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Abstract

The accelerating low-carbon transition requires decision-support approaches capable of ad-
dressing complex, interdependent sustainability challenges across multiple sectors. While
Multi-Criteria Decision-Making (MCDM) techniques are gaining popularity in assessing
sustainability within energy and agricultural systems, their current application remains
fragmented, sector-focused, and poorly aligned with the fundamental system characteris-
tics of uncertainty, circularity, and social equity. This Perspective employs a systematized
conceptual analysis to integrate different MCDM techniques, methodological trends, and
integration challenges in energy and agricultural systems. Through a literature review,
this work provides a critical view of the predominant structural deficiencies, which stem
from methodological isolation, the use of disparate and heterogeneous datasets, ad hoc
treatment of uncertainty, and the lack of incorporation of the circular economy (CE) and
equity dimensions in the analysis. Given the presence of multifunctionality, circularity, cli-
mate sensitivity, and strong social characteristics, the analysis underscores that agriculture
is a prime candidate to serve as a system-level testbed for the development of integrated
MCDM frameworks. Based on this analysis, the paper articulates the fundamental charac-
teristics of next-generation MCDM frameworks that are cross-sectoral, flexible, adaptive,
uncertainty-resilient, and actionable. In doing so, it prioritizes integrated approaches that
combine MCDM with life cycle assessment (LCA), data analytics, and nexus modelling.
This paper stresses that structural deficiencies need to be addressed for MCDM to evolve
from sectoral and fragmented analytical frameworks to cohesive decision-support systems
that can guide energy and agricultural systems transitions towards equity, circularity, and
climate change adaptation. As a perspective, this paper does not aim to provide empirical
validation but instead articulates conceptual design principles for next-generation MCDM
frameworks that integrate uncertainty, circularity, and social equity across energy and
agricultural systems.

Keywords: multi-criteria decision-making (MCDM); sustainability assessment; agricultural
and energy systems; low-carbon transition; circular economy

1. Introduction
The rapid pace of the low-carbon transition in the EU and globally has further high-

lighted the need for sufficiently sophisticated analytical tools capable of tackling sustain-
ability challenges and complexities in energy and resource-intensive sectors. Within these
sectors, the interconnections between agriculture and energy systems are most significant
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in terms of the flows of materials and land resources, technological and socio-economic
systems used, and innovations employed. There is a growing need to balance multiple and
often conflicting targets in these sectors, including environmental, social, and economic ob-
jectives, as well as inclusion, circularity, and long-term resilience. This challenge is further
compounded by increasing complexity in decision-making. Multi-Criteria Decision-Making
(MCDM) techniques have been developed and are being used to address the problem of
structuring, evaluating, and ranking alternative options in the context of sustainability [1,2].

In the field of energy systems, MCDM is mainly concerned with determining the
ranking of renewable technologies or assessing alternative infrastructure choices [3],
while in agriculture, it is commonly applied to crop selection, land suitability, or machin-
ery evaluation [4]. While these applications are highly informative and valuable, most
of them are unable to analyze the systemic interdependencies that constitute the most
critical (and often overlooked) elements for achieving true sustainable outcomes. Some
of these include the relationship between soil health and biomass, water availability, the
use of renewable energy, rural livelihoods, and policy outcomes [5]. In addition, the
MCDM models that are currently available focus on issues like uncertainty, circularity,
and social equity inconsistently, making the MCDM models even less relevant for the
transition path [6].

Agriculture is a domain where these limitations become particularly visible. It is
simultaneously ecological, economic, technological, and social. It is circular by nature,
shaped by nutrient and biomass flows, and deeply sensitive to climate variability. These
features make the agricultural sector a prime candidate for the further refinements of inte-
grated, adaptive, and equity-sensitive MCDM frameworks [5,7]. As agriculture becomes
increasingly integrated into bioenergy systems, circular resource flows, and climate change
mitigation strategies, the cross-sectoral decision-support systems needed become even
more critical.

Meanwhile, digitalization, data democratization, and hybrid modelling are all ad-
vancing towards and offering new opportunities for MCDM to move beyond isolated
methodological approaches. Integrating machine learning (ML), life cycle asssesment
(LCA), input–output (IO) modelling, scenario analysis, and stakeholder-driven decision
structures can enable MCDM to more accurately reflect the uncertainties, trade-offs, and
systemic interactions inherent in sustainability transitions [8].

While a substantial body of research employs MCDM methods to assess the sustain-
ability of energy and agricultural systems, this research is most often siloed by geography,
methodology, and data type. The majority of contributions focus on singular decision
problems and lack integrative conceptual frameworks capable of supporting adaptive,
system-based, and policy-relevant MCDM decision-support systems for low-carbon transi-
tions. This limitation is especially prevalent in cross-sectoral contexts, where the intersec-
tion of key elements, such as agricultural systems, energy, circular resources, and societal
dimensions, is largely overlooked in most MCDM applications.

This paper takes a different approach and does not seek to propose another empir-
ical case study or to validate a sector-specific methodology. By deliberately adopting
a conceptual Perspective approach, the paper draws on existing empirical evidence to
synthesize the disparate elements of an increasingly fragmented MCDM literature and to
develop conceptual design guidance for future best-practice MCDM frameworks. With
agriculture serving as a system-level testbed, this Perspective seeks to articulate a clear
conceptual pathway to transform MCDM from disconnected analytical instruments into
integrated decision support systems that facilitate equitable, circular, and climate-resilient
transformations. Specifically, this Perspective contributes by (1) synthesizing the structural
sources of fragmentation in current MCDM practice, (2) positioning agriculture as a system-

https://doi.org/10.3390/en19020436

https://doi.org/10.3390/en19020436


Energies 2026, 19, 436 3 of 21

level testbed for integration, and (3) outlining core design principles for next-generation
MCDM frameworks.

The remainder of the paper is organized as follows. Figure 1 presents a conceptual
overview of the evolution of MCDM frameworks, highlighting the transition from frag-
mented, sector-specific approaches toward integrated decision-support systems. Section 2
provides an overview of the literature on MCDM applications in sustainability assessment
within energy and agriculture. Section 3 examines the structural features of fragmentation
that constrain the effectiveness of prevailing approaches. Section 4 explains why the agri-
cultural sector is a suitable system-level testbed for the integrated development of MCDM
frameworks. Section 5 describes the key design elements of holistic, adaptive, and policy-
relevant MCDM systems, followed by a future research agenda and concluding remarks.

Figure 1. Conceptual evolution of Multi-Criteria Decision-Making (MCDM) frameworks in energy
and agricultural systems. This figure illustrates the progression of MCDM frameworks from clas-
sical, sector-bound applications toward next-generation, integrated decision-support systems for
sustainability assessment. The figure highlights how traditional MCDM practices expose structural
fragmentation challenges, including sectoral silos, fragmented data, ad hoc treatment of uncertainty,
and limited integration of circularity and social equity. These challenges serve as key drivers for the
development of integrated, adaptive, and policy-relevant MCDM frameworks.

Agriculture is positioned as a system-level testbed, reflecting its multifunctionality,
circular resource flows, high exposure to climate and market uncertainty, and strong social
embeddedness. The dashed arrow denotes the role of agriculture in conceptually stress-
testing integrated MCDM frameworks and informing their broader application across
energy, circular economy, and sustainability policy contexts.

2. The Current State of MCDM Use in Energy and Agricultural
Sustainability Assessment

This section summarizes classical MCDM approaches in sustainability assessment.
Later, it explores the current state of MCDM applications in energy and agriculture re-
garding sustainability, and the emerging development of hybrid and cross-sectoral evalua-
tion models.
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2.1. Classical MCDM Approaches in Sustainability Assessment

The traditional approaches to MCDM, notably the Analytic Hierarchy Process (AHP),
TOPSIS, PROMETHEE, ELECTRE, SAW and VIKOR, have been, and remain, the mainstay
of decision-making frameworks developed for and used in sustainability-related studies.
The methodological summary used in this analysis outlines the main MCDM approaches,
their decision logic, strengths, and typical areas of application in sustainability assessment.

One of the reasons why AHP is so widely used is that it is intuitive and hierarchical,
which makes it easy to understand and is great for both expert and participatory decision-
making systems. It has been extensively applied in disaster management [9], agricultural
waste management [10], and land suitability assessment. TOPSIS is useful for comparing
clean energy technologies, as it allows practitioners to determine the relative distance to
an ideal solution through its geometric ranking logic [11]. For decision-making involving
conflicting objectives for sustainability, the outranking flexibility in PROMETHEE and
ELECTRE allows for more sustainable choices [12].

While these classical methods provide clarity and structure, they frequently remain
detached from broader system-level linkages—such as circular material flows, equity
considerations, and multi-sector resource interactions—that are increasingly fundamental
to sustainability governance. For this reason, these approaches are commonly referred to
as classical MCDM methods, as they typically rely on static weighting structures and offer
limited support for adaptive decision-making under conditions of deep uncertainty.

2.2. MCDM in Energy System Sustainability Evaluations

In the energy system, MCDM methods are crucial for assessing renewable energy
options to determine the environmental impacts, economic costs, and technical feasibility,
as well as the social acceptance. MCDM frameworks are widely utilized for the selection of
renewable technologies as evidenced by comprehensive reviews, especially for solar, wind,
and biomass energy systems [3,11].

Researchers also use MCDM for the planning of electric vehicle infrastructure, which
involves the assessment of battery systems and charging networks, as well as portable
energy storage systems, due to the intricacy of the criteria [13,14]. The technology-driven
nature of energy transitions—ranging from hydropower project ranking [15] to integrated
renewable system planning under uncertainty [16]—further reinforces the relevance of
MCDM tools.

An emerging methodological development is the hybridization of MCDM with fuzzy
logic, probabilistic modelling, and scenario analysis to address uncertainties inherent in
sustainability assessments. The use of unweighted fuzzy MCDM to assess alternative
fuel vehicles illustrates how MCDM can be adjusted to deal with complex spheres of
decision-making and a lack of clarity when it comes to stakeholder preferences or data [17].

Despite these advances, most energy-sector MCDM applications remain technology-
centric, assessing isolated alternatives rather than evaluating systemic interdependencies
among land use, agricultural biomass supply, water resources, and circular economy
(CE) pathways.

2.3. MCDM in Agricultural Sustainability and Resource Management

Applications of MCDM in agriculture are varied and include land analysis and suitabil-
ity, crop selection, evaluation of farm machinery, management of water resources, and risk
evaluation of agricultural supply chains. Analytical Hierarchy Process–Geographic Infor-
mation Systems (AHP–GIS) are integrated frameworks commonly employed in land analy-
sis and suitability assessments, combining soil, weather, landforms, and socio-economic
variables [18]. AHP–PROMETHEE combination has been used to rank fruit crops in regard
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to specific enabling and market eco-regions [19]. Multi-criteria evaluations of agricul-
tural machinery—such as tractor selection—help operationalize sustainability at the farm
level [4].

Agricultural supply chain risks, particularly in the context of the circular economy, are
increasingly being assessed using MCDM to incorporate systemic environmental, logistical,
and resource-constrained dimensions [20]. Similarly, erosion-prone areas of a watershed
are prioritized using AHP and combined with VIKOR and TOPSIS to direct soil and water
conservation investments [21].

However, the agricultural MCDM literature faces two systemic challenges:

1. High context-specificity and limited generalizability. Most agricultural MCDM studies
are confined to particular regions, crops, or narrowly defined decision scenarios,
which limits transferability between different agricultural systems. Case studies such
as evaluations of orchard expansions [22], analyses of land suitability for potato
cultivation [18], and comparisons of farm equipment reinforce the case-specific nature
of most MCDM applications and resonate with broader issues of fragmentation in
agricultural sustainability modelling [20].

2. Limited incorporation of circularity and equity indicators. Although circular economy
tenets—waste valorization, nutrient cycling, soil carbon sequestration—are gaining
traction within MCDM frameworks [10], they remain largely absent from European
Union agricultural policies. Likewise, social equity dimensions, including rural
access, inequities in the distribution of benefits, and service gaps, remain largely
unaddressed, even though there is considerable evidence of spatial equity deficiencies
in rural areas [23].

This gap illustrates the limitations of these approaches. Agricultural MCDM studies
primarily focus on specific practices rather than systems, constraining their ability to ad-
dress the integrated, cross-sectoral changes needed to achieve the climate neutrality targets.

2.4. Hybrid and Cross-Sectoral Developments

There is a consistent methodological pattern in both energy and agriculture, which is
the application of a hybrid framework that combines MCDM with other modelling tools.

Examples include:

• life cycle assessment for determining environmental footprints and for the integration
of criteria with the biophysical system boundaries [10].

• machine learning for scenario analysis, where criteria weighting can facilitate decision-
support automation, particularly in situations of uncertainty [16].

• GIS and remote sensing in the improvement of spatial decision-making and in the
detection of place-specific sustainable trade-offs [24].

These mixed approaches indicate how gradually MCDM is evolving from a static,
multi-criteria instrument to a more dynamic, information-rich sustainability assessment
system. Recent literature increasingly explores the integration of machine learning and
knowledge-based systems with multi-criteria decision-making to enhance adaptive, data-
driven, and uncertainty-aware decision-support frameworks [25].

At the same time, recent research emphasizes the need for coherent and quantifiable
circular economy indicators that can support integrated sustainability assessment and
inform multi-criteria evaluation frameworks [26]. Nonetheless, their combined use is still
limited, and a number of scenarios still do not fully address the integration of energy
and agriculture, or the circular economy and social welfare, in a coordinated decision-
making system.
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Overall, MCDM is examined and applied in a variety of ways, with an increasing
number of methods, growing methodological diversity, and a rising degree of hybridization
within the field of sustainability. However, its fragmentation is the most prominent feature:

• applications in the energy sector are usually more technology-focused;
• applications in the field of agriculture are more thematically or spatially limited;
• there are considerable absences of circularity and equity metrics;
• there is a vast underintegration of the systemic interrelations fundamental to a low-

carbon transition.

These realities point to the need for next-generation MCDM systems for sustainability
in agricultural and energy contexts that are integrated, adaptable, robust under conditions
of uncertainty, and capable of supporting the analysis of interlinked policy objectives.

While these approaches demonstrate the breadth and maturity of MCDM applications
across energy and agricultural sustainability assessments, their widespread use across
isolated decision contexts also reveals a set of recurring structural limitations that extend
beyond individual methods or case studies.

3. Structural Challenges: Why MCDM Remains Fragmented
Building on the preceding overview of MCDM applications, this section examines the

structural challenges that continue to limit the ability of existing approaches to support
integrated, adaptive, and policy-relevant sustainability decision-making.

3.1. Methodological, Sectoral, and Data Fragmentation

The MCDM domain consists of a range of methods and approaches, each of which is
differentiated by the type of decision logic, input structure, and preference function. This
diversity has been pointed out by comparative studies as a reason for a lack of standardiza-
tion and comparability in the field [3,27]. Even though hybrid models attempt to close a
methodological gap, they end up further increasing the methodological diversification [28].

At the same time, MCDM use has developed in sectoral silos. In the energy domain,
MCDA is mainly used in the selection of renewable technologies, grid planning, and
rural electrification [1]. In the agricultural sector, it is employed in land suitability, crop
selection, machine selection, and analysis of local supply-chain risks [4,20]. The calibra-
tion of criteria, indicators, and decision-making structures to the specific sectoral logics
limits knowledge transfer and the creation of integrated, cross-sectoral, systems-thinking
MCDM frameworks.

MCDM needs indicators to be coherent and comparable. However, this is not the case
in either energy or agri-food systems. Soil data, for example, is acquired using different
sampling and analytical techniques across EU Member States, resulting in inconsistent
estimates of soil organic carbon stocks [29]. Remote sensing and GIS-based products for
land use and crop monitoring differ in terms of image compositions used, classification
algorithms, and spatial resolutions [30]. Energy input–output data for agriculture is also
uneven across EU Member States. Empirical evidence shows that renewable and non-
renewable energy inputs differ significantly in their impacts on agricultural productivity
and emissions, further complicating data harmonization efforts [31]. These challenges also
highlight the importance of data interoperability and open data infrastructures. Such infras-
tructures remain unevenly developed across sectors and regions, continuing to constrain
integrated and cross-sectoral MCDM applications.

Uncertainty adds another structural layer. Climatic oscillations, biological systems,
and human behavior profoundly shape and interact within agricultural and environmental
systems. Fuzzy, probabilistic, and scenario-based MCDM models [17] suggest a more flexi-
ble methodological approach; however, uncertainty is still handled unevenly and ad hoc
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across the concepts. Research on the intersection of environmental trade-offs, yield predic-
tion and weather-driven irrigation decisions helps understand how uncertainty propagates
through the models [32,33]. Yet, these contributions have not been fully assimilated into the
mainstream MCDM body of work. Consequently, both the inconsistency of the available
data and the incomplete treatment of uncertainty have resulted in a set of fragmented
decision-making frameworks.

3.2. Social Equity, Circularity, and Agricultural Heterogeneity

In the majority of cases, MCDM models place the most emphasis on the economic
and environmental components of the model, placing comparatively less emphasis on the
social equity and circular resource flow components. However, the current sustainability
discourse considers the social value and equity of distribution, and the inclusion of justice
in land-use and energy transitions is essential [34]. Evidence from governance and food sys-
tems research shows that power relations, access to resources and institutional conditions
fundamentally shape outcomes [35]. In cases of digitized agriculture and ‘smart’ technolo-
gies, inequalities may be amplified when access to digital infrastructure and advanced
AI-based systems is asymmetrically distributed. Evidence from broader Industry 4.0 and
artificial intelligence research supports this risk [6,36].

The inclusion of rural and energy-poor populations reveals this gap most clearly. Rural
populations often have little to no access to modern energy and energy infrastructure [37],
while decentralized renewables may provide positive local welfare co-benefits [38]. How-
ever, only a small number of MCDM studies have addressed rural inclusion, vulnerability,
or spatial equity components [23].

A similar pattern emerges with circularity. Circular economy and bioeconomy strate-
gies require attention to material and energy flows, waste valorization, nutrient cycling
and soil carbon regeneration [39]. Circular bio-based systems incorporate agri-residues,
wastewater, biochar, and microbes [40]. However, most MCDM frameworks use static
indicators instead of flow-based ones, meaning that closed-loop dynamics will always be
structurally opaque within decision frameworks.

Unlike other sectors, agriculture is inherently heterogeneous across space and time.
There are regional, farm-type, and production system differences. Climate, soil properties,
farm size, labor, and tech systems create discontinuity that constrains the design of general-
isable indicators and weighting schemes. While precision agriculture, digital platforms,
and ‘Agriculture 4.0/5.0’ approaches—particularly those focused on advanced crop data
management and digital decision-support systems—promise more granular, data-rich deci-
sion support [41], the uptake of such technologies remains uneven, especially among small
and resource-constrained farms [42]. This creates digital gaps that dampen the scalability
of data-rich MCDM models by reinforcing information asymmetries.

Given these circumstances, much of the agricultural MCDM literature continues to
be highly regionalized and focused on particular crops, areas, or management choices [4].
Although there are tangible benefits derived from the particular regional focus, it also
becomes a hindrance in building the transferable components necessary to form integrative
models that would tie agricultural choices to energy systems, circular resource flows, and
other low-carbon transition models.

To conclude, these challenges explain why MCDM remains fragmented despite its
conceptual suitability for complex sustainability assessment:

• methodological proliferation without clear convergence;
• sectoral silos and limited cross-domain knowledge transfer;
• fragmented data infrastructures and uneven treatment of uncertainty;
• weak embedding of social equity and circularity;
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• agricultural heterogeneity and digital divides.

Collectively, these factors have constrained the ability of MCDM to function as an adap-
tive, system-integrated decision-support approach at the intersection of energy, agriculture,
and circularity. Addressing these limitations requires a context in which integrated, adap-
tive, and policy-relevant MCDM frameworks can be meaningfully examined and refined.
Taken together, these structural challenges therefore point to the need for a system-level
testbed, which is explored in the following section.

4. Agriculture as a Testbed for Integrated MCDM Approaches
Building on the structural challenges identified in the preceding section, a system-level

context is required in which integrated MCDM frameworks can be meaningfully exam-
ined and refined. Agriculture has an unparalleled appeal for the application of integrated
MCDM due to its high system complexity, circularity of resources, social dependence, and
constant exposure to climatic and market uncertainty. Unlike most industrial sectors, agri-
culture exhibits unique characteristics stemming from its ability to simultaneously produce
food, biomass, ecosystem services, and socio-economic value, rendering its underlying
structure inherently multi-criteria [43]. Therefore, agriculture is an ideal testbed for the
development of advanced MCDM frameworks to tackle problems associated with the
complexity of multi-dimensional sustainable development.

4.1. Complexity, Circularity, and Climate Uncertainty in Agricultural Decision-Making

Agricultural systems are characterized by the coexistence of complex ecological, eco-
nomic, and social systems, and all must be integrated in the decision-making processes
for sustainability. Specific MCDM techniques, such as AHP, TOPSIS, PROMETHEE, and
ELECTRE, have already been employed in the literature to tackle problems in the agricul-
tural domain, from crop selection to agricultural waste management [10]. The versatility of
these techniques also shows the relevance of MCDM in the context of conflicting objectives,
trade-offs, and varying interests of stakeholders.

Yet, agricultural choices are complex, requiring different weights, tailored contexts,
and flexible adjustment. Research shows that variable-weight hybrid MCDM models
improve decision rationality when criteria importance shifts due to changing environmental
or market conditions [44]. In this context, adaptability is essential for farmers due to the
limited availability of resources, uncertain climatic conditions, and variable costs of inputs.

As highlighted in scientific research, agriculture is a system where the circular flow of
resources—nutrients, water, soil organic matter, and biomass residues—is not supplemen-
tary, but fundamental. Circular agricultural practices such as composting, crop–livestock
integration, nutrient recycling, and manure valorization are also systems that involve
multiple criteria that need to be balanced for environmental, economic, and operational
outcomes [45].

Recent studies emphasise that while circularity metrics remain underdeveloped in
sustainability assessments, their integration is crucial for understanding the effectiveness
of regenerative and circular agricultural practices [39]. In this regard, MCDM can be the
main method for integrating:

• material flow indicators;
• soil and biodiversity outcomes;
• waste-to-resource pathways;
• life cycle-based environmental impacts.

As agriculture moves towards regenerative and circular systems, MCDM becomes
crucial for assessing different circular options and recognizing systemic synergies and
resource flows.
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Few sectors experience climate variability as acutely as agriculture. Climatic shocks
influence yields, soil moisture, pest pressures, and market volatility, and create a cascade of
effects within food systems. Smallholder farmers experience the highest levels of this food
system vulnerability. Limited adaptive capacity can create a cascade of stressors on these
systems [46].

Climate risk is primarily multi-dimensional and comprises biophysics, economics, and
social systems. Agriculture needs decision support systems that can effectively measure
and integrate such levels of uncertainty. There is evidence describing the utility of fuzzy,
probabilistic, and hybrid MCDM frameworks for this purpose [47].

They enable evaluation of:

• volatile climatic conditions;
• unpredictable yield levels;
• resource availability constraints;
• market volatility.

Such conditions make agriculture a suitable area for developing adaptive MCDM
systems that are able to evolve to accommodate new climate-related information.

4.2. Social Equity, Stakeholder Diversity, and Bio-Based Innovation

Due to the scope of the potential impacts of the transitions in agriculture, changes will
be seen by a variety of actors, i.e., farmers, rural communities, and rural co-operatives, as
well as processing and governmental (public) sectors. This makes the decision-making
process equity-sensitive. Individuals engaged in the decision-making ought to be aware
that ignoring the social dimensions concerning the smallholders and the marginalized rural
areas would only create and/or widen the inequality gaps [6].

Based on the foregoing, the Multi-Criteria Decision-Making framework incorporating
social equity, labor relations, community perceptions, along with rural inclusion in the
decision-making process is essential in achieving just transitions in agriculture. Participa-
tory applications of AHP and fuzzy MCDM in agricultural development and rural policy
planning show that involving farmers, local communities, experts, and decision-makers
in criteria definition and weighting helps to reveal distributional impacts and align inter-
ventions with local needs [48]. These experiences illustrate that equitable decision-making
is achievable when MCDM methods explicitly incorporate social criteria and stakeholder
perspectives. Moreover, integrating equity aligns agriculture with the broader sustainability
agenda, which increasingly demands that transitions be not only efficient and low-carbon
but also socially inclusive.

Agriculture is a fundamental part and the backbone of the emerging bioeconomy, as it
provides the biomass necessary for the production of bio-composite and other renewable
materials. Evaluating bio-based solutions requires balancing performance, environmental
impacts, cost, and circularity potential [49].

MCDM provides a structured framework for assessing:

• bio-based polymers and packaging materials;
• valorization of agricultural residues;
• regenerative inputs of biomass;
• innovations within the waste-to-resource domain.

As the field continues to advance towards bio-based, circular alternatives, MCDM
serves to assess technological choices, assist in ranking policies, and facilitate learning
across sectors.
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4.3. Why Agriculture Serves as an Ideal Pilot Sector for Integrated MCDM

Given these factors, it can be argued that the agriculture sector is an exceptional
testbed for integrated MCDM development, because it is:

• multi-criteria, incorporating environmental, economic, social, and circular aspects;
• the most climate-sensitive and uncertain, thus the most in need of adaptive decision-making;
• dominated by circular resource flows, signalling a need for system-level insights;
• closely interwoven with the social fabric of rural areas and equity implications;
• intersecting with energy, biomaterials, and waste in an increasingly complex way;
• in need of sound comparative analysis to support the technological advances of

precision agriculture and bioeconomy innovations.

In contrast to manufacturing and other industrial sectors, which are typically char-
acterized by more bounded processes and predominantly technocentric decision criteria,
agriculture operates as an open and highly context-dependent system [50]. Agricultural
decision-making is simultaneously shaped by biophysical processes, climatic variability,
resource constraints, market dynamics, and social considerations, resulting in deeply inter-
dependent and uncertain evaluation criteria [51]. While manufacturing-oriented MCDM
applications can frequently rely on relatively deterministic inputs and well-defined per-
formance metrics, agricultural contexts demand adaptive, uncertainty-aware, and system-
integrated decision-support approaches.

From this perspective, agriculture offers a setting in which integrated, uncertainty-
aware, circular economy-oriented, and equity-sensitive MCDM frameworks can be mean-
ingfully explored. Insights derived from agricultural contexts are therefore likely to be
informative for other sectors, including energy, manufacturing, and the circular economy,
thereby supporting the development of future cross-disciplinary and intersectoral MCDM
frameworks. Viewed in this way, agriculture serves not only as a sectoral application
domain, but also as a heuristic testbed from which broader design insights for integrated
MCDM frameworks can be derived.

5. Toward Holistic, Adaptive, and Policy-Relevant MCDM Frameworks
The need for new MCDM frameworks, ones that operate across multiple domains,

manage uncertainties, integrate social and circular dimensions, and are responsive to
policy shifts, is evident from the sectoral fragmentation discussed earlier. The agricultural
sector, given its intense interdependence on ecological, economic, and social processes,
is a prime example that illustrates the necessity for MCDM applications to evolve into
adaptive and integrated decision-support systems capable of addressing complex sus-
tainability challenges.

Building on the insights emerging from agriculture as a system-level testbed, this
section shifts the focus toward the broader design considerations required for developing
holistic, adaptive, and policy-relevant MCDM frameworks. Various strands of literature
are beginning to coalesce around what fully integrated systems might look like.

5.1. Holistic and Adaptive MCDM Design Principles

To clarify how adaptability and uncertainty resilience are understood in the context of
next-generation MCDM frameworks, it is useful to briefly specify their functional meaning.
Adaptability, within next-generation MCDM frameworks, refers to the ability of decision-
support systems to modify evaluation criteria, weights, and structural configurations
in response to changes in data, contextual conditions, or policy objectives [52]. MCDM
frameworks that exhibit uncertainty resilience are, in most cases, not based on deterministic
or fixed assumptions. Instead, such frameworks are designed to accommodate the absence,
ambiguity, and volatility of information [53]. In practical terms, such attributes can be
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supported through dynamic weighting, scenario-based evaluation, and fuzzy, stochastic,
or hybrid deterministic–probabilistic MCDM frameworks discussed in the literature.

Greater spatial and temporal integration of the environment, the economy, social
outcomes, and circularity must all be included in a holistic MCDM framework, and the
circular bioeconomy paradigm reinforces this need. Agricultural systems are increasingly
predicated on regenerative practices, nutrient cycling, waste valorization, and energy-
water-soil feedback loops [2]. It is increasingly clear from scientific research that circularity
is not simply an environmental add-on; it is a systemic organizing principle that interlinks
productivity, resource efficiency, and resilience [39,54].

Integrated MCDM frameworks should therefore:

• incorporate circular material cycles (i.e., biomass residue, soil carbon, water reuse) [26];
• incorporate life cycle perspectives that allow for comparisons between linear and

circular options, congruent with LCA–MCDM hybrid approaches [54];
• provide insights on ecosystem service regeneration from practices like manure recy-

cling or crop–livestock integration [45];
• incorporate the socio-economic benefits from circular innovations [55].

With the integration of circularity and social equity alongside the production and
environmental metrics, MCDM can move from an option-ranking tool to a transformative
system framework.

A defining characteristic of the energy and agricultural systems is uncertainty resulting
from climate change, market shifts, environmental conditions, and behavioral change. For
MCDM to be relevant to policy, uncertainty needs to be integrated not as a secondary
technical issue, but as a fundamental structuring principle.

Recent developments illustrate promising directions:

• fuzzy MCDM frameworks accommodate disparate expert opinions and ambiguous
data sets [44];

• stochastic MCDM and Monte Carlo frameworks incorporate probabilistic out-
comes [56];

• scenario matrices enable strategy comparisons under varying climate or policy
conditions [57];

• climate-adaptive MCDM facilitates resilience planning under deep uncertainty [16].

Given climate extremes, yield volatility, and supply chain disruptions, agriculture
needs such adaptive frameworks. Integrated fuzzy-stochastic models applied to crop vari-
ety evaluation illustrate how uncertainty-aware MCDM can support real-world decision-
making [47].

5.2. Equity, Policy Alignment, and Governance Relevance

With increased emphasis on sustainability governance on justice and inclusion, the
next generation of MCDM models should reflect the social distributional outcomes, rural
inclusion, energy deprivation, technology accessibility, and the inequities of climate change.

Evidence shows:

• social capital and community engagement strongly influence rural revitalization and
participation in sustainability transitions [58];

• lack of access to technology is the determining factor of whether smallholders gain
from sustainability innovations [6];

• farm-scale inequalities continue to exist and influence productivity, dietary diversity,
and resilience [59];

• energy poverty constrains rural development and the adoption of improved agricul-
tural practices [60].
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Equity-sensitive MCDM should therefore:

• integrate social vulnerability indicators;
• include rural inclusion and energy access criteria;
• ensure stakeholder participation in the criteria definition and weighting;
• evaluate distributional impacts of policy interventions.

This sets a new course for MCDM that embraces the principles of just transitions that
are necessary for global sustainability policy.

From a policy perspective, next-generation MCDM frameworks can function as
boundary-spanning tools that translate policy instruments into structured decision crite-
ria. Economic policies, such as subsidies or incentives, can be reflected through adaptive
weighting schemes; regulatory instruments through constraints or threshold conditions;
and strategic or informational policies through scenario-based assessments. In this way,
MCDM frameworks do not prescribe policy outcomes but instead provide a transparent
structure for evaluating competing objectives and the associated trade-offs [61].

MCDM frameworks do not address issues of interest coordination through prede-
fined solutions. Rather, coordination emerges through participatory criteria definition,
stakeholder-specific weighting, and comparative scenario assessment. At a conceptual level,
this logic is consistent with mechanism design principles, where feedback, iteration, and
stakeholder engagement allow policy objectives and sustainability indicators to co-evolve
without imposing rigid or linear solutions [62].

To become more policy-relevant, MCDM applications must explicitly interface with
major sustainability policy frameworks, such as the European Green Deal, the Circular
Economy Action Plan, the Farm-to-Fork Strategy, and national bioeconomy strategies.
These frameworks require transparent, multi-criteria evaluations of trade-offs across envi-
ronmental, economic, and social dimensions.

High-level studies show:

• the Green Deal and its climate neutrality targets require policy impact integration
assessment tools [63];

• strategies of food systems require substantial monitoring and prioritization frame-
works toward waste reduction and sustainability enhancement [64];

• the transition to a circular economy requires the assessment of multiple criteria re-
garding the feasibility of innovations, environmental benefits, and the impacts of the
system as a whole [65];

• the transition of the bioeconomy requires tools that assess multiple sectors with a
focus on environmental restoration and economic viability, as demonstrated by recent
MCDM-based life cycle reviews in the circular agri-food bioeconomy [66].

Therefore, future MCDM frameworks must not only reflect scientific rigour but also
be aligned with policy hierarchies, enabling evidence-based decision-making across gover-
nance levels.

5.3. Hybrid, Data-Driven, and Dynamic MCDM Systems

The ongoing digitalization of the agriculture and energy sectors magnifies the potential
of data-driven MCDM models. The integration of MCDM with other analytical tools
such as machine learning, life cycle assessment, and input–output analysis increases the
understanding of the system’s complexity and enables the assessment of several scenarios
over extended time horizons.

Examples include:

• ML–MCDM hybrid models improving criteria weighting, prediction, and ranking
reliability [67];
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• multi-dimensional MCDM applications for assessing environmental, economic, and
social trade-offs in agricultural technology prioritization [68];

• IO–MCDM combinations for evaluating cross-sectoral economic–environmental impli-
cations [69];

• multi-period MCDM enabling dynamic planning under shifting technological and
policy contexts [16].

The development of these hybrid models aims to adapt MCDM with a focus on
building a data-rich and responsive decision-support system that is crucial in planning for
systems undergoing transition with a high degree of complexity and a long time horizon.

To summarize, across the literature, a consistent vision emerges for the future of
MCDM in sustainability transitions. Next-generation frameworks should be:

• integrating environmental, economic, social, circularity, and policy dimensions;
• flexible about new data, scenarios, and stakeholder input;
• addressing uncertainties with fuzzy, stochastic, and scenario-based methods;
• equity-oriented with respect to the distributive impacts and inclusion of rural people;
• utilizing data through ML, LCA, and dynamic optimization models;
• providing clear and robust guidance for sustainable policy strategies.

Such models would consolidate MCDM from a disparate collection of tools to a
coherent systemic structure to support evidence-based transitions in agriculture and energy.

5.4. Guiding Propositions for Next-Generation MCDM Frameworks

Building on the preceding discussion, this section seeks to consolidate the prin-
cipal conceptual contributions of the paper into a set of guiding propositions for the
advancement of future generations of MCDM frameworks. These propositions reflect the
structural issues and possibilities articulated across current MCDM applications and are
intentionally not intended to be testable hypotheses; rather, they represent integrative,
design-oriented statements.

First, fragmentation in existing MCDM practices should not be understood as a loss
of cohesion within a particular methodology, but rather as a consequence of how, and
within which boundaries, sustainability challenges are being siloed, particularly across
sectors, decision-making levels, and data granularity. As long as MCDM applications
remain confined within specific sectoral contexts, fragmentation is likely to persist. Over-
coming this condition requires a shift away from incremental, stepwise methodological
refinements toward the design of decision-support frameworks that systematically incor-
porate cross-sectoral, multidimensional, and heterogeneous feedbacks, as well as disparate
data paradigms.

Second, agricultural systems encompass processes, technologies, economic structures,
and social relations, while remaining closely coupled with energy systems, circular resource
flows, and climate processes. This combination makes agriculture a particularly systemi-
cally integrated sector for advancing the development of integrated MCDM frameworks.
Testing adaptive, uncertainty-aware, equity-sensitive, and robustness-oriented MCDM
designs within agricultural contexts can generate insights that support the evolution of
decision-support processes in other sectors undergoing sustainability transitions.

Third, the policy relevance of future MCDM frameworks will ultimately depend on
how uncertainty, circularity, and social equity are embedded within their core design,
rather than treated as secondary criteria added to existing processes. Many current ap-
plications address these dimensions in a fragmented and uneven manner, often through
static weighting schemes or disconnected indicators. Developing adaptive MCDM struc-
tures that explicitly account for potential imbalances in resource allocation, intertwined
equity implications, long-term social resilience needs, and evolving policy objectives will
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be essential for creating decision-support systems that are genuinely responsive to policy-
maker requirements.

6. Future Research Agenda for Integrated MCDM Frameworks
The shift towards holistic, uncertainty-sensitive, equity-sensitive, and circular MCDM

frameworks necessitates growing research around the methodological, data, and gover-
nance gaps addressed in the preceding sections. MCDM literature is beginning to suggest
the need for hybrid, adaptable, and cross-sectoral decision-support systems, moving away
from simpler, single-method MCDM systems [70]. The following agenda outlines key
directions for advancing MCDM research in support of integrated agricultural and energy
sustainability transitions.

6.1. Data-Driven and Adaptive MCDM Systems

The growing digitalization in agriculture and energy systems and their environmental
monitoring increases the potential value of MCDM frameworks through big data analyt-
ics (BDA). Dynamic data-rich environments are reported to enhance the robustness and
responsiveness of MCDM evaluations [71]. BDA-powered MCDM supports the following:

• decision updates in real time;
• condition-adaptive weighting;
• sustainability indicator monitoring;
• early detection of climate and market risks.

Future research should focus on designing frameworks to support real-time, com-
plex, big-data-integrated, and dynamically responsive MCDM systems in the context of
heterogeneous data (sensor networks, remote sensing, market data).

6.2. Circularity and Equity-Oriented Indicator Development

One of the most important components of the research concerns the development of
composite, multi-dimensional indicators for the assessment of the circularity of agriculture.
Existing conceptions of the circular economy in agriculture also stress, at a conceptual
and systems level, the need to assess resource recovery, waste minimization, nutrient
cycling, and soil regeneration, which together underpin circular bioeconomy-oriented
business models [72]. Nevertheless, the systems of indicators remain scattered across the
environment, the economy, and society.

Future efforts should concentrate on:

• the consolidation of the material flow-based CE indicators with the LCA–MCDM
hybrids [73];

• the development of integrated composite circularity indicators specific to agricultural
systems [74];

• the development of circularity performance indicators for agriculture to be used for
EU and regional benchmarking [75];

• the social dimension, particularly community engagement and knowledge diffusion
pertaining to circular practices [76].

With such composite indicators, the MCDM frameworks would be able to assess
the transition of agriculture to a regenerative system rather than simply evaluating it for
efficiency gains.

Addressing rural inequalities and energy poverty requires MCDM frameworks that
explicitly incorporate distributional and accessibility criteria. Sustainability outcomes are
greatly impacted by inequalities in the accessibility and distribution of the technology,
income, and energy services [6]. MCDM research must therefore:
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• constitute sets of criteria weighted to account for equity and rural vulnerabilities [77];
• embed community-informed participatory decision-making [10];
• introduce the dimensions of risk and uncertainty to rural energy assessments [78];
• prioritize interventions that balance economic viability, social inclusion, and environ-

mental performance [79].

These equity-sensitive MCDM criteria make possible the just transition in agriculture,
the deployment of decentralized renewable energy, and rural development.

6.3. Advancing Hybrid Deterministic–Fuzzy–Probabilistic MCDM Models

To address the intricacies of sustainability trade-offs, the next-generation MCDM needs
to take advantage of hybrid modelling that integrates deterministic, fuzzy, grey-system,
and probabilistic approaches. The promise for hybrid models has been shown in logistics,
renewable energy, supply chains, and environmental management [80].

Research priorities include:

• building fuzzy–probabilistic fusion models for climate-risk-sensitive decisions in
agriculture [77];

• building multi-stage hybrid MCDM architectures for long-term planning [81];
• improving robustness and transparency via multi-method samplings [24];
• broadening MCDM to assess bio-innovation, regenerative practices, and circular

systems [77].

Such models would enable robust decision-making under deep uncertainty and pro-
vide grounded and reliable assessments of policies for long-term sustainability.

6.4. Cross-Sectoral Integration and Policy Translation

MCDM systems are required to deal with the interlinked sustainability challenges
across agriculture, energy, water, and waste. The circular water and wastewater frame-
works, together with waste-to-energy assessments in municipal waste management sys-
tems, highlight the demand for integrated multi-sectoral decision-support approaches
grounded in circular economy principles [82].

Thus, the following are essential in future research:

• constructing nexus-based MCDM frameworks incorporating soil, water, energy, and
waste [83];

• incorporating bioenergy and waste valorization pathways with agricultural produc-
tion decisions [84];

• assessing resource recovery trade-offs and synergies [10];
• integrating stakeholder perspectives across sectors [1].

Such cross-sectoral MCDM systems would enable us to employ MCDM as a system-
level tool for circular economy and bioeconomy policy assessment.

In MCDM research, there is a gap in how to advance from analytical outcomes to the
formulation of actionable policies. Among many disciplines, public health and climate
change studies demonstrate that evidence synthesis and policy pathways are vital to
systematized policy governance [1,43,77].

Therefore, future research is needed to focus on:

• developing policy translation protocols for MCDM outputs;
• building decision support systems and visualization to aid policymakers;
• deepening collaborative stakeholder engagement for enhanced legitimacy and uptake;
• incorporating predictive analytics for proactive policy design.

The focus on these translation mechanisms will reinforce that MCDM is as much a
methodological construction as it is an institutional one.
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In sum, the research landscape presents multiple priorities under which the following
stand out:

1. Real-time, dynamic decision-making supported by big data and MCDM.
2. Circularity and sustainability indicators integrated and tailored for the bioeconomy

and agriculture transitions.
3. Equity and participation frameworks specific to MCDM for energy poverty and rural

development.
4. Deep uncertainty under the hybrid deterministic, fuzzy, and probabilistic models for

decision-making.
5. Cross-sectoral, nexus-based MCDM for integrated agriculture, energy, water, and waste.
6. Implementation of mechanisms that translate policy into action within the in-

tended system.

Taken together, this line of inquiry illustrates how MCDM can evolve into an inte-
grated, flexible, and policy-relevant instrument that can appropriately provide for equitable
and circular low-carbon transitions.

7. Conclusions and Perspective Contributions
The accelerating low-carbon transition requires decision-support approaches that

operate at the intersection of multiple systems and incorporate complexity, uncertainty,
and equity. In this Perspective, it is highlighted that while multi-criteria decision-making
(MCDM) is a central tool for most sustainability assessments, the cross-sector applications
of agricultural and energy systems remain structurally disunited and misaligned with the
intricacies of the transition.

As a Perspective, this paper does not aim to propose or empirically validate a new
MCDM methodology. Most current applications remain primarily within sectoral, data, and
governance silos, which limits their prospects for addressing circular flows of resources,
inter-sectoral relations, deep uncertainty, and the social and distributional dimensions
critical to low-carbon transitions.

A primary result of this Perspective is the framing of agriculture as a system-level
testbed for developing next-generation MCDM frameworks. Unlike more technologically
constrained fields such as manufacturing or industrial production, agricultural systems are
open, multifunctional, climate-sensitive, socially embedded, and diverse. They integrate
biophysical systems, economics, policies, and rural systems, and are intertwined with
energy systems, the circular bioeconomy, and land-water-soil systems. These characteristics
make agriculture particularly suitable for stress-testing integrated MCDM designs that
explicitly embed uncertainty, circularity, and equity within their core structure rather than
treating them as peripheral evaluation criteria.

The contribution of this paper lies in offering a design-led conceptual framing for ad-
vancing MCDM from static option-ranking tools to adaptive decision-support systems. By
weaving together conceptual strands from the literature, the analysis aims to demonstrate,
in a coherent and systematic way, how future MCDM frameworks can incorporate life-cycle
thinking, hybrid deterministic-fuzzy-probabilistic methods, participatory decision-making
processes, and aligned evaluation policies.

The results highlight the need to consider all dimensions of uncertainty, circularity,
and social equity as fundamental design dimensions in MCDM frameworks instead of
regarding them as extra criteria to be included in the models. The potential of MCDM
and hybrid models to incorporate life cycle assessment, data analytics, scenario modelling,
and nexus frameworks is particularly valuable in domains characterized by high systemic
complexity and long-term transitional processes.
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To conclude, this Perspective views the splintering of MCDM as more than an issue of
technique, but as an issue of structure and conceptualization that is derived from current
pathways of the sustainability assessment process. To overcome this barrier, there is a
need for more integrated, adaptive, and, most importantly, responsive MCDM frame-
works that are constructed to support pathways for just, circular, and climate-resilient
transitions. Farming, when used as a system-level testbed, offers valuable insights for this
transformation and for other sectors transitioning to a low-carbon economy.
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The following abbreviations are used in this manuscript:

AHP Analytic Hierarchy Process
AHP–GIS Analytic Hierarchy Process–Geographic Information Systems
BDA Big Data Analytics
CE Circular Economy
EU European Union
ELECTRE Elimination and Choice Expressing Reality
EV Electric Vehicle
FMEA Failure Mode and Effects Analysis
GIS Geographic Information Systems
IO Input–Output
LCA Life Cycle Assessment
LID Low Impact Development
MCDA Multi-Criteria Decision Analysis
MCDM Multi-Criteria Decision-Making
ML Machine Learning
PROMETHEE Preference Ranking Organization Method for Enrichment Evaluations
RS Remote Sensing
SAW Simple Additive Weighting
SDGs Sustainable Development Goals
TOPSIS Technique for Order Preference by Similarity to Ideal Solution
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19. Rouyendegh, B.D.; Savalan, Ş. An Integrated Fuzzy MCDM Hybrid Methodology to Analyze Agricultural Production.
Sustainability 2022, 14, 4835. [CrossRef]
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