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Abstract

Smallholder farmers, key actors in agri-food supply chains, still face persistent challenges
in applying sustainability strategies due to limited resources, context variability, and
weak-performance monitoring systems. Their multidimensional needs, across economic,
environmental, and social domains, are frequently inadequately captured by traditional key
performance indicators (KPIs). This paper proposes an innovative framework to prioritize
KPIs tailored to smallholders by integrating a multi-capital approach with expert-based and
contradiction-resolving methods. A five-phase methodology is developed that combines
Multi-Expert Fuzzy Quality Function Deployment (FQFD) and the Theory of Inventive
Problem Solving (TRIZ). Expert input and field data identified 30 KPIs, narrowed to 19 via a
capital-constrained algorithm; TRIZ resolved key contradictions like global warming versus
land use efficiency. Expert input and field data are used to identify the sustainability capitals
and KPIs, which are then ranked using FQFD and filtered using a capital-constrained
algorithm. TRIZ is then used to address contradictions between indicators. Applied to a
case study, the framework successfully identified a ranked, coherent set of sustainability
KPIs. The sensitivity analysis confirmed the stability of the prioritization. TRIZ offered
innovative solutions to trade-offs between key indicators (such as environmental impact
versus productivity). This is the first known integration of FQFD and TRIZ in sustainability
KPIs for smallholders. This approach is adaptable and replicable within similar agricultural
contexts, thereby allowing informed and context-sensitive planning for sustainability. It
provides actionable insights to guide smallholder-focused agricultural policies globally.

Keywords: sustainability KPIs; multi-capital; FQFD; TRIZ; smallholders; prioritization; contradictions

1. Introduction
Smallholders, the backbone of global food systems, are indispensable in food

production and are the main actors in the agri-food supply chain (AFSC) [1]. Yet, they
face major systemic challenges, such as limited access to resources, climate variability,
market instability, and environmental degradation [2]. The nature and intensity of these
constraints vary greatly from one region to another, depending on the size of the farms and
the type of crops cultivated, thereby complicating the definition of sustainable strategies [3].
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Against this backdrop, the sustainability and resilience of these farms can be strengthened
through a rigorous assessment of their current state. Such assessment calls for a highly
rigorous identification of key performance indicators (KPIs) specifically tailored to the
realities and challenges faced by the smallholders. As stated by Vanlauwe et al. [4], the
current frameworks for sustainability, in most instances, use common KPIs, which are not
well-suited to cover the great variance in conditions among smallholders. Hence, there is
the need to develop context-specific KPIs that consider a smallholder’s realities and have
useful implications in terms of decision-making, ensuring that these indicators are usable
and relevant [5]. In this context, well-defined KPIs not only enable a better understanding of
compliance activities at the local level within the framework of international sustainability
goals but also help evaluate their performance and enhance the resilience of smallholders [6].
However, selecting sustainability KPIs and prioritizing them constitutes a challenge for
smallholders, essentially because of that variation between contexts—socio-economic
and ecological [7]. Although KPIs play a vital role in guiding strategic planning and
monitoring performance, smallholders often find themselves without tools that help
them prioritize indicators suited to their specific challenges. Most existing sustainability
frameworks overlook the day-to-day realities these farmers face, offering KPIs that are
too generic, hard to implement, or disconnected from practical decision-making on the
ground. Above all, one needs to have indicators that are relevant to local constraints as
well as high-level development objectives. Most importantly, the indicators should be
operational in such a way that they translate raw data into insights about productivity,
resilience, and profitability [8,9].

This paper aims to propose a tool for prioritizing sustainability KPIs for decision-
makers to tackle some of the concerned challenges while keeping in view two
important dimensions:

(i) The multi-capital approach to sustainability, which provides a macro-view for the
assessment of value created through recognizing the interdependence of different
types of capitals, such as financial, natural, human, social, and intellectual, therefore,
facilitating a more balanced view of long-term trade-offs and synergies [10,11].

(ii) The context-specific constraints are particularly relevant in ecologically and institutionally
sensitive regions, in which sustainability assessments rely on expert knowledge
and adaptive methods rather than standardized indicators to ensure relevance
and feasibility [5].

To this end, multi-expert Fuzzy Quality Function Deployment (FQFD) and Theory of
Inventive Problem Solving (TRIZ) have been developed. The classical QFD method, an
approach that systematically translates customer needs into technical characteristics, was
first developed by Akao [12]. FQFD extends this method by incorporating fuzzy logic to
address the uncertainties and subjectivities associated with expert judgments to have more
robust translations of smallholders’ needs to measurable KPIs [13]. TRIZ, developed by
Altshuller [14], is a knowledge-driven methodology that resolves systemic contradictions
by applying inventive principles derived from patent analysis. In this context, TRIZ
is able to help solve all contradictions associated with sustainability objectives through
context-dependent innovative strategies [15]. This is the reason why this paper advocates
the integration of these two complementary approaches; thus, this paper contributes to the
development of a decision support framework on the issues of the priority of KPIs against
real-world constraints specific to smallholders.
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In summary, this paper aims to develop a robust and adaptable framework to assist
smallholders in prioritizing multi-capital sustainability KPIs that take into account both
local conditions and broader sustainability objectives. Three research questions will serve
as a guide for this:

Q1. How can multi-capital KPIs be effectively prioritized while considering their
interdependencies across various forms of capital?

Q2. What major contradictions arise among KPIs, and how do these affect the consistency
of sustainability assessment?

Q3. What recommendations are there to deal with and resolve these contradictions?

Building on these research questions, this work is novel in that it combines FQFD and
TRIZ to develop a structured framework that not only prioritizes multi-capital sustainability
KPIs but also helps resolve contradictions between them. By enhancing methodological
robustness and offering useful recommendations for smallholders, this combined approach
supports more flexible and context-sensitive agricultural sustainability strategies.

The rest of the paper is organized as follows: Section 2 provides a review of the relevant
literature; Section 3 explains the research methodology; Section 4 presents the empirical
case study conducted in Tunisia; Section 5 illustrates the main findings and discusses them
as well as their implications for smallholder resilience; and Section 6 concludes with key
insights and suggestions for future research.

2. Literature Review
To date, no comprehensive work has developed a definitive framework for selecting

multi-capital KPIs specifically tailored to smallholders by combining the FQFD and
TRIZ methodologies. Existing evaluation and comparison studies in the literature have
predominantly focused on single-capital indicators or have addressed sustainability
assessment without explicitly considering the interdependencies and contradictions among
multiple capitals and/or indicators.

In order to clarify the added value of the proposed approach and set it within
the current field of research, we present a synthesis of related works that apply
different methods in the context of sustainability assessment, with a particular focus
on smallholders. This synthesis is summarized in Table 1. Each method is evaluated based
on its decision-making technique, the sustainability dimensions addressed (economic,
environmental, social), and the extent to which a multi-capital perspective is integrated. In
this context, the column “Smallholder Focus” uses the following notation: approaches with
no reference to smallholders are labeled “No”, those addressing smallholders in a generic
way are marked “Partial”, and only those explicitly designed to meet smallholder-specific
needs are labeled “Yes”. Although many efforts have been made to develop relevant
tools for selecting and prioritizing KPIs in agriculture, the literature still highlights three
major limitations, especially when it comes to addressing the specific needs of smallholders.
Although a number of studies have used these approaches in agricultural and food systems,
none have specifically addressed how multi-capital sustainability KPIs that are adapted to
smallholder realities should be considered. This overview identifies a critical gap that our
framework aims to address by integrating FQFD and TRIZ to prioritize KPIs and generate
innovative ideas and recommendations across multiple sustainability capitals.

First, although QFD and FQFD have been applied in various agri-food contexts,
from olive oil production [16] to dairy logistics [17], few studies consider smallholders’
specific constraints, and none offer a comprehensive view that brings in the economic,
environmental, and social dimensions simultaneously with the multi-capital sustainability
perspective. Moreover, its application is often limited to the House of Quality (HOQ)
stage, rather than supporting holistic sustainability decisions. HoQ provides a structured
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cause-and-effect framework that connects smallholder requirements to KPIs, allowing
for the methodical prioritization and coordination of several goals. Its adaptability to
various domains shows how this mechanism directs the incorporation of various criteria
and smallholder viewpoints [18]. In assessments of multi-capital sustainability, HoQ
facilitates the identification of interdependencies and potential trade-offs among economic,
environmental, and social KPIs.

Second, although TRIZ has shown much success in engineering and manufacturing,
its application in agriculture remains limited. Its applicability is still restricted to technical
problem-solving for specific issues in the industry, such as equipment design [19], although
some have pointed out its relevance in developing contexts such as smallholder farming
and resource-constrained environments [20]. This has not yet been assessed in relation to
multi-capital sustainability [21].

Third, many existing approaches lack the practical features needed to effectively
support smallholder decision-making. Numerous approaches have been used to select
KPIs, including SMART frameworks [22], statistical tools like PCA [23], participatory
approaches like SHARP [24], and MCDM techniques like the analytic hierarchy process
(AHP), TOPSIS, and VIKOR [25,26]. However, these approaches often fail to consider
modifying the context-specific requirements and resource constraints of smallholders.
Fuzzy logic has increasingly been used to deal with imprecision in expert assessments to
overcome these difficulties. There has been evidence of added value in hybrid models that
combine FQFD with other techniques, such as in eco-design [27], lean supply chains [28],
or food safety [29]. Nevertheless, none of these models have been specifically developed
for smallholder contexts with a focus on multi-capital interdependencies.

Beyond methodological aspects, the multi-capital approach to sustainability also
raises theoretical debates. While it provides a holistic view by considering economic,
social, natural, human, and intellectual capitals together, its practical use faces challenges,
such as measurement difficulties and the risk of oversimplifying complex interactions [10].
Recent research has pointed to the need for methods that are context-specific and adaptive
to circumstances, increasingly relying on participatory approaches and fuzzy reasoning [11].
Our previous systematic review [30] highlighted important gaps in agri-food sustainability
indicators, particularly in capturing interdependencies among capitals and accounting
for smallholder realities; these insights guided the design of the FQFD–TRIZ framework,
which combines expert judgment, fuzzy logic, and inventive principles to provide a more
relevant and context-sensitive sustainability assessment for smallholders.

In summary, this paper contributes in three major ways. First, it proposes a
KPI prioritization approach that integrates multiple expert judgments, particularly
from policymakers, with the local realities of smallholders, while explicitly addressing
uncertainty through fuzzy logic, to improve the realism of the decision-making process.
Secondly, the proposed approach is based on an in-depth case study in Tunisia and
demonstrated its robustness and applicability when extrapolated to other regions with
similar conditions, such as the Mediterranean region, through sensitivity analysis.
Thirdly, the proposed method combines FQFD and TRIZ, two approaches that are rarely
used in sustainability assessments. FQFD facilitates the selection and prioritization of
relevant KPIs, while TRIZ addresses and resolves contradictions among these KPIs.
By integrating the interrelated dimensions emphasized in the multi-capital approach,
the framework provides a comprehensive evaluation of smallholders’ sustainability
performance within AFSC.
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Table 1. Related works on QFD/FQFD and TRIZ applications for multi-capital sustainability KPIs.

Ref. Method Fuzzy
Logic

Smallholder
Focus

Sustainability
Dimension

(E/Ev/S)

Multi-Capital
Perspective Contribution

[16] QFD No E, Ev

Optimization of olive
oil quality via

agronomic and
organoleptic parameters.

[29] QFD + AHP * No E
Technical and hygiene

prioritization in
bread production.

[31] QFD Partial E
Tractor brake design

improvement based on
user feedback.

[32] QFD Partial E, Ev, S
Fragmented QFD use and
sustainability limitations

in agribusiness.

[27] QFD * No E, Ev, S
Industry 4.0 for

sustainable product
disassembly.

[28] QFD * No E, Ev Enhancement of lean
attributes in AFSC.

[17] QFD * No E Dairy supply chain
strategy definition.

[33] QFD * No E Collaborative quality
design in supply chains.

[20] TRIZ No - Efficiency improvements
in agricultural equipment.

[22] Morphological
Analysis + TRIZ Partial E, Ev, S Sustainable product

design under constraints.

[34] fuzzy AHP +
FMABAC * Partial E, Ev, S

Prioritized sustainability
criteria and ranked

dairy farmers

[35] MDS + AHP No E, Ev, S

Sustainable corn area
planning integrating

ecological, economic, and
social criteria.

[36] TRIZ + Extenics Partial E, Ev In situ tilling plow
conceptual design.

This paper FQFD + TRIZ * Yes E, Ev, S *

Prioritizing multi-capital
KPIs for smallholders and
resolving contradictions

among KPIs.
Note: Ev: environmental; E: economic; S: social. * Indicates the application of fuzzy logic in the method and/or
the consideration of a multi-capital perspective.

3. Materials and Methods
The objective of this paper is to identify and prioritize multi-capital sustainability

KPIs tailored to the specific requirements of smallholders. This study is grounded in
existing research and contributions in the field [11,30,37–40]. For this purpose, a five-phase
approach was developed, as illustrated in Figure 1. Phase 1 includes a preliminary study to
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determine relevant sustainability capitals and associated KPIs for smallholders through
expert interviews, a structured questionnaire targeting smallholders, and subsequent data
analysis. Using a second round of expert interviews, Phase 2 applies the FQFD method
to rank the selected KPIs according to the needs expressed by smallholders. In Phase 3, a
capital-constrained algorithm is used to validate the final list of multi-capital sustainability
KPIs. A sensitivity analysis of the prioritized KPIs is conducted in Phase 4 to evaluate
the robustness and broader applicability of the proposed approach. Phase 5 applies the
TRIZ methodology to resolve contradictions between the selected KPIs and to derive
strategic recommendations for smallholders. The following sub-sections provide a detailed
description of each phase of the methodology.

Figure 1. Research methodology.

3.1. Preliminary Study

The preliminary study prepares a structured basis for subsequent indicator selection.
As a multi-capital sustainability approach is adopted in this paper, the first step of this
study involves identifying the relevant capitals and associated indicators that best reflect
the context. As shown in Figure 2, this phase builds upon the contributions previously
presented and synthesizes insights from earlier project tasks, including the literature review,
contextual analysis, field surveys, and expert input. The application of these elements
led to the establishment of an integrated baseline relevant to the studied context. The
number of KPIs initially identified is relatively high, considering the variety of information
obtained, especially through field surveys and structured questionnaires. To ensure clarity
and relevance, expert judgment is then applied in a methodical and repeatable manner to
examine for potential overlaps and interdependencies. This guides the refinement towards
a specific and representative set of indicators. The specific set of capitals and indicators
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retained as inputs for Phase 2 will be presented in Section 4, related to the case study. It is
within this context that the next phase of this study was motivated and structured.

Figure 2. Preliminary study. Source: Developed by the authors.

3.2. Fuzzy QFD Analysis

This phase aims to systematically support the selection and ranking of multi-capital
KPIs tailored to smallholders’ contexts while considering its inherent uncertainties. To do
so, FQFD methodology is applied. This approach merges the structured capability of QFD
in prioritizing with the power of fuzzy logic in managing the subjectivity and uncertainty
in expert-based evaluations. The QFD approach requires the development of an HOQ,
which is a well-established tool that converts smallholders’ needs into KPIs using visual
and structured matrices [12]. As illustrated in Figure 3, the HOQ is composed of several
interconnected elements: the capitals (WHATs), the KPIs (HOWs), the relationship matrix
(HOWs vs. WHATs), the relationships between KPIs (HOWs vs. HOWs), and the resulting
importance scores of KPIs. Each element is essential to directing the process to identify
priorities. The approach is structured into four sequential steps.

Figure 3. Flowchart of multi-expert FQFD. Source: Developed by the authors.
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Table 2. Importance weights and corresponding TFN for rating capitals.

Linguistic Terms Saaty Scale
(Relative Importance) TFN

∼
a

Not important 1 (0.5, 1, 2)
Slightly important 3 (2, 3, 4)

Important 5 (4, 5, 6)
Very important 7 (6, 7, 8)

Crucial 9 (8, 9, 10)
Note: TFN denoted as ã = (l, m, u), see text for definition.

Table 3. Degree of capital–KPI relationships and corresponding TFN.

Linguistic Terms Scale of Importance TFN
∼
RCp,k

Similar importance 1 (1, 1, 1)
Moderate importance 3 (2, 3, 4)

Strong importance 5 (4, 5, 6)
Very strong importance 7 (6, 7, 8)

Note: TFN denoted as
∼
RCp,k = (l, m, u), see text for definition.

Table 4. Degree of correlations, graphic symbol, and corresponding TFN.

Linguistic Terms Graphic Symbol TFN C
∼
orrk,p

j

Strong positive (SP) ++ (0.3, 0.5, 0.7)
Positive (P) + (0, 0.3, 0.5)

No correlation (NC) (0, 0, 0)
Negative (N) − (−0.5, −0.3, 0)

Strong negative (SN) − − (−0.7, −0.5, −0.3)

Note: TFN denoted as C
∼
orrk,p

j =
(
lj, mj, uj

)
, see text for definition.

3.2.1. Assessing the Importance of Capitals

To determine the relative importance of each sustainability capital, a panel of
multidisciplinary experts evaluated each capital using predefined linguistic terms. The
number and profiles of the experts involved in this work are provided in Section 4. To
derive capitals’ importance, four main sub-steps were conducted:

• Collect individual judgements: Five weight levels were utilized, following Saaty’s
classical rating scale [41], as shown in Table 2. This five-level linguistic scale is
supported in the literature as an effective compromise between evaluation granularity
and expert cognitive load [42].

• Fuzzification: These linguistic terms were converted into triangular fuzzy numbers

(TFN), denoted as
∼
a = (l, m, u), where l represents the minimum possible value, m

the most likely value, and u the maximum possible value of the fuzzy evaluation, as
shown in Table 2.

• Aggregation: Individual fuzzy evaluations were aggregated using the arithmetic mean
method. This method is frequently employed in fuzzy multi-criteria decision-making
to combine expert opinions in a simple yet effective manner, particularly when all
expert inputs are treated with equal importance. The arithmetic mean has been shown
to preserve the linearity and interpretability of TFNs while maintaining computational
simplicity [43]. Let E be the total number of experts. Each TFN provided by expert j
is denoted as

∼
a j =

(
lj, mj, uj

)
, where lj, mj, and uj represent the lower, middle, and
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upper bounds of the fuzzy evaluation, respectively. Aggregation across all experts is
then performed component-wise as follows:

∼
a agg = (

1
E ∑E

j=1 lj ,
1
E ∑E

j=1 mj,
1
E ∑E

j=1 uj ) (1)

• Defuzzification: The centroid method was applied to convert each aggregated TFN
into a crisp value, enabling prioritization and comparison. This method is widely
adopted due to its ability to reflect the center of gravity of the fuzzy set [44]. Given
an aggregated TFN

∼
a = (l, m, u), the crisp value is calculated as follows: a∗ =

(l + 2m + u)/4. This formula is systematically applied in all subsequent defuzzification
steps.

3.2.2. Identifying Capital–KPI Relationships

Experts also assessed the influence of each KPI on each capital using linguistic terms.
The same four-step process in step 1 was applied. The only difference lies in the use of a
distinct linguistic scale and TFN, as proposed by [45] and defined in Table 3.

• Fuzzification: Linguistic ratings were converted to TFN
∼
RCp,k

j =
(
lj, mj, uj

)
.

• Aggregation: Component-wise aggregation (Equation (1)) was applied across experts,

producing the fuzzy relationship matrix
∼
RCp,k = (l, m, u).

• Defuzzification: The centroid method was used to obtain crisp relationship scores,
which were mapped to the nearest value in the predefined scale (1, 3, 5, 7), maintaining
interpretability. To ensure consistency between crisp scores and linguistic assessments,
threshold intervals were established to map each defuzzified value to the closest
discrete QFD score. Specifically, the following ranges were used: [0–2[ mapped to 1
(similar importance), [2–4[ to 3 (moderate importance), [4–6[ to 5 (strong importance),
and [6–8] to 7 (very strong importance). This discretization preserves consistency with
the original linguistic scale and is widely applied in FQFD studies [46]. Intermediate
values are mapped to discrete crisp levels for interpretability, but all calculations are
performed on their TFN representations, with final KPI scores defuzzified to produce
the crisp ranking. The use of threshold intervals and discrete mapping is intended
solely to facilitate interpretation, while preserving the fidelity of expert judgments
throughout the fuzzy calculations.

3.2.3. Developing the KPI Correlation Matrix

To identify potential interactions or contradictions among KPIs, experts evaluated
pairwise relationships using linguistic terms, which were then converted into TFNs and
corresponding symbols (Table 4). These selected TFN values have been widely used in
QFD and decision-making studies because they provide a balanced representation of expert
consensus and ensure consistency with similar applications [47].

• Fuzzification: Each pairwise correlation was expressed as a TFN C
∼
orrk,p

j =
(
lj, mj, uj

)
.

• Aggregation: Component-wise aggregation (Equation (1)) across experts yielded the

fuzzy correlation matrix C
∼
orrk,p = (l, m, u).

• Defuzzification: Crisp correlation values were obtained using the centroid method,
and then used to identify contradictory KPI interactions.

3.2.4. Ranking Multi-Capital KPIs

The weights of the KPIs, which constitute the main output of the HOQ, correspond to
the final importance scores of the indicators. The final weights of the KPIs are computed
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using the fuzzy importance weights of the capitals and the fuzzy capital–KPI relationships
obtained in step 2. The formula is shown in Equation (2).

∼
WKk =

N

∑
n=1

∼
RCp,k ×

∼
CIp (2)

where
∼
RCp,k is the aggregated fuzzy relationship between capital p and KPI k, and

∼
CIp is

the aggregated fuzzy importance of capital p. The resulting fuzzy importance weights for

each KPI
∼
WKk = (l, m, u) are calculated by multiplying each component of the aggregated

fuzzy relationship
∼
RCp,k with the corresponding component of the aggregated fuzzy capital

importance
∼
CIp across all capitals. This produces the fuzzy importance weight for each

KPI.

• Defuzzification: The centroid method is applied to each
∼
WKk, yielding a crisp priority

score: WKk = (l + 2m + u)/4.
• Ranking: KPIs are ranked in descending order according to their crisp weights WKk,

with the highest score indicating the highest priority.

3.3. Capital-Constrained Algorithm

A capital-constrained algorithm is used in this phase to validate the final list of
multi-capital sustainability KPIs. The process of this algorithm, illustrated in Figure 4,
begins with the complete list of ranked KPIs (the output of the FQFD). Theoretically,
Kaplan and Norton [48] advocate keeping the total number of KPIs below 20 to prevent
information overload and preserve a focused strategic consideration. Therefore, the
implemented algorithm will ensure the representativeness of all capitals that were initially
considered in the KPI list. If a capital is omitted, additional KPIs associated with that capital
will be drawn from the ranked list. The adopted approach can be considered a greedy
heuristic, prioritizing top-ranked KPIs while ensuring that all capitals are represented.
This approach guarantees that the set of KPIs represents a thematically rich sustainability
assessment without giving up clarity and operational feasibility, which is in line with
best practices in MCDM that indicate the importance of information representation and
analytical discipline [41]. The detailed stepwise procedure of this greedy heuristic is
formally described in Algorithm 1.

Algorithm 1 Capital-constrained KPI selection (Greedy heuristic)

Input: Ranked KPI list (size = N), KPI Selection Threshold (%), Capitals list
Output: Final Validated KPI Set
Steps:

1. Initialize SelectedKPISet = [ ]
2. Compute the number of KPIs to retain at threshold: ThresholdCount = ceil

(N × Selection Threshold %)
3. Generate InitialKPISet by selecting the top ThresholdCount KPIs from the ranked list
4. Set SelectedKPISet = InitialKPISet
5. While not all capitals are represented in SelectedKPISet:

- Add the next highest-ranked KPI belonging to the missing capital(s)
- Update SelectedKPISet

6. Validate Final KPI Set = SelectedKPISet
7. Return Final Validated KPI Set
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Figure 4. Capital-constrained algorithm: process flowchart. Source: Developed by the authors.

3.4. Sensitivity Analysis

A structured sensitivity analysis was carried out to assess the robustness of the
multi-capital KPI rankings produced using the suggested FQFD approach. The subjective
nature of expert-assigned weights CIp necessitates testing whether reasonable perturbations
in these values have a significant impact on the prioritization result. A one-at-a-time
sensitivity method, as described in [49], was employed to isolate the effect of each
capital while preserving the internal consistency of the evaluation model. Mathematically,
let CI(0) = (C(0)

1 , C(0)
2 , . . . , C(0)

8 ) be the baseline vector of crisp capital importance
values obtained through the fuzzy aggregation and defuzzification process, as described
in Section 3.2. These weights are normalized such that ∑8

p=1 C(0)
p = 1. To simulate the

effect of varying a single capital, a perturbed weight vector CI(x) is constructed by
modifying C(0)

p by a factor (1+x), while proportionally adjusting the remaining weights
to maintain normalization. This preserves the coherence of the fuzzy evaluation under
perturbation. The equations are given by C(x)

p = (1 + x).CI(0)p for the perturbed capital p,

and CI(x)
p′ = CI(0)p′ ·

1−CI(x)
p

1−CI(0)p
for all other capitals p′ ̸= p.

Under scenario x, the KPI ranks are recalculated using these updated weights,
represented as

S(x)
k = ∑8

p=1 RC(p,k)·CI(x)p (3)

The one-at-a-time approach performs well for sensitivity analysis in multi-criteria
decision frameworks, especially when inputs represent conceptually distinct dimensions
such as sustainability capitals. It is a reliable and open technique for evaluating how
parameter uncertainty affects prioritization results since it can separate individual effects
while maintaining weight normalization [49].

3.5. TRIZ Contradiction Resolution

The aim of this phase is to generate recommendations for resolving the conflicts
between sustainability KPIs that the HOQ’s roof revealed. Because of negative correlations,
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improving one KPI might put another at risk. This becomes particularly crucial for
trade-offs in smallholder systems where socio-economic vulnerabilities, environmental
risks, and resource limitations are intertwined. For instance, increasing fertilizer use
in order to improve crop yield while simultaneously compromising the goal to reduce
greenhouse gas emissions per unit leads to conflict with the system’s sustainability goals.
The TRIZ process follows four stages, as illustrated in Figure 5. The first stage involves the
formulation of the specific problem through the identification of the conflicting KPIs, that
is, those very strongly negatively correlated with one another in the roof of the HOQ, with
these derived from the results of FQFD analysis. The second stage involves abstracting the
conflict using TRIZ’s 39 parameters to frame it in generalized technical terms [14].

 

Figure 5. TRIZ contradiction flowchart. Source: Authors’ original figure based on TRIZ methodology.

To the best of our knowledge, this paper is the first to apply TRIZ methodology
to KPIs within the agricultural context. Consequently, considerable effort was made to
identify and justify the most relevant TRIZ parameters through a brainstorming process and
expert validation. Out of the 39 classical TRIZ parameters, 17 were selected based on their
pertinence to sustainability-related multi-capital KPIs for smallholders (see Appendix A.1),
in addition to the selection of 12 inventive principles from the 40 classical ones [50]
(see Appendix A.2). This streamlined set improves the practicality and context relevance of
the proposed solutions. As a result, the TRIZ contradiction matrix was simplified to fit the
chosen parameters (see Appendix A.3). In the third stage, this reduced matrix shall assist
in identifying relevant inventive principles to provide universal guidance in developing
innovative solutions. In the final stage, these principles are subsequently translated into
contextual and specific recommendations [15].

4. Case Study Description and Input Data
The Cap Bon region in the northeastern Nabeul governorate of Tunisia was selected

as the case study due to its strategic importance and representativeness. This governorate
is one of Tunisia’s main agricultural locations, with a diverse farming system that
includes small-scale livestock production, citrus orchards, and vegetable crops. This
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varied agricultural landscape is characterized by the vast majority of small farms under
5 hectares, many of which are family-owned and -operated. Cap Bon provides nearly
70% of Tunisia’s citrus production, but it faces serious sustainability challenges like water
scarcity [51], biodiversity loss [52], and increased vulnerability to climate variability [53].
The case study serves two specific objectives: (i) to validate the proposed approach in
this research by grounding it in empirical data and (ii) to tailor the selected sustainability
KPIs to the contextual realities of Tunisian smallholders, thereby supporting future policy
recommendations and local planning tools. The fieldwork was carried out through two
complementary surveys.

The first targeted 200 smallholders and included interviews with experts from the
policymaker, namely the Regional Commissariat for Agricultural Development of Nabeul,
a local branch of the Ministry of Agriculture, Water Resources, and Fisheries in Tunisia. The
majority of respondents were men (94%), mostly aged between 40 and 60 years (54%). They
generally had low education levels, with only 11.3% having completed university, while
43.8% reached high school and 40% primary school. For 81% of the participants, agriculture
represented their main activity. These characteristics provide a general profile of the sample
and help to contextualize the survey results. The survey was implemented using the
“Survey Solutions” platform, which facilitated data collection through a structured online
questionnaire. In-person interviews were also held to guarantee the completeness and
clarity of responses. The policymaker and smallholders both contributed to the discussion
of capitals. There was some alignment, even though the policymaker’s response was
more specific. The primary difference pertained to natural capital, which smallholders
considered significant but the policymaker found to be neutral. The policymaker observed
that smallholders were very interested in incorporating environmental strategies, but their
current engagement was limited. The interrelations among capitals were considered when
structuring the baseline. For example, natural capital (soil fertility, water availability)
influences financial capital through agricultural income and human capital via labor
productivity and health. Similarly, financial capital affects investment in smart technologies,
strengthening intellectual capital and, indirectly, social capital. These interdependencies
highlight that capitals form a dynamic system, where changes in one dimension impact
others. This systemic perspective guided the refinement of KPIs to reflect both individual
capitals and their interactions. The finalized list was further refined with the SMART
selection method to retain only the most contextually relevant KPIs for each of the capitals.
Appendix B presents the initial list of KPIs identified.

The second survey involved three Tunisian experts with the following profiles: a
specialist in sustainable agriculture, an environmental engineer, and an agronomic
consultant. While the expert panel was limited in size, the diversity of expertise and
perspectives ensured a comprehensive and meaningful evaluation of capital importance
and KPI interactions, capturing multiple dimensions of sustainability relevant to smallholder
systems. The experts participated in structured online interviews and completed a
questionnaire designed and distributed via Google Forms. The questionnaire was divided
into two main parts. The first part focused on evaluating how important each type of
capital is and how the proposed indicators are linked to these capitals. The second part
explored how the indicators might influence or interact with one another. To make the
assessment easier, the questions were organized in tables, allowing experts to simply tick
the boxes that best reflected their judgment.

5. Results and Discussion
This section presents and analyzes the main findings obtained from the Tunisian

case study, which were obtained following the methodology presented in Section 3. The
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outcomes of the multi-expert FQFD process are explained in detail in Section 5.1. The final
list of KPIs validated by the capital-constrained algorithm is provided in Section 5.2. The
findings of the sensitivity analysis are covered in Section 5.3. Lastly, recommendations
based on the use of TRIZ are described in Section 5.4., and a discussion is held in Section 5.5
to emphasize the methodological implications and contextual relevance of the findings.

5.1. Results of Multi-Expert FQFD

The multi-expert FQFD method was implemented using MATLAB version R2024a,
while the HOQ was structured and visualized with EdrawMax version 14.1.0. While Google
Forms was used to collect expert responses, the multi-expert FQFD process, including
the transformation of linguistic judgments into TFNs, fuzzy arithmetic, aggregation, and
defuzzification, was implemented using MATLAB, ensuring accuracy, consistency, and
reproducibility. This setup allowed for a clear mapping of the interactions between
sustainability KPIs and capital types, as well as the correlations among KPIs. The complete
results of the multi-expert fuzzy HOQ are provided in Appendix C. Figure 6 presents the
results of the relative importance of sustainability capitals identified by experts, following
the fuzzy computation and defuzzification procedures. Among them, “natural” capital
emerged as the most critical, followed closely by “financial” capital. These two were
consistently regarded by experts as the most influential in shaping the sustainability
performance of smallholders. whereas “material”, “stakeholder”, and “intellectual” capitals
were assigned equal weight, indicating moderate influence, especially when related to
knowledge transfer, institutional participation, and access to inputs. Conversely, “human”
capital scored marginally lower, and the lowest-ranked capitals were “internal social”
and “external social.” Overall, these results reflect the experts’ emphasis on capitals
directly linked to environmental conditions and economic viability, thereby reinforcing
the idea that smallholder sustainability hinges on efficient resource use and financial
resilience. The relationship matrix between the capitals and the set of candidate KPIs is also
illustrated in Appendix C, as part of the fuzzy HOQ. Most KPIs showed moderate to strong
levels of importance (values 5 or 7) with at least one capital. This matrix also quantified
the contribution of each KPI to the various sustainability dimensions, while revealing
interdependencies and potential redundancies among the indicators. Furthermore, the
fuzzy HOQ served as the basis for calculating the global priority ranks of KPIs, also
reported in Appendix C.

Figure 6. Capital’s importance results.

5.2. Results of the Capital-Constrained Algorithm

A final list of 19 relevant indicators was validated by the capital-constrained algorithm,
ensuring equitable coverage of the eight sustainability capitals. As shown in Figure 7,
11 indicators were excluded (red bars) due to their limited overall contribution. Notably,
“energy use” and “water use” ranked first, followed by “impact on climate change” (Rank 3).
“Crop growth duration”, “post-harvest losses”, and “number of heads” were all jointly
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ranked at position 4. “Land use efficiency”, “water footprint”, and “impact of acidification”
are other highly ranked KPIs. The “number of agreements with stakeholders” indicator
(green bars) was retained by the algorithm due to its strategic significance representation of
the “stakeholders” capital. Figure 8 presents the final set of selected KPIs for smallholders.
The green, orange, and blue colors refer to the environmental, economic, and social
dimensions, respectively.
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Figure 8. Final multi-capital sustainability KPIs for smallholders.

The distribution of rankings shown in Figure 7 illustrates the convergence between
the priorities evaluated by the experts and the capital feasibility constraints, confirming the
strategic relevance of certain medium- or low-ranked KPIs. In particular, some indicators
were selected not for their rank, but because they addressed essential sustainability capitals.
As shown in Figure 7, the indicators most frequently prioritized by experts concern
natural and financial capitals, reflecting the complex interdependence between ecological
sustainability and economic viability in smallholder systems. The “Land value”, “Farm
size”, and “Proportion of renewable energy” indicators are ranked the lowest among the
30 KPIs initially defined. According to experts, these indicators were discarded due to
their low applicability and their inadequacy with the actual scope of action of smallholders.
Notably, the “natural” capital is represented by a large number of KPIs, including “Impact
of over-fertilization”, “Land use efficiency”, “Soil electrical conductivity”, “Water use”,
and “Post-harvest loss”. These KPIs demonstrate vulnerability of smallholders to resource
inefficiency and environmental degradation. In terms of “financial” capital, “Income”,
“Benefit–cost ratio”, and “Costs of cultivation and storage” were selected. These KPIs
underscore the economic fragility of smallholders, particularly under market volatility and
input price inflation. This is corroborated by the findings in [54], which emphasize the
need for profitability metrics in evaluating the resilience and sustainability of smallholders.
KPIs such as “Labor productivity”, “Number of memberships in farmer associations”,
and “Farmer’s connectivity to social networks” are used to measure “human” and “social”
capital. As is widely recognized in frameworks for sustainable agriculture, these KPIs
highlight the social embeddedness of Tunisian smallholders and how collective structures
can enhance resilience, knowledge sharing, and bargaining power. However, considering
its low FQFD ranking (14th), it is probable that practitioners continue to consider these
technologies as secondary, requiring capacity building and access facilitation. Finally, the
“Number of agreements with stakeholders” indicator, which highlights the importance of
multi-actor collaboration in sustainability governance, represents stakeholder capital.

In summary, the comparison of the capital-constrained algorithm and FQFD ranks
highlights the importance of integrating structural feasibility analysis and prioritization.
The final set of multi-capital KPIs responds not only to expert-based relevance but
also to smallholders’ practical capacities and resource availabilities. This dual-filter
approach strengthens the robustness of the KPI framework and supports context-sensitive
sustainability monitoring, as encouraged in international best practices.
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5.3. Sensitivity Analysis of KPI Ranking Results

In this experiment, a one-at-a-time sensitivity analysis was conducted as outlined in
Section 3.4. This method was applied in two phases: a global analysis across all capitals,
followed by a focused investigation on the most influential natural capital.

5.3.1. Global One-At-A-Time Capital Sensitivity Results

In this phase, the weight of each sustainability capital was individually increased by
+40% from its original importance value CIp, while the weights of the remaining capitals
were proportionally reduced to maintain the unit sum constraint. The +40% variation
applied in the global analysis represents a realistic shift in capital weights, reflecting
moderate perturbations in line with expert judgment. This procedure isolates the effect of
each capital on KPI rankings and ensures internal consistency with the fuzzy evaluation
framework. Given that the initial capital weights ranged between approximately 9%
and 15%, this margin was considered sufficient to simulate potential variations in expert
assessments. A total of eight simulations were performed, and the baseline scenario was
retained, resulting in nine ranking scenarios in total. Figure 9 presents a radar chart
showing the top 19 most sensitive KPIs across all scenarios. The radial axis represents the
rank position of each KPI, with higher values indicating a lower rank. Each colored line
corresponds to a specific scenario, including the baseline and the eight capital-perturbed
scenarios. This visual representation allows easy comparison of KPI ranking variations
across different capital weightings. Figure 10 displays the standard deviation of KPI
rankings across these scenarios. The results show a low standard deviation for most
indicators (generally below 1), confirming the stability and robustness of KPI rankings
under moderate capital weight perturbations.

Figure 9. Radar chart of top 19 KPI rank variations across all capitals.
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Figure 10. KPI rank standard deviation across scenarios for global analysis.

5.3.2. Sensitivity Analysis Results on the Natural Capital

Based on the global sensitivity results, special attention was given to the natural capital,
which holds the highest initial importance (~15.4%) and is associated with a significant
number of related KPIs. The extended ±50% range for natural capital accounts for its higher
influence and allows exploration of both under- and overestimation scenarios, ensuring
a comprehensive sensitivity assessment. Therefore, the weight of the natural capital was
systematically perturbed across ten incremental scenarios: −50%, −40%, −30%, −20%,
−10%, +10%, +20%, +30%, +40%, and +50%. This extended sensitivity analysis allows for
the examination of both underestimation and overemphasis of the natural capital, thereby
simulating diverse policy or contextual shifts. The resulting KPI scores and ranks were
recalculated for each scenario. Figure 11 shows the radar chart illustrating the rank variations
in the 19 most sensitive KPIs across all ten scenarios. Figure 12 presents the standard
deviation of these ranks. The results confirm that KPI rankings remain generally stable, with
moderate fluctuations observed mainly in indicators closely tied to natural capital.

Figure 11. Radar chart of top 19 KPI rank variations on the natural capital.
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Figure 12. KPI rank standard deviation across scenarios for natural capital analysis.

The results from both phases of the sensitivity analysis, the global one-at-a-time
analysis on each capital, and the extended perturbation focused on natural capital, confirm
the robustness of the FQFD prioritization approach. Indeed, the relatively low standard
deviations observed in KPI rankings (generally below 3) demonstrate that moderate and
even substantial variations in capital weights do not significantly affect the overall KPI order.
This stability is particularly meaningful in real-world decision-making contexts, where
the weights assigned to sustainability capitals may vary depending on expert preferences,
local policy priorities, or regional strategic agendas. The consistent ordering of KPIs
across varying weight scenarios highlights the methodological reliability of the proposed
model. Therefore, these findings are consistent with the recommendations of the FAO [55],
which emphasize the need for robust evaluation frameworks capable of withstanding
uncertainty in expert judgment. Focused sensitivity analysis on natural capital, which
has the highest initial importance (~15.4%), showed a slightly higher variability in the
rankings of some KPIs that are closely related to environmental factors, like crop growth
duration, post-harvest loss, and electrical conductivity of soil. This can be explained by their
sensitivity to environmental conditions, making them more responsive to shifts in capital
emphasis. On the other hand, KPIs like water use and energy use remained consistently
high and stable in all tested scenarios, indicating their strong correlation with multiple
capitals. In summary, the results confirm that the FQFD method enables a stable and
adaptable prioritization process in a multi-capital setting.

5.4. Results of TRIZ Application

The contradictions derived from the triangular relationships in the correlation matrix
at the roof of the HOQ are illustrated in Figure 13. From these results, two contradictions
identified are marked with the symbol “−” (orange color), indicating negative relationships
as assessed by experts. First, the contradiction between “impact on climate change”
and “smart technology tools used” arises because digital and precision agriculture
tools often reduce emissions, but their production and operation have a non-negligible
carbon footprint. Second, the contradiction between the “number of agreements with
stakeholders” and the “costs of cultivation and storage” reflects that certifications, contracts,
or stakeholder partnerships often require compliance, audits, and administrative work,
increasing operational costs.
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Figure 13. Indicator correlation matrix.

In this paper, we focus only on contradictions marked with the symbol “− −” (red
color), indicating strong negative relationships. Table 5 presents the list of identified
contradictions, each characterized by an improved KPI that contributes positively to
sustainability, but at the cost of a worsened KPI that becomes negatively impacted.
To systematically address these contradictions, the reduced TRIZ contradiction matrix
(Appendix A.3) was used. Each pair of conflicting KPIs was mapped to relevant improving
and worsening parameters, which were then used to identify appropriate inventive
principles. This enabled the formulation of tailored recommendations aimed at reconciling
conflicting sustainability objectives.

The results indicate six major contradictions. For example, the conflict between
‘Land Use Efficiency’ and ‘Energy Use’ illustrates how these contradictions are traced
from the FQFD and capital-constrained algorithm results. ‘Energy Use’ was ranked 1
and ‘Land Use Efficiency’ ranked 7, and the HOQ roof revealed a strong negative
relationship between these two KPIs, highlighting a major contradiction that requires
systematic resolution. This conflict arises when trying to achieve land use efficiency
(parameter 39: productivity) through greenhouse cultivation, mechanized operations, or
pressurized irrigation techniques. Thus, these methods will certainly lead to increased
energy consumption (parameter 19: energy consumption), which involves the costs
linked to fuel, electricity, and maintenance. To clear this contradiction, we use inventive
principle 10 (preliminary action), which recommends that specific actions be taken
beforehand to lessen the constraints or resource needs in the future. For instance,
smallholders can apply this by preparing soil during off-peak hours, hence reducing
the need for energy-intensive interventions during the growing season. In addition,
reliance on electrically powered systems during periods of peak demand can be reduced
for effective backup plans by installing manual backup solutions or passive irrigation
systems beforehand. Principle 22 (turning harm into benefit) further advocates for the
conversion of negative effects into productive ones. For example, greenhouse excess heat
could be diverted into heating seedling beds or irrigation water, thus lowering external
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energy dependence. Similarly to this, agricultural waste could be transformed into biogas
or bio-fertilizers, hence providing further on-farm energy sources.

Table 5. Application of TRIZ matrix.

Improved KPI Worsened KPI Explanation Improving
Parameter

Worsening
Parameter

Inventive
Principles

Land use efficiency Energy use

Improving yields per hectare
often requires machinery,
greenhouses, or irrigation
systems, which increase
energy consumption.

39 19 10, 22

Labor productivity Costs of cultivation
and storage

Boosting labor productivity
often involves investing in
tools, training, and
infrastructure, which increases
production and storage costs.

39 36 N/A

Post-harvest losses Energy use

Reducing post-harvest losses
involves cold chains, drying,
or processing, which
significantly increases
energy demand.

23 22 N/A

Income Impact of
over-fertilization

To increase income,
smallholders tend to intensify
fertilizer use, leading to runoff
and water eutrophication.

39 23 10, 23

Crop growth
duration Water use

Early-maturing varieties
require more
frequent irrigation.

34 7 25

Impact of
Acidification Number of heads

Livestock emit ammonia
contributing to acidification
of soils.

10 31 3

Note: N/A: No applicable inventive principle identified.

For the other contradictions mentioned in Table 5 the reduced matrix proposes
innovative recommendations, clearly defined below, with specific actions to be taken:

• Contradiction income vs. impact of over-fertilization

➢ Solution 10: Preliminary Action

1. Conduct thorough soil analyses prior to fertilizer application to accurately
determine nutrient needs.

2. Nutrition requirement modeling can be further used to fine-tune timing
of fertilizer applications and application dosage.

➢ Solution 23: Feedback

1. Use nutrient sensors or crop growth indicators to monitor the nutrient
status of the plant in real time.

2. Fertilizer applications should then be dynamically adjusted according to
monitoring data, so as to maximize its efficiency and minimize its waste.

• Contradiction crop growth duration vs. water use

➢ Solution 25: Self-Service

1. Self-irrigating mechanisms like hydrogels can be used to retain moisture
in the soils.
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2. Mulching can reduce evaporation and conserve moisture in the soils.
3. Use greenhouse systems that recycle condensation to irrigate crops automatically.

• Contradiction number of heads vs. impact of acidification

➢ Solution 3: Local Quality

1. Establishing site-specific livestock zoning and managing herds on soils
with high buffering capacity to minimize acidification risks.

2. Restricted ammonia removal systems such as bio-filters, acid scrubbers,
or enhanced passive ventilation ought to be installed in livestock housing.

5.5. Discussion

The integration of FQFD and TRIZ in this paper provides both methodological
and empirical contributions to sustainability assessment in smallholder systems. Unlike
traditional approaches such as SMART or AHP, based on hierarchical structures and
linear assumptions of the preference, the proposed framework addresses the dynamic
interdependencies and conflicting priorities mostly encountered in complex logistic
environments. FQFD better accommodates expert knowledge in their structured interaction
concerning the evaluation of sustainability indicators, managing vagueness and subjectivity
when defining these indicators. Meanwhile, TRIZ puts more emphasis on creating a
systematic mechanism in which contradictions can be derived and solved among these
KPIs, especially where they represent operational trade-offs based on environmental,
social, and economic dimensions. This duality makes the approach more robust and
actionable compared to conventional MCDM techniques such as AHP [41] and BWM [56],
which primarily stop at weighting and ranking indicators without providing conflict
resolution strategies.

Empirical results highlighted natural and financial capitals as the most influential
drivers of sustainability, with material, stakeholder, and intellectual capitals of moderate
importance, and human and social capitals ranking lower. The capital-constrained
algorithm validated 19 high-priority KPIs, including water and energy use, climate
impact, post-harvest losses, income, and social/governance indicators such as stakeholder
agreements and cooperative memberships. The sensitivity analysis confirmed that KPI
rankings remained stable despite substantial variations in capital weights, underscoring
the methodological reliability of the model. While natural-capital-related KPIs showed
slightly higher variability due to their environmental sensitivity, key indicators such as
water and energy use remained consistently robust. This resilience reflects the structural
alignment of multi-capital interdependencies and corroborates FAO [51] recommendations
on the need for evaluation frameworks capable of withstanding uncertainty in expert
judgment. These results draw attention to the double vulnerability of Tunisian smallholders
to environmental and economic stress and underline the need to keep a close watch on
profitability and resource use efficiency [57,58]. Indicators such as stakeholder agreements
and cooperative memberships also highlight the importance of social embeddedness in
building resilience and collective governance [59]. The behavior was shown to be robust
in the presence of uncertainty. Sensitivity analysis demonstrated consistent KPI ranks
even under large-scale changes in capital weighting, implying firmness and some extent of
generalizability of these KPIs to other agricultural settings [55]. The sensitivity analysis
relies on a compensatory approach, in which decreases in the importance of one capital are
proportionally redistributed among the others. This assumption allows the analysis to be
conducted, and maintaining the normalization, however, may not be able to fully account
for sustainable contexts in which capitals are not substitutable [60].

TRIZ converted contradictions into actionable strategies, including soil preparation,
real-time nutrient monitoring, mulching, greenhouse condensation recycling, and site-specific
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livestock management. These interventions reconcile productivity, environmental, and
economic objectives, reflecting best practices in sustainable agriculture [61]. The solutions
derived from the TRIZ contradiction matrix show strong alignment with current research and
global best practices for sustainable agriculture. These technologies for real-time monitoring
and precision fertilization mimic advances in precision agriculture proven to reduce nutrient
losses while sustaining yield [62]. In livestock systems, improving manure management
and adjusting practices to site-specific conditions are recognized methods of reducing
environmental impacts [63]. For water issues, solutions like mulching, recycling greenhouse
condensation, and self-watering systems match sustainable intensification strategies aimed
at improving water use efficiency [9].

Overall, the resolution of trade-offs along with the prioritization and the treatment of
contradictions, built from both FQFD and TRIZ, leads to enriching sustainability science
practices in a participative and context-sensitive way. In terms of practice, it feeds
dashboards, collective performance contracts, or policy monitoring tools for adaptive
and evidence-based decision-making. Future studies can capitalize on the priority KPIs to
construct composite sustainability indices [57,64] as well as monitor the added value of the
proposed methodology by comparing it to current MCDM methods.

These results reinforce the methodological and empirical contributions of the
FQFD–TRIZ framework and provide actionable insights for policymakers, agricultural
coordinators, and rural development organizations, supporting adaptive sustainability
strategies in smallholder systems and other complex agri-food contexts.

6. Conclusions and Future Research
This paper proposes a novel approach combining multi-expert FQFD and TRIZ for

advancing sustainability assessment for smallholders. The approach addresses important
issues such as uncertainty, resource limitations, and competing sustainability targets while
identifying and prioritizing context-specific, multi-capital, actionable sustainability KPIs.
When tested in a Tunisian case study, the proposed approach proved that decision-making
can be guided by imposing specific interventions for smallholders. It is scalable, and
thus able to adapt to different geographic settings, agricultural sectors, and sustainability
frameworks such as the Sustainable Development Goals (SDGs). The adaptability thus
increases its relevance as it allows alignment with global and national sustainability
agendas for a range of smallholder-focused initiatives. In the Tunisian case study, 19 KPIs
were validated, covering eight sustainability capitals. Highly prioritized KPIs are traced
by the framework (like energy use, water use, etc.), and contradictions were solved
using TRIZ principles. There were practical applications for smallholders that involved
optimizing irrigation, redirecting excess greenhouse heat, and preparing soil during
off-peak hours. These findings illustrate the power of the proposed framework to guide
actionable sustainability decisions, with top-ranked KPIs highlighting priorities for resource
management, post-harvest improvements, and participatory governance through social
and stakeholder-related indicators. However, this work has some limitations, including
the use of only one case in Tunisia and the use of expert opinions, which could affect the
generalizability. The framework should be tested on and adjusted to different contexts,
with the participation of other stakeholders. Promising future lines of investigation would
be the following:

(i) To enable a more thorough and system-wide sustainability evaluation, the suggested
methodological framework could be extended to include a wider range of AFSC actors,
such as important stakeholders, transport and logistics providers, and policymakers.

(ii) A smallholder-specific digital decision support dashboard that builds on the
prioritized sustainability KPIs can be created to support alignment with sustainability
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goals, highlight priority areas for improvement, and offer real-time monitoring. By
incorporating dynamic data sources like IoT-enabled sensors and participatory mobile
applications, the effectiveness can be further improved.

(iii) Finally, integrating FQFD and TRIZ approaches into intelligent platforms or
AI-powered decision support systems could enhance the responsiveness and
preferences of recommendations for smallholders. For example, KPIs prioritization,
if coupled with real-time analytics, predictive modeling, and adaptive dashboards,
might significantly improve supply chain agility, optimize input use, and improve
policy interventions.
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Appendix A
Appendix A.1

Table A1. Selected TRIZ parameters and justifications.

Parameter No. Name Justification in Agricultural Context

7 Volume of moving object Captures the material flow intensity affecting natural capital
and input efficiency.

10 Force (intensity) Reflects the effort or intensity involved in manual or
mechanized agricultural processes.

13 Stability of the object Supports resilience of soil and system functions under
environmental or operational stress.

19 Use of energy by
moving object

Targets energy consumed by mobile farm equipment like
tractors and irrigation units.

20 Use of energy by
stationary object

Focuses on energy consumption of fixed systems like cold
storage or greenhouses.
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Table A1. Cont.

Parameter No. Name Justification in Agricultural Context

21 Power Measures operational capacity and mechanical output
affecting productivity.

22 Loss of energy Highlights inefficiencies in energy use that increase
environmental burden.

23 Loss of substance Relates to physical material losses (e.g., leaching, spoilage)
impacting both environmental and financial capitals.

24 Loss of information Addresses data loss or miscommunication that reduces the
effectiveness of technological interventions.

25 Measurement accuracy Ensures precision in monitoring sustainability indicators
under natural capital.

26 Loss of time Focuses on process efficiency and time-related trade-offs in
agricultural cycles.

27 Reliability Ensures consistent functionality of critical infrastructure and
tools used in smallholder systems.

30 Object-affected
harmful factors

Refers to external harmful influences acting on the farming
system, including pollution or market volatility.

31 Object-generated
harmful factors

Relates to harmful by-products or consequences generated
by the farming system itself.

34 Ease of repair Reduces downtime by facilitating maintenance, crucial in
low-resource environments.

36 Device complexity Affects user-friendliness and appropriateness of technology
for smallholder use.

39 Productivity Central to sustainability; reflects the system’s ability to
generate value across multiple capitals.

Source: Based on TRIZ theory [14,50], elaborated by the authors.

Appendix A.2

Table A2. Selected TRIZ inventive principles and justifications.

Principle
No. Name Definition Justification in Agricultural Context

1 Segmentation Divide an object or system
into independent parts.

Allows modular solutions (e.g., segmented irrigation
or land units), improving adaptability and precision.

3 Local Quality
Make each part of an object
suitable for its
specific function.

Encourages site-specific interventions (e.g., localized
fertilization or targeted pest control).

5 Grouping
Combine similar functions,
components, or actions
in space/time.

Promotes efficiency (e.g., simultaneous field
operations or grouping of training/inputs).

6 Universality Make one object perform
multiple functions.

Enhances resource efficiency (e.g., tools that serve
several purposes, multifunctional farm spaces).

8 Anti-weight

Compensate an
undesirable effect (e.g.,
weight) using an opposite
force or support.

Helps counteract environmental burdens (e.g., energy
consumption or emission impacts) by passive design
or natural balancing.
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Table A2. Cont.

Principle
No. Name Definition Justification in Agricultural Context

9 Preliminary
Counteraction

Anticipate and counteract
negative effects before
they occur.

Supports proactive strategies (e.g., soil treatment
before expected stress or emission peaks).

13 Inversion Reverse the direction or
action of a process.

Encourages rethinking conventional practices
(e.g., reusing waste, switching roles between manual
and automated operations).

19 Periodic Action
Replace continuous action
with intermittent pulses;
adjust timing/amplitude.

Applies well to irrigation, energy cycles, or crop
rotation to reduce resource consumption.

22 Turning Harm
into Benefit

Use or transform harmful
effects into useful ones.

Ideal for sustainability, e.g., using ammonia emissions
as fertilizers, reusing organic waste.

10 Preliminary Action Perform required changes
or preparations in advance.

Encourages early interventions (e.g., preparing soil
or infrastructure before seasonal stress or
demand surges).

23 Feedback
Introduce a feedback loop
to monitor and
adjust performance.

Enhances data-driven decision-making
(e.g., monitoring KPIs to guide irrigation, fertilization,
or livestock feeding).

25 Self-service

Make objects or systems
serve themselves
by performing
auxiliary functions.

Promotes autonomy (e.g., self-regulating irrigation
systems, sensors triggering alerts or actions without
human input).

Source: Based on TRIZ theory [14,50], elaborated by the authors.

Appendix A.3

Figure A1. Reduced TRIZ Contradictions Matrix The colors indicate the type of parameter: light gray
for worsening parameters, pink for improving parameters, and dark gray for empty cells.
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Appendix B

Table A3. First List of KPIs Identified for the Case Study.

Dimension Capitals Indicators

Environmental
Natural

Natural resources and ecosystems supporting the
farm’s productivity and sustainability.

Impact of over-fertilization

Land use efficiency

Electrical conductivity of soil

Soil moisture

Soil color and texture

Energy use

Proportion of renewable energy

Impact of acidification

Abiotic depletion potential fossil fuels

Impact on climate change

Water use

Water footprint

Post-harvest loss

Crop growth duration

Economic

Financial
Monetary resources and investments available to the

smallholder for farm operations and growth.

Income

Benefit–cost ratio

Costs of cultivation and storage

Material
Physical assets and inputs used on the farm.

Land value

Farm size

Number of heads

Stakeholders
Relationships and support from family, community,

suppliers, and customers linked to the farm.

Number of agreements
with stakeholders

Duration of agreements
before breaking

Intellectual
Knowledge and skills of the farming household

applied to improve productivity and value.

Number of smart technologies
tools used

Number of trainings

Human
Individual characteristics and abilities contributing to

farm functioning and resilience.

Level of income

Labor productivity

Gender inclusion

Social

Internal Social
Farmer’s integration and participation in local

farming groups or cooperatives.

Number of memberships in
farmer’s associations

External Social
Links with external actors that support the farm’s

outreach and visibility.

Number of participations in
collective spaces

Farmers connectivity to
social networks
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Appendix C

Figure A2. Multi-Expert Fuzzy HOQ.
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