strategic approach to addressing the issue of
food waste segregation. This method effectively handles the
complexity by defining linguistic variables that are distinct
attributes of waste items. For instance, variables like “bio-
degradability” and “material type” can be intelligently con-
verted into linguistic variables such as “high”, “medium”,
and “low” through the deployment of appropriate mem-
bership functions. This approach enables a nuanced repre-
sentation of food waste attributes, contributing to a more
refined and accurate segregation process. There are three
fuzzification methods commonly used in the AHP method,
including (i) Geometric Mean Method [60], (i) Logarithmic
Least Squares Method [61], and (iii) Fuzzy Extent Analysis
Method [62]. Of all fuzzification methods, Geometric Mean
Method is chosen, because it is simple to adapt to fuzzy
scenarios and ensures that a reciprocal comparison matrix
has a unique solution. Furthermore, the IAHP method can
mitigate the disadvantages of the method by providing per-
fect consistency in the comparison matrix.

The defuzzification method is the inverse version of
the fuzzification method, in which a fuzzy set is converted
into an appropriate crisp set [63]. Since fuzzy sets are par-
tially sorted, direct comparisons can be difficult without
ambiguity. Therefore, the use of defuzzification methods
becomes necessary. There are several defuzzification meth-
ods, including (i) Max-membership principle, (ii) Centroid
method, (iii) Weighted average method, (iv) Mean-max
membership, (v) Centre of sums, and (vi) Center of largest
area [64]. The Max-membership principle, Mean-max mem-
bership, and Centroid technique are the most widely used
defuzzification methods [65, 66]. Among all defuzzification
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methods, the Centroid method is selected and utilized in
this study because it is commonly used as a defuzzifica-
tion method. The mathematical formulation of the Modified
Fuzzy IAHP method consists of proposed data normaliza-
tion, fuzzification, and defuzzification methods, which are
presented in the next section.

Methodology

This section provides discussions on the research methodol-
ogy, which includes (i) model development, (ii) mathemati-
cal formulation, and (iii) an overview of the study area.

Model development

The Modified Fuzzy IAHP is developed by integrating
the IAHP with linear: max and linear: sum normalization,
Geometric Mean, and Centroid methods. It is worth noting
that IAHP uses a discrete scoring scale from 1 to 10, which
differs from the traditional AHP method. The example cal-
culations presented below for Economic and Environment
criteria, which use the highest and lowest assigned values
and the algorithms proposed by Li et al. [42], demonstrate
the maximum and minimum converted values and confirm
that IAHP adheres to the nine scales method introduced by
Saaty [39]:

Given that Economic has a value of 10 and Environmen-
tal has a value of 1, it is inferred that Economic is more
important than Environmental. Thus, the weight assigned
to Economic is

aij=max(10—1, 1)

a;= max(9,1)

a;=9

On the other hand, the weight assigned to Environmental
as follows:

a;=1/10-1)

a; =1/

As demonstrated in the preceding example, the IAHP
outputs conform to the nine-scale method and are identical
to the linguistic terms in triangular fuzzy numbers, as out-
lined in the subsequent sub-section. The proposed method
is well suited for this study because it can address MCDM
issues that involve numerous criteria and sub-criteria, such
as FWM problems. In addition, the proposed method tackles
the challenge of providing a standard scale for beneficial and
non-beneficial criteria using data normalization techniques
while accounting for the uncertainty of decision-makers’
judgments that can lead to inaccurate conclusions. Further-
more, it employs a defuzzification method to make the out-
put comprehensible to non-mathematicians by presenting the
results in crisp values rather than fuzzy numbers.

Figure 1 depicts the flowchart outlining the develop-
ment of the Modified Fuzzy IAHP model. The process
begins by organizing a comparison matrix based on the
data gathered from the respondents. Subsequently, the
consistency ratio is calculated using the IAHP method
based on respondents’ feedback concerning food waste
treatment. The Geometric Mean method integrates all
the respondents’ feedback and copes with uncertainty to
calculate weight assignments in a fuzzy set for criteria,
sub-criteria, and alternatives, but only if the comparison
matrix passes the consistency test. The fuzzy comparison
matrix produced by the Geometric Mean method does not
require an additional consistency test. As per the theorem
established by Buckley [60]: If the comparison matrix
from the crisp AHP is consistent, then the comparison
matrix from the FAHP is also consistent.

Subsequently, the Centroid method is essential to obtain
the crisp value from the fuzzy weight that helps the alter-
natives ranking purpose. Before calculating the alternative
ranking, the data require transformation using the data nor-
malization method recommended by Vafaei et al. [54]. These
methods were employed to standardize the beneficial and

44 Collect data from the respondents |(—

Alternative ‘

Use IAHP method to Use IAHP method to
establish the sorting establish the sorting
comparison matrix comparison matrix

v i

Calculate the consistency Calculate the consistency
for the matrix for the matrix

False False
True True

Fuzzified and integrated the Fuzzified and integrated the
comparison matrix together and
calculate the fuzzy weight using

Geometric Mean method

Criteria and Sub-Criteria

comparison matrix together and
calculate the fuzzy weight using
Geometric Mean method

Defuzzified the fuzzy weight using Defuzzified the fuzzy weight using
Centroid method and normalize the Centroid method and normalize the
value value

Standardize the entries using data
normalization method
Rank the food waste treatment
alternative

Fig. 1 Flowchart of modified fuzzy IAHP framework
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non-beneficial criteria in the same comparison matrix. The
final ranking for the alternatives is calculated by multiplying
the alternatives’ weights of the sub-criteria with the global
preference weights (i.e., the multiplication between criteria
weights with the sub-criteria weights).

Mathematical formulation

The following steps present the mathematical formula-
tion for the Modified Fuzzy IAHP method to handle the
MCDM issues.

1. Construct the sorting pairwise comparison matrix
using the algorithms below [42]:

Let {B;} be a set of factors affecting decision A, where
i=1, 2,..., n and n is the number of elements.

Order the factors B, according to their importance using
a discrete scoring scale from 1 to 10. There will be a set
of scores {u;} wherei=1,2,..., n.

Construct the comparison matrix according to the ad-
hoc rule:

i If u;2u;, the matrix element a;=max(u;—u; 1).
ii. If u;<u;, the matrix element a;=1/u;—u,).

The matrix A shown in Eq. 1 is the sorting comparison
matrix where each entry of a; represents the importance
of the i th criterion relative to the j th criterion

A=| 1| (1)

1 “ee a”

i is the number of criteria considered in row, j is the number
of criteria considered in column.

2. Calculate the geometric means of each row in matrix A
using Eqgs. 2, 3 to normalize the weights [67]

1
GM; = {a; Xay X ... X a;} /n @
GM,
L
2 GM, )

n is the number of criteria considered, GM, is the geo-
metric mean of criterion/sub-criterion i.

3. Equation 4 is used to form the n-dimensional column
vector named as C matrix that represents the total of
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weighted values for the importance degrees of the respec-
tive criteria and sub-criteria.

C=AxXW “

i=n
W= Z w;
i=1

4. Find the consistency value of each row (CV;) using
Eq. 5 and using Eq. 6 to find the lambda maximum (4
which indicates the average of the consistency value

max)

cv,= S
= 5)
ey,
A = h (6)
n
5. Calculate the consistency ratio using Eqs. 7-9
Cl
CR=—
RI (N
A —
cr = Yo = @®)
n—1
1. -2
RI = (1.987 % (n ))’ )

n

CR is consistency ratio;
CI is consistency index;
RI is random inconsistency.

6. Set up the linguistic term as shown in Table 3 and
Fig. 2 shows the membership function of triangular fuzzy
number A.

7. If the consistency ratio is less than 0.10, then form a
new comparison matrix A via fuzzy scale set up from
step 6 as in Eq. (10) [68]

akoo. gk

~k Jl r.nn

A= ¢ = (10)
ak ..ok
ml mn

k, number of decision-makers;
m, number of rows;
n, number of columns.
Zl’i:(l].‘., mk, uk> where X is lower limit, mX is the peak and
y y y oy y y
”Z is the upper limit of the decision-maker k triangular fuzzy
number.
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8. Equation 11 was used to integrate all the decision-mak-
ers’ feedback or preferences by averaging them into a new
comparison matrix A as per the matrix below

Kk
L9 B
g, = 2% (an
g K
i all vos a]j
A=l i i |,
al'l cee aij

Ezi,-=<l4.,m4., u”), where /.. is lower limit, m, is the peak,
G\ g T ij ij

and Uy is the upper value of the triangular fuzzy number.

9. Calculate the geometric mean for each criterion using
Eq. 12

1
Z={a; xayx...xa;) /n, (12)

10. Equation 13 was used to calculate the fuzzy weights
(W;) of each criterion finding vector summation of each
Z;» acquiring (—1) power of summation vector and replac-
ing in an increasing order, and finally multiplying Z; with
reverse vector

Z.

P = j=lnz' = (li’mhui)’ (13)

1

1
|

j=1

Vvl:(li, m;, ui), where [ is lower limit, m. is the peak and
l 1

u; is the upper value of the fuzzy weights.

Table 3 Linguistic term for the comparison matrix of each criterion

Saaty’s scale Linguistic term Triangular  Triangular
relative impor- fuzzy scale fuzzy reciprocal
tance scale

9 Extremely strong  (9,9,9) (1/9,1/9,1/9)
8 Intermediate (7,8,9) (1/9, 1/8, 1/7)
7 Very strong (6,7,8) (1/8, 1/7, 1/6)
6 Intermediate (5,6,7) (1/7, 176, 1/5)
5 Strong (4,5,6) (1/6, 1/5, 1/4)
4 Intermediate (3,4,5) (1/5, 1/4, 1/3)
3 Moderately strong (2,3,4) (1/4, 173, 1/2)
2 Intermediate (1,2,3) (1/3, 172, 1)

1 Equally strong (1,1,1) (1,1,1)

ua(x)

Fig.2 Membership function of triangular fuzzy number. A=fuzzy
set, pi7(x)=membership function, /=lower limit of the triangular
fuzzy number, m=peak of the triangular fuzzy number, u=upper limit
of the triangular fuzzy number

11. Fuzzy weights (W;) are converted into crisp weights
(s;) using Centroid defuzzification method as Eq. 14

L+ m; +u,

§; = —. (14)

3

12. Equation 15 is used to normalize the weights after
obtaining the crisp weights

[ Zm s; (15)

i=1

T; is the normalized weight of criterion/sub-criterion i.

13. Next, normalize the crisp weights (s;) from the
alternatives using linear max method whereby Eq. 16
is for the beneficial criteria and Eq. 17 is for the non-
beneficial criteria

4

Tij 4, (16)
amin

ry= a_’ 17

a;, each entry value of comparison matrix where i=1,2,
.onandj=12,...,n
maximum value of each column;

iy, Minimum value of each column;

Tijs each normalized entry value of the matrix where
i=12,...,nandj=1,2, ..., n.

amax ’

14. Renormalize r;; using the linear sum method to ensure
the sum value is 1 whereby Eq. 18 for beneficial criteria
and Eq. 19 for non-beneficial criteria
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rijzzj— (18)

i=1 a;

15. Finally, the global preference weight (gw;) was cal-
culated by multiplying the sub-criteria weight with the
respective criteria weight to rank the criteria and sub-
criteria and the alternatives were ranked using Eq. 20
based on each alternative’s overall performance level in
terms of criteria and sub-criteria [67, 69]

i=n

Pe=Y gw;xw, (20)

i=1

P, is the overall priority of alternative k under all the
criteria/ sub-criteria,

gw; s global preference weight of criterion/ sub-criterion
I

w; is weight of the alternative k under the criterion i,

n is number of criteria/sub-criteria.

Study area

The Modified Fuzzy TAHP method is applied to analyze the
FWM in Malaysia that addresses the food waste issues in
the country and identifies sustainable food waste treatments.
Malaysia faces the challenge of food waste, like many other
developed and developing nations. The majority of food
waste in Malaysia, approximately 80%, is currently disposed
of through the landfilling method, which poses significant
environmental and health risks [11]. To overcome this chal-
lenge, Malaysia is transitioning toward sustainable FWM,
exploring various alternatives for a better future. Thus, fur-
ther research and development are required to address the
challenges associated with this issue.

A set of criteria, sub-criteria, and alternatives obtained
from the related literature are presented in Tables 1 and
2 [20-29]. To assess the suitability of the criteria, sub-
criteria, and alternatives within Malaysian contexts, a
validation process was undertaken, wherein these were
thoroughly evaluated and confirmed by the related waste
management body specializing in FWM in Malaysia.
Following the validation process, one sub-criteria (i.e.,
Noise Impacts) and five alternatives (e.g., Incineration,
Hydrothermal Carbonization, and Ethanol Fermenta-
tion) were excluded from consideration. The details of
considered four criteria, 21 sub-criteria, and their types
[beneficial (B) or non-beneficial (NB)] are presented in
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Table 4. Furthermore, the four alternatives considered
include Anaerobic Digestion, Black Soldier Fly, Com-
posting, and Landfilling.

The questionnaire was refined and approved by spe-
cialists from a waste management body, following the
requirements of the Modified Fuzzy IAHP. Saaty and
Ozdemir [70] demonstrated that the sample size for deci-
sion-makers should ideally range from six to eight indi-
viduals, with seven being the closest to the point of least
weighted error. In this study, seven specialists from waste
management bodies with substantial experience in the
FWM sector participated in the survey. The distribution
of respondents based on their work experience is shown
in Table 5. Despite the small sample size, the feedback
received from the specialists is sufficient to evaluate
FWM and draw conclusions for this study due to the
nature of the method employed. The feedback obtained
from the specialists was analyzed using the Modified
Fuzzy TAHP method with Excel software.

Results

This section presents the results obtained using the Modified
Fuzzy TAHP method, demonstrating its practical application.
Sensitivity analysis was conducted to ensure result accu-
racy, and a comparative study highlights the importance of
incorporating normalization in the proposed method. These
findings collectively validate the efficacy and relevance of
the approach.

Modified fuzzy IAHP application

Before the demonstration, some guidance needs atten-
tion from the specialists to ensure that the feedback is
suitable for the Modified Fuzzy IAHP methods. First,
specialists were required to randomly select one crite-
rion, which may be the most important, and compare it
with the other criteria. Assume that a specialist chooses
the economic criteria as the first criterion, which may be
the most important. Then, the specialist compares it with
others (i.e., environmental, social, and technical) one by
one to confirm that economic criterion is the most impor-
tant. There are two scenarios found during the sorting and
ranking process:

Scenario 1: Specialist determines that the economic cri-
terion is the most important after comparing it with others.
Thus, the economic criterion will be ranked first. Next, the
specialist chooses the second criterion from the remain-
ing criteria (i.e., environmental, social, and technical) and
repeats the same process until all are ranked.

Scenario 2: The specialist identifies that the environmen-
tal criterion is more important than the economic criterion
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Table 4 The details of criteria, sub-criteria, and alternatives

Criteria Sub-criteria B/NB
Economic Initial investment cost (ECO1) NB
(ECO) Collection and transportation cost (ECO2) NB
Operational cost (ECO3) NB
Revenue (ECO4) B
Employment and job creation (ECOS5) B
Environmental ~ Air & water pollution (ENV1) NB
(ENV) Ecological impact (ENV2) NB
Energy consumption (ENV3) NB
Greenhouse gas emissions (ENV4) NB
Renewable energy (ENVS) B
Social Law and regulations (SOC1) NB
(SOC) Political support (SOC2) B
Public acceptance (SOC3) B
Health impacts (SOC4) NB
Smell impacts (SOCS) NB
Technical Capacity (TEC1) B
(TEC) Adaptability to system (TEC2) B
Land usage efficiency (TEC3) B
Technological maturity (TEC4) B
Efficiency (TECS) B
Reliability (TEC6) B

B: Beneficial sub-criteria; NB: Non-Beneficial sub-criteria.

Table 5 Respondents in relation to working experience

Working experience Number of respondents

1-5 years
6-10 years
11-15 years

—_ — W

> 15 years

after being compared, and the environmental criterion will
replace it and be compared with the rest (i.e., social and
technical). If the environmental criterion is still the most
important after the comparison, it will be ranked first. Next,
the specialist chooses the second criterion among the rest
(i.e., economic, social, and technical) and repeats the process
until all are ranked. If the environmental criterion is substi-
tuted by another criterion, then repeat the process until the
first-ranked criterion is discovered.

Once all are ranked, the specialist assigns criteria weights
based on their importance, with the most important criterion
receiving a weight of 10 and the least important receiving a
weight of 1. The remaining criteria are assigned using linear
interpolation within a range of 2 to 9.

Table 6 represents the comparison matrix between the cri-
teria considered with the objective of this research, which acts
as an example to show how to establish the sorting compari-
son matrix. Based on the example, the scores assigned by this
specialist were economic=1, environmental=10, social=7,
and technical=8. According to the sorting comparison matrix
algorithm, economic was less important than environmental
(economic=1<environmental=10), therefore the value of
1/9 was assigned to a,, (1/(10—1)); environmental was more
important than economic (environmental=10>economic=1),
therefore, the value of 9 was assigned to a,; (max(10-1,1));
environmental was equally important as environmental (envi
ronmental=10>environmental=10), therefore the value of 1
was assigned to a,, (max(10—-10,1)).

The geometric mean was computed using Eq. 2 and nor-
malized with Eq. 3, using the economic criterion as an exam-
ple and the computations shown as follows:

1
GMgco = {1 x0.1111 X 0.1667 x 0.1429} /4 = 0.2268

2D
0.2268
_ — 0.0413.
WEo = (02268 + 2.7108 + 1.1892 + 1.3678)
(22)

The C matrix was formed using Eq. 4, and the CV;and 4,,,,
were calculated using Egs. 5, 6, taking the criteria comparison
matrix as an example for the calculation

1 0.1111 0.1667 0.14297 [0.04137 [0.1677
c_|o 13 2| o493 |_[20120
1603333 1 1 0.2164 | = | 0.8775
7 05 1 1 0.2489 | | 1.0010
(23)
Vi, = % — 4.0636 24)
cv,, = g'gégg — 40782 25)
v, = 8'3?22 — 4.0542 26)
1.0010
CVie = poad = 40211 @7
i 40636 + 40782 : 40542 440210 _ oo
(28)

Equations 7-9 were used to compute the consistency ratio
(CR), and the criteria comparison matrix was used as an
example
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Table 6 Sorting comparison

X e i Criteria Economic Environmental Social Technical Priority vector
matrix of criteria in relation to
the objective Economic 1.0000 0.1111 0.1667 0.1429 0.0413
Environmental 9.0000 1.0000 3.0000 2.0000 0.4934
Social 6.0000 0.3333 1.0000 1.0000 0.2164
Technical 7.0000 0.5000 1.0000 1.0000 0.2489

1 =4.0543, CR=0.0182

max

_(4.0543 — 4)

cI —0.0181
A1 (29)
1.987 X (4—2
RI = W = 0.9935 (30)
0.0181
R= —0.0182.
0.9935 @D

Based on Eq. 7, the comparison matrix was acceptable and
practicable if CR value was less than 0.1. Therefore, the com-
parison matrices for the criteria and sub-criteria were consist-
ent. Table 7 represents the comparison matrix for criteria in
linguistic terms given in Table 3 using Eq. 11. The fuzzy geo-
metric mean for each criterion and sub-criterion, fuzzy weight,
crisp weight, and normalized weight were calculated using
Eqgs. 12-15 as presented in Table 8.

The mentioned calculations were computed using the eco-
nomic criterion from Table 8 as an example, and presented in
the following manner:

= (1x04325x 1.0204 X 2.0179)7 =0.9715  (32)

7' = (1%0.6206 % 1.3810 x 2.3061)i = 1.1857  (33)

Eco

Zheo = (1 X0.8730 X 1.8857 X 2.5952)5 = 1.4377. (34)

The fuzzy weight was calculated by computing the recip-
rocal fuzzy number, the vector summation of each Z; with
(—1) power, placed in increasing order and multiplying Z,
with the reverse vector

Table 7 Criteria comparison matrix Ain linguistic terms

j=n
D 2= (0.9715 +2.0766 + 1.0208 + 0.8031)™" = 0.2053
J=1

(35)

j=n
7' = (1.1857 + 2.4741 + 1.2365 + 0.9015)7! = 0.1725
=1

J
(36)
j=n
Z Z! = (14377 + 2.8544 + 1.4745 + 1.0517)7! = 0.1467.
j=1
(37)
Vector summation in increasing order=[0.1467 0.1725
0.2053]

Wi, =0.9715x0.1467 = 0.1425 (38)
= 11857 x 0.1725 = 0.2045 (39)
Wi =1.4377x0.2053 = 0.2951. (40)

The crisp weight and normalized weight were calculated
using Eqgs. 14, 15 and taking economic criterion as an exam-
ple for the calculation as follows:

0.1425 4+ 0.2045 + 0.2951
SEco = 3

=0.2140 (41)

0.2140

== =0.2062.
Eeo ™ 11,0380 42)

The summary of the criteria and sub-criteria that showed
the ranking between the criteria and sub-criteria is presented
in Table 9.

Criteria ~ ECO ENV SOC TEC

ECO 1.0000 1.0000  1.0000 0.4325 0.6206  0.8730 1.0204 1.3810  1.8857 2.0179 23061  2.5952
ENV 3.0476 3.6429  4.2857 1.0000 1.0000  1.0000 1.8571 25714  3.2857 3.2857 4.0000  4.7143
SOC 1.3571 1.9571  2.6071 0.4571 05119  0.6190 1.0000 1.0000  1.0000 1.7500 23333 2.9286
TEC 1.3968 1.5873  1.8730 0.4226 0.4660  0.5714 0.7048 0.8929  1.1429 1.0000 1.0000  1.0000
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Table 8 Criteria output

Criteria Fuzzy geometric mean Fuzzy weight Crisp weight Normalized weight
ECO 0.9715 1.1857 1.4377 0.1425 0.2045 0.2951 0.2140 0.2062
ENV 2.0766 2.4741 2.8544 0.3046 0.4267 0.5859 0.4391 0.4230
SOC 1.0208 1.2365 1.4745 0.1497 0.2133 0.3026 0.2219 0.2138
TEC 0.8031 0.9015 1.0517 0.1178 0.1555 0.2159 0.1630 0.1571

Regarding the alternatives, the computations both before
and after applying fuzzification and defuzzification methods
followed a similar procedure as outlined in the preceding calcu-
lation steps. Table 10 illustrates the normalized weights of the
economic criteria after employing the defuzzification method.

The comparison matrices were subjected to normalization
methods once the weights were normalized using Eq. 15.
Tables 11 and 12 serve as examples that represent the com-
parison matrix of alternatives in relation to economic sub-
criteria using the max normalization method and the sum
normalization method, respectively.

The calculation below exemplifies the max normalization
method for beneficial criteria concerning the composting
method in relation to revenue (refer to Table 11)

i 0.2746
™ max (0.2746,0.3932,0.1249,0.2073)

=0.6984. (43)

The calculation below for non-beneficial criteria concern-
ing the composting method in relation to initial investment
cost (refer to Table 11)

min (0.2755,0.3707, 0.2125,0.1413)
0.2755

ry = =0.5130. (44)

The calculation below exemplifies the sum normalization
method for beneficial criteria concerning the composting
method in relation to revenue (refer to Table 12)

1
157 (15 0.6674 + 0.5526 + 0.6062)

= 0.3538. (45)

The calculation below for non-beneficial criteria concern-
ing the composting method in relation to initial investment
cost (refer to Table 12)

0.8163

= =0.2577.
127 (0.8163 + 0.8287 + 0.5224 + 1)

(46)

In the above demonstrations of the sum normalization
method, Eq. 18 was used exclusively for both beneficial and
non-beneficial criteria, since they were standardized into
beneficial criteria using Eqs. 16, 17. Following the normali-
zation of the values using the max and sum normalization
methods, the final ranking for the alternatives was calculated
using Eq. 20, as shown in Fig. 3.

The mentioned calculation was demonstrated using com-
posting method (Ranking 2) as an example

PCnm =(gWEml X WEL‘O]) + (gWEL‘02 X WEmZ)

+ (gWEczﬁ X WECOS) + (gWEm4 X WEco4) + (gWEmS X WECUS)
+ gWEnvl X WEnvl) + gWEmQ X WEnVZ) + (gWEm'S X wEnV3)
(

(
(gWEm'S X WEnvS) + ngoz‘l X WSocl)

(
+ (gWqu X WEnv4) +
+ (8Wsoe2 X Wpe2) + (8Ws0c3 X Wsoe3) + (8Wsoes X Wspes)
+ (8Wsoes X Wsoes) + (8Wrar X Wrer) + (8Wreer X Wre2)
+ (gWTec3 X WTecS) + (gWTm X Wrec4) + (gWTeCS X WTecS)
+ (8Wres X Wres )
47)
Pc,m =(0.0688 x 0.2004) + (0.0503 x 0.2577)

+ (0.0439 x 0.2372) + (0.0217 x 0.2746)

+(0.0216 x 0.3538) + (0.1167 x 0.2871)

+(0.1130 x 0.3697) + (0.0466 x 0.3152)

+(0.0956 x 0.2190) + (0.0512 x 0.1592)

+ (0.0659 x 0.2255) + (0.0471 x 0.3641) (48)

+(0.0323 x 0.2926) + (0.0467 x 0.3045)
+(0.0218 x 0.3294) + (0.0260 X 0.2153)
+(0.0215 x 0.3513) + (0.0330 X 0.2751)
+(0.0175 x 0.3527) + (0.0320 x 0.2904)
+(0.0271 X 0.2791) = 0.2779

Sensitivity analysis

Sensitivity analysis assists the in-depth study in determin-
ing which food waste treatment alternatives are appropriate
for the criterion by evaluating the model’s criteria. It helps
in understanding how criteria and technology relate to one
another. On the other hand, sensitivity analysis assists in
assessing the dependability of the outcomes produced by
each model. The decision-maker evaluates the validity of
the prioritized output through comparison. According to
Table 9, the environmental criterion is given the highest
priority weight among the criteria considered, which can
affect the other by changing its weight. Sensitivity analysis
was conducted by assigning a range of weights from 0.1 to
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Table 9 Final ranking for criteria and sub-criteria

Criteria RPW Sub- RPW Relative Global Global
for criteria  for sub- ranking prefer- ranking
criteria criteria ence

weight
ECO 0.2062 ECO1 0.3336 1 0.0688 4
ECO2 0.2439 2 0.0503 7
ECO3 02127 3 0.0439 11
ECO4 0.1051 4 0.0217 18
ECO5 0.1047 5 0.0216 19
ENV 04230 ENV1 02758 1 0.1167
ENV2 02671 2 0.1130 2
ENV3 0.1101 5 0.0466 10
ENV4  0.2260 3 0.0956 3
ENV5  0.1209 4 0.0512
SOC 0.2138 SOC1  0.3081 1 0.0659 5
SOC2 02206 2 0.0471 8
SOC3  0.1511 4 0.0323 13
SOC4 0.2183 3 0.0467 9
SOC5  0.1019 5 0.0218 17
TEC 0.1571 TEC1  0.1656 4 0.0260 16
TEC2  0.1368 5 0.0215 20
TEC3 02101 1 0.0330 12
TEC4 0.1115 6 0.0175 21
TEC5 0.2035 2 0.0320 14
TEC6  0.1725 3 0.0271 15

RPW Relative preference weights

Table 10 Comparison matrix of alternatives in relation to economic
sub-criteria

Sub-criteria COM AD LF BSF

ECO1 0.2755 0.3707 0.2125 0.1413
ECO2 0.2292 0.2257 0.3580 0.1871
ECO3 0.2382 0.3883 0.2127 0.1607
ECO4 0.2746 0.3932 0.1249 0.2073
ECO5 0.3538 0.2361 0.1955 0.2145

COM Composting, AD Anaerobic Digestion, LF Landfilling, BSF
Black Soldier Fly

Table 11 Comparison matrix of alternatives in relation to economic
sub-criteria using Max normalization method

Sub-criteria COM AD LF BSF

ECO1 0.5130 0.3813 0.6651 1.0000
ECO2 0.8163 0.8287 0.5224 1.0000
ECO3 0.6747 0.4140 0.7556 1.0000
ECO4 0.6984 1.0000 0.3176 0.5271
ECO5 1.0000 0.6674 0.5526 0.6062
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Table 12 Comparison matrix of alternatives in relation to economic
sub-criteria using Sum normalization method

Sub-criteria COM AD LF BSF

ECO1 0.2004 0.1490 0.2599 0.3907
ECO2 0.2577 0.2616 0.1649 0.3157
ECO3 0.2372 0.1455 0.2657 0.3516
ECO4 0.2746 0.3932 0.1249 0.2073
ECO5 0.3538 0.2361 0.1955 0.2145

Black Soldier Fly N 0.2999
Composting I 02779
Anaerobic Digestion N 0.2409

Alternative

Landfilling |GG 0.1813

000 005 010 015 020 025 030 035

Weight

Fig. 3 Ranking for the alternatives

0.9 to the environmental criterion to understand its impacts,
as shown in Fig. 4.

The findings presented in Fig. 4 indicate that as the
weight assigned to the environmental criterion increased, the
weight distributed to the other decreased, with a significant
portion allocated to the environment, which resulted in the
social being ranked first, followed by economic and techni-
cal, respectively. The changes in the weight assigned to the
environmental criterion also impacted the global ranking of
the sub-criteria, as demonstrated in Table 13. For instance,
when the environmental weight was 0.1, ECO1 ranked first,
while ENV3 was ranked last. ECO1 remained in the top
position until the environmental weight reached 0.3, after
which ENV1 took the lead, with the ranking varying until
the environmental criterion weight reached 0.9. The other
sub-criteria were also affected similarly.

The sensitivity analysis conducted in this study revealed that
the ranking of the sub-criteria was affected by changes in the
weight of the environmental criterion. Therefore, it is possible
to conclude that this requires more attention, because it is cru-
cial to implementing successful FWM. It will help control and
minimize the repercussions of the criteria relevant to the use of
food waste treatment alternatives if the management team can
reduce the environmental effects, which might further improve
the environmental performance of the respective treatments.

Comparative study

A comparison was made between the results obtained
from the Modified Fuzzy IAHP with and without the
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normalization method to demonstrate its significance. The
Modified Fuzzy IAHP without normalization uses the same
formula as the proposed method but without including
Eqgs. 16—-19 from “Methodology”. Figure 5 represents the
comparison rankings between Modified Fuzzy IAHP with
and without normalization methods.

Figure 5 demonstrates that in the absence of the normali-
zation method, the proposed method indicates that Anaer-
obic Digestion is the most suitable method for managing
food waste, followed by Landfilling, Composting, and Black
Soldier Fly. However, the introduction of the normalization
method causes a notable shift in this ranking. The Modi-
fied Fuzzy IAHP with normalization resulted in identifying
the most sustainable alternative. This method provides the
normalized weight for each alternative toward all relevant
criteria and sub-criteria comprehensively and offers a more
holistic view of the alternatives.

In contrast, the Modified Fuzzy IAHP without normaliza-
tion fails to achieve the same level of accuracy in evaluating
the alternatives. This emphasizes the importance of employ-
ing normalization to ensure a fair and balanced comparison
across different criteria and aspects. Notably, Landfilling
should be considered the least desirable option among the
alternatives. This stance is supported by its adverse impact
on both the environment and public health. The emission
of methane and greenhouse gases associated with Landfill-
ing poses significant environmental challenges, making it
an option with considerable drawbacks. On the other hand,
Composting emerges as a more sustainable alternative com-
pared to Landfilling, as substantiated by Babalola [20, 25],
which reinforces the notion that Composting offers better
environmental and public health outcomes. Furthermore,
Anaerobic Digestion emerges as a promising solution;
however, its successful integration in Malaysia encounters
several obstacles that undermine its feasibility and sustain-
ability compared with Composting and Black Soldier Fly for
sustainable food waste treatment. These challenges include
issues such as the substantial investment required for con-
struction and operations, coupled with the absence of local-
ized technological expertise. Despite the limited availabil-
ity of comprehensive comparative analyses employing the
MCDM method to evaluate the Black Soldier Fly against
the available alternatives, this alternative is supported by
Bernama [71] as the most sustainable food waste treatment
in Malaysia. This underscores the value of considering prior
research in establishing the sustainability of food waste
treatments.

Consequently, the initial ranking that does not incorpo-
rate the normalization method is deemed flawed. This rank-
ing fails to consider the complete spectrum of beneficial
and non-beneficial criteria toward each alternative weight,
leading to an incomplete assessment of the alternatives. The
introduction of the normalization method addresses this

limitation, leading to a more accurate and robust evalua-
tion of the various waste management methods. In conclu-
sion, the findings emphasize the need to employ appropri-
ate methodologies, such as normalization, in comparative
assessments to ensure a fair comparison among alternatives
and to enable informed decision-making in FWM practices.

Discussion
Priority for criteria and sub-criteria

Table 9 presents the priority order of criteria and sub-crite-
ria and the global ranking of specific sub-criteria based on
their global preference weights. These weights are calcu-
lated by multiplying the relative preference weights (RPW)
for sub-criteria with their corresponding preference weights
for criteria. As shown in Table 9, the environmental crite-
rion (RPW=0.4230) has been identified as the most impor-
tant criterion, followed by social, economic, and technical
criteria.

The findings suggest that food waste specialists in Malay-
sia prioritize the environmental impact of FWM. It is not
surprising considering that most of the food waste gener-
ated is landfilled in Malaysia, contributing to the emission
of greenhouse gases and methane. It appears that food waste
specialists in Malaysia are more willing to take action to
minimize environmental impacts than other factors. How-
ever, it is worth noting that despite a good understanding
of the consequences of food waste, Malaysians have poor
environmental consciousness and take little action to reduce
it [72]. This highlights the importance of the role played by
food waste specialists in raising awareness and promoting
sustainable practices in the country.

The food waste specialists in Malaysia appear to be con-
cerned about its social and economic implications. It is
essential for achieving sustainable FWM practices that mini-
mize environmental impact and contribute to the well-being
of society and the economy, which helps create lasting ben-
efits for all stakeholders and promotes sustainable develop-
ment in the long run. Interestingly, the food waste specialists
expressed the least concern for the technical aspects, which
suggests that they are confident in the level of technology
available in the country for managing food waste. This is a
positive sign, which implies that technological limitations
are unlikely to hinder efforts to improve FWM in Malaysia.

The study results reveal that among the sub-criteria, the
air and water pollution sub-criterion from the environmental
criterion is the most critical sub-criterion (RPW=0.2758).
The second and third most important sub-criteria are
ecological impact and greenhouse gas emissions, respec-
tively. These results indicate that to select the most suitable
food waste treatment alternative, air and water pollution,

@ Springer
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i. Site selection

a. Choose a suitable location with minimal environ-
mental impact that should have access to a con-
sistent supply of food waste, preferably from local
sources, to reduce transportation costs. The layout
should include designated areas for fly breeding,
larvae feeding, and larvae collection.

ii. Fly breeding area

a. The control of temperature, humidity and access
to sunlight are crucial for breeding structure areas.
Alexandra and Dusenbury [75] show that a tem-
perature between 21 °C and 30 °C with a humidity
range between 33% and 60% and direct sunlight is
recommended for the structure. The blocks like hon-
eycomb cardboard are necessary for egg collection
from female flies and should be as close as possible
to food sources.

iii. Larvae feeding area

a. Eggs are set to hatch into larvae within 4 days. Dur-
ing this early stage, plastic trays can be utilized
to contain both larvae and small amounts of feed/
waste. This marks a crucial phase where decom-
position occurs, largely driven by larvae digesting
food waste. Effective moisture control is vital to
prevent odor and feed material decay [76]. Properly
designed trays or bays should facilitate moisture
drainage, avoiding any pooling liquids. Moreover,
the optimal temperature and living conditions play
a pivotal role in larval development. A temperature
range of 24 °C to 30 °C, coupled with high humidity
and a shaded environment, is conducive to fostering
optimal larval growth.

= Without Normalization Method With Normalization Method
0.35

0.3084 0.2999

0.30 0.2882 0.2779
0.25 0.2409 0.2307
= 020 0.1813 0.1726
.oh
L
2 0.15
0.10
0.05
0.00
Anaerobic Landfilling Composting Black Soldier Fly
Digestion
Alternative

Fig.5 Comparison among the alternative rankings with and without
normalization method

iv. Harvest larvae

a. After a span of 2 weeks, the larvae enter a harvest-
ready phase. During this period, the larvae achieve
their maximum weight without undergoing the tran-
sition into prepupae [76]. This developmental stage
marks the maximum of their nutritional value. The
harvesting process entails the utilization of either
manual or automated screens, facilitating the effec-
tive separation of larvae from residual matter. The
harvested larvae can be employed as direct feed for
animals, while the remaining organic waste can be
sun-dried for repurposing as compost.

Apart from that, there are several suggestions for govern-
ment and private bodies to address its limitations:

i. Launch public awareness campaigns to promote the
benefits of the treatment and educate the public on its
safety and effectiveness.

ii. Provide incentives and support for businesses to adopt
the treatment and create a more favorable environment
for the emerging industry of insect meal production.

Composting

Composting treatment stands out with several advantages,
including (i) the highest employment and job generation
rates, (ii) the least energy consumption and the lowest
negative impact on the environment, (iii) the least nega-
tive impact on odor, (iv) the highest public acceptance,
and public support from relevant agencies, and (v) the
highest level of technology maturity and adaptability to
the current system. In fact, composting is environmen-
tally friendly, has fewer pollution impacts, and has low
technology requirement treatment, which has recently
gained popularity in Malaysia [77, 78]. Furthermore, the
Public—Private Partnership project is an initiative made
by the government to introduce the composting system to
the public, which discovers more knowledge in handling
food waste [79]. However, it generated the least renewable
energy when compared to other treatments.

For these reasons, there are several suggestions for gov-
ernment and private bodies to address its limitations:

i. Encourage composting as a pre-treatment process
before other waste-to-energy technologies, such as
incineration or gasification, can produce more renew-
able energy than composting alone.

ii. Develop policies and incentives to promote compost-
ing with other renewable energy sources, such as solar
or wind power, to maximize the overall contribution
to renewable energy generation.

@ Springer
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iii. Promoting the utilization of extracellular polymeric
substances as bioflocculants offers an environmentally
friendly method of managing composting leachate [80].

iv. Design the composting structure for better aeration,
maintain proper moisture levels, and regulate tempera-
ture, while also incorporating earthworms not only to
mitigate greenhouse gas emissions but also to improve
the overall quality of the compost for subsequent use
[81].

Anaerobic digestion

Anaerobic Digestion is the most efficient in terms of land
usage, reliability, and the generation of revenue from the
sale of its byproducts, which include energy and fertilizers.
According to the United States Environmental Protection
Agency [82], Anaerobic Digestion increases revenue and
promotes energy independence for farmers while reducing
greenhouse gas emissions. However, Anaerobic Digestion
is subject to the strictest laws and regulations and has the
highest initial investment and operating costs. In Malaysia,
several barriers restrict the implementation of Anaerobic
Digestion, including high construction and operation costs,
lack of local technology for biogas power plants, and a short-
age of skilled local staff in managing, operating, and main-
taining Anaerobic Digestion plants [83, 84].

For these reasons, there are several suggestions for gov-
ernment and private bodies to address its limitations:

i. Provide financial incentives to encourage private com-
panies to invest in anaerobic digestion technology.

ii. Work with private companies and universities to
develop local technology for biogas power plants,
reducing the reliance on imported technology and
making it more accessible for local businesses.

iii. Provide training programs for operating and maintain-
ing anaerobic digestion plants, increasing the number
of qualified workers in the field.

iv. Manage the digestate generated through anaero-
bic digestion with appropriate procedures, such as
dewatering, can lead to its conversion into valuable
resources like livestock bedding, soil amendments,
and fertilizers.

Landfilling

Landfilling offers the maximum handling capacity for
food waste compared to other treatment options. How-
ever, it has several drawbacks, including the highest col-
lection and transportation costs due to the need for waste

@ Springer

transportation to the landfill site. It also generates the least
income and employment opportunities while producing
the most greenhouse gas emissions, air and water pollu-
tion, and ecological effects. Furthermore, it has significant
negative effects on public health and odor and the lowest
adaptability to the existing system, land usage efficiency,
reliability, and efficiency. Despite having the lowest overall
cost, except for collection and transportation costs, land-
filling is not a sustainable food waste treatment method,
because it generates pollution that harms the environment
and public health.

For these reasons, there are several suggestions for gov-
ernment and private bodies to address its limitations:

i. Implement waste reduction and recycling initiatives
to reduce waste amount that goes to landfills, thus
decreasing the collection and transportation costs.

ii. Develop and enforce stricter regulations to reduce
greenhouse gas emissions, air and water pollution,
and ecological effects associated with landfilling.

iii. Encourage the implementation of landfilling leachate
treatment, such as activated sludge process and mem-
brane separation technology, to handle leachate issues
[85].

iv. Encourage the implementation of gas collection sys-
tems to control and reduce methane emissions while
minimizing the impact on the climate such as recip-
rocating engines and gas turbines [86].

v. Invest in research and development to improve land-
fill technology and efficiency, including more efficient
waste sorting and disposal methods.

vi. Implement public education campaigns to raise aware-
ness about the negative effects of landfilling on pub-
lic health and the environment and encourage waste
reduction and recycling.

In conclusion, Black Soldier Fly treatment is recom-
mended for waste-management firms as a more sustainable
alternative than others. In contrast, landfilling is not consid-
ered an ideal waste-management method due to its impacts
on the environment, public health, and economy.

Conclusion

This study proposes a novel method called Modified Fuzzy
IAHP for evaluating the current food waste treatment alter-
natives in Malaysia. This method offers a comprehensive
analysis of food waste treatment, providing a solution for
food waste issues. Previous studies that utilized IAHP faced
difficulties in eliminating human judgment and required
a more comprehensive approach to provide an accurate
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evaluation. The Modified Fuzzy IAHP model addresses
these issues by incorporating linear normalization, fuzzi-
fication, and defuzzification methods. Despite the small
sample size, the feedback obtained from specialists is suf-
ficient to evaluate FWM and draw conclusions for this study
due to the method employed. Furthermore, a comparative
study has demonstrated the importance of the normalization
method’s application. Based on the analysis, it is evident
that the proposed method with the normalization method
can address the influence of beneficial and non-beneficial
criteria on the standard scale and provide the most sustain-
able food waste treatment alternative. Moreover, sensitivity
analysis was conducted to assess the Modified Fuzzy IAHP
method’s performance and stability of the priority ranking
for criteria and sub-criteria. The obtained results demon-
strate that the study’s outputs are consistent and reliable. The
outputs suggest that Black Soldier Fly treatment is the most
suitable alternative due to its lower environmental impact,
cost-effectiveness, and fewer regulatory barriers. On the
other hand, Landfilling is not a sustainable alternative and
poses significant risks to the environment and public health
despite its capacity to manage food waste. These findings
offer important insights for policymakers, waste-manage-
ment practitioners, and other stakeholders in designing and
implementing effective FWM strategies that are environ-
mentally sound, economically viable, and socially respon-
sible. There were three limitations found in the study:

i. The weights assigned to the food waste treatment
alternatives are based on subjective opinions, which
may not accurately reflect the actual performance of
each treatment.

ii. The study’s findings are limited to Malaysia and may
not apply to other countries or regions.

iii. The difficulties in obtaining feedback from the deci-
sion-makers are due to the nature of the methodology.

The following recommendations are suggested, as pos-
sible extensions of the research covered in this study:

i. Future studies should investigate the actual data of the
food waste treatment alternatives for the respective
sub-criteria to obtain a more comprehensive under-
standing of the treatments.

ii. The Modified Fuzzy IAHP method should be extended
by incorporating other appropriate tools, such as GIS
for location selection, life cycle assessment for analyz-
ing potential environmental consequences, and system
dynamics method for understanding variable changes
over time according to desired objectives.

iii. The Modified Fuzzy IAHP method should be applied
to other MCDM problems to obtain a comprehensive

view involving multiple criteria, sub-criteria, and
alternatives.

iv. The conceptual framework of this study should apply
to other FWM problems in different countries to gain
a broader understanding of the treatments.
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