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Abstract

Ecolabelling has emerged as a key instrument to communicate environmental performance
to consumers, particularly in the agri-food sector where resource use and ecological pres-
sures are highly interlinked. Conventional Life Cycle Assessment (LCA)-based ecolabels
often suffer from methodological discretion, lack of territorial specificity, and limited con-
sumer trust. This study investigates how the Water–Energy–Food–Ecosystem (WEFE)
Nexus could be integrated into LCA-based ecolabelling, with a specific focus on pasta
production as a representative case in the food industry. Indicators were collected from
recent literature on LCA and Nexus applications, selected for simplicity and clear attribu-
tion to one WEFE dimension, and then evaluated by experts from COST Action CA20138
(NexusNet) through a two round Delphi protocol. The process yielded 23 indicators
distributed across the four dimensions, which were subsequently compared with six Envi-
ronmental Product Declarations to assess data availability and compatibility. The results
suggest that many indicators can be computed with standard LCA inventories, while
the Nexus perspective adds value by capturing multidimensional impacts and regional
resource pressures. Further refinement and empirical testing are expected to enhance the
framework’s applicability, but the findings already indicate that incorporating WEFE-based
indicators into pasta ecolabelling could represent a promising pathway to improve analyti-
cal depth and consumer relevance, aligning circular economy principles with corporate
assessment practices.

Keywords: water-energy-food-ecosystem nexus; life cycle assessment; ecolabelling; corporate
sustainability; agri-food

1. Introduction
Ecolabelling is a corporate sustainability practice consisting of voluntary certifications

that provide consumers with information about the environmental impact of a product,
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based on a Life Cycle Assessment [1]. It provides consumers with information about the
environmental quality of products and is an important tool for enhancing transparency and
trust [2]. Consumers increasingly consider ecolabels as a driver for product preferences
and a decision-making factor for product choices [2], as they can strengthen motivation,
psychological capability, and product comparability [3]. Ecolabels also respond to the need
for a growing niche of environmentally aware consumers, enabling them to distinguish
between traditional and sustainable products and to pay attention to production methods,
energy use, and pollutant generation [4]. As consumers become increasingly selective
in their purchases—whether due to rising environmental awareness or the pursuit of
healthier products—ecolabels become relevant in market competition [4]. As a consequence,
a growing number of companies are improving their environmental performance and
leveraging ecolabels as a strategic tool in market competition for consumer goods [4,5].

Life-cycle-based ecolabeling popularity is especially high in the agricultural sector
for food production, as ecolabelling is increasingly used as a marketing tool to value the
products [5,6]. Driven by sustained human development, agriculture has intensified over
time to meet the demands of expanding markets and a growing global population. Yet
since the late twentieth century, large scale practices have been increasingly linked to
environmental concerns, including landscape degradation, pollution, soil erosion, and
ecosystem threats [7]. In this frame, rising consumer awareness and stricter regulation have
made ecolabelling a strategic tool, both from a technical and commercial perspective [5].
Through it, producers can positively leverage their environmental performance improving
their product, while gaining a competitive advantage [1]. This practice recently gained
popularity in the pasta production sector, because of the increasing attention of final
consumers on the possible impact of industrial production on the environment and the
related public pressure [8]. As a matter of fact, the implementation of life cycle assessments
allowed international pasta brands to highlight potential opportunities for improvement in
their environmental footprint through low-input agronomic practices, while maintaining a
high-quality, high-yield product [9].

The momentum toward pasta ecolabeling is driven by the growing attention to the
sustainability of production processes and their impact on resources [8]. Pasta is among the
most widely consumed foods in the world, thanks to its accessibility and versatility [10],
with a global production of 16.5 million tonnes in 2020 [11]. The environmental footprint of
pasta production is therefore highly relevant within the broader agri-food sustainability
discourse [8,12]. Moreover, the increasing interest in ancient grains and high-quality flours—
typically characterised by lower yields and a higher footprint on WEFE resources—has
stimulated demand for more accurate life-cycle-based analyses of production processes [8].
This trend is reflected in the growing number of producers conducting life cycle assessments
and implementing Environmental Product Declarations for their products [8,13]. Ecolabels
are based on a Life cycle assessment (LCA), which became the most used circular-economy-
based (CE) tool to collect information about the environmental footprint of production
processes [6]. CE is grounded in the principles of resource preservation, process efficiency,
and waste reduction [14,15], offering instruments to reduce material and energy leakages,
enhance self-sufficiency, and mitigate resource-related risks [16]. Grounded in the Circular
Economy, LCA consists of the analysis of the environmental aspects related to a product
or service throughout its different life cycle stages [6]. It has acquired great popularity
because of its effectiveness and reliability [5,15]. LCA is also internationally recognised as
an integrated sustainability assessment. It allows the analysis of the whole system or supply
chain and provides a systematic path to measure improvements in resource productivity,
thereby promoting cleaner production [15]. As a result, LCA-based ecolabels serve a
dual purpose: technically, they deliver a rigorous analysis of environmental footprints;
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and commercially, they act as a signalling tools that shape corporate reputation and steer
market competition toward sustainability [5,17]. Indeed, they influence and support the
development of more environmentally sustainable products [5], while raising consumers
awareness working as a marketing tool [18].

Nonetheless, the proliferation of LCA-based ecolabels raises doubts within the sci-
entific community about their effectiveness in providing a consistent and comprehensive
view of products’ environmental impacts. Many labels focus on single aspects—such as
carbon emissions or water consumption—or contribute to unclear messaging by allowing
the application of different Product Category Rules (PCRs) for the same sector. This creates
transparency and comparability issues, which may lead to unfair competitive advantages
and an impaired representation of the product’s actual footprint [19]. A further limitation is
the frequent neglect of territorial specificities, such as the relative pressure exerted on each
resource with respect to its local availability. This omission undermines the capacity of eco-
labels to reflect the intrinsic impacts of production processes on local resource systems [19].
Because of these methodological and contextual shortcomings, consumers struggle to trust
ecolabel claims and become reluctant to exercise their green purchasing power, as they no
longer know who or what to believe [5]. This struggle, rooted in complexity and a lack of
clarity, directly affects the appeal and functionality of ecolabels, reinforcing the need to
provide information that is comprehensible, useful, and motivating for consumers, which
is a central issue in the academic discourse around ecolabeling schemes [1,20].

To overcome the current shortcomings of LCA-based ecolabels—namely method-
ological discretion, neglect of territorial specificities, and consumer confusion—the Water–
Energy–Food–Ecosystem (WEFE) Nexus offers a coherent solution. By emphasising the
inseparable links between resource use, waste reduction, and the minimization of material
and energy losses along the value chain [21], it strengthens the application of Circular
Economy principles through LCA for food products. At the same time, the Nexus directs at-
tention to local territorial complexities [22], thereby addressing one of the main weaknesses
of existing ecolabels.

Moreover, the WEFE perspective fosters a more intersectoral and holistic view of
environmental footprints [6,23]. Drawing from this broader perspective, it enables novel
integrations, such as linking the nutritional contributions of food products with their
environmental performance [13]. This combined view helps to identify environmental
hotspots and impact categories, with a stronger focus on waste prevention, water and
energy recovery, and resource efficiency [13]. In this way, the WEFE Nexus provides a
relevant framework to integrate LCA-based ecolabels for food products, a topic that has
attracted growing interest from both businesses and the scientific community [23–25].

Beyond food products, the WEFE Nexus has recently received scientific attention
as an effective framework to improve corporate sustainability instruments, translating
sustainable development objectives into actionable tools and measurable targets [23–25].
Scholars have begun developing practical methodologies to operationalise the Nexus in
the business landscape, where implementation remains limited [25,26]. This responds to
the need of businesses to address complex interconnected resource systems through com-
prehensive approaches, despite the challenges posed by data requirements and analytical
robustness [6,23,27]. Agriculture is particularly relevant, given its bidirectional relation-
ship with the natural environment and its embeddedness in WEFE feedback loops [7].
Nonetheless, despite this relevance, a standardised way of quantifying and displaying the
interrelations among WEFE systems is still missing [28].

In this context, the WEFE Nexus emerges as a promising framework to integrate circu-
lar economy principles into production assessments and to reframe LCA by embedding
multidimensional resource interdependencies [6,21,27,29], thereby strengthening its role
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in guiding decision making [30]. Integrating the WEFE Nexus into ecolabelling could
contribute to addressing both the methodological flaws of LCA and LCA-based ecolabels,
highlighting room for improvement from an integrated and transdisciplinary perspec-
tive [21]. At the same time, it would provide an effective communication and assessment
tool for businesses in the agriculture sector, aligning marketing aspirations with a consistent
effort to improve sustainability performance [31].

Nonetheless, despite LCA and WEFE-based ecolabels beginning to gather scientific
interest [11,13,28], particularly in the food industry [6], the topic remains underexplored,
with the scientific community calling for further investigation [13,15]. Integrating actionable
instruments, such as an LCA-based ecolabelling scheme, with the WEFE Nexus remains a
major challenge [32]. A primary hurdle lies in the development of clear and operational
indicators. While indicator design is gaining traction in Nexus literature [6], effective WEFE
metrics must balance analytical depth with usability: they should be manageable in terms
of data requirements and complexity, while also easily synthesised into a normalised and
communicable format [25].

Recent contributions, such as the WEFE-oriented, life-cycle-based ecolabel for fish-
ery products proposed by Entrena-Barbero et al. (WEFni Index) [11], demonstrate that
operationalising the Nexus within ecolabelling schemes is feasible. However, these early
attempts have also highlighted several methodological tensions—most notably the diffi-
culty of capturing the breadth of WEFE interlinkages while maintaining indicator clarity
and communicability. Rather than taking these exercises as a starting point, the present
manuscript positions itself as a response to the concerns they have raised. By acknowl-
edging both the value and the limitations of previous efforts, this work seeks to advance
the discussion on how WEFE-inspired indicators can be meaningfully integrated into
LCA-based ecolabelling.

Developing this critical perspective, and while also incorporating the Ecosystem
dimension, the manuscript addresses the challenge of expanding the indicator set without
compromising usability. The aim is to combine quantitative and qualitative impacts across
the WEFE dimensions, exploring their interdependencies while ensuring that the resulting
metrics remain easily actionable and highly informative for both producers and consumers.

The focus of this paper acknowledges the contribution that the WEFE Nexus could
bring to the refinement of LCA-based ecolabelling instruments and their role in enhancing
businesses’ sustainability performance in the food sector. Recognising the need to develop
WEFE inspired indicators to complement LCA, and their requirement to be both easily
actionable and highly informative [6], this manuscript proposes a set of indicators to enable
a WEFE-based ecolabelling scheme for pasta production.

Considering these challenges, the paper addresses the following research questions to
guide the development of a WEFE-Nexus-based ecolabel framework:

• RQ1: How can circular economy principles support the development of a WEFE-Nexus-
based indicator set, for a life-cycle-based ecolabelling scheme for pasta production?

• RQ2: In what ways can life-cycle-based instruments be adapted to operationalise the
WEFE Nexus within business practices?

To pursue this objective, the research engaged a group of experts for the evaluation
of a selection of indicators through direct weighting, by means of a Delphi protocol. This
exercise sought to stimulate debate and consensus in the discourse about the development
of a WEFE ecolabelling scheme. A validation process will compare the selected indicators
with existing EPD certification of some pasta producers. The aim is to understand how
WEFE-based ecolabelling can add value and refine existing LCA ecolabelling instruments,
along with understanding the added data collection burden placed on potential adopters.
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The remainder of the paper is structured as follows. Section 2 presents the Materials
and Methods, describing the selection of indicators through a literature review, their
allocation to the four WEFE dimensions, the direct weighting procedure supported by the
Delphi protocol to foster consensus among experts from the NexusNet network, and the
validation based on data availability in the Environmental Product Declarations (EPDs) of
the pasta sector. Section 3 reports the Results, presenting the final batch of 23 indicators
(grouped into Energy, Water, Food, and Ecosystem) and the outcomes of the technical
validation process against standard LCA inventories. Section 4 provides the Discussion,
examining the effectiveness of the framework in capturing cross-sectoral tensions, the
importance of territorial specificity (through indices such as AWARE and WEI+), and the
challenges related to ensuring clear communication of the ecolabel to consumers. Section 5
addresses the limitations of the research and outlines future avenues for investigation.
Section 6 then summarises the added value of the WEFE Nexus approach for the life-cycle-
based ecolabelling of pasta products.

2. Materials and Methods
2.1. Selecting Life-Cycle-Based Indicators and Assigning Them to the
Water–Energy–Food–Ecosystem Dimension

The work started with selecting a list of indicators and assigning them to the four
WEFE dimensions. The aim was to group indicators that clearly contributed to the footprint
of a specific dimension. To assign the correct dimension, the analysis focused on identifying
which resource system was most affected by each indicator. For example, indicators relating
to water consumption were grouped under the Water dimension, while those concerning
water quality were placed in the Ecosystem dimension. This distinction reflects the fact that
intervening in water quantity directly affects availability, whereas compromising water
quality impacts the surrounding ecosystem and indirectly reduces usable water (Table 1).

Table 1. Methodology workflow scheme.

Step Objective Criteria

a. Selecting life-cycle-based indicators
and assigning them to the
Water–Energy–Food–Ecosystem
dimension

Literature search for relevant indicators

Scopus search:
TITLE-ABS-KEY: “((WEFE) OR (Wate
Energy Food) Nexus) AND (LCA OR
Ecolabel* OR certification OR (green
label))” and “(Pasta) AND (LCA OR
Ecolabel* OR certification OR
(green label))”.

Indicator selection

(i) Simple indicators excluding ratios or
complex models, and (ii) indicators
clearly falling into a specific
WEFE dimension

Allocation to the WEFE dimensions
Allocation of the indicators to the
dimension that best captured the
described impact

Categorisation of the indicators between
LCA-based and non-LCA-based
indicators, within each dimension

(i) LCA-based indicators following ISO
14040-44 [33,34] standards, and (ii)
non-LCA-based indicators not following
ISO 14040-44 standards.
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Table 1. Cont.

Step Objective Criteria

b. Direct Weighting of the indicators:
engaging with a set of experts through a
Delphi process.

First round of Delphi engagement with
the experts of the “Nexus Net” Cost
Action (CA 20138)

Direct weighting on a 1–5 Likert scale
according to the indicator’s capability to:
(i) provide clear and effective information
to producers about their WEF
performance; and (ii) serve as a direct
instrument to inform consumers and
guide their choices.

Second round of Delphi engagement with
the experts of the “Nexus Net” Cost
Action (CA 20138)

Reassessments of the indicators collecting
a Standard Deviation above 1.25 on the
received weighting.

c. Validation of the indicators set based
on data availability

Collection of valid EPDs in the
pasta sector

Six EPDs for the LCA of some pasta
brands were collected from https://www.
environdec.com/services/what-is-pcr
(accessed on 16 October 2025).

Evaluation of indicator fulfilment based
on data availability in standard LCA
inventories of the selected EPDs

Each indicator was classified into three
categories: (i) identical or different but
fully computable with available
inventory data; (ii) partially computable
with available data; and (iii) not
computable with available data.

Indicators were collected through searches in the Scopus database between June
and July 2025. The focus was on conventional LCA studies, following ISO 14040-44
guidelines [33,34], and on manuscripts investigating the integration of LCA with the WEFE
Nexus. Search strings included “((WEFE) OR (Wate Energy Food) Nexus) AND (LCA OR
Ecolabel* OR certification OR (green label))” and “(Pasta) AND (LCA OR Ecolabel* OR
certification OR (green label))”. From the retrievals, a selection process then limited the list
according to defined criteria: indicators had to be (i) simple (excluding ratios or complex
models) and (ii) clearly attributable to a single WEFE dimension.

The final list was divided into two categories: (i) life-cycle-based indicators and
(ii) non-life-cycle-based indicators, consistent with ISO 14040-44 standards [33,34]. Indi-
cators in the first category are accepted as valid for product life cycle assessment and can
be used to produce Environmental Product Declarations (EPDs) under ISO 14025 [35],
making them likely candidates for inclusion in Product Category Rules (PCRs) for pasta
production [36]. This division highlights both the coherence of the indicator list with LCA
standards and the additional data requirements introduced by integrating the WEFE per-
spective, which adds value by capturing multidimensional impacts beyond conventional
LCA. Eventually, a total of 53 indicators were selected to undergo the following part of the
research: the Delphi engagement.

2.2. Direct Weighting of the Indicators: Engaging with a Set of Experts Through a Delphi Process

The Delphi technique is an expert-based approach designed to evaluate and stimulate
consensus on a specific topic. Its objective is to obtain the most reliable collective opinion of
a group of experts through a series of intensive questionnaires interspersed with controlled
feedback [37]. This technique was applied to participants of the COST Action CA20138
‘Network on Water–Energy–Food Nexus for a Low-carbon Economy in Europe and Beyond’
(NexusNet) [38], an international network of researchers collaborating with policymakers
and businesses to foster policy coherence across the water–energy–food domains and
support the transition toward a circular, low-carbon economy in Europe.
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In the first round, respondents were asked to weight each indicator on a 1–5 Likert scale.
The weighting was based on two criteria: the indicator’s ability to capture the actual impact
within its assigned WEFE dimension, and its capacity to provide informative value for both
producers and consumers. More specifically, the weight reflected the relative priority of
each indicator as a tool to: (i) provide clear and effective information to producers about
their WEFE performance, and (ii) guide consumer choices through accessible information.
To build consensus, indicators with a standard deviation greater than 1.25 were selected
for a second round of assessment. In this round, respondents were invited to revise their
scores after being shown the average results. Six indicators underwent this process through
a Google Form distributed on 25 August 2025. This iterative procedure ensured that the
final weights represented a more stable and shared expert consensus.

2.3. Validation of the Indicators Set Based on Data Availability

To assess the technical feasibility of the proposal, the indicator list was evaluated
against actual data requirements. Valid Environmental Product Declarations (EPDs) in
pasta production were collected and examined to determine which indicators were already
covered by both the EPDs and the proposed set. For those indicators that did not match
directly, it was assessed whether they could be fully or partially satisfied using the data
available in the EPDs.

The defined set of indicators was compared with six Life Cycle Assessments (LCAs)
conducted within the EPD ecolabelling scheme (Table 2). This scheme follows ISO 14025 [35]
standards, which guide Type III labelling programmes by providing quantified and inde-
pendently verified environmental information over the life cycle of a product [19]. The
selected EPDs were retrieved from the official EPD catalogue [39]. Each indicator was then
examined to determine whether it could be fulfilled using data collected during the Life
Cycle Inventory phase of the analysed EPDs.

This step is particularly relevant because, although all EPDs are equally valid, they
rely on different Product Category Rules (PCRs), which are standardised guidelines for
conducting LCAs in specific product categories. PCRs are designed to enable product
comparability within a category, yet they may differ even among LCAs of the same product
type [19].

Each indicator was classified into three categories: (i) identical or different but fully
computable with available inventory data; (ii) partially computable with available data; and
(iii) not computable with available data. This analysis determined the share of indicators
that could be readily fulfilled with a standard life cycle inventory. It highlights both
similarities and differences between the proposed framework and a regular EPD, clarifying
the added value generated through the integration of life cycle and non-life cycle indicators
in line with the WEFE logic.

Table 2. Descriptive information of the analysed EPDs.

ID 1 2 3 4 5 6

Functional unit 1 kg 1 kg 1 kg 1 kg 1 kg 1 kg

Geographical
area Thiva, Greece Marcianise,

Italy
Italy and
Greece Imperia, Italy Fossano, Italy Castello di

Godego, Italy

Type of LCA
certification EPD ISO 14025 EPD ISO 14025 EPD ISO 14025 EPD ISO 14025 EPD ISO 14025 EPD ISO 14025

System
boundaries Cradle to grave Cradle to grave Cradle to grave Cradle to grave Cradle to grave Cradle to grave
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Table 2. Cont.

ID 1 2 3 4 5 6

Used PCR
PCR
2010:01—CPC
2371

PCR 2010:01 v.
4.0.4

PCR 2010:01 v.
4.0.4

PCR 2010:01 v.
4.01

PCR 2010:01 v.
4.01

PCR 2010:01 v.
3.11

Validity period 2014–2023 2024–2030 2025–2030 2022–2026 2022–2026 2020–2025

Number of
revisions 7 7 0 (1st edition) 1 2 12

3. Results
After the first selection, the list included 14 indicators for the Energy dimension, 12 for

Water, 10 for Food, and 15 for Ecosystem. All indicators were considered for the Delphi
engagement (Figure 1). The first round was sent to 47 respondents via Google Forms on
29 July 2025, of which 26 provided complete and useful responses. The process revealed a
cautious approach by respondents. Specifically, the full set of indicators received an average
weight of 3.54 and a median weight of 3.56. Among all indicators, only six displayed a
standard deviation greater than 1.25, requiring a second round of engagement.

Figure 1. Flowchart of the Delphi method used to reach expert consensus across two rounds of
evaluation. Preliminary stage and first round of assessment (Figure 2a); Second round of evaluation
and final consensus synthesis (Figure 2b).
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(a) 

 
(b) 

Figure 2. (a) Distribution of expert ratings and initial dispersion on six critical indicators not meeting
the consensus criterium, and (b) consensus convergence for six critical indicators not meeting the
consensus criterium.

In the second round, respondents were invited to voluntarily revise their scores for the
six indicators not meeting the consensus requirements. This iterative process ensured that
the final weights reflected a shared expert agreement. As shown in Figure 2a,b, consensus
increased among respondents, despite the generally cautious attitude reflected in their
evaluations, in line with the core objectives of the Delphi method to progressively refine
expert agreement through iterative feedback.

Indicators were then ranked within each dimension, and the top five to seven with
the greatest weights were selected. During this process, some indicators were excluded
following expert and collaborator feedback regarding their actionability, particularly in
relation to data requirements and computational capacity (Table 3).

Despite the precautionary stance on indicator weights, numerous positive observa-
tions were provided, endorsing both the aim and scope of the proposed instrument. Several
experts described it as “creative” and suitable for “high capacity for replication in non-
food processing industries,” while also highlighting its potential to stimulate industrial
symbiosis processes by leveraging the WEFE Nexus. Additionally, experts helped identify
overlapping and unfeasible metrics considering data needs. Overall, the Delphi approach
was considered appropriate given the objectives and scope of the research, though method-
ological limitations were also noted and will be addressed in the discussion.
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Table 3. Final indicators for the Energy, Water, Food and Ecosystem WEFE dimensions.

ENERGY WATER

Name UM Weight Name UM Weight

LIFE CYCLE INDICATORS LIFE CYCLE INDICATORS

Cumulative energy
demand [40] MJ/kg 4.1 Water footprint (WF)

[41] L or m3/kg 4.5

Renewable energy share
[8]

% (MJ renewable/MJ
total) 3.5 Green water footprint

[42] m3GNWF/m3WF% 4.1

NON-LIFE CYCLE INDICATORS Blue water footprint
[42] m3BWF/m3WF% 4.1

Exergy efficiency
[43]

% (Exergy
output/Exergy
input)

3.3 Grey water footprint
[42] m3GYWF/m3WF% 4.1

Peak energy demand
[44] ∑max_i(Ptot,i) 3.9 NON-LIFE CYCLE INDICATORS

AWARE (Available water
remaining)
[45]

AMD_world/AMD_region 3.9

Water productivity
[46] kg crop yield/L or m3 4.2

Water exploitation index
(WEI)
[47]

(m3/available m3)% 3.8

FOOD ECOSYSTEM

Name UM Weight Name UM Weight

LIFE CYCLE INDICATORS LIFE CYCLE INDICATORS

Nutritional water intensity,
adapted from [41,48]

m3/100 kcal or m3/g
protein

3.9 Acidification footprint
[11] kg SO2 eq/kg 3.5

Energy return on
investment (EROI)
[49]

MJ output/MJ input
(per kg pasta) 3.7 Photochemical ozone creation

[11] kg C2H4-eq/kg 3.1

NON-LIFE CYCLE INDICATORS
Freshwater eutrophication
potential (FEP)
[50]

kg P-e/kg 3.5

Nutritional potential
(nutrient-rich food index,
NRF 9.3)
[51]

Composite indicator
(g or mg/100 g); % by
weight for processed
products

3.6
Freshwater ecotoxicity
potential (FET)
[50,52]

kg 1,4-DCB-eq/kg 3.8

Nutritional land
productivity
[50]

kcal/m2 3.6 NON-LIFE CYCLE INDICATORS

Fertiliser use
[53] N + P + K kg/kg 3.7 Overall nutrient circularity

[54]

[(Recycled N/Total N) +
(Recycled P/Total P) +
(Recycled K/Total K)]/
3 × 100

3.9

Raw material intensity
[55]

kg harvested
grain/kg pasta 3.5 Land use

[56] m2 year/kg 4.0

Food loss rate % of edible harvested
kcal lost 3.7

3.1. Final Indicators Batch

At the end of the ranking and cleaning process, we were left with 23 indicators divided
as follows (Table 3):
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• Energy: 4 indicators
• Water: 6 indicators
• Food: 7 indicators
• Ecosystem: 6 indicators

3.1.1. Energy-Related Indicators
Full-Life-Cycle Energy-Related Indicators

Cumulative energy demand

Constituting a fundamental dimension of the WEFE framework, energy is regarded as
a resource that flows through processes and is transformed into the final product. Assessing
the quantity of energy input across the entire production process makes it possible to
evaluate the efficiency with which energy is converted into the desired output, thereby
highlighting opportunities for improvement and overall efficiency. In particular, some
specific energy intensive hotspots in pasta production process, such as the drying phase, are
worthy of attention for significant improvement in energy efficiency [57]. The Cumulative
Energy Demand (CED) framework seeks to quantify the total amount of energy—both
renewable and non-renewable—required, resulting in an indicator that defines energy
intensity. This indicator adheres to the ISO 14040-44 [33,34] LCA framework.

Cumulative Energy Demand [40]:

CED =
Tot Energy input (MJ)

1 kg f inal product

Renewable energy share

Assessing the renewable energy share in the production process allows a clearer defi-
nition of the qualitative profile of energy use, providing a more comprehensive view of
the overall sustainability of energy provision, in line with the WEFE Nexus and Sustain-
able Development principles. The CED framework provides the means to differentiate
between the two types of energy and to highlight the reliance of the production process on
unsustainable energy sources.

Renewable Energy Share [8]:

RES =
Renewable energy input (MJ)

Tot Energy input (MJ)
%

Non-Life-Cycle Energy-Related Indicators

Exergy efficiency

With the purpose of developing a complete energy profile of the production process,
conducting an exergy efficiency analysis allows the identification of insightful qualitative
information on energy use. Indeed, exergy efficiency assesses the quality and usability of
energy flows, facilitating the mapping of inefficiencies and losses across unit operations [43].

In our study, exergy efficiency defines how effectively a process converts the available
energy (i.e., exergy) into the desired output.

E × E =
Outputex

Inputex
%

Peak energy demand

This figure is defined as the single highest instantaneous electrical draw from the
facility’s machineries for each stage of production. It represents the worst-case stress on the
grid connection [44].
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This indicator calculates the maximum quantity of energy some machineries may
require for working under great stress.

Peak Energy Demand:
PED = max

i
(Ptot,i)

where i represents the set of machineries performing the same task along the production chain.

3.1.2. Water-Related Indicators

As a foundational dimension of the WEFE framework, water is a crucial resource
in the context of resource security. Scarcity and overexploitation of freshwater are on
the rise, leading to conflicts and trade-offs [9]. At the same time, awareness of the water
footprint is increasing across society and the economy [9]. Acknowledging the water
footprint of production processes is essential for businesses to assess their level of resource
sustainability and to ensure long term resource security. Indeed, pasta production—and
grain cultivation, more broadly—requires substantial amounts of water. Since cereals are
often grown in regions affected by water scarcity, accounting for local territorial water
availability becomes essential for accurately assessing the water footprint of agricultural
production processes [58]. Understanding the total water required in production processes—
namely, accounting for all the water that directly or indirectly affects product output (virtual
water [48])—is therefore fundamental to identifying opportunities for improvement in
production processes.

Life-Cycle-Related Indicators

Water footprint

In line with life cycle principles as required by the standard ISO 14040-44 [33,34], the
water footprint indicator accounts for all the water needed along the production process,
along the lines of the prescriptions of the ISO 14046 standard [41]

Total Water Footprint:

TWF =
Total water use

(
m3)

1 kg f inal product

Blue, green, and grey water footprints

To provide a complete and informative picture of water consumption in the production
process, it is important to describe the qualitative profile of water use alongside its quantita-
tive dimension. Water not only comes from different sources, but its type of use during the
product life cycle can vary greatly, causing different environmental pressures. Following
the framework of Hoekstra and Mekonnen [44], the three types of water used in production
processes are green, blue, and grey, each characterised by distinct features. Green water
refers to rainwater stored in the soil and used by plants. Blue water includes surface and
groundwater (rivers, lakes, and aquifers) that is consumed—that is, not returned to the
source during production—and is closely linked to water scarcity and competition for use.
Grey water footprint represents the volume of freshwater required to dilute pollutants (e.g.,
nitrogen runoff) to meet water quality standards. It is calculated according to pollutant
load and acceptable concentration thresholds [44]. In our case, the three shares are repre-
sented as the ratio between each type of water (green, blue, and grey) and the Total Water
Footprint (TWF), thereby coupling quantitative figures on water consumption with its
qualitative characteristics.
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Blue water footprint

BWF =
Blue water consupmption

(
m3)

Total water use (m3)
%

Green water footprint

GNWF =
Green water consupmption

(
m3)

Total water use (m3)
%

Grey water footprint

GYWF =
Grey water consupmption

(
m3)

Total water use (m3)
%

Available water remaining (AWARE)

The available water remaining framework was developed by the Water Use in Life
Cycle Assessment working group with the purpose of quantifying the potential impact of
water consumption on regional water scarcity, aligned with the goals of ISO 14046 [41,45].
Supporting regular life cycle figures with indicators based on territorial specificity aligns
the assessment with the principles of the WEFE Nexus, which stands on the interaction of
resource dimensions within a specific territory. The core question of the indicator revolves
around defining what the potential of depriving another freshwater user is, by consuming
water in the region.

a. Availability Minus Demand (AMD):

AMD =
Availabile water − Human Water consumption − Environmental water requirement

Area (m2)

Available water: Modelled runoff, including infrastructure effects.
HWC = water consumed and not returned for every human purpose (civil, industrial,

or agricultural).
EWR = minimum flow needed to maintain freshwater ecosystem in “fair” conditions.
Area = watershed surface area (m2).
AMD = m3/m2/month.
b. Characterisation Factor:

CFAWARE =
World Average AMD

AMDstudy area

CF is dimensionless and must be normalised for comparability.
c. Water Scarcity Footprint:

WSF =
Water Consumption Inventory

CFaware

Non-Life-Cycle-Related Indicators

Water productivity

With this indicator, we define the amount of output gained per litre of consumed
water. In other words, this indicator is the inverse of the Water Footprint. Although it
is not part of the ISO 14046 standards for water footprinting in LCA, it can provide a
clearer picture of how much yield can be obtained from impacting the water resource.
Focusing on water productivity is particularly relevant because global food production
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is expected to grow by 60% by 2100 compared to 2005 [27]. In a context of changing
rainfall patterns and climate disruption, 66% of the global population will be living in
countries subject to water stress by 2050 [27]. Water productivity thus enables responses
to increasing demand, pressures on water availability, and contributions to economic
growth [46]. Despite being unconventional in life cycle-oriented analysis, we draw from
the literature on water productivity to define the following indicator:

WP =
Total output (kg)

Green water + Blue water consumption (m3)

Water exploitation index

The Water Exploitation Index, or WEI+ in its revised version, was introduced by the
Drought Expert Group of the European Commission. This scarcity indicator provides an
evaluation of the stress on water resources as a consequence of human abstractions [47].
The indicator essentially expresses the ratio between water abstractions and the renewable
availability of freshwater, and it is generally computed at the territorial level. Nonetheless,
its structure allows it to be scaled to the subbasin and single operator levels [47]. This
indicator provides a territory-specific ratio reflecting the level of pressure exerted on
regional water availability.

Water Exploitation index+:

WEI+ =
Freshwater withdrawal

(
m3)− Return f lows

(
m3)

Renewable water resources (m3)− Minimum environmetnal f low (m3)

3.1.3. Food Indicators

In line with the concept of the WEFE Nexus, which comprises the interconnection
of resource systems and their interdependence, we selected 100 kcal as the functional
denominator of the indicators when focusing on the FOOD dimension. Choosing this
functional denominator captures the resource intensity required to produce a defined
output of food energy. This, in turn, enables the assessment of the overall efficiency
of the production process. The application of macronutrients as the reference base for
environmental indicators was previously undertaken by Nijdam et al. [59]. In that work, the
authors conducted a review of the environmental impact of protein-rich food production,
using defined protein content as the functional denominator. Given that pasta is an energy-
rich food, with carbohydrates as its main constituent, we selected 100 kcal as the functional
denominator for our study.

Life-Cycle-Based Indicators

Nutritional water intensity

To develop such indicators, we relied on the concept of the Water Footprint as de-
scribed in ISO 14046:2014 [46], namely the sum of direct and indirect freshwater use across
the full supply chain. For the present work, we considered only blue water consumption,
defined as the sum of withdrawals from surface and underground sources. Specifically, we
excluded green water, understood as the total volume of rainwater [48]. Green water con-
sumption was excluded because it is highly dependent on annual precipitation, providing
limited information on process efficiency and opportunities for improvement. Isolating the
blue water consumption component is generally valuable because this resource is scarcer
and carries higher opportunity costs than green water [48].
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Nutritional water intensity

NWI =
Li f e cycle water use

(
m3)

Final product energy (100 kcal)

Nutritional energy intensity

The concept of the WEFE nexus revolves around the indivisibility and interconnection
of resource systems and resource flow exchanges. In line with this, it is relevant to analyse
how energy input flows into the final energy output for human consumption. Utilising
the concept of EROI—defined as the ratio between the amount of energy produced and
the amount of energy consumed in the production process [51]—we seek to achieve this
objective. This measurement provides an overall picture of the efficiency of the energy
transformation process, from raw material to final product. Specifically, EROI measures how
much edible biomass energy is produced per unit of invested energy. In this context, edible
energy production refers to energy suitable for human consumption, that is, the energy
potentially provided by food produced, in conformity with the methodology adopted by
the United Nations Food and Agriculture Organisation (FAO) [51].

EROI =
Energy Output (J or kcal)

Σ Energy Input( J or kcal)

Non-Life-Cycle-Based Indicators

Nutritional potential

To assess the nutritional potential of pasta, we apply the NRF 9.3 index [51]. This is
a composite indicator measuring the nutritional value of food grounding in the balance
between nine nutrients to be promoted and three nutrients to be limited. Specifically, the
following nutrients should be promoted: protein, fibre, vitamins A, C, and E, calcium (Ca),
iron (Fe), magnesium (Mg), and potassium (K). The following nutrients are discouraged:
saturated fat, added sugars, and sodium (Na). All the nutrients are computed in g or
mg/100g and are referenced to the suggested daily intake for an adult per day. This
indicator provides broad and straightforward information on the overall nutritional value
of food, in tune with the Food dimension of the WEFE, and it can be easily used to be fed
into more complex composite indicators. Indeed, a tailored version of this indicator was
used by Entrena Barbero et al. [13] to design a WEF Nexus ecolabel for fish products.

NRF 9.3 = (Σ %DV o f 9 nutrients to encourage)− (Σ %DV o f 3 nutrients to limit)× (100 g f ood)

where DV = Daily suggested value.

Nutritional land productivity

Nutritional Land Productivity [50]:

NLP =
Total output o f f inal product (kcal)

Cropped land (m2)

Fertiliser use

Fertiliser use efficiency: This indicator computes the N and P intensity for calorie
production, namely how much of the nutrient is used to produce one calorie of final output.
Kg, N, and P applied/100 kcal [53].

FUE =
Cropping N (kg) + Cropping P (kg) + Cropping K (kg)

kg f inal product
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Material intensity-related food indicators

Quantifying material input intensity for edible energy production is a relevant step,
coherent with the principles of CE [60] and the WEFE Nexus principle of “producing more
with less” [23]. In this sense, the former indicator focuses on the quantity of raw material
lost along the production process in terms of quantity, while the latter quantifies how many
raw calories are needed to obtain one final output calorie. This design identifies the energy
density of the processed weight mass, offering a link between produced biomass and edible
energy delivery.

Raw material intensity: The indicator evaluates the ratio between the mass weight of
harvested wheat and the mass weight of net final product, namely how much raw material
is needed to collect one unit of final product [55].

RMI =
TOT Mass o f harvested wheat (kg)
TOT Mass o f f inal product (kg)

Food loss rate: The indicator quantifies the quantity of edible energy lost through the
process (own elaboration).

FLR =
TOT Harvested energy (kcal)

Sold energy (kcal)

3.1.4. Ecosystem-Related Indicators
Life-Cycle-Based Indicators

Acidification potential and photochemical ozone creation potential

The following indicators seek to quantify the emission of Volatile Organic Compounds
(VOCs) and Nitrous Oxides (NOx) that react under the sunlight-producing toxic tropo-
spheric ozone (O3). The quantification of these compounds, similarly to the previous
sections, is prescribed by life cycle assessment standards [33,34]. This aspect gains particu-
lar relevance in the food sector, given the pressure exercised by agricultural practices on
the ecosystem.

Acidification footprint: Quantification of the ammonia emissions from fertilisers
(kgNH3/ha); diesel fuel burned (L) associated with NOx and SO2 emission factors and soil
management practices that influence acidity; vehicle-specific acidifying emissions during
transportation and cropping operations; grid-mix acidification footprint linked to electricity
consumption (kWh); fuel-burning emissions factors for SO2 and NO in the manufacturing
process; and total acidifying emissions from the packaging production process [11].

AF =
TOT kg SO2eq

kg

Photochemical ozone creation potential: VOCs and CO emissions from diesel and
fuel usage (g/Km) during cropping operations and transport, and emissions from fertiliser
production; quantity and composition of glues and solvents in packaging manufactur-
ing; cleaning agent used in machineries (composition and evaporation rates); facility
VOC/NOx reporting (if available); and lubricants and greasers (composition and evapora-
tion rates) [11]:

POC =
TOT kg C2H4eq

kg

Freshwater eutrophication potential

As previously mentioned, the imbalanced use of chemical fertiliser can alter soil pH
and increase pests and acidification, ultimately threatening plant health and leading to the
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emission of greenhouse gases [12]. The excess nitrogen used to sustain crop growth can
pollute freshwater sources, impairing their ecosystems [52].

Freshwater Eutrophication Potential [50]:

FEP = kg P − eq/kg

where Ei= Emission of substance i to freshwater (e.g., kg of phosphorus), and
CFi = Characterisation factor for substance i (e.g., PDF·m2·yr/kg).

Freshwater ecotoxicity potential

The freshwater ecotoxicity potential is a life cycle impact category estimating the
potential harm of chemical emissions to freshwater and ecosystems, based on their toxicity,
persistence, and exposure level [52]. This figure is assessed using models like USEtox [50]
or ReCiPe 2008 [52], which consider how chemicals behave in the environment and react
with biological entities to produce a toxic effect.

Freshwater Ecotoxicity Potential:

FET = kg 1, 4 DCB − eq/kg

Non-Life-Cycle-Related Indicators

Overall nutrient circularity

The use of fertilisers and pesticides today is fundamental to maintain a sufficient level
of productivity. Nonetheless, the intensive use of these chemicals is able to impair the local
ecosystem, promoting the build-up of pollutants like heavy metals and unbalancing local
ecosystems [54]. For this reason, the following indicator quantifies their intensity of use, to
provide an informative clue on how the cropping process is affecting the ecosystem and its
long term stability.

Overall nutrient circularity: Defines the fraction of recycled nutrient on the total mass
of used nutrients (own elaboration). 

Recycled N
Total N

+ Recycled P
Total P

+ Recycled K
Total K


3

%

Land use intensity

The indicator aims at summing how much land (ha) is occupied to produce a defined
amount of food (in kg of final product), considering the time span of one year. This concept
is linked to the Ecological Footprint, which focuses on the scarcity of fertile land to produce
food and its perishability [61].

Land use intensity: Needed extension of land to produce one functional unit of final
product [56].

LUI =
Occupied ha/1 year
1 kg f inal product

3.2. Validation: Checking for Data Availability

The validation process served to test the feasibility of the indicator batch, based on
the amount of required data and the degree of difference from a regular life-cycle-based
EPD. The general results demonstrate that 56.5% of the indicators cannot be computed
without additional work on data collection and computation; 25.3% of the indicators are
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identical or can be easily computed with the available data; and 18.2% of the indicators have
partial data available. Overall, these initial results highlight how the proposed WEFE-based
indicator batch provides a significant level of innovation and refinement to a life-cycle-based
ecolabel, while maintaining a solid level of coherence with the framework. Nonetheless,
this aspect can be better appreciated when considering the coherence within each individual
WEFE dimension.

Energy dimension

Data need/availability comparison with a regular EPD:

• Available: 50%
• Not available: 50%
• Partially available: 0%

As for the energy dimension, the indicators (i) Cumulative Energy Demand and (ii)
Renewable Energy Share were always fulfilled, as these figures are foundational for an
EPD assessment (Table 4).

Table 4. Data availability comparison between EPD ecolabel and the energy indicator cluster
(A: Available and NA: Not Available).

n. Indicator Name Organisation

1 2 3 4 5 6

1 Cumulative Energy Demand
(CED) A A A A A A

2 Renewable Energy Share A A A A A A

3 Exergy Efficiency NA NA NA NA NA NA

4 Peak Energy Demand NA NA NA NA NA NA

Exergy efficiency, by contrast, has never been required in LCA, which traditionally
focuses on energy quantity while only partially addressing energy quality. Investigating
exergy efficiency provides valuable insights into resource degradation within the study
system, offering a deeper understanding of the link between inefficiencies, economic
losses, and resource depletion [43]. In line with the WEFE principle “produce more with
less” [23], exergy awareness enables the identification of key losses and the connection of
thermodynamics to environmental impact, since optimising exergy use directly supports
reductions in fuel consumption and carbon footprints [43].

Similarly, peak energy demand cannot be computed with data from a regular EPD.
This metric does not comply with a life-cycle-based perspective. On the contrary, when
considered alongside Cumulative Energy Demand and total production, it can provide
valuable insights into machinery efficiency across the life cycle, highlighting opportunities
for improvement throughout the production chain.

Water Dimension

Data need/availability comparison with a regular EPD (Table 5):

• Available: 26%
• Not available: 57%
• Partially available: 17%
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Table 5. Data availability comparison between EPD ecolabel and the water indicator cluster
(A: Available; NA: Not Available; and PA: Partially Available).

n. Indicator Name Organisation

1 2 3 4 5 6

1 Water Footprint PA PA PA A A A

2a Green Water Footprint NA NA NA NA NA NA

2b Blue Water Footprint NA NA NA NA NA NA

2c Grey Water Footprint NA NA NA NA NA NA

4 AWARE (Available Water Remaining) A A A A A PA

5 Water Productivity NA NA NA A A A

6 Water Exploitation Index+ (WEI+) NA NA NA PA PA PA

The water dimension displays different results for each product, reflecting the evo-
lution of the PCRs. Indeed, total water footprint data are available only for three out
of six producers, who published their EPDs after the release of ISO 14046, the standard
for water footprint quantification. This standard later became mandatory for life cycle
assessment in this sector [36]. The same applies to the Water Productivity indicator, which
became an additional indicator after the implementation of ISO 14046 and PCR 2010:01;
this is fundamental to assess the amount of final product produced per unit of consumed
water [41,46].

Regarding the difference between blue, green, and grey water, EPD standards do not
require quantification of these categories. On the contrary, differentiating them expands the
perspective on sustainable water use and highlights the different impacts that water can
bear (consumption or pollution). This provides essential understanding of how production
and consumption decisions affect freshwater resources across supply chains [62].

The AWARE index is usually computed in LCAs to operationalise the ISO 14046
standard and make figures comparable. This metric provides a territorial characterisation
of water consumption, relating it to local availability and offering a measure of water
stress compared to other territories [45]. This indicator can be combined with the WEI+
index, which focuses on the pressures placed on renewable water resources, to capture
the interaction between water consumption, territorial water availability (AWARE), and
the pressure on annually renewable freshwater (WEI+). This approach aligns with the
WEFE Nexus framework, which is grounded in developing methodologies that account for
territorial specificities and the temporal evolution of resource flows [32].

Food dimension

Data need/availability comparison with a regular EPD (Table 6):

• Available: 0%
• Not available: 69%
• Partially available: 31%

The food dimension shows the lowest level of data availability for two main reasons.
Aside from the scope of EPD, which is oriented toward a generalisable application of an
environmental footprint framework, the tool aims to assess the environmental footprint
of food products in an innovative way. Indeed, we applied 100 kcal as the functional
denominator, to define what we call the “nutritional environmental footprint”—namely,
the environmental impact generated to produce one unit of available energy serving the
purpose of the final product. Although this approach is novel, some authors have begun to

https://doi.org/10.3390/resources15020023

https://doi.org/10.3390/resources15020023


Resources 2026, 15, 23 20 of 28

relate the environmental impacts of food products to a certain amount of a macronutrient
as a functional unit, as in Nijdam et al., 2012 [59].

Table 6. Data availability comparison between EPD ecolabel and the food indicator cluster (NA: Not
Available and PA: Partially Available).

n. Indicator Name Organisation

1 2 3 4 5 6

1 Nutritional Water Intensity NA NA NA PA PA PA

2 Energy Return on Investment (EROI) PA PA PA PA PA PA

3 Nutritional Potential (Nutrient-rich
food index, NRF 12.2) NA NA NA NA NA NA

4 Nutritional Land productivity NA NA NA PA PA NA

5 Fertiliser Use NA NA NA NA NA NA

6 Raw Material Intensity NA NA NA PA PA NA

7 Food Loss Rate (Edible food loss along
the value chain) NA NA NA NA NA NA

Hence, almost none of our indicators could be fulfilled by the data gathered for
a regular EPD, except for the indicators evaluating water intensity (id: 1) and energy
consumption (id: 2). Other exceptions include Land Productivity (id: 4) and Raw Material
Intensity (id: 6), specifically for producers 4 and 5, due to the PCRs applied. Nonetheless,
indicators such as Nutritional Potential (id: 3), Land Productivity (id: 4), Fertiliser Use
(id: 5), Raw Material Intensity (id: 6), and Food Loss Rate (id: 7) provide a significant level
of innovation to life-cycle-based indicators for ecolabelling. These indicators facilitate the
comparison of relevant figures pivoting around the nutritional potential of food products
in relation to resource intensity. This is particularly relevant in a world where resources are
scarce and where high-production/low-input crops will be structurally necessary to meet
development needs [63,64].

Ecosystem dimension

Data need/availability comparison with a regular EPD (Table 7):

• Available: 61%
• Not available: 39%
• Partially available: 0%

Table 7. Data availability comparison between EPD ecolabel and the ecosystem indicator cluster
(A: Available and NA: Not Available).

n. Indicator Name Organisation

1 2 3 4 5 6

1 Acidification Footprint A A A A A A

2 Photochemical Ozone Creation A A A A A A

3 Freshwater Eutrophication Potential
(FEP) A A A A A A

4 Freshwater Ecotoxicity Potential (FET) NA NA NA NA NA NA

5 Overall Nutrient Circularity NA NA NA NA NA NA

6 Land Use NA A A A A NA
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Regarding the ecosystem indicators, their feasibility is dual-sided. Most of them are
coherent with PCR prescriptions [36], while some others were included to more deeply
integrate the ecosystem view into our indicator system. The first three indicators (id 1, 2,
and 3, Table 7) are easily found in regular EPDs and effectively target several significant
impacts on the ecosystem. The same is true for the Land Use indicator (id 6, Table 7), which
became mandatory since PCR 2010:01 v. 4.01 [36].

With respect to Freshwater Ecotoxicity Potential (id 4, Table 7), this indicator is not
generally required by standard PCRs. This is because indicators covering the ecological
impact of toxic substances are generally considered methodologically less robust and
require a considerable amount of data. Additionally, consensus about characterisation
factors is partially lacking [65]. On the contrary, considering the importance of this indicator
in the Water–Ecosystem relationship—within the framework of the WEFE Nexus—it is
crucial for our purpose. We included this indicator as a precautionary measure to account
for ecosystem impacts, despite the difficulty of its computation.

Moreover, overall nutrient circularity adds information about the amount of nutrients
that may reach the ecosystem. Indeed, the high dependence on mined nutrients such
as phosphorus (P) makes its sourcing process linear, with cascade effects on food prices
and human and ecosystem health [66]. Considering an indicator that covers the source
of nutrients, distinguishing between newly industrially sourced nutrients and those de-
rived from recycled organic matter would integrate figures on ecological pressures with
information about the ratio of pressure to the nutrient cycle, both upstream (sourcing) and
downstream (pollution).

4. Discussion
Up to this stage, the validation process is partial, and further efforts are needed to test

the indicator list with real world data. Nonetheless, some inferences about its effectiveness
can already be made, considering their potential use in an ecolabelling system. Testing the
data burden aimed to assess the effort required from producers and its balance with the
effectiveness of the ecolabel for consumers in terms of market relevance. This provides the
basis for discussing both the strengths and limitations of the proposed framework.

The results about data availability, which appear to be balanced across the dimen-
sions, testify the objective of this paper—namely, integrating LCA with the WEFE Nexus,
while keeping the data and computational needs limited and manageable. Applying the
WEFE Nexus perspective requires tackling multiple and interconnected issues [26]. It
also requires overcoming traditional siloed approaches and adopting an interdisciplinary
perspective [16,32], while recognising the coupled nature of these sectors and their inter-
linkages [32]. To achieve this purpose, the proposed approach strives to highlight and
valorise interdimensional trade-offs and tensions, while keeping the indicators limited,
informative, and easily actionable in terms of data burden. Highlighting the tensions
among WEFE dimensions and endowing the assessment with local specificities can refine
the informativeness of an ecolabelling program that seeks to display the sustainability
performance of pasta production in the four WEFE dimensions.

To reflect the interconnected nature of the WEFE Nexus and move beyond a purely
sectoral perspective, the proposed framework does more than simply catalogue indicators:
it highlights their interdimensional tensions. Although each indicator is methodologically
assigned to a primary dimension for clarity of calculation, their application reveals the
trade-offs and synergies across different resource systems (Figure 3). As illustrated in the
schematic representation, the indicators act as bridges between dimensions. For example,
the Water–Ecosystem tension integrates quantitative withdrawals with impacts on ecolog-
ical quality, while the Energy–Food relationship maps the efficiency with which energy
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is transformed into vital nutrients. This representation presents the indicator set as an
integrated system capable of capturing the fundamental interdependencies of the Nexus.

 

Figure 3. Conceptual diagram of WEFE Nexus interconnections and tensions among indicators in
the pasta supply chain. The arrows illustrate the functional dependencies and display the inherent
tensions among the Water, Energy, Food, and Ecosystem dimensions.

The endeavour to highlight WEFE tensions lies in highlighting the relations among
different impacts linked to the use of the same resource within different dimensions. As
an example, the link between water consumption and water pollution, highlighted by
the tension among the indicators in the Water and Ecosystem dimensions, suggests how
exploiting the water resource can have different impacts of a different nature. Indeed,
quantitative and qualitative impacts are different, affecting different resources dimensions.
Again, the relationship between the Energy and Food dimensions strives to describe how
energy is manipulated and flows from energy sources to the final product, hence serving
its ultimate use of providing “vital” energy. This provides useful insights on the level
of efficiency in energy use, embodying the natural trade-offs of energy transfers in an
ecological perspective, in line with WEFE principles [23,25,67]. This ecological perspective
allows for highlighting room for improvement, potential synergies, and unexpected trade-
offs, spanning from industrial efficiency to the choice of the right crop for optimising
the energy transfer, water use, and nutrient selection. This perspective harnesses the
verticality of LCA—which normally focuses on environmental subsystems—with the Nexus
approach, which emphasises the need to consider interlinkages between resources [68].
Another tension highlighted by our framework comes from the Fertiliser Use indicator
(Food dimension) and the Overall Nutrient Circularity indicator (Ecosystem dimension).
This tension recognises the need for fertilisers to sustain food production, and its trade
off with food quality impoverishment and ecosystem degradation [54], encouraging the
use and re-use of organic fertilisers, along with circular practices. Attention was placed on
highlighting the role of food waste along the production chain. This because food waste is
deeply linked with the concept of the WEFE Nexus, as it translates in a multidimensional
waste of resources. In this regard, analysing the food-production life cycle through a WEFE
Nexus perspective is a promising step to reduce food waste and find novel solutions to
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address the problem [15]. This is supported by the findings of Castell Perez et al. [69]. The
authors conducted a review on food processing waste impact on the Nexus, highlighting
how robust frameworks like the LCA start to quantify the impacts on the WEFE Nexus but
are still neglecting the impact coming from food waste.

Another added value of the proposed framework comes from trying to refine the
displayed environmental pressures according to the actual resource availability of the
considered territory, something peculiar in the WEFE Nexus discourse [23,32]. This was
especially done for the Water dimension, in which indicators like the WEI+ and the AWARE
base their figures on the availability of water in a defined perimeter and the ecological
water flow needed to preserve the ecosystem linked to the specific water basin. Indeed,
considering local conditions in the LCA assures comparability and prevents impaired
comparisons [70]. This is relevant for the Energy dimension, which is greatly linked to the
local energy provision mix [70], and for the Water dimension. As described by Mir et al. [71],
the provision of a unit of water has extremely different impacts from one place to another.
As a result, including local specificities is crucial for the purpose of LCA comparability,
especially if the complexity of the WEFE Nexus is considered.

At the same time, the number and complexity of the indicators was kept limited,
to encourage adoption of a potential ecolabeling scheme. Indeed, one of the biggest
obstacles to adoption comes from the expected complexity and the related costs when it
comes to data collection and computation. Ghazzai et al. [72] demonstrated that ecolabels
requiring a excessive information tend to discourage businesses adoption, because they
require high costs and bureaucratic effort. On the contrary, an effective ecolabel should
balance information transparency and a clear economic convenience [72]. This is the reason
why simple indicators were selected, partially overlapping with a regular EPD ecolabel.
This provides producers with a reworked version of a framework they have confidence
with [6,14,15], while endowing it with the multidimensionality and integrative perspective
of the WEFE Nexus.

Concerning the organisation of the indicators in an ecolabelling scheme, some consid-
eration must be given with respect to information clarity and effectiveness for consumer
signalling. Consumers use ecolabels as a decision-making support tool, but their under-
standing and willingness to adopt ecolabels is crucial for their success [1]. Consumers’
adoption of an ecolabel is strongly linked to their ability to understand what the purpose
of the ecolabel is, along with their motivation to align with the same purpose [1].

Thereby, consumers’ attention toward ecolabels is stimulated when they have con-
fidence with and knowledge about the matter of concern [1,18]. This requires providing
them with information that is easy to interpret in a limited time, and thus limited in quan-
tity and complexity [20]. This justifies the aim of limiting the number of indicators and
their complexity, limiting difficult ratios and models. Moreover, spreading the impacts
among the four WEFE dimensions avoids overwhelming consumers with technical termi-
nology [20]. In a paper conducting focus groups with consumers, Hay et al. [20] found that
the assignment of general categories such as ‘air, land, and water’ was appreciated, as it
facilitates immediate understanding and comparability. This proved particularly effective
when assessments were expressed through simple scales such as ‘good, medium, bad’,
benchmarked with industry standards [20].

Given these findings, and provided that the proposed indicator list adheres to these
principles of effectiveness and simplicity, the progression toward an ecolabelling scheme
should normalise the results for each dimension using a simple scale, while also combining
them into a single, univocal WEFE performance indicator.
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5. Limitations and Future Research
This study adopts an exploratory approach, which is appropriate given the limited

academic consensus and the scarcity of literature on the topic. The aim is to foster con-
vergence among expert opinions. Yet, methodological limitations remain, particularly
regarding direct weighting within the Delphi method. This approach is further constrained
by the potential bias of experts, which stems from their direct involvement in and prior
engagement with the topic. Future research could mitigate these limitations by employing
more advanced hierarchical weighting techniques, such as AHP or SWARA, applied to
more heterogeneous focus groups to reduce bias and enhance representativeness.

Moreover, while this study explores novel ways to integrate the WEFE Nexus into
life-cycle-based ecolabels, thorough validation with real world data is still missing. Future
research should therefore not only validate the proposed indicator set but also assess the
market appeal of a potential ecolabel from the perspective of enterprises. At the same
time, the ecolabel must be designed to remain informative for consumers. This requires the
development of benchmarking methods that present performance in a simplified manner
(e.g., good, medium, bad) across each dimension, and that can be aggregated into a single,
univocal WEFE performance indicator.

In doing so, further research should extend this framework to other sectors, en-
suring that it becomes generalisable beyond the specific contexts examined here. Such
efforts would help transform the ecolabel into a commercially viable and technically
actionable instrument.

6. Conclusions
The present manuscript harnesses the Circular Economy framework to advance life

cycle assessment (LCA). It proposes a set of indicators to be integrated into a WEFE perspec-
tive for the development of an ecolabelling scheme in pasta production. By embedding the
principles of the Circular Economy, the framework complements conventional assessments
of food products’ environmental footprint. It does so by adding an integrated and holistic
view of the pressures exerted on WEFE resource systems.

For this purpose, a set of experts were engaged by means of a Delphi protocol. The
experts were asked to directly weight a set of indicators according to their significance
within the framework of a consumer-oriented ecolabel. The process successfully stimulated
consensus among the experts, facilitating convergence on several items. In the end, we
selected a total of 23 indicators covering the four WEFE dimensions. The validation process
was based on the data requirements for indicator fulfilment, grounded in the additional
data needed compared to a regular LCA, with the purpose of appreciating both the data
burden and the innovative drive of our indicator set.

The proposed framework demonstrates that the Circular Economy offers a valuable
lens to integrate life cycle assessment (LCA) with the WEFE Nexus. By emphasising the
unity and integrity of resource flows, it stimulates an ecological perspective that highlights
trade-offs, synergies, and local specificities. This approach addresses interconnected is-
sues such as water use, energy efficiency, nutrient cycles, and food waste, while keeping
indicators limited and manageable. In this way, the framework balances transparency
and feasibility, encouraging both producer adoption and consumer understanding of
ecolabelling schemes.

At the same time, the study shows that LCA can be effectively combined with the
WEFE Nexus. The verticality and specificity of LCA, traditionally focused on environmental
subsystems, can be positively integrated with the holistic and interdisciplinary nature of the
Nexus approach. This integration refines the assessment of sustainability performance by
capturing interdimensional tensions and resource interlinkages, while remaining accessible
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through simplified indicators. Such convergence paves the way for ecolabelling schemes
that are both scientifically robust and practically actionable, enhancing their role as tools
for ecological transition in food production.
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