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Abstract:

With the growth of worldwide population and depletion of natural resources, the sustainable
development of food system can’t be ignored. The demand for agri-food waste valorization practices
like high-value compounds production has received widespread attention; however, numerous
challenges still exist. The present study aims to identify those challenges of agri-food waste
valorization and propose effective solutions based on smart technologies. Based on a systematic
literature review, the study combs existing challenges of agri-food waste valorization and constructs
a six-dimension conceptual model of agri-food waste valorization challenges. Moreover, the study
integrates Fermatean fuzzy set (FFS) with multi-criteria decision-making (MCDM) methods including
Stepwise Weight Assessment Ratio Analysis (SWARA), Decision-making Trial and Evaluation
Laboratory-Interpretative Structural Modeling Method (DEMATEL-ISM), and Quality Function
Deployment (QFD) to evaluate the weights of each dimension, find causal interrelationships among
the challenges and fundamental ones, and rank the potential smart solutions. Finally, the results
indicate the "Government" dimension is the severest challenge and point out five primary challenges
in agri-food waste valorization. Besides, the most potential smart solution is the “Facilitating
connectivity and information sharing between supply chain members(S8)”, which may help
government and related practitioners manage agri-food waste efficiently and also facilitate circular
economy.
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1 Introduction

In recent years, the global issue of food shortage is severely posing challenges to a significant
portion of the population. According to 2024 Global Report on Food Crises issued by Food and
Agriculture Organization (FAO), approximately 281 million individuals worldwide are grappling
with severe food insecurity that refers to the inability to acquire enough healthy food to meet
one's overall nutritional needs [1]. Worse still, over 1.3 billion tonnes of food waste are estimated
to be generated each year, which accounts for 13.8% of the total global food production [2]. As
part of the food system, agri-food system is responsible for the production of exceedingly high
levels of waste [3]. However, the current disposal of agri-food waste, predominantly through
landfilling, inflicts considerable damage on the environment such as the emission of greenhouse
gases and the contamination of groundwater [4]. Indeed, different from other waste, agri-food
waste is rich in complex carbohydrates, bioactive compounds, etc. that hold potential for pro-
duction of value-added items [5]. To be specific, an abundance of biochemicals are plant-de-
rived, with a lesser amount derived from animals including pomace, peels, leaves, meat by-
products and so on [6]. Those bioactive compounds constitute a broad spectrum of molecules
with unique structures and properties. They can be utilized in the manufacture of bio-fertilizers,
fuel, compost, cosmetics and functional foods [7]. Thus, the valorization of agri-food waste
(AFW) has emerged as a possible way for the transformation and sustainable development of
the global agri-food system [8]. It is also considered to have a substantial impact on the United
Nations' Sustainable Development Goals, specifically Goal No. 2, which aims for zero hunger
[9].

In fact, the full utilization of agri-food waste for production of value-added materials remains
largely untapped, although its considerable potential has been recognized [10]. On one hand,
the valorization of agri-food waste is challenged by its intrinsic complexity, which is marked by
heterogeneous composition, short lifespan, and distribution pattern [11]. On the other hand, the
operations of agri-food waste valorization encompasses a multifaceted procedure including
gathering, transportation, storage, treatment and final disposal [12]. During these processes, a
range of challenges, including environmental, social, and economic issues, are likely to emerge
[13,14]. Hence, it is imperative to sort out and analyze the barriers that hinder the execution of
agri-food waste valorization.

The aforementioned observations highlight the critical need for the adoption of smart technolo-
gies to address contemporary obstacles. In recent developments, innovative methods of waste
management utilizing smart technologies associated with Industry 4.0 have gained prominence.
Pertaining to the agri-food sector, a myriad of smart technologies, particularly Big Data Analytics
(BDA), blockchain, Artificial Intelligence (Al), Internet of Things (IoT), digital twins, smart sen-
sors and robotics, and Information and Communication Technology (ICT), could revolutionize
traditional practices, enhance efficiency, and promote sustainability [15]. Namely, Artificial Intel-
ligence (Al), which involves programming computers to mimic human behaviors like Machine
Learning, Artificial Neural Networks, and Deep Learning, offers immense potential for data-
driven science within agri-food supply chains, especially synergized with high-performance
computing technologies [16]. Moreover, some business modes comprehensively leverage Big
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Data Analytics (BDA) to extract value from agri-food waste, thereby optimizing the existing linear
supply chain [17]. Likewise, through the integration of smart technology and e-commerce, a
digital platform could address the inefficiencies in agri-food waste management by aggregating
and analyzing waste data, and identifying potential business collaborators who may repurpose
agri-food waste into commercially valuable products [18]. Nevertheless, the introduction of
these technologies in organizations without meticulous plan and scientific analysis is doomed
to be unproductive and may even incur substantial financial burdens for the organizations [12].
As a result, it is crucial to contemplate mitigation strategies combining smart technologies, par-
ticularly in the context of specific challenges associated with the valorization of agri-food waste.

Therefore, this study seeks to address the subsequent research questions:

Q1: What are the challenges that impede the socialization and standardization of agri-food
waste valorization?

Q2: Given the order of priority of challenges and limited resources, which ones should be tackled
foremost?

Q3: Considering the mutual influence of these challenges, how can their interrelationships be
systematically represented to promote understanding?

Q4: Which smart technological solutions prove to be the most effective in surmounting these
challenges taking comprehensive consideration?

Based on those research questions, the goals of this article are as follows:
G1: To identify and rank the challenges linked to the valorization of agri-food waste.

G2: To elucidate the underlying causal and hierarchical interrelationships within these chal-
lenges.

G3: To determine the smart technological solutions and confirm the most viable solutions for
agri-food waste valorization challenges.

To achieve these goals, this study scrutinizes existing challenges in agri-food waste valorization
and formulates a six-dimension conceptual model. Then, the Fermatean Fuzzy Stepwise
Weight Assessment Ratio Analysis (FF-SWRAR) is applied to evaluate the significance of each
dimension and challenge. Following this, the Fermatean Fuzzy Decision-making Trial and Eval-
uation Laboratory-Interpretative Structural Modeling Method (FF-DEMATEL-ISM) is employed
to discern cause-and-effect dynamics among the identified challenges and core challenges.
Finally, the Fermatean Fuzzy Quality Function Deployment (FF-QFD) aids in ranking prospec-
tive smart technological solutions.

To the best of authors’ knowledge, prior study has not thoroughly investigated smart technolog-
ical solutions for agri-food waste valorization. While a study has incorporated smart technology
with the valorization of biowaste, it has predominantly focused on a single perspective like Al
approach [19]. Additionally, an integrated framework combining FFS and SWRAR, DEMATEL-
ISM, and QFD has not been previously employed in valorization of agri-food waste to assess
challenges and solutions. So, the study may provide valuable insights for related policymakers
to devise strategies aimed at enhancing the valorization of agri-food waste, thereby contributing
to the circular economy. Similarly, agri-food waste valorization industry is expected to benefit
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from the study’ s findings, which will guide the formulation of more effective and sustainable
decisions.

2 Literature Review

This section discusses the concepts as challenges of agri-food waste valorization, smart tech-
nologies in agri-food system, and MCDM methods in waste management. At the end of the
section, the research gap is highlighted.

2.1 Challenges of agri-food waste valorization

Currently, the majority of studies concerning the challenges of agri-food waste valorization pre-
dominantly concentrate on the exploration of a particular type of agri-food waste or a distinct
valorization methodology from the viewpoints of biology and chemistry. For instance, consider-
ing the valorization of agri-food waste derived from olive oil and wine production, Tapia-Quirds
et al. have advocated for the recovery of phenolic compounds as an effective way and eluci-
dated techniques available for the analysis, extraction, and refinement of polyphenols from the
olive mill and winery by-products [20].Also, Mannaa et al. have proposed the integration of in-
sects with organic waste in the bioconversion processes and accentuated the prospective effi-
cacy of these biorefinery systems in surmounting the prevailing challenges associated with agri-
food waste [21].

There are few literatures that study the challenges of agri-food waste valorization from a holistic
perspective. Berenguer et al. have discussed some pivotal challenges in the valorization of agri-
food wastes based on several perspective applications [6], so the scope of challenges identified
are limited. And, the study lacks quantitative research and fails to probe into the significance
and intrinsic interrelations of these challenges.

2.2 Smart technologies in the agri-food sector

The technological prowess of corporations is crucial in driving their innovative endeavors, which
is viewed as one of the most significant dynamic competencies required to maintain enduring
competitiveness [22]. In agri-food sector, the application of smart technologies provides the
sustainable solutions to different agricultural problems [23]. Therefore, multiple studies have
investigated the application status and emerging trends of smart technologies in the agri-food
sector [24,25,26]. In terms of different regions, developed countries tend to exhibit a greater
engagement with smart technologies [27]. Furthermore, among various smart technologies, the
application of blockchain in agri-food supply chain has received more attention [28,29]. Simi-
larly, regarding stakeholders within the agri-food supply chain, downstream companies are
more willing to embrace smart technologies to cope with the uncertainty of the supply chain
[30].

It is worth noting that although there is literature introducing smart technologies for waste pre-
vention and reduction in the agricultural food industry [31], it remains essential to thoroughly
analyze the specific challenges encountered during the valorization of agri-food waste to deter-
mine which smart technological solutions can be effectively employed and their priority in ad-
dressing these challenges.
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2.3 MCDM methods in waste management

Multi-criteria decision-making (MCDM) is a valuable approach for tackling complex decision-
making scenarios where multiple criteria need to be taken into account [32]. It provides a struc-
tured framework to ensure a more informed and rational choice. In this context, it is evident that
MCDM techniques are advantageous, as they enable a systematic comparison of challenges
and strategies. What’ s more, it is common for decision-makers to articulate their subjective
judgments through linguistic expressions in reality. This practice poses challenges when at-
tempting to precisely model such information using crisp values. Consequently, to accommo-
date this imprecision, fuzzy set theory has been widely utilized in various cases [33].

In previous research related to waste management, fuzzy MCDM techniques have been com-
monly employed to assess challenges and formulate effective strategies. For example, Celik et
al. apply Intuitionistic Fuzzy Multi-Criteria Decision-Making (IFMCDM) methods to identify the
most effective hospital for medical waste management in Erzurum, Turkey [34]. Komal inte-
grates Intuitionistic Fuzzy Sets (IFSs) with the Weighted Aggregated Sum Product Assessment
(WASPAS) method to assess health-care waste disposal methods [35]. Kabirifar et al. design a
hybrid fuzzy MCDM approach to analyze nineteen factors influencing the management of con-
struction and demolition waste [36].

The research methodology of this paper is is improved based on a study conducted by
Karuppiah [37]. The researcher combines Fermatean fuzzy set (FFS) with AHP, DEMATEL,
and TOPSIS to explore e-waste mitigation strategies. In order to enhance the operability and
pertinence of problem analysis, this study introduces another integrated Fermatean fuzzy multi-
criteria decision-making approach (i.e. FF-SWRAR, DEMATEL-ISM, and QFD). In contrast to
AHP, SWARA necessitates fewer pairwise comparisons for ascertaining weights, thereby ren-
dering it a user-friendly approach for decision-makers [38]. Additionally, QFD is more oriented
towards tackling specific issues, while TOPSIS primarily concentrates on the relative gaps be-
tween solutions [39].

2.4 Research gap

Based on the above review and analysis, it is evident that while certain studies have explored
agri-food waste management from specific perspectives, there remains a dearth of comprehen-
sive examinations regarding the global challenges associated with agri-food waste valorization.
Furthermore, the majority of existing research introduces the application of smart technology in
the agri-food sector, yet lacks a quantitative analysis. This study endeavors to bridge the gaps
by introducing a holistic evaluation framework for agri-food waste valorization challenges and
solutions within uncertain environments that not only conduct an exhaustive investigation of
diverse factors but also probe into their intricate relationships.
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3 Methods

This section is comprised of two subsections: preliminaries and the research framework. In first
subsection, the definition of FFS and related operation rules will be introduced in detail. In sec-
ond subsection, overall research framework including three major stages and integrated four-
part methodology(i.e. FFS-SWRAR-DEMATEL-QFD) will be described thoroughly shown as
Figure 1.

Step 1. Identifying corresponding challenges
‘ Stage 1. Identifying and modeling the challenges ‘J4 through systematic literature review

associated with agri-food waste valorization Step 0. Construsting conceptual iodel of

I agri-food waste valorization challenges

N ﬁStep 3. Estimating the indicators’ initial
} weights using FFE-SWRAR

) Step 4. Specifying the relationships between
the indicators and adjusting weights of
"* _challenges using FF-DEMATEL-ISM

Nt

Stage 3. Ranking the potential smart solutions to
agri-food waste valorization

Stage 2. Evaluating the weights of challenges and
elucidating relationships between them

Step 5. Identifying smart agri-food waste
valorization solutions

Step 6. Prioritizing smart agri-food waste
valorization solutions using FF-QFD

Figure 1. Research framework.

3.1 Preliminaries

3.1.1. Definition of Fermatean fuzzy set

Definition 1. Assuming that Xis a universe of discourse, a Fermatean fuzzy setF on Xis de-
fined by Senapati and Yager as a function that applied to 4 [40]:

F={(x.u:(0)ve D) x €X] (1)
where £ () e[O,l],vF () e[O,l]denote the degree of membership and non-membership of

element;(e[o,l] respectively, satisfying0< s (7)° +v ()’ <1. For any FFS, the degree of

indeterminacy of ¥ € X to F is defined as:

7 () = -1 () —vie (2)° 2)

Besides, F = (4, ) is called a Fermatean fuzzy number(FFN).

It s worth noting that FFS, an extension to IFS and PFS, has enlarged the domain of member-
ship and non-membership, which can be shown in Figure 2. So, compared to IFS and PFS, FFS
is more efficient in solving multi-criteria decision-making problems under uncertainty.
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0 1

Figure 2. The comparison of IFS, PFS and FFS.

3.1.2. Related operations for Fermatean fuzzy set

Definition 2. Let F, = (44, v¢,) and F, = (44, V¢, ) be two FFNs, A > 0, defined as [40]:

FROF = (3//“21 + 1y — MM VerVes) :

F®F, = (41 4e,, %/Vgl +VE, ~Vivis) :
AR =QL-- )" V).
Fr=(u, 1-A-vi)").

Definition 3. Let F = (4 ,v¢) be a FFN, the score function is defined as [33]:

score(F) = u.° —v.° 3

For any FFN, score(F) e[-11].

The accuracy function is defined as [33]:
accuracy(F) = s> +v.° (4)

For any FFN, accuracy(F) €[0,1] .

According to score and accuracy values, the comparison between any two FFNs F, = (#4¢,,Ve,)

and F, = (4,,VE,) is determined:

If score(F,) < score(F,) , thenF, < F,;
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If score(F,) > score(F,) , thenF, > F;;
If score(F,) = score(F,) , then

Ifaccuracy(F,) <accuracy(F,) , thenF, < F;;
If accuracy(F,) > accuracy(F,) , then F, > F,;
Ifaccuracy(F;) = accuracy(F,) , then F, = .

Definition 4. Let F, = (1, vy )([i =12,...,n) be a set of FFNs, then a Fermatean fuzzy weighted

average(FFWA) is calculated [37]:

FFWA(Fl’F2""'Fn):(zn:a)i:uFi’Zn:a)ivFi) )

where @, €[0,1]is the weight of F with Y @, =1.

i=1

3.2 Research framework

Stage 1. Identifying and modeling the challenges associated with agri-food waste valorization.
Step 1. Identifying corresponding challenges through systematic literature review.

The following framework is adopted to collect articles relevant to agri-food waste valorization
[41].

1.Identification: Searching articles considering five aspects in the following order: (1) source

type, (2) source quality and relevance, (3) search engine, (4) search period, and (5) search
keyword.

2.Screening: Excluding articles returned from the search that don’ t completely satisfy search
criteria and some duplicate copies.

3.Eligibility: Assessing full text to make sure content relevance.
4.Inclusion: Performing a countercheck and a content analysis on the curated articles.
Step 2. Constructing conceptual model of agri-food waste valorization challenges.

5.Classifying and Modeling: Subsequent to the initial step of investigating and analyzing publi-
cations, the challenges of agri-food waste valorization are divided into a six-dimensional con-
ceptual model by experts.

Stage 2. Evaluating the weights of challenges and elucidating relationships between them.
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This stage predominantly uses FF-SWRAR to calculate initial weights of indicators. Then, the
FF-DEMATEL-ISM method is applied to figure out causal relationship and influence degree
among the identified indicators.

Step 3. Estimating the indicators’ initial weights using FF-SWRAR

6.Evaluating the expertise level of decision makers [42]: The expertise of each DM is appraised
through linguistic expressions delineated in Table 1 along with corresponding FFS equivalents.

Table 1. Linguistic terms of decision makers’ expertise level.

Linguistic Absolute High Moder- Less No
Terms Expertise Expertise ate EX- Expertise Expertise
(AE) (HE) pertise  (LE) (NE)
(ME)
H 0.95 0.75 0.55 0.3 0.1
14 0.1 0.3 0.55 0.75 0.95

Let M represent the count of DMs within the collective. The expertise level of a given DM M,
symbolized as E,, = (x,,,v,,), dictates the influence of the DM’ s assessment in the decision

procedure. The crisp number reflecting a DM’ s assessment influence among all can be com-
puted:

1+ flg —Va
e (6)
Z(1+/le_vm)
m=1

7.Constructing a linguistic decision matrix for the evaluation of indicators: The linguistic terms
infer the linguistic assessment rating of an indicator and further turn into FFN(Table 2) [43].

Consider a FF evaluation matrix Q=[q,,] provided by experts, where each element
Gy = (44, V) denotes the corresponding FFN for the linguistic evaluation of DM M for indicator
i

Table 2. Linguistic terms of indicators.

Linguistic Terms H 14

Absolutely Important (Al)/Absolutely High Related
(AHR)

0.10

Very Strong Important (VSI)/Very High Related (VHR) 0.90 0.20
Strong Important (SI) /High Related (HR) 0.80 0.30
Important (I)/Medium High Related (MHR) 0.65 0.40
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Equally Important (El)/Exactly Equal Related (EER) 0.50 0.50

Unimportant (U)/Medium Low Related (MLR) 0.35 0.70
Strong Unimportant (SU)/Low Related (LR) 0.20 0.80
Vv St Uni tant (VSU)/V Low Related
ery Strong Unimportant ( )/Very Low Relate 010  0.90
(VLR)
Absolutely Unimportant(AU)/Absolutely Low Related
0.01 0.99

(ALR)

8.Combining decision makers’ judgments: Let N represent the cardinality of indicator set where
n=12,..,N. Considering expertise weights, the judgments of all DMs on an indicator are ag-
gregated as follows:

I, = (ZﬂmﬂivaUmvim) (7)

9.Calculating the comparative significance of each indicator: Firstly, the positive score of each

indicator, symbolized as PS;, is determined as: PS, =1+ score(l,) .
Then, rank the indicators in descending order according to the values of PS,; .

Based on the order, the comparative significance CS; of each indicator is calculated as:

cs, =1° =1 8
" PS,-PS,, i>1 ®

10.Computing the indicator weights [44]: Firstly, the comparative coefficient CC, is estimated as:

cc -t =t 9
'Cs, +1i>1 ®)

Then, the recalculated weight g; of each indicator is determined as:
1 i=1

%=1 %

i>1 (10)

Finally, the initial weight of each indicator is calculated as:
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W, = Nq‘ i>1

> g (11)

i=1

Step 4. Specifying the relationships between the indicators and adjusting weights of challenges
using FF-DEMATEL-ISM

11.Establishing the FF direct relationship matrix: DMs make pairwise comparisons of indicators
to obtain mutual influence strength using Table 3 [45], where influence data among the indica-
tors are expressed by FFN.

Table 3. Linguistic terms of influence score.

Linguistic Terms Influence Score FFN
Very High (VH) 4 (0.9,0.1)
High (H) 3 (0.7,0.2)
Low (L) 2 (0.4,0.5)
Very Low (VL) 1 (0.1,0.75)
No influence (NO) 0 (0,1)

12.Constructing aggregate FF direct relationship matrix: Use FFWA operator to aggregate the
judgments of multiple DMs as follows:

(,UF11’VF11) (/uF12’VF12) (zuFln'VFln)
(ﬂFZl’VFZl) (ﬂpzzvVFzz) (/Uan’Van)

(12)

(ﬂFnl’VFnl) (lanZ'VFnZ) (lann’Van)_

13.Defuzzification [46]: The FF defuzzification function ? is employed to turn the FFN matrix A
into crisp number matrix X as follows:

@y =1+ score( g, vey ) (13)
Dy Py - By

X = Do1 Doy +o Doy (14)
Dn1 G2+ Pon

14.Normalization: The new aggregate direct relationship matrix X is normalized using following
equations:

G=s"'X (15)
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n n
where S = max(max " x;, VLD.%XZXU) _
j=1 J=n 5oy

I<i<n 4=

15.Constructing total relationship matrixT :
G= S_lx (16)
where | is the identity matrix.

16.Classifying indicators into cause and effect groups as follows:

D= Ztij = (ti)lxn 17)
1= 1xn
C= Ztij =(t)na (18)

The value of C + Drepresents centrality, while the value of C — Drepresents causality.

17.Adjusting the weights of challenges: Combine centrality and initial weights calculated by
SWRAR to obtain final weights of challenge using weighted average method. The specific
weights are determined by relevant experts.

18.0Obtaining initial reachability matrix(IRM): According to the following formula, total relation-
ship matrixT is converted to the initial reachability matrix R . The threshold A can be set based
on the sum of mean and standard deviation in statistical distribution, effectively reducing sub-
jective influence [47].

" {1 t; >
= (19)
0t;<A

19.Constructing final reachability matrix(FRM): To obtain the FRM, the transitivity of the IRM is
examined. According to the transitivity rule, if factori has an impact on factor J , and if factor ]
affects factork , then factori also impacts factork [48].

20.Partitioning level: A level partitioning operation was performed to acquire the reachability,
antecedent, and intersection set.

Stage 3. Ranking the potential smart solutions to agri-food waste valorization.

In the stage, some solutions considering smart technologies are proposed to promote valoriza-
tion of agri-food waste. Then, the FF-QFD method is utilized to prioritize them.

Step 5. Identifying smart agri-food waste valorization solutions

21.Identifying strategies in the perspective of smart technologies: Based on relevant literature
and experts’ suggestions in the field, some potential strategies are provided.

Step 6. Prioritizing smart agri-food waste valorization solutions using FF-QFD

The steps of FF-QFD are explained as follows:
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22.Specifying the indicators: The indicators(i.e. challenges and solutions) have been decided in
step 1 and 4.

23.0btaining the importance weights of challenges: Each challenge has been evaluated based
on FF-SWRAR.

24.Defining relationships between challenges and solutions: DMs use the scale as in Table 2
to define the relationship matrix R; (i =1,2,....,n, j =1,2,...,k) . If there is no relationship between

the challenge and solution, the cell is left blank.

25.Calculating the relative importance of solutions: The relative importance RI i ( 1=12,.., k)of

solution J is determined using FFWA operator as:
RI; =Y WR, = (O Wi, > Wvie) (1 =1.2,...,k) (20)
i=1 i=1 i=1

26.Creating correlation matrix: The correlations Sjj. (j # ] ) between solutions are created using

the scale as in Table 2. There are three states that described an interrelationship: positive(+),
negative (-), or non-existent (designated by a blank box).

27.Calculating score value for positive and negative correlations: Aggregate DMs’ judgments of
correlation matrix by FFWA operator and calculate final score value.

28.Finding absolute importance for each solution [49]: The absolute importance

Al (j=12,...,k)for solution j can be computed as:

kK
Al =RI;®) S, ®RI;.(j=12,...k; j'#]) (21)
j=1

29.0btaining final score value of solutions and ranking them: Use FF defuzzification function to
obtain crisp value of each solution and prioritize these solutions.

4 Results and Discussion

In the preceding section, the general outline of a complete study has been established. Detailed
calculations and corresponding results of the FF-MCDM studies are described in the following
subsections.

4.1 Results

According to the three main stages of research framework, the applied procedure based on FF-
SWRAR, FF-DEMATEL-ISM, FF-QFD is summarized as follows:
Stage 1. Identifying and modeling the challenges associated with agri-food waste valorization.

Step 1. Identifying corresponding challenges through systematic literature review.
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The Web of Science databases were utilized to search for theses topics "agri-food waste man-

agement,

agri-food waste management,

nn

agri-food waste valorization," and "agri-food waste

valorization." This search yielded 573 publications spanning from 2019 to April 2024. Following
a series of screening procedures, a refined compilation of 43 articles was selected for further

analysis.Then, the challenges of agri-food waste valorization were identified.

Step 2. Constructing conceptual model of agri-food waste valorization challenges.

Based on the literature [50], experts categorized the challenges into six distinct dimensions:
Organization, Environment, Technology, Economy, Government, and Society. (Table 4).

Table 4. Conceptual model of agri-food waste valorization challenges.

, : Code
Dimensions Factors Codes References
Poor logistical and infrastructural systems Cl1 [73,74,79,8
Less standardized operational practices C12 2]
The absence of intermediary companies/departments
collecting and directing wastes to specific points for pro- C13
cessing
Organization C1
Rare cooperation between supply chain members in the c14
process of agri-food waste valorization
Lack of instructions about approaches of agricultural 15
waste valorization
No safety assessment of biotechnologically materials C1l6
The region-dependent and seasonal availability of a co1 [77,86,87,8
waste stream 8]
Variable quality of the waste stream due to deterioration C22
Environment New product safety issues like contamination of heavy co3
(including bi- metals
ochemical High sensitivity of microorganisms to operating conditions C24
property) : : .
High standard on properties of the raw materials like ele- o5
ment proportion, moisture content
Production of environmental footprint in extraction pro- 26
cesses
Lack of the most efficient and cost-effective extraction c31 [76,82,84,8
method for specific waste streams 5,78]
Technology  C3
Limited technological capabilities available for sorting, c32

safe storing, and distribution of food waste
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Economy Cc4

Government C5

Society C6

No full understanding of emerging technologies

Loss of biocompounds caused by conventional extraction
technology

High energy consumption of technology

High transport costs due to collection and processing of
biomasses

High expenses related to the techniques utilized
The shortage of investment in technologies/solutions

Lack of robust and detailed legal and regulatory founda-
tion

The absence of agri-waste management digital platforms
Lack of relevant incentive systems

Less trust of consumers in safety of new products based
on agricultural by-products

Little public awareness about agri-food waste valorization

Obscure consumer acceptance due to changes in sen-
sory quality

C33

C34

C35

C41

C42
C43

C51

C52
C53

Co61

C62

C63
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[71,73,75,8
2,83]

[72,80,82,8
9]

[73,80,81]

Stage 2. Evaluating the weights of challenges and elucidating relationships between them.

Step 3. Estimating the indicators’ initial weights using FF-SWRAR

In this step, the FF-SWRAR methodology was employed to determine initial weights of each
challenge through assessment of three experts. Table 5 outlines the respective expertise levels
of these three experts.

Table 5. Expertise levels of decision makers.

DM Degree of Expertise Influence of assessment
E: HE 0.411
E: ME 0.295
Es ME 0.295

Furthermore, Table 6 provides a comprehensive overview of the local weights and overall
weights assigned to each challenge.

Table 6. Weights of dimensions and challenges.

_ _ Fac- Local weights of chal- Overall weights of chal-
Dimensions

tors lenges lenges
C10.246 C11 0.23 0.05
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C12 0.21 0.02
C13 0.20 0.06
Ci4 0.16 0.05
C15 0.11 0.04
C16 0.09 0.03
Cc21 0.24 0.02
c22 0.20 0.02
C23 0.18 0.02
C20.123
c24 0.16 0.01
C25 0.14 0.03
C26 0.09 0.02
C31 0.31 0.05
C32 0.26 0.06
C30.186 C33 0.20 0.02
C34 0.13 0.02
C35 0.10 0.04
C41 0.39 0.03
C4 0.102 C42 0.35 0.04
C43 0.26 0.04
C51 0.33 0.08
C50.252 C52 0.36 0.09
C53 0.31 0.08
C61 0.44 0.04
C6 0.091 C62 0.31 0.03
C63 0.25 0.02

Clearly, "Government (C5)" and "Organization (C1)" emerge as the maost critical dimensions.
Moreover, the most pivotal challenges are “The absence of agri-waste management digital plat-

”

forms(C52)”, “Lack of relevant incentive systems(C53)”, “Lack of robust and detailed legal and

regulatory foundation(C51)”, “Limited technological capabilities available for sorting, safe stor-

ing, and distribution of food waste(C32)”, “The absence of intermediary companies/departments
collecting and directing wastes to specific points for processing(C13)”.

Step 4. Specifying the relationships between the indicators and adjusting weights using FF-
DEMATEL-ISM
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In this step, the FF-DEMATEL-ISM was used to clarify interrelationships among challenges.
Table 7 presents the identified causal relationships.

Table 7. Causal relationships of challenges.

Factors C D C+D Rank D-C Category
Cl1 1.28 0.01 1.286 2 -1.267 effect
C12 0.60 0.09 0.692 8 -0.514 effect
C13 0.77 0.11 0.885 6 -0.657 effect
Ci4 0.32 0.36 0.676 10 0.036 cause
C15 0.20 0.36 0.556 13 0.157 cause
C16 0.22 0.23 0.457 19 0.008 cause
C21 0.00 0.24 0.239 25 0.239 cause
c22 0.38 0.11 0.491 16 -0.264 effect
c23 0.41 0.12 0.532 15 -0.291 effect
c24 0.00 0.28 0.281 24 0.281 cause
C25 0.09 0.00 0.093 26 -0.093 effect
C26 0.35 0.00 0.346 23 -0.346 effect
C31 0.39 0.74 1.138 3 0.351 cause
C32 0.29 0.47 0.752 7 0.180 cause
C33 0.29 0.39 0.688 9 0.100 cause
C34 0.42 0.00 0.420 20 -0.420 effect
C35 0.17 0.18 0.354 22 0.008 cause
C41 0.37 0.23 0.593 12 -0.141 effect
C42 0.39 0.16 0.551 14 -0.237 effect
C43 0.44 0.66 1.098 5 0.226 cause
C51 0.17 0.31 0.477 17 0.140 cause
C52 0.07 1.04 1.113 4 0.971 cause
C53 0.18 1.34 1.524 1 1.160 cause
C61 0.41 0.06 0.471 18 -0.343 effect
C62 0.00 0.60 0.599 11 0.599 cause
C63 0.00 0.40 0.404 21 0.404 cause

And Table 8 illustrates the derived hierarchical structure.
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Table 8. Hierarchical structure of challenges.

Level Factors

C25

C11,C61
C13,C23,C26,C34
C12,C22,C35,C41,C42
C14,C16,C31,C32
C15,C33,C43,C51

N o o0~ W N P

C62,C63
8 C21,C24,C52,C53

Given the values of C-D in Table 7, the challenges have been categorized into cause-and-effect
groups as depicted in Figure 3. In the cause group, the most important challenges are “Lack of
relevant incentive systems(C53)” and “The absence of agri-waste management digital plat-
forms(C52)”. In the effect group, the most important challenges are “The absence of intermedi-
ary companies/departments collecting and directing wastes to specific points for pro-
cessing(C13)” and “Poor logistical and infrastructural systems(C11)”. Based on C+D values, the
prominence of the critical factors have been evaluated. The top five ranked challenges are “Lack
of relevant incentive systems(C53)”, “Poor logistical and infrastructural systems(C11)”, “Lack of
the most efficient and cost-effective extraction method for specific waste streams(C31)”, “Lack

of robust and detailed legal and regulatory foundation(C51)”, “The shortage of investment in
technologies/solutions(C43)”.

Cs3
.
cs2
.

an
c1s 32 ca3 =
! .

causality ooo s . a -

ci2
.

-1.00 4
T
.

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 110 120 130 140 150
centrality

Figure 3. Centrality and causality of challenges.

After adjusting weights, the final most important challenges are “Lack of relevant incentive sys-
tems(C53)”, followed by “The absence of agri-waste management digital platforms(C52)”, “Poor
logistical and infrastructural systems(C11)”, “Lack of the most efficient and cost-effective ex-

traction method for specific waste streams(C31)”, “The absence of intermediary companies/de-
partments collecting and directing wastes to specific points for processing(C13)”.

221



03 June 2024, Intl. Conference on Economics, Finance & Business, Paris ISBN 978-80-7668-012-8, IISES

According to the analysis results of ISM(Table 8), the challenges of agri-food waste valorization
can be divided into eight levels. The essential causal factors at the bottom level are “The region-
dependent and seasonal availability of a waste stream(C21)”, “High sensitivity of microorgan-
isms to operating conditions(C24)”, “Lack of relevant incentive systems(C53)” and “The ab-

sence of agri-waste management digital platforms(C52)”.
Stage 3. Ranking the potential smart solutions to agri-food waste valorization.
Step 5. Identifying smart agri-food waste valorization solutions

An in-depth investigation was conducted in the Web of Science databases, encompassing all
existing publications about the utilization of smart technologies in agri-food waste valorization.
Additionally, insights from professional experts were solicited. Consequently, a total of 18 inno-
vative smart solutions were identified(Table 9).

Table 9. Smart solutions to agri-food waste valorization.

Codes Solutions References
51 Employing Al to predict and classify the properties or
characteristics of biowaste
52 Utilizing Al to predict the volatile organic compounds
(VOCs) and supply for waste materials
Improving transparency and safety of agri-food sup-
s3 ply chains through contamination tracing and efficient

food production system e.g., loT, Blockchain, Big
Data, RFID tags, GIS

Obtaining real-time and up-to-date digital information
S4 on crop growth, safety, and nutrition by UAVs, Cloud-
computing, GIS

Using digital devices and platforms in rural agriculture [17,25,66,90-112]
S5 as early warning system by information and ICT,
RFID tags, remote sensors

Cooperating between technology providers and
adopters to advance sustainable agri-food supply
chain management using remote sensors, weather
forecasting systems, bio-stimulants

S6

Integrating innovative agricultural technologies with
S7 farmers' traditional knowledge and constructing a
knowledge-sharing platform

Facilitating connectivity and information sharing be-
tween supply chain members

S8
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S9

S10

S11

S12

S13

S14

S15

S16

S17

S18

Designing agri-food waste apps to link manufactur-
ers, supermarkets, restaurants, and individual house-
holds

Searching and analyzing current databases to guide
the selection of suitable agri-food waste valorization
approach through Al

Identifying the exact parameters in the operational
process based on BDA together with the sensors

Automatically identifying consumer needs to inform
manufacturers and retailers utilizing text mining and
information sharing platform

Applying 10T to monitor environmental parameters
like temperature, dissolved oxygen and ph in the pro-
duction process

Using intelligent algorithms for site selection and
transportation path planning

Minimizing the carbon footprint of the entire supply
chain by Cloud-computing

Implementing autonomous robots to reduce costs
and improve operational professionalism

Increasing awareness of cybersecurity at all stages
of the supply chain

Adopting digital twins to evaluate agricultural food
waste quality and tailor supply chains to reduce
losses

Step 6. Prioritizing smart agri-food waste valorization solutions using FF-QFD

ISBN 978-80-7668-012-8, IISES

As depicted in Table 10, the results of FF-QFD analysis reveal that, in addressing current chal-
lenges, the most highly prioritized solutions are “Facilitating connectivity and information sharing
between supply chain members(S8)”, “Improving transparency and safety of agri-food supply
chains through contamination tracing and efficient food production system e.g., 0T, Blockchain,
Big Data, RFID tags, GIS(S3)”, “Utilizing artificial intelligence (Al) to predict the volatile organic
compounds (VOCs) and supply for waste materials(S2)”.

Table 10. Importance of smart solutions.

Codes Absolute importance Rank
S1 0.016 10
S2 0.142 3
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S3 0.154 2
S4 0.069 5
S5 0.042 6
S6 0.008 12
S7 0.020 9
S8 0.365 1
S9 0.099 4
S10 0.014 11
S11 0.002 17
S12 0.021 8
S13 0.003 14
S14 0.003 15
S15 0.004 13
S16 0.002 16
S17 0.002 18
S18 0.034 7

4.2 Discussion

This section focuses on the in-depth analysis of the aforementioned results. In terms of different
dimensions of challenges, “Government(C5)” ranks the highest. Typically, the local government
assumes a guiding role in a project, with its primary responsibility being to facilitate the partici-
pation of enterprises and the public. Particularly in the case of agri-food waste value-added
initiatives, which necessitate substantial initial investments and yield returns over an extended
duration, the role of governmental guidance and backing is imperative. In an empirical study,
Xiang & Gao proves that government support exerts a remarkably positive influence on the
sustainable development of agricultural sector [51]. Notably, agricultural extension services and
ecological subsidies, as key constituents of government support, contribute significantly to ag-
ricultural sustainability. What’'s more, through evolutionary games, some scholars demonstrate
that it is crucial to enhance government's accountability and regulatory proficiency, robustly pur-
sue technological advancements and refine the incentive and disciplinary mechanisms to
achieve both specialization and socialization of agricultural waste valorization [52]. The second
important dimension is “Organization(C1)”. Related business organizations constitute a signifi-
cant driving force in the generation of waste, as well as the innovation and utilization of Industry
4.0 technologies [53]. So, organizations serve as the actual main participants responsible for
the valorization of agri-food waste. Should there be a lack of active engagement, an absence
of instructions on agri-food waste valorization methods, and infrequent collaboration with other
supply chain members, they are prone to adopting unscientific and unsystematic practices in
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managing agri-food waste, overlooking potential flaws in the logistical and infrastructural sys-
tems. Take Kampala city for example, to achieve environmental, economic and technical goals
within urban settings, related organizations should carefully choose suitable technology-driven
systems for agri-food waste valorization [54].

According to the Pareto principle [55], also known as the “80/20” rule, a deeper analysis has
been conducted on the top five challenges out of a total of 26 identified challenges. The foremost
challenge lies in “Lack of relevant incentive systems(C53)”, which falls under the "cause" cate-
gory. Actually, in Pakistan, Malaysia, and China, research finds that government incentives have
a positive effect on the innovation of circular economy in small and medium enterprises [56].
Moreover, in Australia, lack of government incentive is a major barrier to develop circular econ-
omy [57]. However, only a few countries, such as France, Italy, Austria, and Germany, have
provided financial support in certain areas of agri-food waste valorization, but such financial
support is only applicable to small-scale pilot projects and cannot be scaled up for large-scale
promotion [58].

The following challenge is “The absence of agri-waste management digital platforms(C52)” be-
longing to the "cause" category. With regard to the governmental role, the traditional emphasis
has predominantly centered on resources of financial wealth and administrative authority. How-
ever, other potential roles that governments could assume in fostering the development of agri-
food waste valorization are often overlooked [59]. Specifically, the possibility for a government
to leverage its central position within pivotal networks to gather advanced resources, thus cre-
ating a comprehensive digital platform to coordinate stakeholders and establish partnerships.
Indeed, a key characteristic of the advancement of agri-food waste valorization lies in harness-
ing intricate networks of diverse actors, each possessing a range of requisite skills. Besides,
the factor also highlights the necessity of using smart technology to address existing challenges.

The third important challenge is “Poor logistical and infrastructural systems(C11)”, within the
"effect" category. The factor is significantly influenced by numerous other variables, especially
“The absence of relevant incentive systems(C53)”, “The absence of agri-waste management
digital platforms(C52)”, and “ The lack of the most efficient and cost-effective extraction method
for specific waste streams(C31)”. These contributory factors largely constrain the effectiveness
of logistical and infrastructural systems in managing agricultural waste. Due to the factors C53
and C31, numerous agricultural enterprises bear elevated risks when confronted with substan-
tial investments in technology, thereby deterring them from proactive upgrading of their current
infrastructural facilities [60]. In addition, the valorization of agri-food waste is not feasible solely
through the efforts of a single enterprise, but requires the collaboration across the entire industry
chain and even societal engagement. Hence, the absence of a unified digital management plat-
form(C52) poses a significant obstacle in achieving seamless and standardized logistics sys-
tems.

Next, the challenge is “The lack of the most efficient and cost-effective extraction method for
specific waste streams(C31)” under the "cause" category. Extracting effective substances from
agricultural food waste is a decisive step in valorization of agricultural food waste. Taking the
extraction of cellulose as an example, isolating cellulose from biomass poses a significant chal-
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lenge due to the recalcitrant nature of biomass, which inherently limits the accessibility of cellu-
lose for value-adding applications [61]. Furthermore, the diverse range of agri-food sources
containing cellulose renders it exceedingly difficult to devise a standardized extraction method
capable of efficiently recovering cellulose across all types of sources. It is recommended that
the forthcoming five years should be dedicated to exploring the innovative thermal extraction
technologies, with a comprehensive techno-economic analysis conducted to thoroughly assess
the feasibility and effectiveness of implementing these technologies in the extraction process of
agricultural byproducts [62].

The fifth significant challenge, classified under the "effect" category, pertains to “The absence
of intermediary companies/departments collecting and directing wastes to specific points for
processing(C13)”. In fact, as the waste bank is incapable of recycling the waste independently,
the supply chain relies on a recycling factory to accomplish this task [63]. Besides the govern-
ment dimension, the two most important influencing factors to the challenge are “Limited tech-
nological capabilities available for sorting, safe storing, and distribution of food waste(C32)” and
“Rare cooperation between supply chain members in the process of agri-food waste valoriza-
tion(C14)”. The former underscores the substantial resource allocation to streamline the pro-
curement of agri-food waste, thereby guaranteeing consistency, microbial safety, and superior
quality for processing of waste, which once again demonstrates the necessity of government
and social support [64]. The latter reason is aligned with a finding that the conversion of food
waste into valuable products necessitates a concerted effort spanning the entire value chain
and adopting a comprehensive food system viewpoint, which entails a profound understanding
of the boundaries stemming from the subject's dynamic characteristics and interconnected de-
pendencies [65].

The factors at the bottom level are fundamental factors. C21 and C24 are inherent attributes of
the research subject. Specifically, the spatiotemporal distribution of agri-food waste and its high
sensitivity to environment fundamentally impacts the cost and quality of biomass value-added
processes. C53 and C52, in “Government” dimension, play an external driving role in the valor-
ization of agri-food waste, fully leveraging the aforementioned governmental prowess in re-
sources and organization.

The subsequent discussion delves deeper into the top three solutions pertaining to smart tech-
nologies. Among these, the solution that emerges as the most effective is "Facilitating connec-
tivity and information sharing between supply chain members by digital tools(S8)”. Enhanced
visibility and transparency within the supply chain empower members to identify and mitigate
risks in a more efficient manner, thereby reducing the likelihood of disruption, particularly con-
sidering region-dependent and seasonal availability of the waste stream. Additionally, through
swift exchange of information, supply chain members respond promptly to changes in market
conditions in regard to obscure consumer preference. The solution also contributes to the es-
tablishment of a comprehensive agri-food waste management platform on a large scale. Among
the digital tools, big-data management appears to be the most suitable for achieving S8, given
its capability to facilitate the collection and sharing of diverse data types among organizations,
ultimately enhancing the accuracy of outcomes [66]. The second important solution is “Improv-
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ing transparency and safety of agri-food supply chains to customers through contamination trac-
ing and efficient food production system e.g., loT, Blockchain, RFID tags(S3)”. Merely enhanc-
ing information exchange among enterprises within the supply chain is insufficient. It is essential
to address the safety concerns of customers pertaining to new agri-food value-added products.
Consequently, it becomes necessary to synchronize information derived from diverse produc-
tion processes with customers to ensure their trust and satisfaction. In fact, the successful val-
orization of agri-food by-products heavily relies on robust traceability and rigorous quality mon-
itoring in production and logistic system [29]. The third important solution lies in “Utilizing artificial
intelligence (Al) to predict the volatile organic compounds (VOCs)(S2)". In practice, the variabil-
ity of feedstock derived from biowaste extremely hinders the widespread utilization of value-
added products. To overcome the difficulties, the valorization of agri-food waste has embraced
artificial intelligence (Al), a novel approach, as a potential solution. According to diverse com-
ponents of biomass, the overall dataset for training and testing in Al learning and the application
of Al algorithms is diverse [19].

5 Conclusion

This study advances the existing literature by proposing solutions to the challenges of agri-food
waste valorization considering smart technologies in the context of Industry 4.0. Through a com-
prehensive literature review and insights from agricultural experts, a wide range of challenges
have been identified and subsequently categorized into six distinct dimensions: Organization,
Environment, Technology, Economy, Government, and Society. Then, a novel integrated
MCDM approach including FFS, SWRAR-DEMATEL-ISM-QFD is employed to evaluate the
challenges and potential solutions in the light of expert insights. Prior to this study, the compre-
hensive framework of FF-SWRAR-DEMATEL-ISM-QFD had not been implemented. Based on
the findings of the FF-SWRAR, the "Government" dimension emerges as the most crucial, with
a significant weight of 0.252, indicating its importance in addressing the challenges of agri-food
waste valorization. Therefore, the government bears a paramount obligation to proactively fos-
ter the socialization of agri-food waste valorization, striving towards high-quality and environ-
mentally sustainable agricultural development paradigms. Furthermore, it's responsible to steer
resource allocation in an efficient manner and catalyze the transformation and upgrading of the
food system to enhance its overall sustainability and efficiency. According to the final weights
of challenges, the top five most pivotal challenges are: “The absence of relevant incentive sys-
tems(C53)”, “The absence of agri-waste management digital platforms(C52)”, “Poor logistical
and infrastructural systems(C11)”, “The lack of the most efficient and cost-effective extraction
method for specific waste streams(C31)” and “The absence of intermediary companies/depart-
ments collecting and directing wastes to specific points for processing(C13)”. Next, the FF-DE-
MATEL-ISM method divides these challenges into cause and effect groups, and identify the
fundamental factors. Specifically, 14 factors are categorized as the cause group, 12 factors are
categorized as the effect group, and all these factors are further segmented into 8 levels. Finally,
FF-QFD prioritizes smart technology solutions in accordance with the varying weight of current
challenges. Among these, three solutions stand out as the most significant: "Facilitating con-
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nectivity and information sharing between supply chain members by digital tools(S8)”, “Improv-
ing transparency and safety of agri-food supply chains to customers through contamination trac-
ing and efficient food production system e.g., loT, Blockchain, RFID tags(S3)” and “Utilizing
artificial intelligence (Al) to predict the volatile organic compounds (VOCs)(S2)”.

5.1 Theoretical Implications

By reviewing and categorizing the existing challenges of agri-food waste valorization into sev-
eral macro-dimensions that should be considered as social issues, this study provides corre-
sponding perspectives for researchers from different sectors of society who engage in agri-food
waste management, enabling them to have a more comprehensive understanding of this issue.
Additionally, against the backdrop of sustainable development and digitization, this study is an
initial attempt to propose solutions to existing challenges based on smart technology, inspiring
managers in the agricultural sector to devise more scientific methods while promoting techno-
logical advancements in the agricultural sector. Moreover, this study introduces a new MCDM
methodological framework, as evaluation methods in the FFS environment are rarely applied in
the agri-food waste sector. This methodological system can be transferred to other domains,
thereby enhancing the reliability of the results.

5.2 Practical Implications

Drawing from the research outcomes, this study presents several managerial implications that
are expected to benefit government agencies and other stakeholders engaged in the manage-
ment of agri-food waste. For government, it requires more initiative or knowledge to foster the
development of agri-food waste valorization. Firstly, it is highly crucial to enhance the govern-
ment's governance capacity. The government should establish reasonable incentive mecha-
nisms to ensure the service quality of fiscal funds in the field of agri-food waste valorization [67].
Therefore, the government should seize the opportunity of applying and promoting agri-food
waste valorization to improve risk management and performance evaluation in the agricultural
supply chain. Beyond financial investments, the government needs to leverage its influence and
organizational capabilities to engage more stakeholders and jointly construct a technology-sup-
ported ecosystem for agri-food waste management. The digital waste management platform is
expected to be positioned as a more solution-oriented approach, leveraging the integration of
smart technologies in a practical and innovative manner to address environmental and social
issues, thereby assisting governments and enterprises in making scientific decisions [68]. For
supply chain members, they should also enhance information disclosure and technological in-
novation. The strategic integration of upstream and downstream enterprises in the supply chain
is the first step. Cooperation with upstream enterprises with resource aggregation can greatly
reduce the risks related to raw material supply [69], while cooperation with downstream enter-
prises with first-hand market information can reduce the risks of demand uncertainty. Secondly,
as the immense operational pressures and high costs associated with adopting advanced tech-
nologies may hinder enterprises in technological innovation, a potential lightweight mitigation
approach involves the training of current employees to collaborate with digital technology pro-
viders that offer modular solutions. These solutions can be rapidly scaled up and tested, thereby
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minimizing significant financial and operational risks[70]. For smart technology providers, it is
recommended to adopt a platform-based business model rather than a product-centric one. The
underlying logic of the platform business model underscores the necessity for technology pro-
viders to offer digital solutions not merely to enterprises involved in agri-food waste processing,
but also to those engaged in agri-food waste recycling. By adhering to established data stand-
ards, it becomes feasible for data to traverse the entire waste management value chain with the
waste stream, thereby facilitating end-to-end digitization[70].

5.3. Limitations and Future Research

Here are some limitations of this study: First, despite the author's diligent effort to review extant
literature on the valorization of agri-food waste, it remains a challenge to encompass all the
literature. Considering that some challenges exist in practice but there is limited literature re-
search, the identified challenges may not be comprehensive. Future research could incorporate
a broader range of empirical survey findings to address this gap. Secondly, the implementation
and development of smart technology solutions in practice are intricate. Consequently, some of
the proposed solutions in this study may lack sufficient details. Future research could delve
deeper into the precise application of smart technologies in the realm of agri-food waste, con-
ducting a more methodical analysis. Lastly, while this study operates within a Fermatean fuzzy
framework, alternative methods for managing uncertainty could be explored, and the outcomes
could be compared.
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