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Abstract

Freshwater scarcity is an increasing concern for agricultural systems, making water foot-
print (WF) assessment an important tool for evaluating water use in crop production and
supporting sustainable water resource management. Two main methodological approaches
are widely used: the water footprint network (WFN) framework and Life Cycle Assess-
ment (LCA)-based approaches. This review synthesizes 27 peer-reviewed studies that use
tomato production as a representative case study to compare the two approaches across
methodological frameworks, geographical contexts, production systems, system bound-
aries, functional units, and research objectives. The reviewed studies revealed substantial
methodological heterogeneity, with WFN representing the predominant approach, whereas
LCA-based applications remained comparatively limited. WEN was primarily applied
to quantify water use and identify water-use hotspots, whereas LCA-based approaches
focused on evaluating the potential environmental impacts of water consumption under
local water-scarcity conditions. The review also highlights the ongoing debate surrounding
scarcity-weighted indicators and the interpretation of water footprint results. Reported
water footprint values varied considerably due to differences in climate, irrigation manage-
ment, crop productivity, system boundaries, and methodological assumptions, particularly
in the calculation of gray water footprint. Overall, the findings indicate that WEN and
LCA-based approaches provide complementary perspectives on freshwater sustainabil-
ity. Their combined application can support more comprehensive water assessments and
better-informed decision-making in agricultural systems, while greater methodological
harmonization is needed to improve the comparability of future studies.

Keywords: water footprint; life cycle assessment; freshwater scarcity; tomato production

1. Introduction

Freshwater is a fundamental natural resource that supports human well-being, ecosys-
tem functioning, agricultural production, and economic development [1]. However, increas-
ing demand associated with population growth, food production, industrial development,
and urbanization is intensifying pressure on freshwater resources worldwide [2,3]. Conse-
quently, water scarcity has emerged as one of the most pressing environmental challenges,
particularly in regions where water withdrawals exceed natural replenishment rates [3].

Agriculture plays a central role in this context, representing one of the most water-
intensive economic sectors and a major contributor to freshwater consumption and degra-
dation [4,5]. The challenge is especially relevant in Mediterranean countries, where recur-
rent droughts, increasing temperatures, and growing competition among water users are
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expected to further exacerbate water scarcity conditions [6]. The growing concern surround-
ing sustainable water management is reflected in Sustainable Development Goal 6 (SDG 6),
which promotes improvements in water-use efficiency and freshwater conservation [7].

Among the methodologies developed to assess freshwater appropriation, water foot-
print (WF) assessment has emerged as one of the most widely adopted tools for quantifying
water use and its environmental implications [8,9]. By accounting for freshwater consump-
tion and degradation across supply chains, WF supports the identification of water-use
hotspots and the development of more sustainable management strategies [3,10]. Despite
its widespread adoption, WF assessment exhibits substantial methodological diversity.
Two major approaches currently dominate the field: the water footprint network (WFN)
framework, based on the volumetric accounting of blue, green, and gray water resources [8],
and life cycle assessment (LCA)-based approaches developed under ISO 14046, which
evaluate the potential environmental impacts associated with freshwater use through char-
acterization factors [11,12]. Although both approaches are commonly referred to as water
footprint methodologies, they differ in their conceptual foundations, assessment proce-
dures, and interpretation of results, often providing complementary rather than directly
comparable information [13]. A major point of divergence concerns the incorporation of
local water scarcity into WF indicators. While LCA-based approaches increasingly rely on
scarcity characterization methods such as AWARE [14], the suitability of scarcity-weighted
indicators remains debated within the scientific community [15-17].

Tomato production represents a particularly suitable case study for investigating these
methodological differences. Tomatoes are among the most important horticultural crops in
Mediterranean agriculture and are predominantly cultivated in regions frequently affected
by water stress [6,18,19]. Moreover, tomato production systems have been extensively
assessed using both WFN- and LCA-based approaches, providing a robust empirical basis
for methodological comparison [20-22].

Although previous studies have compared specific aspects of WEN- and LCA-based
methodologies [13,23], a comprehensive synthesis of their applications within a common
agricultural context remains lacking. Furthermore, despite increasing recognition that
the two approaches should be viewed as complementary rather than competing frame-
works [24], practical guidance regarding their interpretation and use remains fragmented.
Therefore, this study presents a systematic literature review (SLR) of water footprint as-
sessments applied to tomato production systems, with the primary objective of critically
comparing WEN and LCA-based methodological paradigms. Specifically, the review aims
to: (i) analyze the conceptual foundations and methodological assumptions underlying
the two approaches; (ii) examine how they have been applied across tomato production
systems and supply chains; (iii) identify their respective strengths, limitations, and areas
of complementarity; and (iv) discuss their implications for supporting sustainable water
management and decision-making under increasing water scarcity conditions. By synthe-
sizing the available evidence, this review seeks to contribute to the ongoing methodological
debate surrounding water footprint assessment and provide guidance for future research
and practical applications in the agricultural sector.

2. Theoretical Framework for Water Footprint Assessment
2.1. Evolution of the Water Footprint Concept

The origins of WF assessment can be traced back to the concept of “virtual water”,
introduced by Allan during the early 1990s while investigating water scarcity in the
Middle East and North Africa [25]. Virtual water refers to the volume of freshwater
embedded in commodities and traded through international markets, highlighting how
water-scarce countries effectively import water by purchasing agricultural products
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produced elsewhere. Although influential in policy and water governance debates,
the concept initially lacked a standardized quantitative framework. Building upon
Allan’s work, Hoekstra introduced the concept of the water footprint in the early 2000s
as a comprehensive indicator for quantifying freshwater appropriation by products,
individuals, companies, and nations [26]. This transition transformed the virtual water
concept from a qualitative perspective on water trade into an operational assessment
framework applicable across different spatial scales.

2.2. The Water Footprint Network Framework

A major methodological milestone was achieved through the development of the WFN
framework, consolidated in the Water Footprint Assessment Manual [8]. This approach
formalized the distinction among green, blue, and gray water components, enabling the
separate quantification of different forms of freshwater appropriation and pollution. Its
primary objective is to quantify freshwater consumption and pollution across supply chains
and subsequently evaluate their sustainability within the hydrological context in which
water is used. The three-component structure that became the WFN’s defining contribution
is as follows:

e  Blue water footprint: This represents the consumption of surface and groundwater. In
agriculture, this generally refers to the volume of water evaporated during irrigation
or used for the dilution and application of fertilizers and pesticides [27].

e  Green water footprint: This refers to the precipitation stored in the soil as mois-
ture, which is eventually consumed by crops through evapotranspiration [27]. It
represents the “on-site” water consumed by plants that does not become runoff or
recharge groundwater [28].

e  Gray water footprint: This is an indicator of freshwater pollution. It is defined as the
volume of freshwater required to assimilate a load of pollutants to the point that the
water quality remains above specific water quality standards [29]. In agriculture, this
is primarily associated with the volume of water needed to dilute nutrient leaching
(specifically nitrogen) from fertilizers into soil and aquifers [30].

2.3. The Emergence of LCA-Based Water Footprint Assessment

While the WEN framework was becoming established, the LCA community was
developing alternative approaches for evaluating freshwater use within the ISO 14040/44
framework [31,32]. Unlike volumetric accounting approaches, LCA scholars argued that
water consumption should be interpreted in terms of its potential environmental con-
sequences, which depend strongly on local water availability conditions. The parallel
development of these approaches ultimately led to the publication of ISO 14046 in 2014 [11],
which established internationally recognized principles and guidelines for water footprint
assessment from a life-cycle perspective. Under this framework, water consumption inven-
tories are translated into potential environmental impacts through characterization factors,
allowing freshwater use to be integrated into broader environmental assessments alongside
climate change, eutrophication, and other impact categories.

2.4. Convergence and Methodological Divergence

The coexistence of the WFN and LCA-based approaches has generated one of the most
important methodological debates in water footprint research. Although both frameworks
aim to support sustainable freshwater management, they operate at different stages of the
assessment process (see Table 1). According to Boulay et al. (2013) [13], the WFN frame-
work primarily focuses on inventory-based volumetric accounting, whereas LCA-based
approaches focus on impact assessment using characterization factors. Consequently, the
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two methodologies often answer different questions. WFN emphasizes transparency in
freshwater appropriation and supply-chain analysis, while LCA-based approaches seek to
quantify potential environmental impacts associated with water consumption under spe-
cific local conditions. Increasingly, scholars have suggested that these approaches should
be viewed as complementary rather than competing frameworks, as they provide different
but mutually informative perspectives on freshwater sustainability. To avoid misleading
comparisons, this review deliberately refrains from a direct quantitative comparison of
absolute WF values across the cited literature. Volumetric metrics and impact-oriented LCA
methods evaluate fundamentally different indicators and are not mathematically compara-
ble. Furthermore, raw WF values are highly sensitive to local spatial and temporal variables
(e.g., regional climate, irrigation systems, and local water scarcity). Without systematic
methodological and contextual harmonization, comparing absolute magnitudes across
diverse studies is unsound; thus, this work focuses strictly on analyzing the conceptual
frameworks, applicability, and interpretive differences in these assessment methodologies
in tomato production.

Table 1. Main methodological differences between WEN and LCA-based water footprint assessment.

Aspect WEN LCA-Based
Primary objective Water appropriation accounting Environmental impact assessment
Assessment stage Inventory Impact assessment
Main indicator Green, Blue, Gray WF Water scarcity footprint
Unit m> water m? world-eq/m? deprived
Green water Included Not included
Gray water Included Generally, not included
Local water scarcity Assessed separately Embedded in characterization factors
Main application Water resource management Product environmental comparison
Main strength Transparency and traceability Environmental relevance
Main limitation Limited impact interpretation Reduced physical transparency

Adapted from [11-13,24].

3. Research Methodology

This study employed an SLR to synthesize findings from research addressing WF
assessments for tomato crops. Specifically, tomatoes account for approximately 27% of
Europe’s total fresh vegetable production, with more than 60% harvested in Italy and Spain.

Adopting the SLR framework proposed by Do et al. (2021) [33], which builds upon
the seminal work of Tranfield et al. (2003) [34], this review was organized into two
primary phases:

e  Material collection: This phase involves identifying a representative set of keywords,
constructing search strings, and selecting the academic databases for exploration.

e  Material selection and evaluation: To establish the final review sample, the initial
results were filtered through a rigorous application of predefined inclusion and
exclusion criteria.

3.1. Material Collection

The keywords were strategically selected to represent the core research themes and
identify scientific contributions aligned with the objectives of this SLR. To ensure high
scientific rigor, these keywords were queried in Scopus. This platform is widely recognized
as one of the most comprehensive databases for the peer-reviewed literature, offering the
broadest coverage of high-impact scientific papers [33]. Furthermore, the database features
a high density of journals within the specific fields that are relevant to this study, including
‘Environmental Science’, “‘Commodity Science’, and ‘Engineering’ [35,36]. Following the
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approach of Do et al. (2021) [33], results from multiple studies in the database were
merged to maximize the detection of relevant contributions and ensure a rigorous selection
process for the final review sample. To identify the relevant literature, a series of Boolean
searches were conducted by combining specific keywords with the “AND’ operator to
refine the results. Following the methodology of Do et al. (2021) [33], keywords were
organized considering terms related to water use, including “water footprint”, “freshwater
degradation”, “freshwater use”, “freshwater depletion” and “LCA water” and “tomato”
crop (e.g., “water footprint” AND “tomato”). The search was applied to the “Article
title, Abstract, Keywords” field in Scopus and was conducted in April 2026 with no time
restrictions, and it was limited to research articles.

3.2. Material Selection and Evaluation

As previously noted, this phase involved a multi-stage screening process based
on specific inclusion and exclusion criteria, following the methodologies of Do et al.
(2021) [33]. To ensure consistency and minimize selection bias, the search, screening, and
selection processes were executed by both authors and critically verified by the second
author (L.L.). Disagreements regarding study eligibility or thematic classification were
resolved through collaborative discussion and consensus. The selection process was
conducted as follows:

1. Language and peer-review: Only peer-reviewed articles published in English
were considered.

2. Document type exclusion: Book chapters and conference proceedings were excluded
due to potential inconsistencies in accessibility and data extraction.

3. Keyword de-duplication: Instances where different keyword combinations returned
the same article were reconciled by counting the paper only once.

4. Abstract screening: An initial screening was conducted at the abstract level. Articles
were included if they assessed indicators related to water consumption or degradation
for the selected crop. Studies featuring these indicators in holistic or integrated assess-
ments were also included, as were papers in which crop cultivation was analyzed as
part of a larger food supply chain or alongside other agricultural products.

5. Full-text analysis: Papers meeting the criteria in steps 3 through 4 were retrieved in
full and thoroughly reviewed to ensure their alignment with the research objectives.
Papers were evaluated based on the clarity of their methodological descriptions, the
completeness of their reported crop-water footprints or degradation metrics, and their
alignment with our core research objectives. Papers lacking clear methodological
baselines were excluded.

6.  Snowballing (reference scanning): The references of the selected papers were scanned
to identify any additional relevant studies that may have been missed during the
initial search.

3.3. Data Extraction and Classification

For each selected article, a structured data extraction procedure was conducted to
ensure consistency in comparing methodological approaches and reported outcomes. Fol-
lowing previous systematic review studies in the field [33,35], information was collected
regarding: (i) publication characteristics (authors, year of publication, and study location);
(if) the production system investigated (open-field, greenhouse, hydroponic, or processing
systems); (iii) the system boundaries adopted for the assessment (primary production,
processing); (iv) the methodological framework applied, including WFN and LCA-based
approaches; (v) the functional unit; (vi) the water footprint components considered (green,
blue, gray, or scarcity-based indicators) and the main quantitative results reported by each
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study; and (vii) the main objective of the studies. To facilitate a comparison between
methodological paradigms, particular attention was devoted to determining whether water
use was assessed using volumetric accounting approaches or impact-oriented characteri-
zation methods that incorporate local water scarcity conditions. Additional information
regarding the objectives of the studies, water management scenarios, climate change assess-
ments, irrigation strategies, and supply-chain stages included within the system boundaries
was also extracted when available. The extracted information was subsequently used to
classify the reviewed literature according to the methodological approach, geographical dis-
tribution, production system, water footprint components assessed, and primary research
objectives. This classification enabled a systematic comparison of the strengths, limitations,
and practical applications of WFN and LCA-based water footprint methodologies in tomato
production systems.

4. Results and Discussion
4.1. Overview of the Reviewed Literature

The initial number of results retrieved from Scopus for each keyword combination
and the application of these criteria are detailed in Table 2.

Table 2. Number of papers found with keyword combinations and relative screening.

Keywords Boolean Operator + Crop Raw Results Abstract Screening Full-Text Analysis
Water footprint 124 31 23
Freshwater use 193 12 9
Freshwater depletion AND 8 2 2
Freshwater degradation 7 0 0
LCA water Tomato 89 12 11
Total 421 57 45
Total (without duplicates) 351 36 27

As shown in Table 2, the initial search results were predominantly retrieved using the
“freshwater use” keyword combination (55% of the total), followed by “water footprint”
(35%). However, the abstract screening reversed this trend, revealing that most relevant
results fell under the “water footprint” category. According to the authors, this shift may
be attributed to the comprehensive, integrated approach that the WF framework offers in
accounting for and assessing freshwater consumption and degradation issues. Through the
selection process, a final sample of 27 articles published between 2009 and 2025 was selected
from the total 421 papers listed in Table 2. This sample aligns with the aim of this review,
represents the currently available specialized literature, and provides a comprehensive

overview of WF assessments for tomato crops.

Paper Classification

The articles found were classified by publication year (Figure 1) and aggregated
across the different screening selections. From Figure 1, there is evidence that although
no temporal restrictions were imposed, the first published study on WF was published
in 2009. Additionally, a remarkable increase in the number of published papers was
observed overall during 2013-2025, with the highest values being between 2021 and 2025,
highlighting growing interest in research on agricultural WF.
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Figure 1. Yearly distribution of the paper published from 2009 to 2025 about WF (dark blue), after
abstract screening (orange) and full-text analysis (dark green).

The collected papers span a wide range of journals across scientific areas, including
environmental sustainability, LCA, water resource management, and agriculture and food
production. However, the paper distribution looks to this author team to be quite uneven,
considering that the ‘Journal of Cleaner Production” accounts for almost 20% of the articles
included in this review, thereby proving the increasingly dominating role of this journal
in such a rapidly advancing field of water footprinting. Moreover, information on the
countries where the studies were conducted was reported to help identify the spatial
dimension of freshwater use. In this regard, papers relate to 13 countries, with most studies
concentrated in the Mediterranean basin (65% of the total), particularly in Italy (27%)
and Spain (15%). Consistent with this study’s aim, this confirms what was stated in the
previous section regarding the relevance and representativeness of the crop chosen for
the review. Along with this, following [35], detailed information such as study area, WF
assessment method, type of water use (whether it is consumptive or degradative), system
investigated, and several other elements was extrapolated from the papers reviewed
and tabled to summarize the most relevant and representative overall findings from this
review. Moreover, to establish the WF concept in the context of a supply chain, the authors
examined the system boundaries of the reviewed case studies and highlighted all supply
chain steps considered in the WF assessment.

4.2. Objectives and Findings of the Papers Reviewed

Tomatoes are increasingly a significant component of human diets due to their nu-
tritional and nutraceutical properties, including vitamins and antioxidant compounds
such as lycopene and anthocyanins. In addition, in the Mediterranean region, tomatoes
are part of the local cultural identity, particularly given their close association with pasta
consumption [37]. A comparison between the selected papers is reported in Table 3.
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Table 3. List of papers selected, specifying authors, location, system boundaries, production system,

main objective.

adopted methodology, functional unit, indicator and

System Production . . LCA-Based Primary Research
Authors Study Area Boundaries System Approach Functional Unit Green WF Blue WF Gray WF Indicator Objective
Page etal., 2011 [38] Australia Primary Open field WEN, LCA L/kgof FT and - 21-16 - 3207 Methodological
production Leq/kg of FT comparison
Ch . . Primary ) Methodological
apagain & Orr, 2009 [20] Spain production Open field WEN L/kgof FT 13.6 60.5 7.2 - development
Evangelou et al., 2016 [39] Greece prr’()rg;‘:trign Open field WEN L/kg of FT 1.84-49.71 6.10-68.23 10.24-42.65 - WEF quantification
Page etal., 2012 [40] Australia pf;é‘;fégn Open field LCA Leq/kg of T - - - 497-52.78 S::;:;‘:f;ﬁty
Colombia (NF) Primar; WEN . . 7 B Water pollution
Giletal., 2017 [41] Colombia (PF) pro ducti}c]m Open field WEFN L/kg of FT - - 6182.1 - assessmerlft (Gray WF)
Colombia (P) WEN - - 2322 - y
Almeida et al., 2014 [21] Northern Italy pgéil:é}(;n Greenhouse WEN L/kgof FT - 91 31.6 - S::;:g;i?éﬁ:y
. Greenhouse - 63.6 21.5 -
Primary _—
Ramirez et al., 2015 [42] Mexico production ;f:;;ﬁgﬁ:{i WEN L/kg of FT 29.8 6.3 10.8 Scenario analysis
Processing Drying 5 10
) m?3/ton of FT (WF) Sustainability
Maaoui et al., 2021 [43] Tunisia E&T?t%n Greenhouse \]C\/(l;? m3 eq/ton of FT - - - 1.33 assessment/scenario
P (WRD) analysis
Payen etal., 2015 [44] Morocco pgggj&gn Greenhouse LCA Leq/kg of FT - - - 27.93 s;l:;zisr:f;ﬁ:y
Primar Open field, Production system
Platis et al., 2021 [45] Greece o ductign Greenhouse and WEN L/kgof FT - - - - com arisZn
P Hydroponic P
. , Primary Ecological and Production system
Taipe Velasco et al., 2018 [46] Ecuador WEN L/kgof FT 1.5-34.4 20.76-87.54 0.11-259 -
v production conventional plots ’ ’ ’ ’ : comparison
Primary Supply chain
Manfredi & Vignali, 2014 [47] Italy production and Open field WEN L/700 g puree 54.5 34.6 15.7 - asgSsZment
processing
. ’ . . Primary Greenhouse LCA L/kg FT (FWU) - - - - Supply chain
Winans et al., 2020 [48] California production and Greenhouse LCA L/kg processed ) . . B assessment
processing tomatoes (FWU)
. ) . Primary Sustainability
Irabien & Darton, 2016 [49] Spain production Greenhouse WEN L/kgof FT - 66 121 - assessment
Ventrella etal., 2018 [50] Italy prporcllrl’;‘ft%n Open field WEFN L/kg of FT 508-579 - Cl;gi;ii‘:;ge
Aldaya & Hoekstra, 2010 [51] Ttaly pf;g;‘caégn Open field WEN L/kgof FT 35 60 19 - WF quantification
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Table 3. Cont.

System Production . . LCA-Based Primary Research
Authors Study Area Boundaries System Approach Functional Unit Green WF Blue WF Gray WF Indicator Objective
Hossain et al., 2021 [52] Australia Primary Open field WEN L/kgof FT 136.2 64.4 11.7 - WF quantification
production
Primar Irrigation
Parada et al., 2021 [53] Spain Y Greenhouse WUE L/kgof FT - 48.7-75.2 - - management
production
assessment
Primar Fertilization
Maffia etal., 2023 [54] Italy Y Open field WFN L/kgof FT 34.2-42.2 45.6-56.7 0.0-0.4 - management
production
assessment
Crovella et al., 2022 [55] Italy Primary Open field WEN L/kg of FT 13.8 36.5 219.4 - Climate change
production assessment
Primary WEN 265-283 Water p
W: tal., 2023 [56 i ; Open field S —— L/kgof FT management/food
angeta [56] China production pen fie GWI /kgo 255-272 securi;gy assessment
Primar Irrigation
Egeaetal., 2024 [57] Spain Y Open field WEN L/kgof FT 6.7-8.7 21.9-40.4 8.8-95.6 - management
production
assessment
Khaskhoussy et al., 2024 [58] Tunisia Primary Open field WEN L/kg of FT 162 718 50.9 - Climate change
production assessment
Bazarfshan et al., 2022 [59] Iran Primary Open field WEN L/kg of FT 1.5-38.8 146.2-638 86.8-771.6 - Sustainability
production assessment
Botello-Aguillon et al., . Primary X e
2024 [60] Mexico production Open field WEN L/kgof FT 46.7 195.9 50.1 - WF quantification
Wyngaard & Kissinger, Primary . B _ B ~ e
2022 [61] Israel production Open field WEFN L/kgof FT 79-116 WF quantification
Primar Irrigation
Tacuzzi et al., 2025 [62] Italy 4 Y Open field WFN L/kgof FT 2.5-5.4 23.5-44.9 6.2-9.1 - management
production assessment

Note: WEN = water footprint network; LCA = life cycle assessment; WF = water footprint; NF, PF, and P = nitrogen and phosphorus fertilizer and pesticides, WUE = water use efficiency.

“_n

indicates that the corresponding WF component or indicator was not assessed or reported in the original study. Numerical values and units are reported according to the functional

units and methodological frameworks adopted in the original studies. WFEN-based volumetric WF values and LCA-based impact indicators represent conceptually different metrics and
are therefore not directly comparable. Even within the same methodological framework, direct comparison may be limited by differences in system boundaries, geographical and
hydroclimatic contexts, production systems, and methodological assumptions.
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4.2.1. Methodological Comparison Between WEN and LCA

Overall, Table 3 highlights the substantial methodological and contextual heterogeneity
among studies on tomato production across geographical conditions, production systems,
system boundaries, functional units, indicators, and research objectives. The methodolog-
ical classification shows a clear predominance of the WEN approach, with LCA-based
methods applied in fewer studies, and only a few studies considering both methodological
frameworks. This imbalance confirms that volumetric water footprint accounting remains
the most frequently applied approach in tomato production, whereas impact-oriented
methods are less represented in the available literature. Functional units were generally ex-
pressed per mass of fresh tomatoes, most frequently as liters per kilogram of fresh product.
However, some studies adopted different functional units depending on their method-
ological frameworks, system boundaries, or the products considered, including processed
tomato products and LCA-based equivalent units. This heterogeneity limits the direct
quantitative comparison and statistical aggregation of reported WF values but provides
a relevant basis for identifying recurring methodological patterns, application contexts,
and research gaps. Overall, the findings emphasize that the selection and interpretation
of WF indicators should be consistent with the specific research objective, geographical
and production context, and intended application of the assessment. Most studies focused
on WF quantification (22%), followed by methodological development/comparison (15%),
irrigation management (11%), climate change assessment (11%), and supply-chain anal-
yses (11%). Only a limited number of studies explicitly compared WFN and LCA-based
approaches, highlighting the need for a more comprehensive synthesis of methodological
implications. Among the papers using WEN methodology, Chapagain and Orr (2009) [20]
were the first to analyze the WF of tomatoes. Their research aimed to link European
Union (EU) tomato consumption to specific production sites in Spain, thereby refining WF
methods to better account for local growing conditions and addressing broader questions
regarding water-resource responsibility. Ultimately, the authors confirmed that the impact
of EU consumption on Spain’s water footprint is highly location-specific, dictated by local
soil, climate, farming practices, water scarcity levels, and overall production volumes.

The reviewed studies reveal considerable variability not only in the WF methodology
applied and in the WF values, but also in the selection of water footprint components
included in the assessment. Only a subset of studies simultaneously quantified Blue, Green,
and Gray WE, whereas many focused on one or two components in line with their research
objectives. Some studies (13) quantified all three components, whereas others focused
on one (5) or two components (3) based on their research objectives and data availability.
Blue and Gray WF were considered in sixteen studies: the first was considered in those
reflecting the importance of irrigation water in tomato production, while the second was
particularly relevant in studies addressing fertilizer use, pollution, and water quality [41,54].
Green was reported in fifteen studies, showing substantial variability across production
systems and geographical contexts, and was excluded in greenhouse-based studies. The
highest Green WF values were reported by Hossain (2021) [52], with results exceeding the
global average (108 L/kg of FT). The substantial variability in Green and Blue WF values
among the investigated fields reflects differences in irrigation volumes, crop yields, and
site-specific environmental conditions. In general, fields receiving larger irrigation volumes
tend to rely more strongly on Blue Water, while the relative contribution of Green Water
is lower. Conversely, fields with lower irrigation inputs may show a greater contribution
from Green WF, as a larger proportion of crop evapotranspiration is met by effective
precipitation and soil-stored rainfall. This pattern is particularly evident when comparing
fields located under different site-specific conditions, like those shown in the study by
Evangelou et al. (2016) [39], in which farms representative of the main agro-climatic zones
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and soil texture classes within the river basin have been selected, and where variations
in rainfall distribution, soil water availability, and irrigation requirements influence the
relative contribution of Green and Blue Water [39]. Similarly, the study conducted in
Ecuador [46] reported substantial variability in WF values, which cannot be attributed
solely to geographical and hydroclimatic differences among production areas but also to
differences in tomato field management practices (agro-ecological vs. conventional). A
similar variability was observed in Iran [59], where WF components differed substantially
among tomato-producing areas, with much wider variations in Blue WF and Gray WF.
Variable results were reported [50] for tomato production in the Apulia region of southern
Italy, where climate scenarios, soil properties, and geographical location strongly influenced
water requirements, yield, and WF values. The northern area, characterized by higher
temperatures and lower rainfall, showed a lower contribution of Green Water to crop
evapotranspiration and a progressively greater dependence on Blue Water. Consequently,
Blue Water requirements and total WF increased from the southern to the northern part
of the region and from the baseline scenario to the most severe climate-change scenario.
Soil characteristics also contributed to the observed variability. Sandy soils exhibited
higher Blue Water requirements and WF values due to their lower water-retention capacity,
greater drainage losses, and lower crop yields. Yield emerged as a particularly important
determinant of product-based WF values: the relatively low WF values simulated in the
study were largely attributable to the high tomato yields obtained under full irrigation
and non-limiting nitrogen conditions. Studies addressing irrigation management further
showed that changes in irrigation technologies and strategies may affect WF results through
their combined effects on water consumption and crop yield [53,57,62]. This confirms that
differences in WF cannot be interpreted solely in terms of water consumption, as the
indicator expressed per unit of product is strongly affected by crop productivity.

Overall, the reviewed studies consistently indicate that differences in Green and Blue
WEF are primarily driven by the interaction between climate, irrigation management, soil
characteristics, and crop yield, rather than by geographical location alone. The wide
range of Gray WF values indicates the influence of fertilization practices, crop produc-
tivity, and local conditions affecting pollutant assimilation requirements. Among the
studies, the dividing line is methodological. Most of them compute a gray term from a
pollutant-dilution load—usually nitrogen leaching—whereas LCA-style studies do not
handle pollution through impact categories or at all. Two main observations emerge.
First, Egea et al. (2024) [57] was the only study to estimate Gray WF using site-specific
nitrogen leaching rather than assuming a fixed leaching fraction. Second, the relative
contribution of Gray WF varied considerably across the reviewed studies—ranging from
negligible values (0.96 L/kg; Taipe Velasco et al. [46]) to dominant contributions (327 L/kg
on average; Bazarfshan et al. [59])—largely reflecting differences in pollutant selection and
methodological assumptions rather than intrinsic differences among production systems.
In most of the reviewed studies, Gray WF was estimated by considering only nitrogen
leaching, consistent with the standard WFN methodology. For example, Maffia et al. [54]
explicitly stated that only nitrogen fertilizers were included in the Gray WF calculation,
following Hoekstra et al. (2011) [8] and the EU Nitrates Directive. Similarly, Chapagain
and Orr [20] calculated Gray WF based on nitrate dilution requirements, whereas Egea
et al. [57] estimated Gray WF using site-specific nitrogen losses through deep drainage.
Under this approach, Gray WF is primarily influenced by nitrogen application rates, the
assumed or measured leaching fraction, and crop yield. Consequently, studies adopting a
nitrogen-only approach generally reported relatively low Gray WF values, as illustrated by
Maffia et al. [54] (0.04-0.39 L kg 1).
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Most reviewed studies estimated Gray WF by considering only nitrogen leaching.
However, Gil et al. [41] demonstrated that when phosphorus is included in the assessment,
Gray WF values may increase substantially, owing to the more stringent water quality
thresholds adopted for phosphorus. They report Gray WFs of 79, 6182, and 223 m3/t for
nitrogen, phosphorus, and pesticides, respectively—phosphorus is roughly 78 x larger than
nitrogen [41]. Among the reviewed studies, only Gil et al. [41] explicitly quantified the
contribution of pesticides to Gray WF. The authors reported a pesticide-related Gray WF of
223 m3/t, with the highest observed variability (coefficient of variation ~ 615%) among
the pollutants considered. Although these results indicate that pesticides may contribute
substantially to Gray WF under intensive chemical management, the evidence is currently
limited to a single study and therefore does not support broader generalizations across
tomato production systems. In arid/saline or industrial systems, the “pollutant” is not
a nutrient at all. Ramirez’s dried-tomato chain defines gray around chloride dilution (to
limit blossom-end rot) and citric-acid processing residue rather than fertilizer leaching, and
Khaskhoussy’s saline-irrigation study has gray and total WF rising with irrigation salinity
under climate scenarios. Here, salinity, not fertilizer, drives the gray term.

The analysis underscores the critical need for a standardized approach to incorporating
pollutants into GWF calculations. Overall, these findings emphasize that both geographical
context and field management practices must be considered when interpreting differences
in WF values among tomato production systems. Therefore, the observed variability con-
firms the spatially explicit nature of WF assessment and demonstrates that WF components
should be interpreted in relation to local hydroclimatic conditions, irrigation management,
and crop yield rather than being compared solely based on their absolute values.

The four LCA-based studies [38,40,43,44], adopted impact-oriented indicators that
differ conceptually from the volumetric indicators used within the WFN framework. Rather
than quantifying the volume of water consumed, three of these studies [38,40,43] assessed
the potential environmental consequences of water use by incorporating local water scarcity
through characterization factors or broader impact assessment methods. However, the
limited number of LCA-based studies, together with differences in impact indicators,
functional units, and system boundaries, prevents a direct quantitative comparison of
their results. Page et al. (2011) [38] compared volumetric water-use efficiency with a
scarcity-weighted water footprint, demonstrating that the two approaches may lead to
opposite conclusions because the latter accounts for local water availability. Similarly, Payen
et al. [44] applied a scarcity-based characterization method, expressing freshwater use in
H,0O equivalents, thereby assigning different environmental relevance to water consumed
under contrasting hydroclimatic conditions. Conversely, Maaoui et al. [43] assessed water
use within a broader ILCD midpoint framework, considering water resource depletion
as one of several environmental impact categories rather than as a stand-alone scarcity
indicator. Further differences concerned the level of impact assessment. While Page et al.
(2011) [38], Payen et al. [44], and Maaoui et al. [43] remained at the midpoint level, Page
et al. (2012) [40] combined water use and greenhouse gas emissions at the endpoint level,
allowing the relative contribution of climate change and water consumption to overall
environmental damage to be evaluated. The studies also differed in scope, ranging from
water-specific assessments to comprehensive multi-impact LCAs including global warming,
eutrophication, and energy use.

The results of this review underline the existence of two distinct methodological
paradigms within WF assessment. Although both the WEN framework and LCA-based
approaches aim to evaluate freshwater use and support sustainable water management,
they differ fundamentally in their conceptual foundations and in how they interpret results.
As highlighted by Boulay et al. (2013) [13], the key distinction lies in the stage of the
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assessment process at which the indicator is generated. The WFN framework produces
inventory-based indicators through the volumetric accounting of green, blue, and gray wa-
ter components, followed by a separate sustainability assessment. Conversely, LCA-based
approaches generate impact-oriented indicators by translating water consumption into
potential environmental consequences through characterization factors. Consequently, al-
though both methodologies generate indicators commonly referred to as “water footprints”,
they answer different questions. WEN primarily addresses how much water is appropriated
by a product or process, whereas LCA-based approaches seek to determine the environ-
mental consequences associated with that water use. In addition, one of the most debated
issues emerging from the literature concerns the incorporation of local water scarcity into
water footprint indicators. The development of scarcity-weighted methods, particularly
the AWARE approach proposed by Boulay et al. (2018) [14], reflects the growing consensus
within the LCA community that the environmental relevance of water consumption de-
pends not only on the volume consumed but also on local water availability conditions.
Under this perspective, consuming one liter of water in a highly stressed basin generates
greater environmental consequences than consuming the same amount in a water-abundant
region. However, this approach remains controversial. Hoekstra (2016) [17] argued that
scarcity weighting may obscure the physical meaning of water consumption indicators,
create dependencies on external basin conditions, and overlook important dimensions
such as Green Water scarcity [17]. In response, Pfister et al. (2017) [16] defended the ISO
14046 perspective, arguing that impact-oriented indicators are essential for environmental
decision-making and should complement rather than replace volumetric accounting ap-
proaches [16]. The broader concerns raised by Vanham and Mekonnen (2021) [15] further
suggest that scarcity-weighted indicators may occasionally generate counterintuitive re-
sults when used as standalone sustainability metrics. Therefore, caution is warranted when
interpreting scarcity-based water footprint indicators without considering the underlying
volumetric water-use patterns.

4.2.2. System Boundaries and Functional Unit

Another consistent pattern concerns the adopted system boundaries. Most studies
(93%) limited their assessment to primary production, whereas only a few extended their
analysis to processing or other stages of the supply chain. Consequently, evidence on
downstream stages remains comparatively limited. Studies adopting broader system
boundaries generally identified agricultural production as the main contributor to water
use and highlighted the potential influence of irrigation technologies, processing operations,
and water reuse strategies on overall water-related performance [42,47,48]. Similarly, open-
field production was the most frequently investigated production system (74%), although
greenhouse cultivation and, less frequently, hydroponic, ecological, and conventional
production systems were also considered. The predominance of assessments limited to
primary production suggests that the implications of broader supply-chain boundaries
remain comparatively underexplored in the tomato-specific literature. Comparisons among
alternative production systems remain relatively limited in the reviewed literature. The
three studies, including the processing phase, are not directly comparable in absolute
numbers because different functional units (fresh-tomato kg vs. finished-product kg)
and system boundaries have been selected. Manfredi and Vignali (2014) [47] assessed
the life cycle of tomato puree production in Northern Italy (packaged in 700 g glass jars),
revealing that 99% of the total WF was attributable to the cultivation phase, with Blue Water
representing the largest share, followed by Green and Gray Water. Ramirez et al. (2015) [42]
applied the WFN methodology to evaluate a dried tomato value chain, analyzing the
mitigation potential of different technical interventions. They modeled an energy-efficient
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greenhouse equipped with solar thermal collectors as the cultivation system, in which
the water footprint is reduced from 91 to 51.1 L per kg (about a 44% reduction), and they
introduced a green water component of 29.8 L through the capture and reuse of plant
transpiration condensed on the greenhouse collector roofs for irrigation. Also in this case,
most of the impacts are from primary production and the drying (post-harvest) stage;
the drying stage explicitly accounts for 5 L of blue water for washing per kg of tomato
and 2.5 L of gray water from the 2% citric acid pre-treatment. Alternatively, Winans et al.
(2020) [48] applied the Environmental Product Declaration (EPD) methodology over a 10-
year timeframe (comparing 2005 against 2015) to evaluate the freshwater consumption per
kilogram of tomato paste and diced products. While the processing phase showed similar
inter-annual results, direct water uses during the cultivation phase remained the dominant
driver, accounting for 98% of total consumption. Nevertheless, overall freshwater use was
lower for both the 2015 season and for diced products specifically. The temporal reduction
in the agricultural phase was driven by a major industry shift, with 50% of growers
adopting highly efficient drip irrigation technologies. Most studies compared alternative
production scenarios or production locations, whereas Maaoui et al. [43] evaluated a single
production system using a cradle-to-farm-gate approach and a production-based functional
unit (1 t of tomatoes), focusing on hotspot identification rather than scenario comparison.
Overall, these differences confirm that LCA-based water assessments cannot be considered
a single, homogeneous methodological group and that the interpretation of their results
depends strongly on the selected impact method, assessment level, functional unit, and
system boundary.

4.2.3. Complementarity Rather than Competition

The findings of this review support the growing view that WFN and LCA-based
approaches should be regarded as complementary rather than competing methodolo-
gies, as reported in the methodological selection matrix for water footprint assessments
(Table 4). This interpretation is consistent with the framework proposed by Boulay et al.
(2013) [13] and later reinforced by Gerbens-Leenes et al. (2021) [24,63]. WEN provides
transparent information regarding the magnitude, location, and composition of freshwater
appropriation, making it particularly useful for water resource management, irrigation
planning, and supply-chain hotspot identification. LCA-based approaches, on the other
hand, provide information regarding the potential environmental consequences of water
use and are therefore more appropriate for environmental product comparisons and sus-
tainability assessments. When both approaches are applied within the same assessment,
methodological consistency requires that WEN- and LCA-based indicators be interpreted
as complementary rather than aggregated into a single metric and their results should be
considered jointly but not summed, thereby avoiding double-counting. The debate should
therefore not focus on identifying a universally superior methodology. Rather, the selection
of an appropriate approach should depend on the decision context and the specific research
question being addressed. WEN effectively answers the question “how much water is
used?”, whereas LCA-based approaches answer the question “what are the environmental
consequences of using that water?”. Neither framework alone provides a complete pic-
ture of freshwater sustainability. Integrating volumetric accounting with impact-based
assessment may therefore represent the most promising direction for future water footprint
research and for supporting sustainable water management in agricultural systems.
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Table 4. Methodological selection matrix for water footprint assessments.

Decision Context Primary User Recommended Approach Key Justification
On-farm irrigation . Requires precise physical
. . Agronomists, Farmers, volumes of green and blue
scheduling and agronomic " o WEN o
. . Irrigation Districts water evapotranspiration to
water-use efficiency . .
optimize crop yield per drop.
Local watershed Requires fransparent
. . . - volumetric accounting of
water-allocation River Basin Authorities, - .
. . WEN water consumption against
and basin-level Regional Governments .
. local ecological
resource stewardship .
reserve requirements.
ISO compliance ensures
Product environmental Sustainability Managers scientific rigor, allows
declarations (EPD) and 4 BETS, LCA-based (ISO 14046) normalization, and prevents

comparative ecolabeling

Product Designer: : :
oduct Lesigners “double-counting” in product

supply chains.

Assessing trade-offs between
water efficiency and other
environmental impacts (e.g.,
energy, greenhouse gases)

Seamlessly integrates with
other midpoint impact
categories (e.g., Global
Warming Potential,
Eutrophication).

Life Cycle Practitioners,

Resemors LCA-based (ISO 14046)

Corporate water risk

WEN maps the exact
volumetric dependencies of

Corporate Sustainability sourcing regions; LCA

assesls me}r: t‘and stre}teglc Officers, Procurement Teams Combined (WFN + LCA) translates these volumes into

Supply-chain sourcing local scarcity-weighted risks
to identify critical hotspots.
WEN (Gray WF) acts as an
immediate volumetric

. indicator of regional chemical
Agrochemical runoff Environmental Regulators load pressures; LCA models
and diffuse water & ' Combined (WEN + LCA) P ’

pollution management

Basin Planners the complex ecotoxicological
fate and nutrient
enrichment impacts on

aquatic ecosystems.

5. Conclusions

This review synthesized a final sample of 27 peer-reviewed studies published be-
tween 2009 and 2025 on water footprint assessment in tomato production, highlighting
the applications of the two main methodological approaches, namely the water footprint
network (WFN) framework and LCA-based methods. Although the reviewed studies
showed considerable heterogeneity in terms of geographical context, production systems,
system boundaries, functional units, and indicators, consistent methodological patterns
emerged. The findings confirm that WFN and LCA-based approaches address different
but complementary aspects of freshwater sustainability. WEN provides transparent infor-
mation on water appropriation and hotspot identification, whereas LCA-based methods
evaluate the potential environmental consequences of water consumption under local
scarcity conditions. Consequently, the choice of methodology should depend on the spe-
cific research objective and decision context rather than on the search for a universally
preferable approach.

Tomato production proved to be a particularly suitable case study for comparing WFN
and LCA-based approaches because it encompasses a wide range of climatic conditions,
production systems, and irrigation strategies, allowing the influence of methodological
choices to be distinguished from environmental variability. Overall, integrating volumetric
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accounting with impact-based assessment appears to be the most promising strategy
for supporting more comprehensive evaluations of freshwater sustainability and more
informed decision-making in agricultural systems.

This review is subject to some limitations. The analysis was restricted to peer-reviewed
studies retrieved from a single bibliographic database, potentially excluding relevant con-
tributions from other sources. Furthermore, the heterogeneity of system boundaries,
functional units, and water footprint indicators limited the direct comparability of quanti-
tative results across studies. Future research should promote more harmonized reporting
practices, particularly for system boundaries, functional units, and grey water footprint
calculation, while further exploring integrated assessment frameworks that combine volu-
metric accounting and impact-based approaches. Applying both methodologies to the same
production systems would provide a more comprehensive basis for supporting sustainable
water management in agriculture.
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